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WSTEP

Hybrydowe materialy nieorganiczno-organiczne znalazly w ostatnim czasie
zastosowanie jako wuktady dla kontrolowanego transportu substancji aktywnych
biologicznie. Umozliwiaja one przechowywanie substancji czynnych w formie o
niezmienionej aktywnosci biologicznej, a takze uwalnianie ze struktur hybrydowych pod
wplywem czynnikow zewnetrznych, takich jak pH, §wiatto, ultradzwigki, ciepto, reakcje
redoks, enzymy czy pole magnetyczne, a takze kombinacji dwdch lub wiecej z nich.
Wspomniana kontrola jest mozliwa wtasnie dzigki modyfikacjom tych materiatéw. W
przypadku krzemionek mezoporowatych, w pierwszej kolejnosci, wykorzystano
reaktywno$¢ powierzchniowych grup silanolowych. Poczatkowo wprowadzano proste
ugrupowania, zawierajace w swojej strukturze pojedyncze grupy funkcyjne, takie jak
aminowg czy tiolowa, ktére pozwalaly na zmian¢ charakteru oddzialywan pomigdzy
substancjami adsorbowanymi i1 zmodyfikowang powierzchnia. Wraz z postgpem w
zakresie modyfikacji, zaczeto stosowaé coraz bardziej ztozone uklady, w tym
cyklodekstryny oraz pseudorotaksany, bedace skladnikami tzw. przelacznikow
molekularnych, regulujacych precyzyjnie uwalnianie tadunku. W parze z modyfikacja
powierzchni, rozwini¢to inne sposoby wykorzystania materii organicznej do modyfikacji
krzemionki. Mozliwym stalo si¢ wplatanie niewielkich fragmentéw organicznych w
wewngtrzng strukture nieorganicznej matrycy, nie zmieniajac jej uporzadkowania przy
jednoczesnej istotnej zmianie wlasciwosci sorpcyjnych. W celu zwigkszenia uzytecznos$ci
nieorganicznego nos$nika opracowano rowniez metody otrzymywania czastek pustych w
srodku (tzw. hollow spheres), znacznie zwigkszajac przestrzen dostepng dla
adsorbujacych czasteczek, a takze wprowadzono domieszkowanie innymi sktadnikami
nieorganicznymi, np. nanoczastkami magnetytu, srebra, ztota czy jonami lantanowcow.

W tym nurcie badan zlokalizowana jest tematyka prowadzonych badan
naukowych stanowigcych prace doktorska.

Celem naukowym rozprawy doktorskiej pod tytutem: "Kontrolowane dostarczanie
substancji biologicznie czynnych z wykorzystaniem modyfikowanych krzemionek
mezoporowatych" bylo:

1. opracowanie metod otrzymywania pochodnych zwigzkéw biologicznie
czynnych zawierajacych podstawniki zdolne do reakcji z powierzchnig krzemionki,

2. opracowanie metod otrzymywania modyfikowanych zwigzkami biologicznie

aktywnymi krzemionek mezoporowatych (MCM-41 i SBA-15),
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3. ustalenie aktywnos$ci biologicznej otrzymanych uktadéw hybrydowych pod
katem kontrolowanego dostarczania zwigzkéw biologicznie czynnych do celow
terapeutycznych lub diagnostycznych.

Badania prowadzone byty dla zwigzkéw biologicznie czynnych rdézniacych sig
znacznie, zarowno strukturalnie jak i1 pod wzgledem dzialania biologicznego. W
badaniach stosowalem: barwniki uzywane do barwienia zywno$ci (Chromotrop 2R -
Chromotrope 2R, Zotcien pomaranczowa FCF - Sunset Yellow FCF, Blekit alcjanowy -
Alcian Blue), nadtlenek wodoru, ryboflawing (witaming B;), 3'-azydo-3'-deoksytymidyne
(zydowudyne, AZT) oraz kwas galusowy. Wzory strukturalne wykorzystanych zwigzkow

zostaly przedstawione na rysunku 1.
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Rysunek 1. Wzory strukturalne zwigzkéw biologicznie czynnych, wykorzystanych w pracy.

Barwniki zostalty uzyte jako zwigzki modelowe do badania procesow
adsorpcji/desorpcji  na  powierzchni  krzemionki MCM-41, zmodyfikowanej
kowalencyjnie przy pomocy zwiazkdéw posiadajgcych natadowane dodatnio, jak i ujemnie
grupy terminalne wplywajace na tadunek powierzchniowy fragmentu nieorganicznego
uktadu. W badaniach do modyfikacji powierzchni zastosowatem 1-metylo-3-(3-
(trimetoksysililo)propylo)-1H-imidazol-3-ium, s6l sodowg kwasu N-

(trimetoksysililopropylo)etylenodiaminotrioctowego, oraz jako uktad odniesienia N-(3-
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trietoksysililopropylo)glukonamid, wielokrotnie zwigkszajacy ilos¢ grup hydroksylowych
na powierzchni krzemionki.

Mocznik z nadtlenkiem wodoru tworzy trwaty kompleks o duzej stalej trwatosci.
Bazujac na tej wiedzy, zaplanowatem otrzymanie trwatych potaczen mocznik-nadtlenek
wodoru na powierzchni krzemionki mezoporowatej. Opracowalem rozne metody
modyfikacji powierzchni krzemionek MCM-41 i SBA-15, za pomocg N-(3-
(trietoksysililo)propylo)mocznika.

Ponadto, w ramach swojej pracy doktorskiej, przeprowadzilem modyfikacje
powierzchni krzemionki SBA-15 ryboflawing z uzyciem tacznika
izocyjanianopropylowego, a nastgpnie zbadalem wlasciwosci fluorescencyjne tak
otrzymanego uktadu w obecnosci r6znych nieorganicznych i organicznych kationdw.

Azydotymidyna (AZT, 3'-azydo-3'-deoksytymidyna, zydowudyna) jest to zwigzek
chemiczny, pochodna tymidyny, w ktdrej grupa hydroksylowa w pozycji 3' zastgpiona
jest grupg azydowa. Zwigzek ten jest stosowany jako lek antyretrowirusowy o dziataniu
anty-HIV. Dziatanie leku polega na przerwaniu procesu replikacji wirusa HIV w
zainfekowanej komérce na zasadzie hamowania aktywnosci enzymu odwrotnej
transkryptazy HIV, co wstrzymuje synteze tancucha DNA tego wirusa. Opracowalem
metody syntezy krzemionek mezoporowatych modyfikowanych za pomocg AZT.

Zydowudyng, przy uzyciu izocyjanianu 3-(trietoksysililo)propylu oraz, zamiennie,
alkoholu propargilowego lub propargiloaminy, przeksztalcitem w pochodne zdolne do
kowalencyjnego wigzania z powierzchnig krzemionki SBA-15. Nastepnie osadzitem je na
powierzchni indywidualnie oraz w potaczeniu z kwasem foliowym (przytgczonym przez
tacznik propyloaminowy) i poddalem badaniu aktywno$ci cytostatycznej wobec linii
komdrek nowotworowych Hela i KB.

Kwas galusowy jest kwasem trojhydroksybenzoesowym, czyli nalezy do
fenolokwasow. Kwas galusowy posiada wlasciwosci przeciwwirusowe i1 antybakteryjne,
wykazuje dziatanie przeciwzapalne po zastosowaniu doustnym lub zewngtrznym. Hamuje
reakcje autoagresji immunologicznej. Ponadto, kwas galusowy hamuje rozwoj grzybow
pasozytniczych. W swojej pracy otrzymatem mezoporowate krzemionki modyfikowane
kwasem galusowym. Proces ten przeprowadzitem wedlug opracowanej metody syntezy.
Kwas galusowy z blokowanymi grupami hydroksylowymi przeksztalcitem w jego
chlorek kwasowy i, wykorzystujac rdézne taczniki aminowe, wprowadzone przez: 3-
(trimetoksysililo)propyloamine, N-(2-aminoetylo)-3-(trimetoksysililo)-propyloaming oraz
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polietylenoiming, zaszczepitem na powierzchni krzemionki SBA-15. Po odblokowaniu
grup fenolowych otrzymane materialy poddalem badaniu aktywnosci cytostatycznej

wobec linii komorek nowotworowych Hela i KB.
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KONTROLOWANE DOSTARCZANIE SUBSTANCJI BIOLOGICZNIE
CZYNNYCH Z WYKORZYSTANIEM KRZEMIONEK

Systemy kontrolowanego uwalniania maja ogromne znaczenie w dziedzinie
dostarczania lekéw. Pozwalaja utrzyma¢ osoczowe stezenie substancji leczniczych na
odpowiednim poziomie, znacznie zmniejszajg czg¢stotliwos¢ zazywania kolejnych dawek
lekdw (doustnie lub parenteralnie) oraz niejednokrotnie obnizajg catkowity koszt terapii.
Badane i wykorzystywane do tej pory rozwigzania oparte na materii organicznej, takie jak
micele, liposomy czy tez nanoczastki polimerowe, cechuje niewielka stabilno§¢ zwigzana
z podatno$cig na atak biochemiczny. W zwigzku z tym, coraz wigcej uwagi naukowcow
kieruje si¢ ku nanoczgstkom nieorganicznym, a posréd nich - Kkrzemionkom
mezoporowatym. Od poczatku lat 90. XX wieku, kiedy to pracownikom Mobil Oil
Corporation [1] udato si¢ opracowa¢ prosta i wydajng metode syntezy krzemionek
mezoporowatych z rodziny MCM, znajduja one coraz wigcej zastosowan.

W warunkach fizjologicznych powierzchnia niezmodyfikowanej krzemionki
naladowana jest ujemnie ze wzglgdu na obecno$¢ kwasnych grup silanolowych, ktore
mozna podzieli¢c na dwie grupy, rdéznigce si¢ wartoscia pKa [2]. Ten tadunek
powierzchniowy ma duzy wptyw na mozliwos¢ fizycznej adsorpcji czasteczek zwigzkow
biologicznie czynnych - decyduje o ilosci substancji, ktéra moze zosta¢ zaadsorbowana
oraz reguluje kinetyke procesu desorpcji. Problemem badawczym rozwigzanym i
opisanym w pracy pt. "Adsorption studies and release of selected dyes from
functionalized mesoporous MCM-41 silica” bylo ustaleniec wptywu réznych modyfikacji
powierzchni krzemionki MCM-41 na procesy adsorpcji/desorpcji wybranych zwigzkow
modelowych - dwoch barwnikow azowych, réznigcych si¢ nieznacznie ksztaltem oraz
rozmiarem czasteczki, oraz jednego ftalocyjaninowego. Barwniki azowe, w warunkach
prowadzenia adsorpcji/desorpcji, pozostawaly zdysocjowane w formie jonow
sulfonianowych, natomiast czgsteczki barwnika ftalocyjaninowego wystepowaty jako
czterokrotnie natadowane kationy. Powierzchni¢ krzemionek zmodyfikowatem
nastepujacymi zwigzkami: dodatnio naladowanym 1-metylo-3-(3-
(trimetoksysililo)propylo)-1H-imidazol-3-ium (IMID), obojetnym - N-(3-
(trietoksysililo)propylo)glukonamidem (GLUK) oraz natadowang ujemnie solg sodowa

kwasu N-(3-(trimetoksysililo)propylo)etylenodiaminotrioctowego (EDTA). Ze wzgledu
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na r6zng reaktywnos¢ tych odczynnikéw wzgledem powierzchni oraz posiadany przez nie
tadunek i objetos¢, uzyskalem rézng gesto$¢ obsadzenia, co miato wpltyw na uzyskane
wyniki. Barwnik ftalocyjaninowy adsorbowat efektywnie na powierzchni krzemionki bez
wzgledu na zastosowang modyfikacj¢ (nawet w przypadku IMID, ze wzgledu na
stosunkowo niewielka gestos¢ obsadzenia powierzchni, ilo§¢ zaadsorbowanego barwnika
byla duza) i nie desorbowal lub desorbowal w bardzo niewielkim stopniu przy obu
warto$ciach pH wykorzystanych w badaniu (pH = 4.5 - bufor octanowy i pH = 6.8 - bufor
fosforanowy). Barwniki azowe natomiast adsorbowaty zgodnie z oczekiwaniami: jako
aniony najchetniej osadzaty si¢ na powierzchni zmodyfikowanej IMID, nastepnie GLUK
I ostatecznie - EDTA. W ostatnim przypadku ilo$ci zaadsorbowane nie wystarczaly na
przeprowadzenie analizy desorpcji. W pozostatych dat si¢ zauwazy¢ znaczny wzrost
szybkosci desorpcji  (kilkukrotnie wigkszy dla Chromotrop 2R niz Zodlcieni
pomaranczowej) przy pH = 6.8 wzgledem pH = 4.5, co mozna wytlumaczy¢ przez
wiekszy stopien dysocjacji barwnikow przy wyzszej wartosci pH. Porownanie kinetyki
desorpcji dla obu przeprowadzonych modyfikacji, tj. IMID i GLUK, dostarcza ciekawych
wnioskow. Jedynie dla Zélcieni pomaranczowej i wartosci pH = 4.5, desorpcja nastepuje
szybciej dla GLUK, niz dla IMID (co sugerowatyby oddzialywania elektrostatyczne
miedzy barwnikami i1 powierzchnig), natomiast pozostale pomiary wskazywaty na
szybsze uwalnianie barwnikdw z powierzchni krzemionki zmodyfikowanej IMID.
Wszystkie uzyskane krzywe kinetyczne dobrze koreluja z pierwszorzedowsa kinetyka
uwalniania, co wskazuje na fakt adsorpcji barwnikdw na zewngtrznej powierzchni
krzemionki oraz w poblizu uj$cia mezoporow. Podsumowujac, badanie pokazalo, ze
zaréwno adsorpcja fizyczna, jak i nastepcza desorpcja, zalezg od wielu czynnikéw, takich
jak rozmiar czasteczek, ich wtasciwosci kwasowo-zasadowe, $rednica poréw, tadunek
elektryczny powierzchni czy warunki zewnetrzne (pH $rodowiska), dlatego tez nie mozna
wynikow uzyskanych dla jednego zwigzku przenosi¢ bezposrednio na inny, nawet bardzo
podobny strukturalnie.

Probe wykorzystania adsorpcji fizycznej w celu kontrolowanego dostarczenia
substancji biologicznie czynnej zastosowalem réwniez wobec nadtlenku wodoru, co
zostalo opisane w pracy pt. ,,Adsorption of hydrogen peroxide on functionalized
mesoporous silica surfaces”. Zainspirowany informacjami na temat znanego juz od
dawna potaczenia kompleksowego mocznika z nadtlenkiem wodoru (UHP) [3],
postanowitem sprawdzi¢, czy mozliwe jest wytworzenie tego typu potaczenia na
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powierzchni krzemionki mezoporowatej, co pozwolitoby dostarcza¢ nadtlenck wodoru na
stabilnym nos$niku nieorganicznym. W tym celu zmodyfikowatem izocyjanian 3-
(trietoksysililo)propylu,  przy  pomocy  gazowego amoniaku, do  N-(3-
(trietoksysililo)propylo)mocznika, a nastgpnie osadzitem na powierzchni krzemionki
SBA-15. Kolejno, probki tak otrzymanego materialu zawieszatem w wodnych roztworach
nadtlenku wodoru o réznych st¢zeniach na okres 24 godzin, a nastgpnie suszylem w
nieznacznie podwyzszonej temperaturze. Gotowy materiat zanalizowatem pod katem
obecno$ci nadtlenku wodoru, wykorzystujac metodg tiocyjanianowa [4]. Otrzymane
wyniki pozwolity ustali¢, ze maksimum adsorpcji bylo obserwowane przy stezeniu
roztworu nadtlenku wodoru 25% - powyzej tej warto$ci dochodzito najprawdopodobniej
do utlenienia czgéci organicznej 1 utraty mozliwo$ci wigzania nadtlenku wodoru. Ponadto,
krzemionka SBA-15, ze wzgledu na $rednice poréw, a co za tym idzie znacznie wigksza
przestrzen zdolng pomiesci¢ adsorbat, byta w stanie przyja¢ dwukrotnie wigcej nadtlenku
wodoru, niz MCM-41. Mimo wszystko, zawarto$s¢ procentowa nadtlenku wodoru w
otrzymanym materiale byta znacznie mniejsza, niz dla kompleksu UHP.

Duzo stabilniejsze potaczenia adsorbent-adsorbat otrzymywane sa na drodze
chemisorpcji, dlatego tez cz¢$¢ mojej pracy doktorskiej byta poswiecona dostarczaniu
substancji biologicznie czynnych zwigzanych z powierzchnig kowalencyjnie. W pracy pt.
"Fluorescence properties of riboflavin-functionalized mesoporous silica SBA-15 and
riboflavin solutions in presence of different metal and organic cations” problemem
badawczym, jaki podjalem, byto kowalencyjne przytaczenie czasteczek ryboflawiny
(witaminy B;) do powierzchni krzemionki SBA-15 przez tacznik izocyjanianopropylowy
(w okreslonych warunkach temperatury, $rodowiska i czasu prowadzenia reakcji -
ryboflawing cechuje staba rozpuszczalnos¢ w wigkszosci rozpuszczalnikow, a ponadto
ulega degradacji w podwyzszonej temperaturze) i analiza wtasciwosci fluorescencyjnych
tak otrzymanego materiatu. Otrzymalem bladozotty proszek, zawierajacy - co ustalono
przy pomocy analizy elementarnej - 34,6 pmol witaminy B, na kazdy gram uzytej
krzemionki. Wykazywat on - w formie zawiesiny w roztworze wodnym - znaczne roznice
W intensywnosci emisji oraz potozeniu maksimum emisji fluorescencji w obecnos$ci
poszczegbdlnych kationdw, zardwno nieorganicznych, jak i1 organicznych. Intensywnos¢
emisji zawierata si¢ w zakresie od 10 do 180% wzgledem zawiesiny w czystej wodzie
demineralizowanej (dla ryboflawiny rozpuszczonej w wodzie warto$ci te wynosity od 87
do 101% - wyjatkowo dla jonoéw srebra - 10%, rteci(Il) - 33% i kationu benzokainowego -

17-



64%), a maksima emisji byty przesuni¢te od -30,6 do +20,3 nm wzgledem maksimum w
wodzie demineralizowanej (w roztworze, dla ryboflawiny, wartosci te oscylowaty w
zakresie od -2,2 do -0,1 nm).

Chemisorpcji na powierzchni krzemionki mezoporowatej SBA-15 dokonatem
rowniez z wykorzystaniem substancji o wlasciwosciach przeciwnowotworowych. W
pracy pt. "Immobilization of zidovudine derivatives on the SBA-15 mesoporous silica and
evaluation of their cytotoxic activity" problemem naukowym, ktérego si¢ podjatem, byto
otrzymanie  pochodnych znanego leku przeciwnowotworowego, 3'-azydo-3'-
deoksytymidyny (zydowudyny), zdolnych do kowalencyjnego zwigzania si¢ z
powierzchnig krzemionki, a nast¢pnie zbadanie aktywnos$ci cytostatycznej otrzymanych
materiatow. W tym celu izocyjanian 3-(trietoksysililo)propylu poddatem dziataniu,
réwnolegle, alkoholu propargilowego 1 propargiloaminy, by otrzymaé¢ produkty

posrednie, widoczne na rysunku 2.
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Rysunek 2. Schemat syntezy produktéw posrednich, pochodnych zydowudyny.

Nastepnie oba potaczylem, wykorzystujac reakcje 1,3-dipolarnej cykloaddycji
Huisgena, z zydowudyng otrzymujac produkty ostateczne. Zaré6wno zwiazki posrednie,
jak i ostateczne, zostaly zbadane z wykorzystaniem ESI MS, FT-IR, *H NMR, **C NMR
Oraz pomiaru temperatury topnienia, co potwierdzito uzyskanie zamierzonych zwigzkéw

o wysokiej czystosci. Drugi etap syntezy zostat przedstawiony schematycznie na rysunku
3.
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Rysunek 3. Schemat drugiego etapu syntezy pochodnych zydowudyny.

Zwiazki ostateczne osadzilem na powierzchni krzemionki indywidualnie oraz z
dodatkiem kwasu foliowego, przylaczonego kowalencyjnie przez tacznik
aminopropylowy. Dodatek kwasu foliowego, docelowo, miat wspomoc proces
endocytozy czastek krzemionki przez oddziatywania specyficzne z btonowymi
receptorami folianowymi (wiele linii komorek nowotworowych - w tym réwniez obie
wykorzystane w badaniu - cechuje nadekspresja blonowych receptorow folianowych [5]).
Badania aktywnosci cytostatycznej wobec linii HeLa 1 KB wykazaly wysoka, zalezng od
stezenia, aktywno$¢ otrzymanych materiatow. Najaktywniejszy z produktow uzyskat
wyniki na poziomie 69 i 65% spowolnienia wzrostu komorek dla linii, odpowiednio,
HeLa i KB, przy stezeniu zawiesiny krzemionki 10 pg*ml™. Zgodnie z oczekiwaniami,
probki z dodatkiem kwasu foliowego byty aktywniejsze od tych pozbawionych obecnosci
kwasu.

Druga z substancji cytostatycznych, osadzonych na powierzchni, byt kwas
galusowy. W pracy pt. "SBA-15 mesoporous silica modified with gallic acid and
evaluation of its cytotoxic activity" opisalem procedurg zwigzania kwasu na powierzchni,
polegajaca w pierwszej kolejnosci na blokadzie grup fenolowych grupami octanowymi
przy uzyciu bezwodnika octowego. Nastgpnie przeksztalcilem produkt posredni w
chlorek kwasowy, korzystajac z nadmiaru chlorku tionylu, i ostatecznie zwigzalem z
powierzchnig przez lIaczniki zawierajgce aminowe atomy azotu. Zwigzkami
wykorzystanymi w pracy byly: 3-(trimetoksysililo)propyloamina, N-(2-aminoetylo)-3-

(trimetoksyililo)propyloamina oraz polietylenoimina, ktdrg zaszczepitem na powierzchni
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przez  3-chloropropylotrimetoksysilan. Przed poddaniem materialow analizie
cytotoksycznosci odblokowatem grupy fenolowe w nasyconym metanolowym roztworze
weglanu potasu. Ze wzgledu na rdzng gesto$¢ obsadzenia powierzchni przez czasteczki
tacznikow, a przez to rézng ilo$¢ 1 jakos¢ (rzedowos¢) atomow azotu, otrzymane
materiaty r6znily si¢ zawartoscig kwasu galusowego w przeliczeniu na gram materiatu.
Ostateczna aktywnos$¢ finalnych produktéw byla wysoka i zalezata od wielu czynnikow.
Okazato si¢, ze zawarto$¢ kwasu galusowego nie przekladata si¢ bezposrednio na
aktywnos$¢, poniewaz wptyw mogt mie¢ tutaj rowniez tacznik i obecno$¢ odstonigtych
silanolowych grup powierzchniowych. Udowodniono w literaturze [6], ze
polietylenoimina wplywa pozytywnie na przenikanie nanoczastek do wnetrza komorek
nowotworowych, co zapewne przesadzito o najwigckszej aktywnosci materiatu, w ktorym
tacznikiem byta wtasnie PEI - do 65% spowolnienia wzrostu komorek dla obu linii przy

stezeniu 10 ug*ml'l.
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PODSUMOWANIE

Celem naukowym rozprawy doktorskiej pod tytutem "Kontrolowane dostarczanie
substancji biologicznie czynnych z wykorzystaniem modyfikowanych krzemionek" byta
modyfikacja powierzchni krzemionek mezoporowatych MCM-41 i SBA-15 przy pomocy
substancji biologicznie czynnych. Tak otrzymane materiaty miaty by¢ wykorzystane do
kontrolowanego dostarczania zaadsorbowanych substancji w celach terapeutycznych lub
analitycznych.

Na podstawie przegladu literatury przedstawitem w rozdziale monografii pt.
"Mesoporous silicas as carriers in controlled release systems in biomedicine and
cosmetics” mozliwosci zastosowania krzemionek mezoporowatych w systemach
kontrolowanego uwalniania w biomedycynie i przemysle kosmetycznym, natomiast w
rozdziale monografii pt. "Application of mesoporous silica nanoparticles for drug
delivery" skupitem si¢ na zastosowaniu krzemionek mezoporowatych w celu dostarczania
lekow.

Uzyskane oryginalne wyniki przedstawitem w pieciu oryginalnych publikacjach
naukowych. W wyniku przeprowadzonych badan opracowalem metody syntezy i
otrzymatem:

e krzemionk¢ MCM-41  zmodyfikowana  grupami  wplywajagcymi  na
powierzchniowy ladunek elektryczny oraz okreslitem wptyw modyfikacji na
procesy adsorpcji/desorpcji modelowych zwigzkéw w postaci barwnikow,

e krzemionki MCM-41 i SBA-15 zmodyfikowane silanowg pochodng mocznika,
zdolng do adsorpcji nadtlenku wodoru, co zostato roéwniez okreslone ilosciowo,

e krzemionke¢ SBA-15 zmodyfikowang ryboflawing oraz okreslitem wiasciwosci
fluorescencyjne otrzymanego materialu w obecnos$ci wybranych kationéw
nieorganicznych i organicznych,

e krzemionk¢ SBA-15 zmodyfikowang zwigzkami o charakterze cytostatycznym, tj.
zydowudyng 1 kwasem galusowym, oraz okreslitem ich aktywno$¢
przeciwnowotworowg wobec linii komérkowych Hela 1 KB, a takze ocenilem
wpltyw wybranych czynnikéw na ich aktywnos¢.

Otrzymane materiaty posiadaty przewidywane przed synteza wlasciwosci i moga
znalez¢ zastosowanie w dziedzinach takich, jak medycyna czy chemia analityczna.
Opublikowane prace stanowig baz¢g do dalszych badan nad krzemionkami
mezoporowatymi dla transportu, przechowywania oraz uwalniania substancji biologicznie
aktywnych.
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Streszczenie rozprawy doktorskiej pt.
""Kontrolowane dostarczanie substancji biologicznie czynnych z wykorzystaniem
modyfikowanych krzemionek™
mgr Dawid Lewandowski

promotor: prof. dr hab. Grzegorz Schroeder

Krzemionki mezoporowate znalazly do tej pory wiele zastosowan, m. in. jako
adsorbenty, w katalizie, chromatografii oraz jako sensory. Obiecujace wyniki badan in
vitro oraz in vivo na zwierz¢tach pozwalaja sadzi¢, ze w niedalekiej przysztosci
krzemionki mezoporowate znajdg rowniez swoje stale miejsce w medycynie. Ich
wykorzystanie jako nos$niki lekow, substancji diagnostycznych czy tez enzymoéw mozliwe
bedzie dzieki wysokiej odpornosci chemicznej, termicznej oraz mikrobiologicznej,
wysokiej powierzchni wilasciwej, tatwosci modyfikacji powierzchni oraz wielkosci
czastek, pozwalajacej na penetracj¢ barier wewnatrz ludzkiego organizmu.

Zmodyfikowane krzemionki mezoporowate moga peli¢ szczego6lng role, jako
nos$niki lekéw uwalnianych w sposob kontrolowany. Duza powierzchnia wiasciwa oraz
objetos¢ porow pozwalaja na adsorpcje znacznych ilosci substancji terapeutycznych, a
powierzchniowe grupy silanolowe umozliwiajg zastosowanie modyfikacji regulujacych
proces desorpcji tadunku.

Celem mojej pracy naukowej byla modyfikacja krzemionek mezoporowatych
(MCM-41 oraz SBA-15) umozliwiajaca kontrolowane dostarczanie wybranych substancji
biologicznie czynnych. W pracy skupilem si¢ zard6wno na adsorpcji fizycznej, jak i
chemicznej wybranych substanciji.

W ramach fizysorpcji ustalitem wptyw tadunku elektrycznego wnoszonego przez
modyfikacj¢ na powierzchni krzemionki na procesy adsorpcji i desorpcji wybranych
zwigzkow modelowych - dwoch barwnikdéw azowych oraz jednego ftalocyjaninowego.
Wyznaczytem ilosci zaadsorbowanych zwigzkow oraz kinetyke desorpcji w roztworze
wodnym przy dwodch réznych wartos$ciach pH, a takze ocenilem wptyw innych, poza
modyfikacja powierzchni, czynnikoéw na procesy adsorpcji/desorpcji. Adsorpcja fizyczna
zajalem si¢ rowniez w konteks$cie mozliwosci dostarczania nadtlenku wodoru na no$niku
nicorganicznym. W tym celu zmodyfikowaltem powierzchni¢ krzemionek MCM-41 i
SBA-15 ugrupowaniem zawierajagcym fragment zblizony strukturalnie do mocznika,

ktory tworzy z nadtlenkiem wodoru znane od dawna potaczenie kompleksowe. Tak
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otrzymany materiat zawiesitem w roztworach wodnych nadtlenku wodoru o réznych
stezeniach. Analiza ilo$ci zaadsorbowanego nadtlenku wodoru metodg tiocyjanianowa
pozwolita ustali¢, ze na powierzchni krzemionki SBA-15 osadzito si¢ ponad dwukrotnie
wigcej substancji, niz na MCM-41. Mimo, ze uzyskane zawartosci procentowe nadtlenku
wodoru w materiale sg duzo nizsze od tych w czystym kompleksie UHP (urea-hydrogen
peroxide), to opis i wyniki tego badania moga postuzy¢ jako baza do dalszego rozwoju
tego zagadnienia.

Przy pomocy chemisorpcji umiescitem na powierzchni krzemionki ryboflawing, tj.
witaming¢ B,. Dokonatem tego poprzez reaktywny tacznik, zawierajacy grupe
izocyjanianowa. Powstaty material wykazywat ciekawe wtasciwosci fluorescencyjne, a
mianowicie znaczng zmienno$¢ zarowno intensywnos$ci emisji fluorescencji, jak i
potozenia maksimum emisji w obecno$ci roznych kationow nieorganicznych i
organicznych. Obserwowane réznice byly znacznie wigksze, niz dla ryboflawiny w
postaci roztworu wodnego. Krzemionk¢ mezoporowatg SBA-15 zmodyfikowatem
rébwniez przy pomocy, specjalnie zsyntezowanych w dwuetapowym procesie,
pochodnych zydowudyny (3'-azydo-3'-deoksytymidyny, AZT). Otrzymane materiaty, z
dodatkiem (lub bez) kwasu foliowego przylaczonego do powierzchni dodatkowym
tacznikiem, wykazaty wysokg aktywno$¢ przeciwnowotworowa wobec linii
komoérkowych HeLa i KB. Probki zawierajace kwas foliowy byly przy tym aktywniejsze
od tych pozbawionych kwasu. Podobnie, poprzez wigzanie kowalencyjne, przytaczytem
do powierzchni krzemionki SBA-15 inny zwigzek o dziataniu cytostatycznym - kwas
galusowy. Dokonalem tego przy pomocy jego chlorku kwasowego z zablokowanymi
grupami fenolowymi, ktéry otrzymatem na drodze dwuetapowej syntezy. Wigzanie z
powierzchnig zostalo przeprowadzone z uzyciem trzech r6znych tacznikow,
zawierajacych grupy aminowe pierwszo-, drugo- i trzeciorzedowe. Wszystkie materiaty
wykazaty wysokg aktywno$¢ przeciwnowotworowg, przy czym hajwyzsza

zaobserwowano dla probki, w ktorej tacznikiem azotowym byla polietylenoimina.

-24-



Summary of doctoral dissertation on:
""Controlled delivery of biologically active compounds

using modified silicas"™
Dawid Lewandowski

PhD supervisor: Prof. Grzegorz Schroeder

Mesoporous silicas have found numerous applications, among others as
adsorbents, in catalysis, chromatography and as sensors. Promising results of in vitro and
in vivo animal tests allow to guess that in the near future the mesoporous silicas will also
find their firm place in medicine. Their use as carriers of drugs, diagnostic agents or
enzymes will be possible due to their high chemical, thermal and microbiological
stability, high surface area, an ease in surface modification and particle size allowing to
penetrate barriers inside the human organism.

Modified mesoporous silicas can play a particular role as carriers of drugs released
in a controlled manner. High surface area and pores volume allow to adsorb significant
amounts of therapeutics and the surface silanol groups enable the use of modifications
regulating the cargo desorption process.

The aim of my doctoral dissertation was the modification of mesoporous silicas
(MCM-41 and SBA-15) allowing controlled delivery of chosen biologically active
compounds. The study focused on both, the physical and chemical adsorption of chosen
substances.

In the matter of physisorption | established the influence of electrical charge,
introduced with the modification onto the silica surface, on adsorption and desorption
processes of chosen model compounds - two azo dyes and a phthalocyanine one. |
determined the amounts of the compounds adsorbed and desorption kinetics in aqueous
solution at two different pH values and assessed the influence of other, beside the surface
modification, factors on the adsorption/desorption processes. | also dealt with the physical
adsorption in terms of possible delivery of hydrogen peroxide on the inorganic carrier. To
do this, I modified the surface of MCM-41 and SBA-15 silicas with the moiety containing
a part structurally similar to urea, which has been known to form a complex with
hydrogen peroxide. | suspended the prepared material in aqueous solutions of hydrogen
peroxide of various concentrations. The analysis of amounts of adsorbed hydrogen

peroxide, performed using the thiocyanate method, allowed to determine, that over twice
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as much hydrogen peroxide deposited on the surface of SBA-15 in compare to MCM-41.
Although the resulting percentage of hydrogen peroxide in the material is far much lower
than that of pure UHP (urea-hydrogen peroxide) complex, the description and results of
this study can be a basis for further development of this issue.

With the use of chemisorption | managed to place riboflavin, it is vitamin B, on
the silica surface. | achieved this using reactive linker, containing isocyanate group. The
obtained material showed interesting fluorescence properties, namely significant
variability of fluorescence emission intensity, as well as the location of emission maxima
in presence of different inorganic and organic cations. Observed differences were much
higher than those obtained for riboflavin in aqueous solution. | also modified the SBA-15
mesoporous silica with, specially synthesized in a two-step process, zidovudine (3'-azido-
3'-deoxythymidine, AZT) derivatives. Obtained materials with (or without) the addition
of folic acid, attached to the surface through the additional linker, showed high anticancer
activity against HeLa and KB cell lines. The samples containing folic acid were more
active than those lacking it. Similarly, by a covalent bond, | attached to the SBA-15 silica
surface another cytostatic compound - gallic acid. | managed to do this with the use of its
acid chloride with blocked phenolic groups obtained via the two-step synthesis. The
binding with the surface was conducted using three different linkers, containing primary,
secondary and tertiary amino groups. Two materials showed high antitumor activity, with
the highest observed for the sample, where polyethyleneimine was used as a nitrogen

linker.
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Abstract: Functionalized mesoporous MCM-41 silica was subjected to adsorption and release studies of encapsulated guest molecules of
three chosen dyes. These mesoporous systems were composed of three different capping reagents introduced by grafting method
on the silica surface to control the release of dye molecules at two different pH values. The amounts of dyes adsorbed on the silica
surface were measured using ultraviolet-visible (UV-VIS) spectrophotometry. The efficiency of grafting was calculated on the basis of
differential thermal analysis (TG) results and elemental analysis. The release profiles were determined for all obtained systems using USP
Dissolution Apparatus 2. Adsorption of the two azo dyes used was the most efficient after the positively charged functionalization and
lower after functionalization with neutral and negatively charged capping reagents, while the phthalocyanine dye adsorption was almost
functionalization-independent. Grafting efficiency was the highest for neutral capping reagent and much lower for electrically charged
molecules of other reagents. Release studies showed clearly that desorption was pH-dependent for azo dyes and pH independent for
Alcian Blue. The adsorption and release seem to be connected with the electrical charge of all constituents of these systems. Results

obtained can be used for further analysis of different electrically charged molecules.
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1. Introduction

Discovery of the M418S silica family by Mobil Corporation
in 1992 [1] has attracted much attention to mesoporous
materials because of their numerous interesting
properties. Large surface area (~1000 m? g'), uniform
and controllable pore size, large pore volume (~1 cm*g-),
narrow particle size, open pore structures [2], chemical
stability, possibility of control surface functionalization
and resistance to microbial attack made them very useful
in a wide variety of potential applications. Mesoporous
silicas can be used in several fields such as adsorption
(modified mesoporous nanoparticles found their
application in timber industry to control termites with
imidacloprid loaded into modified mesoporous silica [2]),
ion exchange, catalysis - cracking abilities of unmodified
mesoporous silicas can be used in petrochemical
industry and Al supported on MCM-41 is useful for
organic synthesis [3], sensing (modified mesoporous
silica nanoparticles as biosensors have many

* E-mail: dawid_le@amu.edu.pl

advantages over homogenous fluorescent and staining
dyes. They are resistant to fluorescent self-quenching
and other diffusion-related problems, moreover they can
be modified with wide range of cell-recognition or other
site-directing compounds [4], e.g. glucose oxidase- and
horseradish peroxidase-loaded mesoporous silica has
been used as a selective sensor for glucose detection
[5] or myoglobin and hemoglobin were introduced on
a surface of silica-modified electrodes to be used as a
sensor for H,0, and NO," [6]), polymerization processes,
separation (chromatography) [7], enzyme supporters,
delivery carriers and controlled drug/gene release [8].
The last application is especially interesting, because
it provides powerful tools for the treatment of cancer,
chronic diseases, pain and many other ailments.
Uniform and small particle size allows easy uptake by
lysosomes in cancer cells [9]. Also pH in lysosomes (4.8-
6.4) is significantly lower than physiological cells (~7.4),
which makes it possible to make pH-sensitive systems
for selective drug delivery [10], ie., benzimidazole

@ Springer
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Figure 1. scheme shows grafting as one of the methods for the modification of mesoporous silica

moiety capped with B-cyclodextrin susceptible to pH
values similar to its pK,=5.64 [11]. Silica nanoparticles
are also more stable than lyposome carriers and are
more resistant to drug leakage [12]. More sophisticated
systems, with insulin as a cap of mesoporous pores,
that can be removed by the presence of glucose or
photo-susceptible azobenzene caps are also known [9].
Unmodified mesoporous nanoparticles express toxicity
due to interactions of surface silanol groups with
cellular membranes, Toxicity can be reduced by coating
particles with a polymer shell that also provides colloidal
stability, handles for chemoligation and improved blood
circulation lifetimes. Unfortunately, the polymer shell
limits drug loading and release properties [13].

Controlled drug release demands functionalization
of the mesoporous silica surface in order to avoid
premature diffusion of the drug into the environment.
There are three general methods to achieve this [14].

Postsynthetic functionalization (the so called
‘grafting”) modifies the inner surfaces of mesoporous
silica and is carried out by reaction of organosilanes,
chlorosilanes or silazanes with the free silanol groups of
the pore surfaces (Fig. 1). The main advantage of this
method is that the mesostructure of the starting material
is retained, but the lining of the walls causes a reduction
in the porosity of the hybrid material, depending upon
the size of the organic residue and the degree of
occupation. If the substrates react at the pore openings,
the diffusion of organosilanes deeper into the pores
can be impaired or even stopped leading to complete
closure of the pores (pore blocking).

Co-condensation is an alternative method to
synthesize organically modified mesoporous silicas,

It is a one-pot synthesis, which can be carried out by
the reaction of tetraalkoxysilanes (tetramethoxysilane
- TMCS or tetraethoxysilane - TEOS) with terminal
trialkoxyorganosilanes in the presence of structure-
directing agents. It leads to materials with organic
residues anchored covalently to the pore walls.
When using this method, the pore blocking is not a
problem, because organic functionalities are direct
components of silica matrix and are distributed more
homogeneously than in the materials synthesized with
the grafting process. Co-condensation has also some
disadvantages: the use of too high a concentration of
organosilanes in the reaction mixture can lead to totally
disordered products, also the proportion of organic
groups incorporated is lower than that corresponding
to the starting concentration of the reaction mixture
Moreover, in most cases only extraction can be used

to remove residual surfactant without destroying
the organic functionality — calcination cannot be
applied.

Condensation reactions of bridged organosilica
precursors (Fig. 3) have been known for a long time
from sol-gel chemistry. They are used in preparation of
the so-called Periodic Mesoporous Organosilicas, which
have organic units incorporated in the silica matrix
through two covalent bonds and in this way distributed
more homogeneously in the pore walls.

Depending on the method of production, the
functionalized mesoporous silicas show different cargo
releasing profiles [15]:

Profile a (Fig. 4) is characteristic of an unmodified
silica matrix and presents initial burst release and
slow release afterwards, profile b is associated with
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Figure 2. Co-condensation as one of the methods for the modification of mesoporous silica
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3. extraction / calcination

Figure 3. Preparation of periodic mesoporous silica

a diffusion process and generally follows first-order
kinetics for drug concentration. An example of a material
showing this profile can be MCM-41 silica loaded with
alendronate [16]. Profile ¢ shows zero-order kinetics,
which can be exemplified as amino-functionalized SBA-
15 mesoporous silica loaded with alendronate [16].
Profile d corresponds to more sophisticated systems
sensitive to different external stimuli.

Functionalized mesoporous silica systems can
operate under a range of stimuli including pH [11,17-
22], competitive binding [18], light [23-28], redox control
[29-32] and enzymes [33] changing the cargo diffusion
process between “on” and “off” states.

R'=CH, or CH,

The aim of this work was to obtain functionalized
mesoporous silicas of MCM-41 type and analyze the
influence of pH value on the process of cargo release.
We have used the grafting method and different
reagents - positively charged ionic liquid 1-methyl-3-
(3-(timethoxysilyl)propyl)-1H-imidazol-3-ium,  neutral
N-(3-(triethoxysilyl)propyl)gluconamide and negatively
charged N-(3-(trimethoxysilyl)-propyl)ethylenediamine
triacetic acid trisodium salt. Two azo dyes (Sunset Yellow
FCF and Chromotrope 2R) and copper phthalocyanine
called Alcian Blue were used as cargo. pH value for
cargo release was set to 4.5 and 6.8, which are very
popular values in pharmaceutical studies.
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Figure 5. Dyes and capping reagents used in the experiment

2. Experimental procedure

2.1. Materials

Dyes (Sunset Yellow FCF (1), Chromotrope 2R (2),
and Alcian Blue-tetrakis(methylpyridinium) chloride (3))
were purchased from Sigma-Aldrich. Capping reagents
(1-methyl-3-(3-(trimethoxysilyl) propyl)-1H-imidazol-3-
ium (4), N-(3-(triethoxysilyl) propyl)gluconamide (5), and
N-(3-(trimethoxysilyl)-propyl)ethylenediamine triacetic
acid trisodium salt (6)) were obtained from ABCR and
methanol was used from Stanlab.

2.2, Preparation of the modified silica
MCM-41 silica had been prepared for the grafting
reaction by activating it in a boiling mixture of water

and concentrated nitric acid (1:1) for 6 h. Then it was
filtered off and washed by large amount of water to
remove the residual acid. A portion of 10 mg (about
0.02 mmol of 1 and 2 or about 0.008 mmol of 3) of a
dye was dissolved in 25 mL of methanol and 100 mg
of activated silica was then suspended. The mixture
was stirred at room temperature for 24 h. Then 40 mg
(0.163 mmol) of 4 or 130 mg of 50% ethanol solution of
5 (i.e., 85 mg of pure substance, which is 0.163 mmol)
or 163 mg of 45% water solution of 6 (i.e., 73 mg of pure
substance, which is 0.163 mmol) was added and stirred
at 60°C for 2 h and then at room temperature for the
next 2 h, Suspensions were filtered through fibre glass
filters and washed by small amounts of methanol. The
filters, together with their contents, were dried at 90°C
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Table 1. The amounts of dyes adsorbed on functionalized silicas

prepared
Capping Dye Percentage of total mass
reagent adsorbed occupied by the dye
1 34
4 2 33
3 a0
1 07
5 2 04
3 55
1 04
6 2 0.2
3 85

Table 2. Resulis of elemental analysis for carbon, hydrogen and

nitrogen.
Compound Mass percentages for Mass
selected elements ratios
carbon hydrogen nitrogen C:H:N
[%] [%] [%]
1676 1.135 0415 4042731
4
1.641 1.124 0.403 4072791
8.142 1.851 1038 784.1.781
5
8157 1786 1.062 7.681.68:1
3846 1.421 0562 7.02:2.531
6
3.980 1.520 0851 6.11:2.331
pure 0.030 0.832 0034 0.88:24.54:1
MCM-41 0.043 0878 0043 120441

and colourful precipitates were obtained. Neutral pH
(methanol solution) was used, except for 6, which had
alkaline solutions, because of its dissociation.

2.3. Adsorption analysis

The amount of dye adsorbed was measured on an UV-
VIS Agilent 8453 Spectrophotometer, at the following
wavelengths: for 1 A =480 nm, for 2 A, = 3508 nm
and for3 A =602 nm.

2.4. TG analysis

All modified silicas (with capping reagents and without
dyes) and the unmodified one as a reference were
subjected to TG analysis using Setsys 1200 apparatus
(Setaram, US). The samples were analysed in the range
15-1000°C at the heating speed 10°C min'' and in air
atmosphere, but particular attention was paid to the
observations in the range 120-800°C, in which organic

parts of capping reagents undergo decomposition (water
desorbs in lower temperatures and in 800-1000°C
temperature range no differences between curves were
observed).

2.5. Release analysis

Release analysis was performed with an USP
Dissolution Apparatus 2 (Varian Vankel 7010), which is
very often used in pharmaceutical dissolution tests. In
all cases, the potassium acetate buffer at pH 4.5 and
potassium phosphate buffer at pH 6.8 were used as a
receptor media. The medium (200 mL) was maintained
at 37.040.5°C and stirred at 100 rpm. The samples were
filtered through 35 pm high-density polyethylene (HDPE)
Full-Flow filters and the concentration of released dye
was spectrophotometrically monitored at 480 nm for 1,
at 508 nm for 2 and 602 nm for 3. The absorbance of the
sample aliquots was used to assess the amount of dye
release at each time point.

3. Results and discussion

Three different mesoporous systems were obtained
through the following procedure: mesoporous material
was filled with the dye (1-3) and then capped with
alkoxysilanes of different properties (first of all the
electric charge). These systems were then tested to
determine their sorption properties, the efficacy of
capping as well as the release kinetics.

3.1. Adsorption analysis

The amounts of dyes 1-3 adsorbed on mesoporous silica
were determined on the basis of spectrophotometric
analysis.

3.2. Elemental analysis

Elemental analysis of capped materials (without dyes)
for carbon, hydrogen and nitrogen allowed determination
of the amounts of capping reagents, which had reacted
with the silica surface. Results are presented in Table 2.

The presence of trace amounts of carbon and
nitrogen was attributable to the residues of surfactant
left after processing or adsorbed from the air, while the
presence of hydrogen is understood as it is a component
of silanol groups on the surface of silica.

From the carbon : nitrogen ratios it was possible to
determine the mode of capping reagents attachment to
the surface, whether through one, two or three Si-O-Si
bonds, and from carbon and nitrogen percentages the
total amounts of capping compounds bound to silica
could be calculated. Hydrogen mass percentage was
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% of initial mass

Figure 6. Adjusted curve emphasizes the mass loss

Table 3. Calculations for the gralting process of different capping reagents on the MCM-41 silica’s surface

C g ilar llar mass of fragment eliminated Difference in mass Capping
reagent | weight [Da] in DTA analysis [Da] (assuming bonding decrease comparing to reagent:silica
through all three bonds) unmodified silica [%] molar ratio
4 2454 1392 275 1.78
3005 2513 845 1:41
& 4484 2733 6.05 165

used to estimate the amount of silanol groups replaced
during the grafting process. Thus, reagent 4 is probably
attached through only one bond in a total amount of
3.30+£0.29 g per 100 g of grafted silica and replaced
about 1% of silanol groups. Capping compound 5
is connected through three bonds, in 29.37+0.86 g
per 100 g of grafted silica. It replaced approximately
40-45% of silanol groups population. Carbon:nitrogen
ratio in compound 6 was too high and could not
be attributed to any of the possible combinations.
Compound 6 could partly undergo basic hydrolysis
(which occurs usually at higher temperatures [34]) and
result in  2-((2-hydroxyethyl)(3-trimethoxysilyl)propyl)
amino)acetic acid, which could have already been
assigned. The hydrolysis product is still a negatively
charged molecule. However, no mass calculations for
6 were performed.

3.3. TG analysis

The amount of capping groups introduced onto the
mesoporous material was also estimated from TG
results. The mass loss related to decomposition of
organic residues from the surface was observed in
the range from 120°C until 800°C. Above 800°C all
curves were parallel to each other and below 120°C the
elimination of physically adsorbed water was observed.
The TG curves (Fig. 6) were modified (percentages of
initial mass was set to 100% at 120°C) to emphasize
mass loss as a consequence of thermal decomposition
of organic components. The part of each curve

corresponding to the temperature range between 800°C
and 1000°C is parallel to that recorded for unmodified
silica, which means that the mass loss in this range
is not related to the presence of carbon containing
compounds but to the destruction of silica matrix.

From the differences in mass loss observed for
unmodified and modified silicas it was easy to calculate
the mass of chemically adsorbed capping reagents and
the molar ratio of substrates used.

TG results generally agree with those from
elemental analysis and show that binding of 4 is the
weakest — only 1:80 in molar ratio. It is caused probably
by the steric hindrance and electrostatic repulsion of
methylimidazolium rings, which have only short three-
membered carbon chains joining them with the surface.
This makes them unable to take optimal positions.
The TG results obtained for compound § show better
coverage than for compound 6 because of smaller steric
hindrance in 5 (6 is strongly branched, even hydrolysed,
5 has no branches), the absence of undesirable
electrostatic interactions — 6 is a trisodium salt and has
three (hydrolysis product = one) carboxylic groups = and
the presence of hydrogen bonds binding the molecules
of 5. After analysis of the capping process, the release
analysis was performed.

3.4. Release analysis

Results of release analysis of 1 from modified MCM-41
silica for pH= 4.5 are shown in Fig. 7, for pH= 6.8 in
Fig. 8.
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Figure 7. Release of 1 from modified MCM-41 silica at pH= 4.5
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Figure 8. Release of 1 from modified MCM-41 silica at pH= 6.8

Because of the very small amount of dye adsorbed
with the use of & as a capping reagent and possible
considerable errors, the release analysis was not
performed .

Results of release analysis of 2 from modified MCM-
41 silica for pH= 4.5 are shown in Fig. 9, for pH= 6.8
in Fig. 10.

Because of the very small amount of dye adsorbed
with the use of 6 as a capping reagent and possible
considerable errors, the release analysis was not
performed.

The release of 3 was very low (under 10%) and the
release curves were irregular so they are not presented.
Except for instantly released small amounts of the dye
(residue after filtering and washing or molecules which
are closest to the pore openings), no diffusion of 3 from
modified MCM-41 silica takes place, irrespectively of the
capping reagent used. It may be caused by steric fit of
molecule 3 molecule to the diameter of silica channel,
which is illustrated in Fig. 11.

Amolecule of 3 is square-shaped, with concave sides
of about 1.8 nmin length (calculated using HyperChem),

% of dye released
N g B g g N
8 8 5§ 8 8 3
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Figure 9. Release of 2 from modified MCM-41 silica at pH= 4.5.
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Figure 10. Release of 2 from modified MCM-41 silica at pH= 6.3

Figure 11 . Model of 3 molecule inside of MCM-41 channel

while the diameter of the MCM-41 channel is, according
to the manufacturer, 2.3-2.7 nm. Therefore electrostatic
interactions between lone pairs of oxygen atoms from
the channel's wall and positively charged nitrogen
atoms from molecules of 3 may occur. Hydrogen bonds
between these oxygen atoms and hydrogen atoms from
3 may be also significant.
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Table 4, Fiting parameters of release experiments carried out with 2 first order release model, described by the equation f(f) = 1 —e*
Dye Capping reagent PH=45 Dye Capping reagent pH=6.8
K [h'] R? K [h] R?
4 Q.7414 08amn7 4 1.7237 08918
1 1
5 1.3405 049758 5 1.5626 0o222
4 0.7699 09602 4 47722 0.8961
2 2
] 0.5037 09650 5 21757 096888

positive charge from the capping reagent

negative charge from the capping reagent

o 1 +@N[=

negatively charged silanol group
4,5,6  capping reagent

dye (10r2) molecule - negatively charged at release conditions

dye (3) molecule - positively charged at release conditions

Figure 12. The interactions between the molecules of capping reagents and those of the dyes trapped in the MCM-41 silica channels and on
its outer surface — channel diameter and size of the molecules maich

Interpretation of the release curves for 1 and 2
allows the following conclusions: for pH=4.5 the release
is partial, fast and reaches a plateau in about 10 hours.
The kinetics of this process are similar to that of the first
order reactions. For pH= 6.8 the release curves reach
a plateau in about 3-4 hours but in general they are
similar to those from the analysis for pH= 4.5. Higher
pH value makes the dissociation of dye molecules more
significant, which increases their total negative charge
and accelerates desorption.

4. Conclusions

Major differences in amounts of dyes adsorbed during
the adsorption process can be explained by differences in
their physicochemical interactions with the silica surface.

Large amounts of 3 adsorbed due to a good fit
of the molecule size to the size of the channel and
favorable intermolecular interactions (oxygen atoms
from MCM-41 channels, negatively charged surface,
for 6 - additionally negatively charged carboxylic ions,
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even after hydrolysis). Large amounts of dye adsorbed
for positively charged 4 is caused probably by its low
surface coverage.

The presence of minimum amounts of dyes 1 and
2 adsorbed on the silica modified with capping reagent
6, can be explained as a result of negative electrostatic
interactions of carboxylic ions and negatively charged
dye molecules (deprotonated sulfonic groups) and
repulsing lon-dipole interactions between dyes and
oxygen atoms from silica channels. For § there is no
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Abstract MCM-41 and MSU-H mesoporous silicas were
successfully functionalized with hydrogen bonds forming
organic moieties, which have been proven by elemental
analysis. Both moieties, based on oxygen and nitrogen
containing groups, were introduced with high efficiency—
the amount of carbon in all cases exceeded 10 % and the
elemental ratios suggest binding to the surface through two
or three Si—O-Si bonds. Hydrogen peroxide adsorption was
conducted in its aqueous solutions and the amount adsor-
bed was determined using the ferric thiocyanate method.
Results are presented as a function of hydrogen peroxide
concentration in aqueous solution from 5 to 30 %. Both
functionalized silicas show increased adsorption capacity
when compared with that of their unfunctionalized ana-
logues. The surface modified with nitrogen-based organic
moiety revealed better adsorption properties as well as
higher resistance against oxidation. MSU-H silica, due to
its larger pore diameter, provides more space to bind
hydrogen peroxide molecules and thus was found to have
higher adsorption capacity: it adsorbed up to four times
more hydrogen peroxide than MCM-41.

Keywords MCM-41 - MSU-H - Hydrogen peroxide -
Adsorption
Introduction

Hydrogen peroxide is a very useful oxidizer that has been
employed in many different fields, such as chemistry of
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atmosphere [1], autodissociation dynamics [2, 3], and
bleaching [4]. It is reasonably stable, readily available,
inexpensive, and generates only water as a by-product [5].
Although its molecule is similar to water, it has not been
much studied in a pure state because of its instability.
However, like water, it forms hydrogen bonds with nitro-
gen- and oxygen-containing compounds [6, 7].

To avoid the stability issues, hydrogen peroxide can be
transformed into a number of complexes with organic
compounds. Urea—hydrogen peroxide complex (UHP) has
already been used in many oxidation processes [8§—11] as a
source of anhydrous hydrogen peroxide. It is a stable and
inexpensive solid that has been first prepared by Tanatar [12]
and now is sold by a number of chemical manufacturers. Its
crystals are composed of molecules of urea and hydrogen
peroxide in 1:1 ratio, connected through multiple hydrogen
bonds [13]. Hydrogen peroxide forms also complexes with
melamine [14] and DABCO-di-N-oxide [15]. Some poly-
mer-supported systems containing hydrogen peroxide are
known as well. The most prominent among them is poly-
vinylpyrrolidone-hydrogen peroxide complex (PVP-H,0,),
introduced by Pourali and Ghanei [ 16] that has already been
successfully used for iodination of aromatic compounds as
well as for oxidation of o,B-enones [17]. It can be easily
prepared from 30 % agqueous solution of hydrogen peroxide
and polyvinylpyrrolidone K-30, it contains up to 23 % of
hydrogen peroxide by weight [18] and is insoluble in organic
solvents [19]. It is stable for several months while stored ina
refrigerator, without losing its weight or activity [16].
Hydrogen peroxide can also be encapsulated in different
silica xerogel systems to serve as an oxidant in the presence
of metal catalyst [20-22] or without it, with a hydrogen
peroxide content up to 68 % [23].

Mesoporous materials developed in the 1990s, show
numerous advantages: large surface area (~ 1,000 m*/g),

@ Springer
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uniform and controllable pore size, large pore volume
(~1 cm‘/g), narrow particle size, open pore structures
[24], chemical and biological stability, and possibility of
control of surface functionalization, which makes them
very useful in a wide variety of applications such as
adsorption, catalysis, ion exchange, sensing [25], chroma-
tography [26], delivery carriers, and controlled drug/gene
release [27]. There are three general paths to achieve sur-
face functionalization of mesoporous silica surface [28]:
postsynthetic functionalization (the so-called “grafting™)
and two methods involved in the silica preparation pro-
cess—co-condensation and condensation of bridged or-
ganosilica precursors forming periodic mesoporous
organosilicas. The use of grafting method usually preserves
the mesostructure of the starting silica phase, but the dis-
tribution of organic moieties anchored to the silica surface
is solvent dependent [29] and sometimes leads to pores
blockage [30]. Another advantage of this method is that it
can be applied to a diversity of organic molecules, from
small ones like aminopropyltrimethoxysilane [29] or
compounds used in our experiment, to large moieties as
dendrimers [31] and fullerenes [32]. Co-condensation is a
convenient direct method of synthesis when the total
amount of the organic part is supposed to be rather small. It
provides better homogeneity of organic moieties, but can
alter the matrix structure leading sometimes to totally
disordered products [28]. It also allows the use of extrac-
tion as the only method for surfactant removal, as calci-
nation could destroy organic compounds. After pioneering
works of the groups of Mann and co-workers [33] and
MacQuarrie [34], many different organically modified
mesoporous silicas have been prepared by co-condensa-
tion, including those modified with alkyl, thiol, vinyl/allyl
[35], amino, cyanofisocyano [36], alkoxy [37], organo-
phosphine, and aromatic groups [38]. Periodic mesoporous
organosilicas (PMOs) are materials with modified matrices
but preserved organized pore system and narrow pore size
distribution. They were first synthesized in 1999 by three
groups working independently [39—41]. Until now, various
PMOs are known: ethane- [39], ethene- [40], benzene-
[42]. bisphenyl-bridged [43]. etc. They have found their
application in chromatography [44] and catalysis [45].
The study was conducted to verify the ability of organic
moieties grafted onto the mesoporous silicas of MCM-41
and MSU-H types to adsorb hydrogen peroxide from its
aqueous solutions at different concentrations. Silica was
chosen for the experiment, as it can be easily functional-
ized and has native silanol groups, able to form desired
hydrogen bonds. Furthermore, both types of silica used
differ in the pore diameter and noticeably in the surface
area. We have used the method of postsynthetic modifi-
cation to anchor nitrogen- and oxygen-containing groups
that are able to form hydrogen bonds as grafting method
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offers higher coverage efficiency than direct synthesis
methods and do not influence the order of mesoporous
silica structure. Nitrogen-based compound (1-[3-(trieth-
oxysilylpropylJurea) with urea-like moiety was chosen to
permit comparison of the ability of hydrogen peroxide
binding of this moiety and pure urea. Oxygen-based com-
pound (N-(3-triethoxysilylpropyl)gluconamide) has many
hydroxyl groups, and it was chosen to verify their influence
on binding hydrogen peroxide.

This study is the first on hydrogen peroxide adsorption
(not decomposition) on the surface of organically modified
mesoporous silica. It is supposed to be the basis for future
articles covering the presented issue.

Experimental details
Materials

Mesoporous silicas—MCM-41 (2.1-2.7 nm in diameter
and 1,000 m*g surface area) and MSU-H (~7.1 nm in
diameter and 750 m%/g surface area), 30 % stock solution
of hydrogen peroxide and 3-(triethoxysilyl)propyl isocya-
nate used for the synthesis of 1-[3-(triethoxysilyl)pro-
pylJurea (1) were all purchased from Sigma-Aldrich, and
N-(3-triethoxysilylpropyl)gluconamide (2) was purchased
from ABCR GmbH & Co. KG. The structures of com-
pounds used are presented in Fig. 1. Water used for the
preparation of diluted hydrogen peroxide solutions had
been degassed and deionized.

Preparation of reagents

Both mesoporous silicas had been prepared for grafting by
activation in boiling mixture of nitric acid and water (1:1)
for a few hours, filtered off, washed by large amount of
water, and dried in 60 °C for several hours.

A portion of 2 g of 3-(triethoxysilyl)propyl isocyanate
was dissolved in 20 ml of acetonitrile and reacted with dry
gaseous ammonia. The substrates reacted vigorously, so the
solution was mixed and the flask was held in a cool water
bath. After 1 h, the reaction was stopped, and both
ammonia and acetonitrile were evacuated under vacuum.
Gelatinous, quickly crystallizing solid, identified as N-[3-
(triethoxysilyl)propylJurea, was obtained. Figures 2, 3, and
4 present the spectra obtained for the isolated compound.

'"H NMR spectrum was taken on an NMR Varian
VNMR-S 400 MHz spectrometer at 298 K with TMS as a
reference. 'H NMR(400 MHz, CDCly), §: 0.62-0.67
(t, 2H), 1.20-1.25 (t, 9H), 1.57-1.66 (quin, 2H), 3.11-3.17
(q, 2H), 3.79-3.85 (q. 6H), 4.74-4.77 (s, 2H), 5.20-5.28
(s, 1H).

-38-



Struct Chem

S i
P
Q'
I
1 2

Fig. 1 Molecules grafted on selected mesoporous silicas surface—1 stands for 1-[3-(triethoxysilyl)propyljurea and 2 is N-(3-
triethoxysilylpropyl)gluconamide
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N-[3-(triethoxysilyl)propyljurea v 1
o A
oS 5 NH _NH,
12 o 4 6 7
2¢ o}
1
2
6 7 5 4 3
KT 165 1.55 | 070065 0.60

| RN e A 11IAlL)

7.2 6.0 48 36 24 1.2
Fig. 3 ESI MS spectrum of M+Na
N-[3-(triethoxysilyl)propyllurea 100 [ 267 I /\o f

219 i

N N T il
m/z=219
®
IM+K]
M+H]| % [2M+Na]
o 265 284 |l78g
7' 20 A 35 s 291 [2M+H] o
0 PR I 5 x Ad i & o \L

200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620

ESI MS spectrum was obtained on a Waters/Micromass C—H alkyl stretching, 1668 cm™' C=0 amide stretching,
ZQ Mass Detector using 10~ M methanol solution. ESI 1593, 1526 cm ™' N-H amide bending.
analysis parameters were the following: cone voltage—
30 V, capillary voltage—3 kV, ion source temperature—  Preparation of modified silica
393 K, desolvation temperature—573 K, and nitrogen was
used as the nebulizing and desolving gas at flow rate of  The procedure of modifying both silicas with each of
80 I/min. ESI MS m/z: [M+H]t 265, [M+Na]t 287, grafting reagents used was as follows: 250 mg of the
[M4K]* 303. grafting reagent was dissolved in 10 ml of toluene, and
IR spectrum was obtained on a Bruker FT-IR IFS 66/s  then 250 mg of unmodified mesoporous silica was sus-
spectrometer using 1.2 mg of the compound mixed with  pended. The mixture was stirred under reflux for 6 h,
200 mg of KBr and formed into a pellet. IR:  cooled to room temperature, filtered off, washed with pure
3670-3440 cm™ N-H amide stretching, 2975-2885 em™! toluene, and dried in 60 °C for several hours.

@ Springer

-30-



Struct Chem

1,0
0,94
0,8 - I
07 | ‘ |
3440cm’ | [
0,6 4 N-Hamide ‘ { ‘ l
stretching I
|
0,4 |11528¢cm)|
1593cn’
0.31 bam:\jde
ending
021 2975-2885¢m
014 C-Halkyl 1668cm’
4 streiching C=0 amide
stretching
0,0 Lo b D
4000 3500 3000 2500 2000 1500 1000 500

Fig. 4 IR spectrum of N-[3-(triethoxysilyl)propyl]urea

Hydrogen peroxide adsorption analysis

A series of hydrogen peroxide solutions with concen-
trations increasing from 5 to 30 % and pure, deionized,
and degassed water were prepared for both unmodified
and modified silica systems. Each system was composed
of 35 mg of a selected silica suspended in 6 ml of
hydrogen peroxide solution in a phial and stirred with a
magnetic stirrer at room temperature for 24 h. Then, the
phial contents were filtered off, washed with decent
amount of water, and dried in 50 °C for 2 h to avoid
hydrogen peroxide decomposition. The amount of
hydrogen peroxide adsorbed was determined using the
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Fig. 5 Amount of hydrogen peroxide adsorbed on each functionalized
silica as a function of hydrogen peroxide concentration in aqueous solution

ferric thiocyanate method [46]. Before absorbance  disturbances caused by silica particles, and only clear
measurement on an UV-Vis Agilent 8453 Spectropho-  solution from over the precipitate was taken for
tometer, the silica suspensions were centrifuged to avoid  measurement.
Table 1 Comparison of Grafting compound Mesoporous ~ Mass percentages of selected elements Mass ratios
grafting efficiency for all silica t C:H:N
obtained systems ype Carbon Hydrogen Nitrogen
(%) (%) (%)
1-[3-(Triethoxysilyl) MCM-41 11.70 3.044 4.371 2.68:0.70:1
propyljurea 1174 3.065 4.276 2.75:0.72:1
MSU-H 1231 3.160 6.310 1.95:0.50:1
1227 3.190 6.250 1.96:0.51:1
N-(3-Triethoxysilylpropyl) ~ MCM-41 15.68 3.786 1.925 8.14:1.97:1
gluconamide 1571 3.954 1.969 7.98:2.01:1
MSU-H 16.17 3.498 1.939 8.34:1.80:1
16.21 3.534 1.877 8.64:1.88:1
Pure MCM-41 0.030 0.832 0.034 (,88:24.54:1
0.043 0.879 0.043 1.00:20.44:1
Pure MSU-H 0.089 1.215 0.044 2.02:27.61:1
0.093 1.242 0.012 7.75:103.50:1
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tnm - MSU-H

Fig. 6 Cross-section of MSU-H silica, functionalized with N-(3-triethoxysilylpropyl)gluconamide, explaining the possible organization of
grafted molecules and hydrogen peroxide adsorbed in the pores. Channel diameter and size of the molecules match

Results and discussion
Elemental analysis

Elemental analysis for carbon, hydrogen, and nitrogen
content allowed determination of the amounts of grafting
reagents that had reacted with the silica surface. Results are
presented in Table 1.

The presence of carbon in pure silicas can be a residue
of surfactant used in the manufacturing process. Nitrogen
observed in pure silica can be either adsorbed from the air
or a surfactant residue, and hydrogen is a component of
silanol groups densely covering the surface. The number of
Si—-O-Si bonds linking the grafted molecules to the surface
could be easily calculated from the carbon:nitrogen ratio as
hydrogen balance was more difficult to calculate. Hydro-
gen was removed from the surface silanol groups and

added with grafted molecules in the amount depending on
the total amount of the given compound grafted, hydrolysis
of its alkoxy-groups, and the amount of Si-O-Si links
formed.

The unbound 1-[3-(triethoxysilyl)propyljurea of the
molecular formula C,oH,4N,0,Si and the carbon:nitrogen
ratio equal to 4.29:1 can be linked through one (with one
ethoxy-group removed), two, or three Si—-O-Si links with
carbon:nitrogen ratios equal to 3.43:1, 2.57:1, and 1.71:1,
respectively. The carbon:nitrogen ratios obtained for this
compound suggest binding through two Si-O-Si links,
when grafted on MCM-41, and through two or three (two
links:three links ratio is 0.29:0.71) links, when grafted on
MSU-H silica. Similar analysis conducted for binding of
N-(3-triethoxysilylpropylgluconamide led to the following
results: unbound compound of the molecular formula
Cy5H33NOgSi and the carbon:nitrogen ratio equal to
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12.86:1 can be linked through one, two, or all three links
with carbon:nitrogen ratios equal to 11.14:1, 9.43:1, and
7.71:1, respectively. The carbon:nitrogen ratios for this
compound suggest binding to the surface of both silicas
through two or three Si-O-8i links (for MCM-41 two
links:three links ratio is 0.21:0.79 and for MSU-H
0.45:0.55).

The silicas obtained contain large amounts of grafted
compounds on their surface, comparable to those of simple
organic compounds grafted in the previous studies on
functionalization of mesoporous surfaces [47, 48], that
could be estimated from the amount of nitrogen as its
content is not dependent on the binding degree. 1-[3-(Tri-
ethoxysilyl)propyl]urea accounts for 32.11 % of total mass
of modified MCM-41 and 41.71 % of MSU-H, which is
1.37 molecules/nm® of MCM-41 surface and 3.09 mole-
cules/nm® of MSU-H surface. N-(3-Triethoxysilylpro-
pyDgluconamide accounts for 44.51 % of total mass of
modified MCM-41 and 4532 % of MSU-H, which is
1.51 molecules/nm® of MCM-41 surface and 2.00 mole-
cules/nm?® of MSU-H. These results show clearly that the
pore size is an important factor, influencing the total
amount of compounds grafted.

Hydrogen peroxide adsorption analysis

The graphs presented in Fig. 5 for different mesoporous
silicas show clearly that surface modification influenced
the amounts of hydrogen peroxide adsorbed on its surface,
which after modification increased several times. The
adsorption capacity of silicas modified with 1-[3-(trieth-
oxysilyl)propyljurea was increasing nonlinearly up to a
hydrogen peroxide concentration of 25 %, and then it
dropped to values similar to those obtained for unmodified
silica, probably because of the destruction of organic
moiety anchored to the silica surface (loss of the “urea”
part makes it unable to form hydrogen bonds). The silicas
modified with N-(3-triethoxysilylpropyl)gluconamide have
their maximum adsorption at 5 % concentration of hydro-
gen peroxide, and then it decreases slightly to become
almost equal to the adsorption of unmodified silica at 30 %
hydrogen peroxide concentration. A large number of
hydroxyl groups included in gluiconamide moiety are oxi-
dized, even at lower concentrations, and partially lose their
ability to form hydrogen bonds (carbonyl group, without a
hydrogen atom, can only be an electron donor). The
average contents of carbon, hydrogen, and nitrogen for
samples bathed in a 30 % solution of hydrogen peroxide
are, respectively, 7.468, 2.261, and 3.897 %. The car-
bon:nitrogen ratio is much smaller than that for the unox-
idized sample, which proves a major destruction to the
organic part and the loss of ability to bind hydrogen per-
oxide. Small increase in the amount of hydrogen peroxide
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Fig. 7 Cross-section of MCM-41 silica, functionalized with N-(3-
triethoxysilylpropyl)gluconamide, explaining the possible organiza-
tion of grafted molecules and hydrogen peroxide adsorbed in the
pores. Channel diameter and size of the molecules match

adsorbed at 25 and 30 % concentrations in comparison to
that adsorbed from hydrogen peroxide solutions of con-
centrations 20 and 25 % may be caused by adsorption on
the uncovered part of the silica surface.

Also, MSU-H silica was found to adsorb much higher
amounts of hydrogen peroxide, although it has smaller
surface area. The influence of pore diameter on the
amounts of hydrogen peroxide adsorbed is also indicated
by the results obtained for each silica separately. The
maximum amounts of hydrogen peroxide for MCM-41 are
similar because of available space limitations. Grafted
molecules occupy most of the pore volume, so there is not
much space to bind H,O, and its diffusion may be
impaired. MSU-H provides much more space for both
grafted organic moieties and hydrogen peroxide adsorbed
as can be seen comparing Figs. 6 and 7, and the amount of
H,0, is only limited by the binding abilities of grafted
molecules.

The amount of hydrogen peroxide adsorbed on
unmodified silica surface almost linearly increases with
increasing hydrogen peroxide concentration. This phe-
nomenon can be explained by formation of hydrogen bonds
between free silanol groups and hydrogen peroxide. In the
experimental conditions, almost all of silanol groups were
ionized as mesoporous silanol groups existed in two forms,
Si-(OH), and Si-(OH) with pK, values, respectively, 8.2
and 2.0 [49].
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Conclusions

Two different molecules able to form hydrogen bonds were
successfully grafted on the surface of two different meso-
porous silicas of MCM-41 and MSU-H types. The amounts
of hydrogen peroxide adsorbed on their surface were
measured, and MSU-H sample was found to have a higher
adsorption capacity, as about 2-3 times more hydrogen
peroxide got adsorbed on its surface. Unmodified silica
showed also some adsorption abilities dependent on the
concentration of hydrogen peroxide solution. [Functional-
ized surface was not resistant enough and the compounds
deposited underwent oxidation, changing the silicas
adsorption properties in higher hydrogen peroxide con-
centrations. Increased amount of hydroxyl groups intro-
duced with N-(3-triethoxysilylpropyl)gluconamide indeed
has enhanced the adsorption of hydrogen peroxide.
Although the content of hydrogen peroxide bound by the
systems obtained was small in comparison with that of
PVP or urea complexes, results of this study can initiate
further development in this field.
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Riboflavin was covalently linked to mesoporous SBA-15 silica surface via grafting technique. Then
fluorescence properties of the system obtained were analyzed in the presence ol several metal and or-
ganic cations. Both quenching and strengthening of fluorescence as well as significant changes in the
maximum fluorescence wavelength were observed. The results were compared with absorption and
fuorescence data abtained for riboflavin water solutions.
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1. Introduction

Riboflavin, also known as Vitamin B2, is a naturally occurring
substance and an essential nutrient for humans. It is only slightly
soluble in water (from 0.05 to 0.33 g L ! depending on its internal
crystalline structure [1]). Aqueous solution of riboflavin shows the
maxima of radiation absorption at Aups=223, 266, 373 and 445 nm
and strong green-yellow fluorescence with a maximum at
Aem=520-530 nm [2]. Riboflavin in water solutions is easily de-
graded by UV and visible light of which that from the range of
420-560 nm causes the greatest destruction [3]. The degradation
process is intensified with increasing temperature and pH. While
in solution most of the riboflavin content is destroyed within a few
hours of exposure to bright sunlight [4], dry (solid) preparations
are much more stable, especially when kept away from sunlight
[4]. Riboflavin is known for its ability to form stable complexes
with metal ions [5-7], i.e. zinc, iron and cadmium complexes with
riboflavin have their logp equal to: 5.58, 7.12 and 4.72, respectively
[8]. Only a few papers on the fluorescence activity of riboflavin in
the presence of metal ions [9] have been published and, according
to our knowledge, no studies on covalently grafted solid riboflavin
preparations have been reported.

SBA-15 mesoporous silica was discovered in 1998 by Zhao et al.

* Corresponding author.
E-mail address: dawid_le@amu.edu.pl (D. Lewandowski).

http://dx.doi.org/10.1016/j.,jpcs.2015.04.007
0022-3697/@ 2015 Elsevier Ltd. All rights reserved.

[10]. It has relatively large pores, with diameters within the range
of 5-30 nm, and a system of micropores/small mesopores pro-
viding connectivity between larger, hexagonally ordered, pores
[11]. Pore diameter allows sizable molecules to be encapsulated
inside or numerous organic functional groups to be grafted on the
surface. Recent advances on the SBA-15 silica functionalization
include grafting of organic moieties (small ones like amino [12,13],
sulfonic [14], folate [15] or others [16,17] as well as polymers like
hyaluronic acid [18] or poly(methacrylic acid) [19]) to use their
binding or catalytic properties and control the cargo (e.g. drugs)
release. Attempts have been made to permanently immobilize
inorganic or hybrid organic-inorganic additives, containing alu-
minum [20], copper(ll) [21, 22] or molybdenum(V1) [23], for the
same purposes.

The aim of this work was to graft riboflavin on SBA-15 meso-
porous silica, study its fluorescence properties in the presence of
selected metal ions and compare the results with those obtained
for riboflavin solutions.

2. Experimental details
2.1. Reagents

Riboflavin, (3-isocyanatopropyljtriethoxysilane, metal per-
chlorates, silver nitrate, ethylamine hydrochloride, t-alanine

-45-
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Fig. 2. FI-IR spectra of the initial SBA-15 mesoporous silica and the products of
each modification.

methyl ester hydrochloride, 1-lysine monohydrochloride, benzo-
caine and p-{+)-glucosamine hydrochloride were all purchased
from Sigma-Aldrich, SBA-15 mesoporous silica (8-11 nm pore
diameter, 600 m” g~ ' surface area and 1-2 pm particle size) was
purchased from ACS Material and 1-leucine hydrochloride from
Alfa Aesar. Water solutions and suspensions were prepared using
deionized water. Benzocaine hydrochloride was prepared by pur-
ging benzocaine solution in chloroform (Sigma-Aldrich, = 99.8%
purity) with gas hydrogen chloride and filtering off the pre-
cipitated crystals. The compound purity was confirmed by the
determination of its melting point (207 °C).

2.2. Silica preparation

A portion of 0.4 g of SBA-15 mesoporous silica was suspended
in toluene solution containing 148g (6 mmol) (3-iso-
cyanatopropyl)triethoxysilane and refluxed for 3 h and then stir-
red for 21 h at room temperature, White solid obtained was fil-
tered off, washed with toluene and dried for several hours. In the
second step 100.0 mg (0.266 mmol) of riboflavin was dissolved in
70 ml of hot (90 °C) dimethylformamide (DMF) and dry solid from
the first step was added. The suspension was stirred for 5 h and
then hot filtered and washed with hot DMF to remove physically
adsorbed riboflavin. The solid was then dried and became pale
yellow (Fig. 1) (photographs available in the Supplementary
materials).
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Fig. 3. Nitrogen adsorption analysis results indicating surface functionalization.

Modified silica was characterized using FI-IR spectrometer (IFS
66/s, Bruker) with 1.0 mg of the silica mixed with 200 mg of KBr
and formed into a pellet; elemental analysis was carried on an
elemental analyzer (EL III, Vario); thermogravimetric analysis was
performed on a TGA Q50 (TA Instruments) apparatus and nitrogen
adsorption was analyzed using Quantachrome Autosorb iQ appa-
ratus. Deterioration of riboflavin solutions used in the preparation
of riboflavin-functionalized silica was proved using electrospray
mass spectrometry (ESI MS) and the spectra were obtained on a
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mass spectrometer (Micromass ZQ, Waters) using 10°°M me-
thanol solutions.

2.3. Solutions preparation

Riboflavin solution was prepared from 5.0 mg {0.0133 mmol) of
riboflavin dissolved in 100 ml of deionized water by sonication.
The solutions of metal ions and hydrochlorides were prepared by
dissolution of appropriate amount of a given metal perchlorate (or
its hydrate or, in case of Ag' ions, nitrate) or organic hydro-
chloride in 1 ml of deionized water to obtain 0.05 M solution. The
following perchlorates: sodium, magnesium, calcium, cadmium,
nickel(11), mercury(ll), lead(Il), manganese(Il), cobalt(1l), chromium
(111), aluminum and strontium were used in the study.

Table 3

2.4. Spectrophotometric analysis

Riboflavin solutions with the addition of metal or organic ca-
tions were spectrophotometrically analyzed on a UV-vis spectro-
photometer (8453, Agilent) to verify possible changes in the ab-
sorption spectra. Before the analysis, each solution was diluted 10
times using deionized water.

2.5. Fluorescence analysis

Fluorescence analysis for riboflavin solutions was conducted as
follows: appropriate amount of given metal perchlorate or organic
hydrochloride was dissolved in 1 ml of riboflavin solution to ob-
tain 0.05 M cation concentration and kept in darkness for 24 h,
Then the solutions were diluted 20 times and the fluorescence

Flucrescence analysis results obtained for riboflavin solutions in the presence of different cations.

Ton Fluorescence maximum value Relative fluorescence issi wave- issi i shift
(AUy value (%) length (nm) (nm)
—(Water solution) 9048 100.0 514.6 0.0
Ag™ 868 9.6 5129 -1.7
AP 7835 86.6 5135 —11
Ca?* 8637 955 5124 —-22
cd* 8606 95.1 5142 -04
Co* 8970 99.1 5145 -0a1
i 7968 88.1 5125 -21
Hg*™ 2952 326 513.6 10
Mg?* 8817 974 5134 -12
Mn”~ 8604 95.1 513.6 1.0
Na* 8634 954 5135 -11
Ni%+ 8769 96.9 513.6 1.0
Pb”* 8476 937 5145 -01
sr2* 9118 100.3 5145 —01
Ethylamine hydrochloride 8969 99.1 5135 —11
t-alanine methyl ester hydrochloride 8345 922 5135 —11
t-leucine hydrochloride 8720 964 5135 -11
i-lysine hydrochloride 8969 99.1 5145 —01
p-(+)-glucosamine Hydrochloride 8958 99.0 5135 -11
Benzocaine Hydrachloride 5795 64.0 5134 -1z

2 AU - arbitrary units.

Table 4

Flucrescence analysis results obtained for solid samples of riboflavin covalently grafted on SBA-15 surface after 24 h contact with solutions of different cations.

lTon Fluorescence maximum value Relative fluorescence issil wave- issi i shift
(AU)* value (%) length (nm) (nm)
—(Water suspension) 14,320,000 100.0 517.8 0.0
Unmodified SBA-15 451,000 31 444.2 —736
Ag™ 2,937,000 20.5 53381 +20.3
AP+ 15,370,000 1073 509.2 - 86
Cat 8,242,000 576 509.2 86
od* 26,210,000 183.0 5352 +17.4
Co?+ 1,550,000 108 509.6 —82
ot 1,758,000 123 5002 17.6
Hg*" 2,340,000 163 4993 —185
Mg>* 21,480,000 150.0 509.0 —88
Mn?* 11,360,000 79.3 512.0 —58
Na* 15,150,000 105.8 512.2 —56
Ni?* 2,113,000 14.8 510.8 -70
Pb** 6,672,000 46.6 507.7 —101
S 19,840,000 1385 5229 +5.1
Ethylamine hydrochloride 15,140,000 105.7 487.2 306
L-alanine methyl ester hydrochloride 26,250,000 183.3 505.7 —121
t-leucine hydrochloride 26,480,000 1849 507.1 —10.7
t-lysine hydrochloride 15,260,000 106.6 499.7 182
p-(+)-glucosamine hydrochloride 22,150,000 154.7 5003 -176
Benzocaine hydrochloride 896,200 6.3 5126 5.2

# AU - arbitrary units.
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spectra were obtained using FluoTime 300 spectrometer. Samples
were excited with Xenon arc lamp (365 nm wavelength, 860 mW
output power, 1 nm excitation bandpass) and the fluorescence
signal was collected by Photomultiplier Tubes (PMT) with 1 nm
detection bandpass.

Fluorescence analysis of riboflavin covalently grafted on SBA-15
silica was conducted as follows: 20.0 mg of previously prepared
solid was suspended in 1 ml of given metal perchlorate or organic
hydrochloride solution and kept in darkness at room temperature
for 24 h. During that time the suspensions were agitated several
times. Then the supernatant liquid was removed and the residual
suspensions were dried at room temperature. The fluorescence
measurements were carried on a laboratory setup consisting of a
0.3 m Czerny-Turner spectrograph (SR303i, Andor) equipped with
ICCD camera (DH740, Andor). Samples in the form of powder were
excited with UV LED (365 nm, 350 mW output power). The angle
of incidence of the excitation radiation, focused by quartz lens, was
457 Additionally the band-pass filter (UG11, Schott) was applied
between the excitation source and the sample to block UV LED
radiation above 380 nm. The fluorescence signal was collected
perpendicularly to the sample surface using a microscope objec-
tive and focused on the entrance of an optical fiber. In the detec-
tion path, the band-pass filters (GG44, Schott) was used for
blocking the excitation radiation.

Each sample was analyzed twice and the average result was
calculated, Emission maxima values and wavelengths were cal-
culated using bisquare fitting method with the parameters: sam-
pling proportion - 0.1, polynomial degree - 1 and nearest neigh-
bors as bandwidth method.

3. Results and discussion
3.1. Modified silica analysis

Elemental analysis for SBA-15 silica modified with (3-iso-
cyanatopropyl)triethoxysilane showed 0.962% of nitrogen and
4.206% of carbon content coming from isocyanate groups and
1.099% of hydrogen from both organic moiety and silica surface.
Carbon:nitrogen ratio suggests linking the isocyanate through two
or three Si-O-Si bonds. Results obtained for riboflavin-functiona-
lized silica indicated the presence of 1.163% of nitrogen and 4.943%
of carbon from organic moieties anchored to the surface and
1.172% of hydrogen from both organic part and silica surface. The
amount of riboflavin grafted on the silica surface was calculated
from the nitrogen balance with the result of 3.46 mmol of ribo-
flavin for each 100 g of unmodified silica used for the preparation.
This result means that about 4-5% of isocyanate groups on the
surface had been covered with riboflavin. Attempts to increase the
coverage percentage by prolonging the stirring time (90 °C with
overnight stirring) or increasing the reaction temperature (120 °C
for 5 h) led to products with slightly increased riboflavin content -
the solids obtained had more intensive yellow color. However, in
these conditions the riboflavin solutions deteriorated and became
dark yellow fading to brown probably because of the thermal
degradation of riboflavin [24]. It was proved by ESI MS spectra in
which the signals corresponding to riboflavin were not detectable.
Riboflavin could be attached to the surface through a number of
hydroxyl groups, but the most probable one is the last, 1° group,
which is the least sterically hindered and has the highest electron
density. Moreover, the size of riboflavin molecule makes it im-
possible to cover all of the -NCO groups on the material surface.

FI-IR results {Fig. 2} clearly indicate that SBA-15 silica was
modified with isocyanate groups {-C=N=0 stretching signal at
2280 cm~ ') and all of them reacted-some joined riboflavin mo-
lecules and some reacted with the solvent [25]. If so, the elemental
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analysis results would be disturbed and unreliable. However, the
modification on isocyanate-functionalized SBA-15 with riboflavin
in DMF led to considerable proportional increase in the O-H
stretching signal strength as well as increase in the strength and
shift of the signals from the range of 1700 to 1600 cm ", The re-
sulting C=0 carbamate bonds, C=N bonds {from the reaction
between isocyanate and DMF) and C=0 amide bonds from ribo-
flavin give strong signals in the range 1690-1650 cm™'. Other
characteristic bands of riboflavin are difficult to be assigned be-
cause of its small content, however the deformation of the signal
at 1550-1520cm ! can be a sign of riboflavin presence - pure
riboflavin reveals very strong band at 1547 cm 'The signal at
1626 cm™ ', typical of O-H bending vibration is present in the
spectrum of isocyanate-modified SBA-15, but in the spectrum of
the final product it became a distortion of a stronger signal.

TG analysis also confirmed that isocyanate groups partially
underwent a reaction with DMF that could lead to a decrease in
the total amount of organic part on the silica surface (TG chart
available in the Supplementary materials).

Nitrogen adsorption analysis (Fig. 3) proved that only small
amount of riboflavin had been attached to the surface, which
caused a slight decrease in the surface area and had no noticeable

Table 1
Summary of the nitrogen adsorption analysis.

Material Surface area Pore diameter Pore volume
(BET) (BJH) (nm) (BIH) (em*g™")
(m’g™")

SBA-15 555.9 8.1 0.902

SBA-15+ISOCYANATE 4822 6.8 0.720

SBA-15+ ISOCYANATE- 470.6 6.8 0.720

RIBOFLAVIN
Table 2

Absorption analysis results obtained for riboflavin solutions (1.3%10* M, which
corresponds to 5.0 mg of riboflavin per 1000 mL of water) in the presence of dif-
ferent cations.

lon Absorption max- Absorption max- Relative ab-
ima wavelengths imum value for  sorption
(nm) longer wave- maximum
length's max- value (%)
imum (-)

—(Water solution) 374 446 0.1475 100.0

Agt 377 470 0.0460 31.2

AP 374 444 0.1469 96

ca*t 374 445 0.1490 101.0

cd*r 374 445 0.1524 1034

Co’ ™ 374 446 0.1433 97.1

o 377 442 0.1696 115.0

Hg’ ™ 374 448 01221 82.8

Mg?* 374 446 0.1498 101.6

Mn?* 375 444 0.1483 100.5

Na* 374 447 0.1475 100.0

Ni** 375 446 0.1543 104.6

Pb*~ 374 445 0.1542 104.5

iSiEeE: 374 444 0.1516 102.8

Ethylamine 375 444 0.1549 105.0
hydrochloride

L-alanine methyl ester 374 446 0.1511 1025
hydrochloride

1-leucine 375 446 0.1475 100.0
hydrochloride

1-lysine hydrochloride 375 446 0.1520 103.0

p-{ +)-glucosamine 375 446 0.1489 101.0
Hydrochloride

Benzocaine 374 446 0.1464 99.2
hydrochloride
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influence on both: mean pore diameter and pore volume (Table 1).

3.2. Spectrophotometric analysis

For spectrophotometric analysis riboflavin concentration was
about 1.3%10 °M and the metal cations concentration was
0.05 M, which is more than three orders of magnitude higher than
the riboflavin concentration. Although the spectrum of riboflavin
shows four absorption maxima, only two of them, those at 373 and
445 nm, could be measured reliably because of the innate ab-
sorption properties of nitrate anion, amide carbonyl group and
aromatic benzocaine ring. The absorption maximum values shown
in Table 2 refer to the maximum with longer wavelength. The
absorption maxima wavelengths and absorption maximum in-
tensities (Table 2) either do not change or change only slightly,
except for silver and mercury(ll) ions, which could be seen as the
solution color turned from yellow to red and orange, respectively.
Small shifts observed for chromium(lil) ions are a result of its in-
nate absorption. The absorption of other ions was negligible.

Benzocaine solution was slightly darker changing to orange, but
the absorption results were not reflected in the spectrum, that is in
the changes in the maxima wavelengths. All spectra recorded (for
both, solutions and solid samples) are available in the Supple-
mentary materials.

3.3. Fluorescence analysis

Fluorescence spectra of riboflavin in water solutions in the
presence of metal cations and organic cations {Table 3) were si-
milar and showed only one peak. Significant changes in the in-
tensity of riboflavin fluorescence were noted in the presence of
silver and mercury(1l} ions.

Worth mentioning are also the changes in the riboflavin
fluorescence intensity caused by the presence of chromium(lll),
aluminum and benzocaine cations as well as the shifts of the
maximum fluorescence induced by the presence of chromium(lll)
and calcium ions.

Results of fluorescence measurements for solid samples
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(Table 4) were quite surprising. Both fluorescence maximum va-
lues and wavelengths varied within a wide range. Pure SBA-15
silica, as expected, revealed almost negligible fluorescence in
comparison with modified systems. There is no reasonable pattern
in the observed results. Nevertheless, the presence of all cations
from the third period of d block resulted in high to very high de-
crease in the fluorescence intensity and negative shift of the
emission maxima. The presence of most s block cations increased
the intensity of riboflavin fluorescence, The presence of organic
cations generally increased the fluorescence intensity except for
benzocaine that suppressed it almost completely. Furthermore,
their curves revealed the second modest maximum near 460 nm
whose intensity was 50-75% of that of the primary peak.

General comparison of fluorescence results obtained from both
solutions and solid samples analyzes is presented in Figs. 4 and 5.

The formation of self-assembled monolayer with trialk-
oxysilane on the surface of silica causes a drastic increase in the
concentration of organosilane molecules on the material surface in
comparison to their concentration in solution and therefore leads
to formation of an area with densely packed terminal groups in the
silane. Reaction of terminal substituents (-NCO) with riboflavin
leads to a new material, which can be characterized as a molecular
receptor reactive towards metal and organic cations. The riboflavin
on the surface, conjugated with -NCO groups, shows different
spectral properties than both riboflavin and its complexes with
metal and organic cations in a solution,

The high concentration of the receptor on the surface and
neighboring groups on a monolayer not occupied by riboflavin
determine a drastic change in the fluorescence spectra in com-
parison with those of the solutions. Changes in fluorescence can be
used for the analytical determination of selected cations.

4. Conclusions

SBA-15 mesoporous silica has been successfully modified with
riboflavin, Although only 5% of isocyanate surface groups were
covered with riboflavin it was enough to analyze the fluorescence
properties of systems obtained. Attempts to increase the coverage
percentage have failed because of riboflavin thermal instability.
Absorption and fluorescence emission spectra revealed insignif-
icant changes in the spectra of the solutions, except for silver,
mercury(1l), chromium(Ill), aluminum and benzocaine cations, for
which both fluorescence maximum values and wavelengths shifts
were observed. In contrast to riboflavin solutions, the riboflavin-
functionalized silica showed significant changes in fluorescence
emission spectra for all of the cations used. No consistent pattern
of these changes was noticed.
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Abstract

Novel zidovudine derivatives, able to be covalently conjugated to silica surface, have been
obtained and grafted to SBA-15 mesoporous silica. Cytotoxic activity of the hybrid organic-
inorganic (zidovudine derivatives-silica) systems against HeLa and KB cell lines has been
analyzed. Addition of folic acid had a positive influence on the cytotoxicity. Up to 69% of
Hela and 65% of KB tumor cells growth inhibition has been achieved at low silica concen-
tration used (10 pg/mL).

Introduction

Mesoporous silicas discovered by Mobil researchers in the early 1990s gave rise to a family of
materials that have found numerous applications. From among many morphologically differ-
ent silicas, the two MCM-41 and SBA-15, have been the most often used. Both represent hexag-
onal order of mesopores but differ in pore diameters, which for MCM-41 is in the range of 2.0~
6.5 nm [1] and for SBA-15-4.0-30.0 nm [2, 3]. MCM-41 is usually used as a carrier for smaller
molecules that are packed inside its pores [4, 5], whilst SBA-15 is more suitable for larger ones
like proteins [3, 6]. Both can undergo useful surface functionalization, wherein for the SBA-15
a wider variety of molecules is applicable.

Application of mesoporous silicas in the preparation of controlled drug release systems is
well known, especially for transportation of anticancer and anti-inflammatory drugs. However,
a vast majority of these systems rely on the adsorption properties of anticancer drugs and gate-
like structures located on the pore entrances [7] or on surface modifications [8]. Only in very
few systems a covalent conjugation of the drug to the silica surface takes place [9].

Physically adsorbed anticancer drugs need to be transported, using mesoporous silica carri-
ers, to the vicinity of target tumor cells and protected from premature release by different sti-
muli-sensitive moieties. Covalently bound drugs require endocytosis of silica particles by the
tumor cells, which already has been reported [10]. The addition of covalently conjugated folic
acid enhances particles uptake [10, 11].
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Nucleoside analogues, especially 2°,3"-dideoxynucleosides, have found broad application as
antiviral [12] and anticancer therapeutics [13-16], designed to mimic natural nucleosides. One
of these molecules, which play an important role in anticancer therapeutics is 3’-azido-3"-
deoxythymidine (AZT, zidovudine).

AZT has been developed as an antitumor drug, but later it was found to reveal antiretroviral
activity and proved to be a proper drug for the treatment of acquired immunodeficiency syn-
drome (AIDS) [12]. There are also examples of application of AZT as an anticancer agent
in therapy of colon cancer, especially in combination with cisplatin, methotrexate and
5-fluorouracil [17, 18].

The mechanism of antiviral or anticancer action of AZT involves its intracellular conversion
to its active, 5-triphosphate form, which is controlled by the cellular enzymes called kinases.
The compound 5’-triphosphate is a competitive inhibitor of enzymes involved in the replica-
tion process (HIV reverse transcriptase or DNA polymerase) and after incorporation to DNA
strand it becomes a chain terminator of the nascent DNA strand due to the lack of 3’-hydroxyl
group [19, 20].

In 2001, Sharpless and his co-workers described the concept and criteria for the so-called
‘click’ reactions: versatility, high yield, modularity, readily available starting materials as well as
simple reaction conditions. In 2002, Meldal and Sharpless [21, 22] independently, established
that the Huisgen 1,3-dipolar cycloaddition reaction between organic azides and terminal al-
kynes can be efficiently catalyzed by copper(I) ions and can take place at room temperature. As
a result, the 1,4-regioisomers of 1,2,3-triazole are formed. ‘Click’ chemistry has been recognized
as a valuable synthetic tool in the field of nucleosides and nucleotides since azido and alkyne
derivatives are readily accessible [23]. 1,4-Disubstituted 1,2,3-triazole ring is a stable element of
the conjugate structure and it is considered as a mimic of Z-amide bond. Moreover, it can serve
as an additional pharmacophore [24].

To the best of our knowledge, there is no report on zidovudine (AZT) having been success-
fully grafted onto the silica surface. The aim of this study was to covalently conjugate zidovu-
dine to SBA-15 mesoporous silica surface and analyze the cytotoxic activity of hybrid organic-
inorganic systems obtained. All intended aims had been successfully achieved.

Materials and Methods
Materials

All reagents and solvents used in the study were purchased from Sigma-Aldrich and used with-
out further purification. SBA-15 mesoporous silica (8-11 nm pore diameter, 600 ml‘g'1 surface
area and 1-2 um particle size) was purchased from ACS Material.

Synthesis of zidovudine derivatives

One molar equivalent of (3-isocyanatopropyl)triethoxysilane in THF was placed in an ice bath
and an appropriate amount of propargyl compound (1.1 eq. for propargylamine and 5.0 eq. for
propargyl alcohol) in the presence of small amounts of triethylamine (0.6 eq. for propargyla-
mine and 0.25 eq. for propargyl alcohol, respectively) was added through a dropping funnel
and the mixtures were stirred for 3 h. The amount of propargyl alcohol was much higher due
to its weaker nucleophilic properties. While using lower propargyl alcohol:isocyanate ratios,
the products of side reactions were detected, especially those of isocyanate self—addition reac-
tion. The next step was to reflux the mixtures for 3 h, allow them to cool to the room tempera-
ture and stir overnight. Solvents were evaporated and residues were purified using column
chromatography (ethyl acetate:n-hexane 3:1) resulting in colorless, viscous liquid and pale yel-
low solid for ‘oxy’-AZT and ‘aza’-AZT intermediates, respectively (Fig 1). TLC detection was
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performed using ethyl acetate:n-hexane 1:2 as a mobile phase. In both cases the yield was about
70% and the compounds were characterized by electrospray mass spectrometry (Micromass
ZQ spectrometer, Waters), melting point measurement (Mel-Temp 1002D), infrared spectros-
copy (FT-IR Bruker IFS 66v/S) and 'H and '*C NMR spectroscopy (VARIAN Mercury 300).
In the second step, both intermediates were conjugated with AZT by thel,3-dipolar Huisgen
cycloaddition in anhydrous conditions using copper(I) acetate as a catalyst and acetonitrile as a
solvent. Exact conditions in both cases were adjusted to achieve the best purity and yield. After
the synthesis, both products were purified using column chromatography (methanol:chloro-
form gradient), which gave pale green (Cu” remnants) and pale orange solids for ‘oxy’-AZT
and “aza’-AZT (Fig 2). TLC detection was performed using methanol:chloroform 1:10 as a mo-
bile phase. The compounds were characterized by electrospray mass spectrometry (Micromass
ZQ spectrometer, Waters), melting point measurement (Mel-Temp 1002D), infrared spectros-
copy (FT-IR Bruker IFS 66v/S) and 'H and *C NMR spectroscopy (VARIAN Mercury 300).

Immobilization of zidovudine derivatives on SBA-15 mesoporous silica
surface

Both derivatives were immobilized on the surface by themselves or together with folic acid. To
anchor “aza>AZT and ‘oxy’-AZT on the surface, 70 mg of each of the compounds were

(o]

‘ NH
N)\O

0 HO
o )k MeCN, CH;COOCu (0.2 eq). 0
R ¢ DIPEA (1.05 eq)
N o i SN ~  H[ T gH
/ O RT,24h N
< 1.05 eq o § i
N o
o X=NH
~~ :Si/\/\N X ‘aza'-AZT ~90% yield
\
// X=0
'oxy'-AZT ~80% yield
Fig 2. Synthesis reaction of the ‘aza’- and ‘oxy’-AZT derivatives.
doi:10.1371/journal pone.0126251.9002
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Fig 3. The immobilization of zidovudine derivatives on SBA-15 mesoporous silica surface.
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dissolved in 10 ml of DMF in separate flasks and 100 mg of SBA-15 silica was added to each
flask. Suspensions were stirred at 80°C for 1 h and then allowed to cool to the room tempera-
ture and stirred overnight. Modified silica was filtered off, washed thoroughly with DMF and
dried. SBA-15+’aza’-AZT and SBA-15+"0xy’-AZT were obtained as white solids (Fig 3). The
accurate amounts of both derivatives anchored to the surface were calculated using elemental
analysis (elemental analyzer EL III, Vario). The presence of AZT derivatives on the silica sur-
face was additionally confirmed by the IR spectroscopy for 1.0 mg of the silica mixed with
200 mg of KBr and formed into a pellet.

In the second approach 300 mg of SBA-15 silica was suspended in 10 ml of toluene and
30 mg of (3-aminopropyl)trimethoxysilane (APTMS) was added. The mixture was refluxed for
3 h and then allowed to cool to the room temperature and stirred overnight. After that the silica
was filtered off, washed with toluene and dried. SBA-15+APTMS as a white solid was obtained.
In the next step 50 mg of folic acid (FA) was dissolved in 30 ml of DMF at slightly elevated tem-
perature (40-45°C), an excess of diisopropylcarbodiimide (DIC) (30 mg) was added and, after
15 min, SBA-15+APTMS was suspended. The mixture was stirred for 24 h and then filtered
off, washed thoroughly with DMF and dried. SBA-15+APTMS+FA as a pale yellow solid was
obtained. In the final step 70 mg of both derivatives, ‘aza’-AZT and ‘oxy’-AZT, were dissolved
in 10 ml of chloroform in separate flasks and 150 mg of SBA-15+APTMS+FA was added to
each of them. Mixtures were refluxed for 20 min and then allowed to cool and stirred over-
night. Both solids were filtered off, washed with chloroform and dried, yielding SBA-15
+APTMS+FA+’aza’-AZT and SBA-15+APTMS+FA+ oxy’ -AZT (Lig 4). Both products were
analyzed using elemental analysis and IR spectroscopy.

The cytotoxic activity of hybrid materials

Human cancer cells HeLa (cervical cancer cell line) and KB (carcinoma nasopharynx) were cul-
tured in RPMI 1640 medium. Each medium was supplemented with 10% fetal bovine serum,
1% L-glutamine and 1% penicillin/streptomycin solution. The cell lines were kept in the incu-
bator at 37°C. The optimal plating density of cell lines was determined to be 5 x 10%. All the cell
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surface.
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lines were obtained from The European Collection of Cell Cultures (ECACC) supplied by
Sigma- Aldrich (catalogue numbers: HeLa cell line-93021013, KB cell line-94050408).

The protein-staining sulforhodamine B (SRB, Sigma-Aldrich) microculture colorimetric
assay, developed by the National Cancer Institute (USA) for in vitro antitumor screening was
used in this study, to estimate the cell number by providing a sensitive index of total cellular
protein content, which is in a linear relationship to the cell density [25]. The monolayer cell
culture was trypsinized and the cell count was adjusted to 5 x 10* cells. In each well of the 96
well microtiter plate, 0.1mL of the diluted cell suspension (approximately 10,000 cells) was
placed. After 24 hours, when a partial monolayer was formed, the supernatant was washed out
and 100 pL of six different silica suspension concentrations were added to the cells in microtiter
plates. The tested silicas were suspended in DMSO (20 uM) and the content of DMSO did not
exceed 0.1% as this concentration was found to be nontoxic to the cell lines. The cells were ex-
posed to silicas for 72 hours. After that, 25 pL of 50% trichloroacetic acid were added to the
wells and the plates were incubated for 1 hour at 4°C. The plates were then washed out with
distilled water to remove traces of medium and next dried by air. The air-dried plates were
stained with 100 uL SRB and kept for 30 minutes at room temperature. The unbound dye was
removed by rapidly washing with 1% acetic acid and then air dried overnight. The optical den-
sity was read at 490 nm. All cytotoxicity experiments were performed three times. Cell survival
was measured as the percentage absorbance compared to the control (non-treated cells). Zido-
vudine (Sigma-Aldrich) was used as the internal standard.

Results and Discussion
Characterization of synthesized compounds

Both propargyl-containing intermediates were obtained in high purity (full spectra available in
the supplementary material):

‘aza’-AZT intermediate—melting point: 35-38°C, 'H NMR (300 MHz, CD;CN) &: 0.62—
0.67 (2H, m), 1.21-1.25 (9H, t, ] = 7.0 Hz), 1.58-1.66 (2H, m), 2.22 (1H, t, ] = 2.5 Hz), 3.15-
3.21 (2H,dt, ] =6.9 Hz, ] = 5.9 Hz), 3.80-3.85 (6H, q, ] = 7.0 Hz), 3.97-4.00 (2H, dd, ] = 2.5
Hz, ] = 5.5 Hz), 5.08-5.15 (2H, m), *C NMR (75 MHz, CDCl;) &: 7.5, 18.2, 23.5, 30.0, 42.8,
58.4,70.9, 80.8, 157.9, FT-IR: 3330 cm ™' (N-H vy,), 3250 cm (=C-H Vi), 2975, 2925 and 2885
cm’™ (aliphatic C-H vy), 2115 cm' (C=C v,), 1625 cm ™ (urea C = O vy,), 1570 cm ' (N-H B,
1080 cm! (8i-O vy), EST MS m/z [M-C,H50]* 257.3, [M+Na]* 3253, [M+K]* 341.3.

‘oxy’-AZT intermediate—melting point: below -25°C, "H NMR and "*C NMR data can be
found in literature [26], FT-IR: 3340 cm ' (N-H vy), 3315 cm ™' (=C-H vy), 2975, 2930 and
2890 cm™! (aliphatic C-H vg), 2130 cm Y(C=C vy), 1715 cm™! (carbamate C = O vy,), 1535 cm’”
(N-H 8,), 1235 cm ™ (C-0 vy), 1080 cm ™" (Si-O vyg), ESI MS m/z [M-C,H50]%258.2, [M+Na]*
326.3, [M+K]" 342.3.

‘aza’-AZT final product—melting point: 85-88°C, 'H NMR (300 MHz, CD;CN) &: 0.53-
0.58 (2H, m), 1.14-1.19 (9H, t, ] = 7.0 Hz), 1.44-1.53 (2H, m), 1.85-1.86 (3H, d, ] = 1.2 Hz),
2.60-2.68 (1H, m), 2.76-2,83 (1H, m), 3.02-3.08 (2H, dt, ] = 6.9 Hz, ] = 6.0 Hz), 3.47-3.51 (1H,
t),3.66-3.72 (1H, m), 3.74-3.84 (7H, m), 4.27-4.31 (1H, dt,] = 3.1 Hz,] = 5.4 Hz), 431-4.33
(2H, d,J=5.8 Hz),5.11-5.15 (1H, t,] = 5.7 Hz), 5.26-5.31 (1H, dt, ] = 5.4 Hz, ] = 8.5 Hz),
5.36-5.41 (1H,t,] = 5.7 Hz), 6.38-6.42 (1H, t, ] = 6.6 Hz), 7.65-7.66 (1H, q, ] = 1.2 Hz), 7.75
(1H, s), 9.10 (1H, s), *C NMR (75 MHz, CDCl3) &: 7.6, 12.4, 18.2, 23.6, 35.5, 37.9, 43.0, 58 4,
59.4,61.3,852,864, 110.9, 122.7, 137.1, 146.5, 150.8, 158.9, 164.6, FT-IR: 3320 cm ' (N-H v,,),
3065 cm ' (= C-H v,,), 2975, 2925 and 2890 cm ' (aliphatic C-H v,,), 1700 cm ' (pyrimidine
C =0 vy and urea C = O v, as a distortion of this signal), 1560 cm '(N-H 8,), 1275 cm!
(sugar C-O v,,), 1080 cm! (8i-O vyy), ESI MS m/z [M+Na]* 592.4, [2M+Na]*1161.7.
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‘oxy’-AZT final product—melting point: 56-59°C, 'H NMR (300 MHz, CD,CN) &: 0.53-
0.59 (2H, m), 1.14-1.19 (9H, t, ] = 7.0 Hz), 1.47-1.56 (2H, m), 1.85-1.86 (3H, d, ] = 1.2 Hz),
2.61-2.69 (1H, m), 2.77-2.84 (1H, m), 3.03-3.09 (2H, q, ] = 6.8 Hz), 3.31 (1H, 5), 3.68-3.73
(1H, dd, ] = 3.1 Hz, ] = 12.3 Hz), 3.74-3.84 (7H, m), 4.29-4.33 (1H, dt, ] = 3.1 Hz, ] = 5.4 Hz),
5.10 (2H, s), 5.29-5.34 (1H, dt, ] = 5.3,] = 8.5 Hz), 5.61-5.67 (1H, t, broad signal), 6.38-6.43
(1H, t,] = 6.6 Hz), 7.64-7.65 (1H, q, ] = 1.2 Hz), 7.88 (1H, 5), 9.01 (1H, 5), ?C NMR (75 MHz,
CDCly) 8: 7.5, 12.4, 18.2, 23.1, 37.6, 43.4, 57.6, 58.4, 59.1, 61.2, 85.2, 87.6, 111.0, 124.2, 137.5,
143.8, 150.5, 156.2, 164.2, FT-TR: 3330 cm ™' (N-H v,,)), 3065 cm ™' (= C-H vy,), 2975, 2930 and
2890 cm™’ (aliphatic C-H vy,), 2105 cm ! (very weak—probably unreacted AZT), 1700 cm !
(pyrimidine C = O v, and carbamate C = O vy,), 1535 cm ' (N-H &), 1275 cm’* (sugar C-O
V), 1080 cm ! (8i-O vy), ESI MS m/z [M+Na]* 593.3, [2M+Na]* 1163.5.

Characterization of modified silica obtained

Mean amounts of nitrogen and carbon in SBA-15+"aza’-AZT equal to, respectively, 0.471%
and 1.379% permitted calculation of the total amount of ‘aza’-AZT on the silica surface. As the
content of carbon is slightly dependent on the number of Si-O-Si links between ‘aza’-AZT and
silica surface, the nitrogen percentage is more reliable and gives 2.735+0.185% mass percentage
of ‘aza’~AZT, that is 48.1+3.3 pmol of ‘aza’~AZT per 1g of modified silica. Similar calculations
for SBA-15+‘oxy’-AZT, with 0.374% of nitrogen and 1.247% of carbon content, lead to 2.538
£0.058% mass percentage or 44.5+1.0 umol of ‘oxy’-AZT per 1 g of modified silica. The IR

R

0,7 = 0,6
3600 3400 3200 3000 2800 1750 1700 1650 1600 1550 1500 1450 1400 | |
o SBA-15
#= e SBA-15+0xy-AZT
-- SBA-15+APTMS+FA+oxy"-AZT \
= SBA-15+aza’-AZT
SBA-15+APTMS+FA+aza-AZT 1
0,0 T T T T T T T T

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber [cm™]

Fig 5. IR spectra of all hybrid systems obtained and pure SBA-15 mesoporous silica for ison.
doi:10.1371/journal pone.0126251.9005
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100

spectra (Fig 5) indicate the presence of both zidovudine derivatives, which can be proved by
the presence of C = O amide stretching signal at 1659 cm ', other signals are invisible, because
of the low derivative content. The shift of the signal assigned to the C = O bond can be con-
nected with the immobilisation process. Moreover, this signal in the spectra of zidovudine, ac-
cording to the literature [27-31], can be found between 1700 and 1650 cm '

IR spectra of the systems containing folic acid are more complicated. However, the main
signals can still be assigned, the signal at1654 cm ' is assigned to the stretching of C = O amide
from zidovudine, the signals at 1698 and 1609 cm ! come from C=0 carboxyl and C=0
amide groups of folic acid respectively. The shift of the peak assigned to the stretching of O-H
from 3425-3420 cm " for the silicas without folic acid to 3370-3360 cm ' for both systems with
folic acid is thus also related to the presence of folic acid. Elemental analysis results for both
modified silicas are 3.428% of nitrogen and 9.019% of carbon for SBA-15+APTMS+FA+ oxy’-
AZT and 3.703% of nitrogen and 9.237% of carbon for SBA-15+APTMS+FA+'aza’-AZT. They
are difficult to interpret because of the number of steps in the synthesis. Nevertheless, the mass
increase correlates well with the elemental analysis results for simple SBA-15+"aza’~AZT and
SBA-15+"0xy’-AZT systems and following this line of reasoning it can be calculated that in
SBA-15+APTMS+FA+'aza’-AZT and SBA-15+APTMS+FA+'oxy’-AZT systems the amounts
of zidovudine derivatives are slightly above 100 pmnl perlg of modified silica, which is about
twice as much as for simple SBA-15+"aza’-AZT and SBA-15+"oxy’-AZT systems. Small
amounts of APTMS used in the first step of the synthesis left enough free space on the surface
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to anchor both derivatives, moreover the use of another solvent (of a lower dielectric constant
to facilitate its penetration into the silica [32]) brought a positive effect on their total amounts.

The cytotoxic activity

All analyzed solids showed concentration-dependent cytotoxic activity against HeLa and KB
cell lines (Fig 6 and Fig 7). Introduction of amino groups on the silica surface greatly
increased its activity, which is in agreement with the results observed for pure, organic com-
pounds [33-35].

Covering the surface with folic acid had ambivalent influence. On the one hand, modifica-
tion of the amino groups with folic acid causes a decrease in the activity of SBA-15+APTMS
+FA, because the access to primary amino groups is blocked with folic acid molecules. On the
other hand, the addition of folic acid molecules to both systems containing zidovudine deriva-
tives, significantly increases their activity, promoting the interactions between silica particles
and cell membrane, as KB and HeLa cell lines are known to be FR-positive [36]. Higher cell
growth inhibition observed for SBA-15+APTMS+FA+"oxy’-AZT in comparison with the result
for SBA-15+APTMS+FA +aza’-AZT may be due to the fact that carbamate group in the “oxy’
derivative is more susceptible to hydrolysis than the urea-like one in the “aza’ derivative, that
means it can release more zidovudine molecules from the surface. Cytotoxic activities obtained,
especially that of SBA-15+APTMS+FA+’oxy-AZT, are comparable to those of pure zidovu-
dine(ICso = 3.12 ug/mL for KB and 2.28 pg/mL for Hela cell line), but at much lower zidovu-
dine concentration. High deviations of the results obtained for some of the samples are a result
of sedimentation in silica suspensions.

Conclusions

Two novel zidovudine derivatives have been obtained and characterized. Both of them have
been easily introduced onto the SBA-15 mesoporous silica surface using the grafting technique.
Cytotoxic activity against HeLa and KB cell lines of all solids obtained has been evaluated. The
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addition of folic acid on the silica surface enhances the activity of the derivatives studied due to
the interaction with folate receptors. The values of cell growth inhibition obtained for SBA-15
+APTMS+FA+oxy’-AZT are relatively high and equal to 69% and 65% for HeLa and KB
tumor cells. The results of this study can be a basis for further attempts at covalent conjugation
of cytotoxic compounds to the silica surface.
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Abstract

Gallic acid has been covalently conjugated to SBA-15 mesoporous silica surface through
different linkers. Cytotoxic activity of the hybrid organic-inorganic systems against HeLa
and KB cell lines has been analyzed. Up to 67% of HelLa or KB tumor cells growth inhibition
has been achieved at low silica concentration used (10 pg mL™).

Introduction

Mesoporous silicas discovered in the early 1990s have found numerous applications in science
and industry because of their versatility, high surface area, thermal resistance and ease of
surface functionalization. The last feature can be used for the enhancement of adsorption prop-
erties [1,2], ion exchange [3], catalytic properties [4,5] or cargo delivery [6,7]. SBA-15 meso-
porous silica, with pore diameter ranging between 4.0 and 30.0 nm [8,9] and hexagonal pore
order, can be utilized in each of these fields.

The use of SBA-15 mesoporous silica in the preparation of controlled drug release systems
is well known [10] and anticancer drugs, besides the anti-inflammatory drugs, have been most
intensively delivered in such systems. Most of these systems rely on the adsorption properties
of anticancer drugs and gate-like structures located at the pore entrances [11] or on surface
modifications [12] affecting the adsorption process. Covalent conjugation of the drug to the sil-
ica surface has been seldom reported [13]. The probable reason is that physically adsorbed anti-
cancer drugs need only to be transported, using mesoporous silica carriers, to the vicinity of
target tumor cells and protected from premature release by different stimuli-sensitive moieties.
Covalently bound drugs require endocytosis of the silica particles by the tumor cells as already
been reported in literature[ 14]. The addition of covalently conjugated folic acid enhances the
particles uptake[ 14,15].

Polyphenolic compounds occur commonly in nature and play an important role in natural
processes and ecology of plants. Less frequently they can also be found in animals. Polyphenols
have been proved to show anticancer activity via many mechanisms of action [16]. Gallic acid
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is a triphenol derivative of benzoic acid and has been studied intensively towards anticancer
properties either solely [17,18] as well as a part of more sophisticated systems, like magnetic
nanoparticles [19,20]. The mechanisms of anticancer behavior of polyphenols have not been
definitely solved yet. Some authors have suggested mobilization of chromatin-bound copper
and prooxidation leading to cell death [21], while others point out cell stress damaging cellular
integrity and functionality [22] or high structure dependence on polyphenol compound activ-
ity [23].

To the best of our knowledge, gallic acid in any form has not been successfully grafted onto
the mesoporous silica nanoparticles surface. The aim of this study was to covalently conjugate
gallic acid to SBA-15 mesoporous silica and analyze cytotoxic activity of these complex

systems.

Materials and Methods
Materials

Gallic acid (GA, >98.0%) and 3-(2-aminoethylamino)propyltrimethoxysilane (AMETAM,
>98.0%) were purchased from Fluka, polyethylenimine (PEL, M,,~2000, 50% wt. solution in
water), (3-aminopropyl)trimethoxysilane (APTMS, 97%), (3-chloropropyl)trimethoxysilane
(CPTMS, 97+%), folic acid (FA, >97%), diisopropylcarbodiimide (DIC, >98.0%), N,N-diiso-
propylethylamine (DIPEA, >99.0%) and all solvents used in the study were purchased from
Sigma-Aldrich and used without further purification. SBA-15 mesoporous silica (8-11 nm
pore diameter, 600 m? g ! surface area and 1-2 um particle size) was purchased from ACS
Material.

Preparation of gallic acid derivatives

In the first step gallic acid was converted to its tri-O-acetyl derivative using the procedure
adapted from Ye et al. [24]. A portion of 2.90 g of gallic acid was placed in a flask to which
10.0 ml (~6.2 eq) of acetic anhydride was added. The mixture was stirred while 15 ul of concen-
trated sulfuric acid was added. The temperature rose up to about 60°C and the mixture became
a clear solution. It was allowed to cool to the room temperature and 60 ml of water was added.
After stirring for 2 h, the white precipitate was filtered off, washed thoroughly with water and
dried under reduced pressure. The amount of 4.29 g of acetyl-protected gallic acid was
obtained, which is 86% of theoretical yield. The purity was confirmed by melting temperature
determination (Mel-Temp melting point apparatus), electrospray mass spectrometry (Micro-
mass ZQ spectrometer, Waters) and IR spectroscopy (FT-IR spectrometer IFS 66/s, Bruker).
Acetylated gallic acid was converted into its acyl chloride each time before the immobiliza-
tion on the surface. The procedure was as follows: tri-O-acetylgallic acid was dissolved in a
small amount (a few ml) of dichloromethane and then large excess of thionyl chloride (~40 eq)
was added, followed by catalytic amounts of dimethylformamide. The mixture was refluxed for
2 h and then volatiles were evacuated in vacuo (Fig 1). Residual amounts of unreacted thionyl
chloride were removed by co-evaporation with toluene. Remaining solid was dissolved in tolu-
ene and all toluene-insoluble impurities were eliminated by filtration. The final product was
obtained as white, crystalline solid with almost (>>95%) quantitative yield.

Immobilization of gallic acid derivatives on the SBA-15 mesoporous
silica surface

All gallic acid derivatives were immobilized on the silica surface through amine containing
groups: APTMS, AMETAM and PEL
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Fig 1. Modifications of gallic acid enabling its introduction onto the silica surface.

doi:10.1371/journal pone.0132541.g001

The preparation of SBA-15 mesoporous silica covered with APTMS and GA (named SBA-
15+ APTMS+GA) was conducted as follows: 0.300 g of SBA-15 mesoporous silica was sus-
pended in 10 ml of toluene and an excess (1.000 g) of APTMS was added. The mixture was
refluxed for 3 h and then stirred overnight at room temperature, filtered off, washed with tolu-
ene and dried. The amount of 0.362 g of APTMS-modified SBA-15 silica was obtained. In the
second step 0.360 g of SBA-15+ APTMS was suspended in 5 ml of THF and a small excess of
DIPEA was added, followed by the addition of 0.425 g of tri-O-acetylgalloyl chloride dissolved
in 5 ml of THF (that is 2-3 times higher with respect to the amount of NH, groups on the sur-
face). The mixture was stirred overnight at room temperature and then filtered off. The solid
was washed carefully with THF, methanol and water to remove all soluble impurities, and
dried. The amount of 0.427 g of SBA-15+APTMS+GA as a white solid was obtained and ana-
lyzed using elemental analysis and IR spectroscopy.

The procedure applied for SBA-15+AMETAM+GA was similar to that described above;
0.200 g of SBA-15 was suspended in toluene and an excess of AMETAM was added. The mix-
ture was refluxed for 3 h and then stirred overnight at room temperature, filtered off, washed
with toluene and dried. The amount of 0.274 g of SBA-15+AMETAM was obtained. A portion
0f 0.270 g of SBA-15+AMETAM was suspended in THF and DIPEA, followed by tri-O-acetyl-
galloyl chloride addition in a small excess with respect to the stoichiometric amount (that is 2
chloride molecules per each AMETAM group on the surface). The mixture was stirred at room
temperature overnight and filtered off. The solid was washed carefully with THF, methanol
and water and dried. The amount of 0.322 g of SBA-15+ AMETAM+GA as a white solid was
obtained.

The immobilization through PEI was carried out by a different method. A portion of
0.254 g of SBA-15 was suspended in toluene and 0.425 g of CPTMS in toluene was added. The
mixture was refluxed for 5 h, stirred overnight at room temperature and filtered off. The solid
was washed with toluene and dried. The amount of 0.267 g of SBA-15+CPTMS was obtained
as a white solid. In the second step, 0.260 g of SBA-15+CPTMS was suspended in methanol
and 0.565 g of PEI (50% water solution) along with small excess of DIPEA was added, the
reagents were refluxed for 5 h, stirred overnight at room temperature and filtered off. The solid
was washed with water and methanol and dried. The amount of 0.300 g of SBA-15+CPTMS
+PEI as a white solid was obtained. Finally, 0.291 g of SBA-15+CPTMS+PEI was suspended in
THF and tri-O-acetylgalloyl chloride along with DIPEA (in a small excess with respect to the
chloride) were added. The mixture was stirred overnight at room temperature and filtered off.
The solid was washed with water and methanol, then dried. The amount of 0.369 g of SBA-15+
CPTMS+PEI+GA as a pale yellow solid was obtained.

In all procedures, the last step was the deprotection of acetyl groups. The procedure was
adapted from Corey et al. [25] and carried out as follows: the modified silica sample was sus-

pended in a saturated methanolic solution of K;CO3 and stirred at room temperature for
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15 min (Fig 2). All final products changed colour during this step, starting with white, through
pale pink ending with light brown. The solids were then filtered off, washed carefully with
methanol and water, and dried. The presence of free phenol-OH groups could be quickly
confirmed by suspending particles in a Fe’* solution (which is slightly acidic). Deprotected
products immediately formed dark violet complexes with Fe** ions, while the silica with acetyl-
blocked phenol groups became violet after at least 5-10 min.

All systems obtained were characterized using elemental analysis and IR spectroscopy.
Modified silica samples were also tested to check for uncontrolled gallic acid detachment. It
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was carried out by suspending samples of 20 mg of the composite materialsin water at different
pH values (buffer solutions with integer pH values between 2 and 8) and stirring for 24 h. Then
the suspensions were filtered and the filtrates' absorbances were measured on an UV-VIS spec-
trophotometer (Agilent 8453). No detachment was observed.

Evaluation of the cytotoxic activity of the systems obtained

Human cancer cells HeLa (cervical cancer cell line) and KB (carcinoma nasopharynx) were cul-
tured in RPMI 1640 medium. Each medium was supplemented with 10% fetal bovine serum,
1% L-glutamine and 1% penicillin/streptomycin solution. The cell lines were kept in the incu-
bator at 37°C. The optimal plating density of cell lines was determined to be 5 x 10%. All the cell
lines were obtained from The European Collection of Cell Cultures (ECACC) supplied by
Sigma- Aldrich (catalogue numbers: HeLa cell line - 93021013, KB cell line - 94050408).

The protein-staining sulforhodamine B (SRB, Sigma-Aldrich) microculture colorimetric
assay, developed by the National Cancer Institute (USA) for in vitro antitumor screening was
used in this study, to estimate the cell number by providing a sensitive index of total cellular
protein content, which is in a linear relationship to the cell density [26]. The monolayer cell
culture was trypsinized and the cell count was adjusted to 5 x 10" cells. In each well of the 96
well microtiter plate, 0.1 mL of the diluted cell suspension (approximately 10,000 cells) was
placed. After 24 hours, when a partial monolayer was formed, the supernatant was washed out
and 100 pL of six different silica suspension concentrations were added to the cells in microtiter
plates. The tested silicas were suspended in DMSO (20 uM) and the content of DMSO did not
exceed 0.1% as this concentration was found to be nontoxic to the cell lines. The cells were
exposed to silicas for 72 h. After that, 25 pL of 50% trichloroacetic acid were added to the wells
and the plates were incubated for 1 hour at 4°C. The plates were then washed out with distilled
water to remove traces of medium and next dried by air. The air-dried plates were stained with
100 uL SRB and kept for 30 minutes at room temperature. The unbound dye was removed by
rapidly washing with 1% acetic acid and then air dried overnight. The optical density was read
at 490 nm. All cytotoxicity experiments were performed three times. Cell survival was mea-
sured as the percentage absorbance compared to the control (non-treated cells). Zidovudine
(Sigma-Aldrich) was used as the internal standard.

Results and Discussion
Characterization of synthesized compounds

Melting point of acetylated gallic acid was found at 168-171°C, which is in agreement with lit-
erature data [27]. IR characterization (full spectrum available in the supplementary material)
of acetylated gallic acid confirmed the presence of essential moieties. Comparatively low inten-
sities observed in the range between 3100 and 2500 cm " suggest complete substitution of phe-
nol-OH groups with acetyl ones. The signal at 1700 cm' relates to the untouched carboxyl
group (C = O stretching) and those at 1790 and 1770 cm ! come from acetoxy groups (C=0O
stretching).

ESI MS analysis (full spectra available in the supplementary material) also unambiguously
proves the presence of the desired product. ES- part represents loss of H*, carboxyl group and
consecutive detachment of acetyl groups. ES+ part shows signals related to product’s com-
plexes with sodium and potassium ions.
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Characterization of modified silica obtained

IR spectra (full spectra available in the supplementary material) of all obtained solids con-
firmed the presence of secondary amide bonds in the samples. The most characteristic signals,
related tothe C=0 strstching can be found at 1640 cm ', 1630 em ' and 1610 cm ' for SBA-
15+AMETAM+GA, SBA-15+APTMS+GA and SBA-15+CPTMS+PEI+GA, respectively. The
differences between all these samples are a result of the formation of different types of amides
that is to say secondary and tertiary ones. SBA-15+APTMS+GA may contain only secondary
amide bonding, SBA-15+AMETAM+GA, secondary (mostly) and tertiary and SBA-15
+CPTMS+PEI+GA—tertiary with a small addition of secondary one. The positions of signals
from the stretching vibrations of the C = O group from SBA-15+APTMS+GA and SBA-15+
AMETAM+GA differ only by 10 cm™" (or even less, because precise location of both peaks is
problematic as they are not sharp enough), which is a negligible difference and the position of
the signal from SBA-15+CPTMS+PEI+GA differs more, because of the fact explained above.
Numerous examples found in literature confirm that for amides, a descending order occurs
that is the wavenumbers of amide C = O stretching signals of primary, secondary and tertiary
amides decrease in that order. The spectra of all samples showed a signal at 1500 cm™', which
corresponds to the N-H deformation band (for SBA-15+APTMS+GA this signal is only a dis-
tortion of a stronger one). There is also no signal from acetyl groups (near 1800 cm ') which
proves that the deprotection process has occurred. Other signals, which can normally be
assigned in the spectra of pure compounds, are lost because of the abundance of mesoporous
silica or are not decisive ones.

As in SBA-15+APTMS+GA and SBA-15+AMETAM+GA samples the only sources of
nitrogen were APTMS and AMETAM and there were two sources of carbon (nitrogen-con-
taining linkers and the attached gallic acid), the elemental analyses allowed the calculation
showing that SBA-15+APTMS+GA (10.11% C, 1.709% N and 2.275% H in total) contained
0.51 mmol of gallic acid per gram of the modified silica, which gave about 40% of nitrogen
atoms covered with gallic acid. The same calculations conducted for the SBA-15+AMETAM+
GA (14.31% C, 3.806% N and 3.380% H) led to 0.64 mmol of gallic acid per gram of the modi-
fied silica and 23% of nitrogen atoms coverage. The calculations for the SBA-15+CPTMS+
PEI+GA (13.56% C, 3.313% N and 3.073% H) required additional analyses (three carbon-con-
taining sources) and finally led to the result of 0.59 mmol of gallic acid per gram of the modi-
tied silica and averaged 25% of nitrogen atoms coverage. The coverage differs in all samples
because of the spatial issues (acetylated GA occupies a lot of space) and nitrogen atoms order.
APTMS contains only primary amino groups—easily accessible and reactive. AMETAM intro-
duced more than twice as many nitrogen atoms as APTMS, equally primary and secondary
ones. Probably most of the primary and some part of secondary nitrogen atoms reacted, but
the total coverage (due to high total amount of nitrogen) is lower than that of the APTMS. PEI
introduced less nitrogen (as primary, secondary and tertiary atoms) and allowed to anchor less
GA than AMETAM, mainly due to its steric properties. Low accessibility of nitrogen atoms
resulted in low coverage.

Evaluation of cytotoxic activity

All prepared and analyzed solids showed concentration-dependent cytotoxic activity against
HeLa and KB cell lines (Fig 3 and Fig 4) which are used very often in such studies.

The sample modified with APTMS and gallic acid was not as active as the unmodified silica,
though it contained 0.51 mmol of gallic acid per gram of the solid, which is about 8% in weight.
That minor difference can be explained by the fact that the surface coverage drastically reduced
the accessibility of acidic silanol groups (which are the active agents in bare silica particles)
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Fig 3. Cytotoxic activity against HeLa cell line, calculated for all samples tested.
doi10.1371/journal pone.0132541.9003

and, in exchange, introduced a combination of primary amino groups (potentially increasing
the activity and enhancing the uptake) and phenolic hydroxyl groups (much less numerous in
comparison to silanol ones), which proved to be less active. Two other samples, with gallic acid
anchored to the surface through AMETAM and a combination of CPTMS and PEIL, showed
much higher activity, equalling or even surpassing that of pure Zidovudine (IC5o = 3.12 pgmL "
for KB and 2.28 pgmL'l for HeLa cell line). The activity of SBA-15+ AMETAM+GA increased
slowly at concentrations up to 1 pg mL™" and then remained at the same level, even at the con-
centration ten times higher. The activity of SBA-15+CPTMS+PEI+GA increased steadily as the
concentration rose up to 10 pg mL !, and surpassed that of SBA-15+AMETAM+GA between
1and 5 ug mL ', This might be a result of differences in the non-specific interactions with cell
membrane that influenced the cellular uptake. In these samples the amount of gallic acid on
the surface was noticeably higher and the percentage of nitrogen atoms covered with gallic acid
was lower than in SBA-15+APTMS+GA. These two features can be related to the observed
increase in activity (in standard organic compounds, introduction of the amino group generally
increases their biological activity [28,29,30]) and, what is also worth noticing, free amino
groups in SBA-15+AMETAM+GA and SBA-15+CPTMS+PEI+GA are mainly secondary and
tertiary ones. High deviations of the results obtained for some of the samples are a result of sed-
imentation in silica suspensions (statistical data available in the supplementary material).

Conclusions

Gallic acid was successfully introduced onto the SBA-15 mesoporous silica surface using differ-
ent linkers. Cytotoxic activity against HeLa and KB cell lines of all solids obtained has been
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evaluated. The values of cell growth inhibition obtained for the samples are relatively high and
equal up to 67% for HeLa and KB tumor cells at low silica suspension concentration. The
results of this study can be a basis for further attempts at covalent conjugation of gallic acid
and other polyphenols to the silica surface.

Supporting Information
S1 Spectrum. Full FT-IR spectrum of acetylated gallic acid.
(TIF)

$2 Spectrum. ESI MS negative and positive spectra of acetylated gallic acid.
(TIF)

$3 Spectrum. IR spectra of SBA-15 mesoporous silica modified with gallic acid.
(TIF)

S1 Table. Statistical data from the cytotoxicity assay.

(DOCX)
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Mesoporous silicas as carriers in controlled release systems in
biomedicine and cosmetics industry

Dawid Lewandowski and Grzegorz Schroeder
Adam Mickiewicz University in Poznan, Department of Chemistry,
Umultowska 89b, 61-614 Poznan

1. Introduction
Porous materials have attracted more attention since the 1960s because of
their numerous scientific and technological applications. Generally. the term
‘pore’ means any tiny hole (unoccupied space) admitting passage of a liquid
(fluid or gas) and according to the International Union of Pure and Applied
Chemistry, three main pores categories may be distinguished: micropores (<2
nm), mesopores (2-50 nm), and macropores (>50 nm). In view of a wide variety
of materials that can be classified as porous an additional classifications are
required, i.e. between regular and irregular porous materials (distribution of
the pores in silica particles), uniformly-sized and non-uniformly-sized materials
(when speaking of pores or particles size distribution). highly ordered and
amorphous (internal structure), spherical, fibrous and irregular (particles shape).
The breakthrough in porous materials chemistry occurred in 1992, when
rescarchers from Mobil Qil Corporation discovered a group of mesoporous
silica oxides known as M41S family®?! with MCM-41 as the most important
from among them. However, some sources mention that the discovery of such
materials had taken place over 20 years earlier, when as described ‘low-bulk
density silica’ had been obtained!.
Until now many new silica families have been discovered - as mentioned in
the literature:
+  MCM-41 (space group p6mm), MCM-50 (space group p2), MCM-
48 (space group Ia3d) and other from M41S silicas family (Mobil
Composition of Matter) — ordered mesoporous silicas templated by
cationic surfactants with pore diameter of about 2-10 nm!
*+  SBA-I, SBA-12, SBA-15 (University of California at Santa Barbara) —
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ordered mesoporous silicas templated by neutral copolymers (triblock
copoloymers), usually larger pores

+  KIT-1 (Korea Advanced Institute of Science and Technology 1) or
MSU-X (Michigan State University) - disordered mesoporous silicas!!

+  IBN (Institute of Bioengineering and Nanotechnology)®!

«  FDU-n (Fudan University)®

+  KSW: silicas - orthorhombic structure with rectangular arrangements of
semi-squared one-dimensional channels!™

»  FSM (Folded Sheet Material) - hexagonal array of uniform channels®!

»  HMS (Hexagonal Mesoporous Silica)!"”!

Amongst numerous advantages of mesoporous silicas some

most important may be distinguished: good thermal stability, high

surface arca (650 — >1000m’/g) and surface/volume relationship!',
narrow  pores  size  distribution!!,  tunable  pores size  and
volume!*],

Another advantage of mesoporous silicas is that their channels. which
serve as cargo reservoirs, can be opened or closed by different systems, i. e.
nanocrystals!'”, polymers!'¥, photosensitive derivatives!"” and other organic
or inorganic moieties. Triggers such as pHU'Y, chemicals (dithiothreitol!",
carboxylates!”,  pseudorotaxanes!'”,  cucurbit[6]uril™,  cucurbit]7]uril!"”,
a-cyclodextrins®”), light™!, ultrasound". heat®'?, redox reactions®,
enzymesP!, magnetism!">?% or a combination of two or more of them!"” can be
applied to control the cargo delivery.

Each of these families have been used in different applications including
supports for catalysis. adsorption. enzyme adsorption and immobilization®,
separation, filtration'"), low-k-materials®”, detection and sensing!**-°!

Mesoporous silicas have also been studied in the context of biomedical use
—drug delivery!"*'1*31-1 and protein delivery®™ with complete cargo release in the
matter of minutes, hours or days®*¥, drug targeting®**7, tissue engineering?**”,
gene transfection™” and cell tracking®'.

However, there are several hurdles to make mesoporous silica particles
competitive with other drug formulations (microcapsules, micelles, vesicles.
dendrimers, polymeric matrices™*?), nanocristals or cyclodextrinst*¥): first of them
is to develop nanocarriers that can encapsulate enough therapeutic agents with
activated release. Second one is to deliver these nanoparticles through all the in
vivo barriers to targeted location. Third is the toxicity, which is still an important
issue, and the fourth are costs of fabrication that are still too high for industrial
application™,
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2. Preparation and properties
2.1. General mechanism

There are two different mechanisms involved: first. so called true liquid-
crystal template mechanism, mentions about the formation of lyotropic liquid-
crystalline phase under high surfactant concentration and prevailing conditions,
even without a presence of silica source. Second one concerns lower surfactant
concentrations, when silica source is needed for directed (hexagonal. cubic or
laminar) self-assembly of structure directing agent. This process is known as
cooperative crystal template mechanism*!,

composite: inorganic mesostructured
solid/surfactant

lyotropic liquid-crystalline phase
spherical rod-shaped ° e P

mlccllc micelle W M
: e
99k

silica
SOlil'CC

silica silica silica
source source source

final mesoporous product

Figure 1. General mechanism of mesoporous silica formation.

2.2. Simple (unmodified) silica particles

Generally, the easiest way of obtaining mesoporous silicas is a solution
synthesis, similar to Stober method for preparation of silica particlest*l, which
is carried out under basic conditions, but there are many other methods in both,
acidic and basic, conditions; with use of anionic, cationic or neutral surfactants,
and sometimes mediator ions are required to enhance interactions between silica
source and structure directing agent*,
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Figure 2. Interactions between the particles during silica malrix formation.

Following Vallet-Regi’s ef al. procedure a water solution of surfactant is
mixed witha solutionof silica source inabasic solvent (i. €. tetramethylammonium
hydroxide - TMAOH, where hydrolysis of silica source takes place) by slow
addition of silica source to avoid its condensation, and stirred until silica source
hydrolysis is completed®"!,

Obtained gel is dried and the surfactant is removed by extraction with a
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mixture of concentrated hydrochloric acid and ethanol (1:10 ratio) and kept at
reflux for 24 hours. Final material is filtered, washed with water and ethanol. and
dried®". Other possibility to remove surfactant is to calcinate condensated gel at
500°C for a few hours. while all organic content is burned out.

Under basic conditions most of existing silanol groups is deprotonated and
to match this negative charge, cationic surfactants are normally used. Moreover,
the hydrolysis and condensation rates of the silica source (tetramethoxysilane
— TMOS. tetracthoxysilane — TEOS and others) is highly dependent on several
factors such as pH, type of silica source, additives and temperaturet*’.

The influence of pH value is vital. Hydrolysis rate of silica source generally
increases with the pH increase and reaches its maximum at 8.4 for TEOS. Still,
there is no evidence. that pH value has a direct influence on size of the obtained
particlest®*. However, condensation rate, rather than the hydrolysis rate. is the
most important factor affecting the particles size. Chiang et al. demonstrated
that pH is more significant than the amount of silica source used and the reaction
time™",

Only very few trials have been made to prepare mesoporous silicas under
acidic conditions. Amongst the advantages of applying these conditions is the
capability to use other structure directing agents (SDAs), i. e. block copolymers,
allowing to achieve larger pores diameter, but at the cost of uniformity of
particles size and shapel'l,

There have been also reports indicating that silica source has an
influence on particles size. For example, using TMOS as silica source and
hexadecyltrimethylammonium bromide (C, TMABr) as a SDA gave particles
smaller than 20 nm in size, while TEOS gave ca. 30 nm particles. Differences
were explained as a result of different hydrolysis rates for both silica sources??.

The particles size can also be modified by addition of organic (e. g. co-
solvents) organosilane compounds, which disturb the interactions between silica
source and surfactant’>¥,

In a suspension of synthesized mesoporous silica, nanoparticles collide and
aggregate, attaching to cach other via van der Waals forces. Aggregation usually
occurs during the removal of surfactant and reduces the quality of obtained
product™”l. However, when applying different removal procedures® or external
surface functionalization®, uniform dispersity may be achieved.

Particles morphology can also be determined by the catalyst (base) type
used: TMAOH and NaOH form sphere-shaped particles of MCM-41, NH,OH
may also be used and it leads to rod-like particlest™.

Moreover. for other silica families: Nazar ef al. presented a synthesis of
SBA-15 rods with smaller, than normal. length (300-600 nm) and large pores
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(~6 nm) using very dilute solution of P1235% and Kim ef al. prepared SBA-
15-type nanospheres with pluronic P104 as a template and TMOS as a silica
source®’). More difficult than the production of spherical-shaped particles is
the preparation of fibers. Under specific conditions, the formation of hollow
tubulest or fibers consisting of agglomerated particles has already been
reportedt-o!,

Han et al. obtained IBN-type mesoporous cubic-structured silica by using
cationic fluorocarbon surfactants with a higher surface activity and lipophobic
nature and pore sizes up to 20 nmbl,

Pore size depends mainly on the surfactant used in the synthesis but also
on other parameters of the synthesis?>? such as addition of auxiliary organic
molecules solubilized in the hydrophobic part of the micelles. increasing
their sizel. or via hydrothermal treatment of product to restructure it
Functionalization and silica precursor type™ can also modify the pores size.

However, pore size doesn’t affect wall thickness, which is mainly connected
with the head group of the surfactantl, Walls thickness can be modulated by pH
value - it increases when pH decreases!,

External walls surface of the pores consist mainly of silanol groups and
siloxane bridges that could be used to attach many chemical species and serve as
a matrix, even without functionalization®!. Siloxane bridges may be irreversibly
hydrolyzed. which is well documented®*.

Pores order may be influenced by the surfactant used - the longer alkyl chain
used the higher is the order degree. This is explained by higher hydrophobicity of
those longer chains, which create well-defined cylindrical micelles. Moreover,
magnetic field may also be used to alter the orientation of silica-surfactant liquid
crystal before the final product is formed® ], Heat is an another factor influencing
on pore structure. i. ¢. poorly condensed MCM-41. formed in less than 2 hours
undergoes phase transformation upon thermal treatment and. depending on
experimental conditions, it can be transformed either into a lamellar phase or
into cubic MCM-48(7]

The nature and concentration of inorganic or organic anions existing in
reaction mixture influences many properties of the final product. such as wall
thickness. overall stability and its long range order®. This can be associated with
changing the total amount of dissociated silanol groups required to balance the
surfactant electrical charge and amount of water stabilized in organic-inorganic
interface®!.

Methods described in this section are classified as endotemplate methods
(“soft-matter templating™). In exotemplate methods ordered mesoporous silicas
are used as templates in place of the surfactant and. after whole synthesis process,
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cured. leaving “negative image” of mesoporous structure®*®”], However, this
strategy is complex. time-consuming and labor-intensive.

2.3. Modified mesoporous silica particles
2.3.1 Hollow sphere silica particles

Hollow sphere mesoporous patticles have already been synthesized by using
different techniques: gas bubbles™, silica or latex beads™ ., emulsions" and
vesicles!!. Making small (<200 nm) and uniformly sized particles was developed
using two co-templates — polyvinylpyrrolidone (PVP-10) and dodecylamine
(DDA)™.

Until now, many different synthesis methods have been developed for the
preparation of hollow silica spheres: soft templating, hard templating, layer-
by-layer method™, Kirkendall effect™!, Ostwald ripening” and galvanic
replacement™),

1. Sol-gel process

Sof't " water

: oil
templating

2. Surfactant removal

oil
o

Selective
ctching
R
ury —
’ Etchant
—_—

<
5\\5;-_\\““
Q«‘G
Self-templating ° Etchant

Figure 3. Routes of hollow mesoporous silica pariciles preparation.

- water -

Post-treatment
—_—

Soft-templating method allows to synthesize different types of hollow
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sphere silica, i. e. yolk-shell particles prepared by Xu ef al by dispersing
Si0, or Au nanoparticles into aqueous mixtures of a zwitterionic surfactant.
lauryl sulfonate betaine (LSB) and an anionic surfactant, sodium dodecyl
benzenosulfonate (SDBS). to induce formation of vesicles with movable, solid
nanoparticle cores. Then they attached 3-aminopropyltriethoxysilane on both
surfaces of the vesicles, which served as an additional SDA. After removing
the surfactant final product may be obtained™. This method can also be used
for the synthesis of multilayered shells and hollow spheres with tunable wall
thickness®!. Mesoporous silica shells with hollow interior may also be prepared
by other soft-template methods with addition of co-template!™], oil-in-water(®!!
or water-in-0il® microemulsions, water/oil/water emulsion® and micelle
polvmer aggregate®™, Advantages of soft-template methods are simplicity
and effectiveness for the synthesis of hollow- and rattle-type nanomaterials.
Unfortunately, there are some disadvantages too. i. e. it is difficult to obtain good
dispersity of particles, their size and shell thickness over a broad range. Another
one is that large amounts of surfactants are needed. which greatly increases
the total cost of industrial synthesis, also complete removal of surfactants is
very difficult, and surfactant residues may cause undesirable consequences in
biomedical applications®*.

Selective etching method uses structure and composition differences
between pure silica framework and hybrid organic-inorganic networks and their
behavior against different etching agents or under exceptional temperature or
pH conditions. It allows to easily prepare multilayer core/shell nanoparticles and
nanoreactorst*!,

So called self-template method, that doesn’t require any additional
template was firstly reported in 2005, when the alkaline treatment of cationic
polyelectrolyte (poly-(dimethyldiallylammonium chloride) (PDDA)) pre-coated
mesoporous silica spheres could transfer the nanoparticles to hollow structure!®,
It was found that hydroxyl groups permeate through PDDA layer to generate
dissolved negatively charged silicate oligomers, which then immigrate and
deposit onto the positively charged PDDA layer and cross-link forming the final
silica-PDDA complex shell.

2.3.2. Mesostructured silica thin films

Mesostructured silica thin films can be prepared from a solution at room
temperature by a process named “evaporation-induced self-assembly™. in
which one-pot sol. comprising of a silica source and a templating surfactant
in aqueous ethanol. is needed®™. A substrate (glass or silicon) is dipped into
the solution and a thin film of liquid is pulled along with the substrate as it is
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retracted. Preferential evaporation of the ethanol during the film deposition leads
to the formation of surfactant micelles. that further assemble into crystalline
mesophase. Condensation of the silica source around the formed micelles finally
produces desired mesostructured silica films®7.

Mesostructured silica films may be used as a matrix for quantum dots®¥,

2.3.3. Mesoporous silica particles with incorporated metals

Mesoporous silica spheres can be formed around the metal nanocrystals
by mixing the silica precursor with an aqueous solution of surfactant-coated
nanocrystal®l. The electrostatic interactions between the surfactant-coated
nanocrystals, free surfactant molecules and hydrolyzed silicate molecules
lead to base-catalyzed silica condensation and form the mesostructure. This
procedure has been used to embed iron oxide. gold and silver nanocrystals. Such
functionalized mesoporous nanoparticles may be used for imaging, as well as for
the delivery of biologically active molecules!™.

Also simple impregnation of mesoporous silica can be useful — Pt/MCM-
41 is far more active catalyst than amorphous silica'. Basic catalysts using
MCM-41 as the matrix can also be prepared by impregnating it with caesium
and lanthanum®?.

2.3.4. Surface-functionalized mesoporous materials

Surface functionalization for mesoporous silica can be applied by
different methods. i. e. co-condensation. by preparing periodically mesoporous
organosilicas (PMOs) or by post-synthetic modification called “grafting”.

Co-condensation is an example of direct synthesis route for surface-
modified mesoporous materials. In this method SDA is stirred together with
a silica source, which is a mixture of standard tetraalkoxysilanes (TMOS
and TEOS) and organotrialkoxysilica compounds of the type (R'O),SiR. The
reaction leads to materials with organic residues anchored covalently to pore
walls. This synthetic route has some advantages in compare with other ways:
organic groups introduced into silica matrix don’t block pore opening as it
happens in post-synthetic modification and are more homogenously distributed
over material's surface. However, co-condensation has also some disadvantages.
Increasing concentration of organic residues within the mesostructure influences
negatively its order, which can lead to totally disordered products. Maximal
reasonable content of organic groups incorporated by co-condensation method
cannot exceed 40 mol %. Also. the amount of organic functionalities inside the
matrix is generallv lower than it corresponds to the starting mixture. This is
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caused by the differences in hydrolysis and condensation rates, which leads
to favorable homocondensation of organotrialkoxysilanes rather than cross-
linking. Moreover, increased content of loading of the incorporated groups
causes reduction of pore diameter, pore volume and specific surface arcas*?.
Another inconvenience of this method is that only extraction, as for removing of
residual surfactant, may be used, calcination is not suitable.

1. long-chained
alkyltrimethylammonium halide

+ "
TEOS 2. H g/ OH (4

(TMOS) ©

o

3. extraction / calcination

3o
I

%
RO OR!
R'= CHz or CoHs 0 N0

Figure 4. Functionalization through direct synthesis —general scheme for co-condensation
method.

The chemical nature of condensing reagents influences the final shape of
particles — hydrophilic agents lead to preparation of small. round particles while
hydrophobic ones give rod shaped particlesi.

Also mutual orientation of 2D hexagonal channels in mesoporous silicas
may be altered by an addition of chemicals, i. e. some urea-organosilane in
different amounts changes alignment of mesoporous channels from straight.
helical to radial®.

After pioneering articles of the groups of Mann!*, MacQuarrie®! and Stein®!
many other organically modified mesoporous silicas have been prepared by co-
condensation, including alkyl. thiol, vinyl/allyl®”), amino, cyano/isocyano!’®,
alkoxy™), organophosphine and aromatic groups!"". Mesoporous materials.
obtained by following direct synthesis route exhibit interesting catalytic and
adsorption properties'*''71. It is possible to modify mesoporous silica with even
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more complex groups. such as cvclam molecules!'™®, large chelate ligands!'"”,
cyclodextrins!'", calyx[8]arenes!'"! and pH-sensitive dyes!''?.

Some different mesoporous materials prepared by co-condensation method
have been reported. Corriu ef al. synthesized in 1998 a new hybrid xerogels with
pores diameter less than 3.5 to 4 nm!""*!, For the preparation they used dendrimer-
like organosilanes.

Preparation of periodic mesoporous organosilicas (PMOs) is another method
of obtaining hybrid organic-inorganic materials.

It has been known for a long time in sol-gel chemistry as hydrolysis and
condensation of bridged organosilica compounds of the type (R’0),Si-R—
Si(OR’)... In this case organic units are incorporated into three-dimensional silica
network through two covalent bonds and thus distributed homogenously in the
pore walls. Materials prepared in this way as aero- and xerogels can have up
to 1800 m’ g of surface area but with completely disordered pore systems and
wide pore size distribution*”. PMOs differ from these amorphous materials with
periodically organized pore system and narrow pore size distribution. They were
synthesized in 1999 by three groups working independently!'*"'] (Inagaki’s
group — cthane-bridged. Ozin’s and Stein’s groups — cthene-bridged PMOs).
PMO materials are considered as promising candidates for a series of technical
applications, i. e. catalysis. chromatography, adsorption, nanoelectronics or
cargo releasing systemsH.

1. long-chained
alkyltrimethylammonium halide

% F 2.H' 4/ OH g

3. extraction / calcination

RO OR' 5@ 5
®) T®
M = RO-5I—R—5—OR' W

= _ ;
RO oR! = 51
3@ 55
0 "_/ /i\.\ O
R'= CH3 or CaHs ol

Figure 5. Functionalization through direct synthesis — general scheme for preparation
of PMOs.

239

-83-



D. LEWANDOWSKI AND G. SCHROEDER

In a general review of already prepared PMOs, some more interesting may
be distinguished:

aromatic PMOs —  benzene!"”,  2.5-dimethylbenzene and
2.5-dimethoxybenzene!"'® bridged with high degree of structural order
and pore diameters of about 2 nm

crystal-like benzene-, bisphenyl-bridged PMOs with long range ordered
“-alls[l 19.120]

ethane-bridged PMOs with use of gemini surfactants and some swelling
agents to obtain products with 11 nm pores and without long range
order!!]

PMOs made with the use of nonionic polymers, with large pores of
a diameter up to 20 nm!"**'*}| further researches increased their walls
order by an addition of inorganic salts!'**! or, without them, by changing
the silica precursor and surfactant ratios!*”; aromatic and unsaturated
PMOs with large pores have also been prepared!**"?”; PMOs based on
nonionic surfactants but with smaller pores have also been presented'?*
PMOs from tri- and multisilylated precursors!!?13!

PMAs (periodic mesoporous aminosilicas) with amino groups anchored
in the matrix!"*"

carbon/silica nanoparticles prepared from benzene-bridged PMOs!'?%
PMOs from different mixtures of silica precursors.

There have been some studies to adapt PMOs. their morphology. pore size
and wall order to different applications: chromatography — monodispersed,
spherical, with a particle size of about a few pm*", adsorbents — with large
surface area™. low-k materials — PMO films!"*, nanowires and catalysis —
defined pore geometry. large inner surface areal’*!,

Grafting method refers to subsequent modification of the inner surfaces of
mesoporous silica phases with organic groups. It’s usually carried out by reaction
of organosilanes of the type (R'0),SiR or chlorosilanes CISiR, or silazanes
HN(SIR,), with the free silanol groups on the pore surfaces.
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*

1
Ql

Q'O/ =3
ORD

R'= CH3 or CaHs

Figure 6. Post-synthetic functionalization — general scheme for grafiing.

It is considered. that the reaction of anchoring silanes in presence of water
consists of four steps. which can go simultancously after the first hydrolysis step

OH OH OH
OH OH OH
. +3H,0 . +2RSi(OH), I I
RSi(OMe); ————— RSi(OH), — ™ HO——Sj——0=——5j—— 0 ——Si——O0H s
-3MeOH -2H,0 I | I
OH OH OH
T” TH ‘lJ” CH OH OH
HO I | I CH HO—si: Si Si—OH
i lemp. l
H/JO\HH/O HH'/O “H ZHI(’) - A S
. N . : C H
"-.o,-“ -.T.n‘ \T./ 2 ..\o/

Figure 7. Mechanism of post-synthetic modification through the grafiing process in

presence of waler.
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Presence of water in the reacting mixture and its influence on grafting
reaction has also been studied. Modifying with 3-aminopropyltrimethoxysilane
(APTMS) in presence of water leads to clustering of APTMS and
preferential grafting at the pore entrances, reducing uniformity of
distribution!””, However, for the preparing of the monolayer comprised with
3-mercaptopropyltrimethoxysilane, water is crucial for the formation of
respecting hydroxysilane!* so there is no one certain answer to the water
presence in the reaction mixture.

Anhydrous conditions leads to one-step reaction

R
OH
R
| H3C——Si——CHj,
, temp.
HsC——Si——CHj,
-CH,OH 0
OCHj,

Figure 8. Mechanism of posi-synthetic modification through the grafting process in
absence of water.

Usually. only one bond between the surface and silane is formed. other two
substituents undergo condensation or remain free!™*”.,

This method has an advantage that the mesostructure of the starting silica
phase is usually retained. If the organosilanes react with silanol groups at the
pore entrances. the diffusion of other molecules can be impaired or even stopped
(pore blockade)™*'*l. Also solvents used affect the distribution of functional
groups on the surface, i. e. toluene is not a proper choice, because it leads to
anchoring organosilanes near pore entrances, while alcohols or THF produce
higher degree of site isolation and more homogenous distribution* '+,

Obtaining of site-isolated functionalization of silica’s surface has also been
performed. McKittrick and Jones used tritylimine patterning agent to control
the minimum distance between the amino- groups anchored to the surface, and
after grafting the tritylimine to the surface and capping remaining silanol groups
with hexamethyldisilazane, they hvdrolyzed patterning agent to get the final
product!™. The use of smaller protecting group Icads to higher grafting density.
Also imprinting method can be used to get site-isolated functionalization of the
surface. Circle molecules can be grafted onto internal surface, leaving some part
of the surface free. Then, another functionality can be introduced. but only on
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the unoccupied part of the surface. In the last step, circle molecules are removed,
leaving site-isolated modified surface.

Selective grafting of the external surface can be done. while SDA is still
inside the pores of as-synthesized silical'*,

It is also possible to graft thin silica films for an additional functionality —
Tanaka ef al. prepared such films modified by a new vapor-infiltration technique,
where the samples were exposed to the vapor of organosilica functionalization
reagents at high temperature for several hours in an autoclave!'+,

Grafting can also be done for larger organic groups like dendrimers!™*],
chlorophyl1'7 and fullerenes!"*, for making acid™”), base!™", oxidative*"! and
chiral™? catalysts. Thiol functionalized MCM-41 has been used as an adsorptive
for heavy metals from solution!'>,

3. Application of mesoporous silicas in biomedicine and cosmetics industry
3.1. Biocompatibility and toxicity

An ideal delivery system used in biomedicine should be able do deliver
cargo to a targeted site in a controlled manner and be characterized by:

»  biocompatibility and biodegradability

= controlled release of cargo

*  controlled loading and targeted release of therapeutics

+  zero premature release

+  stimuli responsiveness®?,

Mesoporous silica MCM-41 compared to solid silica spheres was found to
be less toxic!"*¥. Surface functionalization has drastic effect on the toxicity of
mesoporous silicas!'*.

Positively charged silicas induces more immune response and cytotoxicity
than neutral or negatively charged ones but they are better for transvascular
transport in tumor**¥, Silanol groups can react with biological molecules such as
lipids and proteins destroying their structures!*”. Unmodified silica with negative
zeta potential is rapidly associated with serum opsonin in blood and cleared
from circulating system. The most effective coating, increasing biocompatibility
and half-time of mesoporous silica particles is PEGvlation, approved by FDA,
which creates a protective. hydrophilic layer around them!™®. PEGylation
also improves silica’s properties in the hemolytic activity and cytotoxicity.
and decreases the endocytosis of modified silica particles!™*s. In vitro studies
have shown how mesoporous silica interacts with different cell lines, i. e. 3T3
endothelial cells"*, human colon carcinoma (Caco-2)!'", glioma cells!'®!),
human mesenchymal stem cells!'® and HeLa cells!®. /n vivo biodistribution and
excretion can be regulated by adding the functional groups like amino, carboxyl,
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phenyl and methyl phosphonate with different zeta potentials, i. e. nitrogen-
modified (different functional groups) manipulates the particle endocytosis of
HeLa cells!'*. Coating silica with lipid layer improves its biocompatibility and
performance, gives better suspensibility and much lower nonspecific binding
in vitro in compare to unmodified silical'®, Cellular uptake studies may be
performed and visualized by attaching a fluorescent dye to the silica surface by
co-condensation method"Y,

Influence of particles shape on the endocytosis rate is also significant — there
is a model with a concept of “wrapping time™ which explains, why the spherical
particles undergo faster endocytosis than the cylindrical ones!'*! for both in vitro
and in vivo (human fibroblast cells!"*”) studies.

Size of the mesoporous silica particles has an uncertain status of being
important for their toxicity — although some sources mention that the smaller
particles used the less cytotoxic they arel'l. Particles with a diameter less than
500 nm are easily taken up by the cell through endocytosis and can be localised
in lysosomes of the cell.

Structure and high surface area of mesoporous silica partcles may also be
an important factor influencing the total toxicity — large amount of free silanol
groups generale reactive oxygen species that are the cause of nanomaterial-
caused injuries!'™. It is also a cause of cellular and mitochondrial respiration
inhibition!"™ and oxidative stresst'”.

He ef al. found that the synthesis method plays also some role in the
overall toxicity — different MCM-41 particles using Triton, CTAB and SDBS as
surfactants were prepared and their toxicity was tested. CTAB-based MCM-41
was more toxic than SDBS one and the least was Triton-based MCM-4 1072,

Also the influence of size, porosity. particles coating and dosage of
mesoporous materials on the activity of hemolytic cells was tested and the
results were that the smaller particles the higher is their hemolytic activity!'”,
However, in vivo studies have shown that mesoporous silica nanoparticles reveal
size-independent toxicity but highly dependent on the administration route!' ™,

Mesoporous particles are eliminated from the human body by hepatobiliary
excretion, which was proved by Souris ef a/f'””. Elimination rate is size and
surface modification dependent as well as the way of synthesis — mesoporous
silicas prepared by extraction are much faster eliminated than calcinated and
amorphous ones!'",

3.2. Adsorption and release studies
Until now. a wide variety of drugs (or dyes) have been loaded and released
in a controlled manner using unmodified or modified mesoporous silicas?®:
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MCM-41 - ibuprofen, vancomycin. gentamycin, aspirin. alendronate,
camptothecin, atenolol, BSA, cytochrome C, paclitaxel. DNA, vitamine
B,. calcein, safranine O,

SBA-15 - gentamycin, amoxicillin. erythromycin. alendronate.
L-tryptophan, BSA,

hollow mesoporous silicas — fluorescein isothiocyanate,

MSN - Orange II, rthodamine-B, DNA, ibuprofen. alendronate,

MSN II — DNA into plant cells,

MCM-48 — erythromycin,

FSM - Taxol,

There are many physicochemical parameters, that can affect adsorption and
release of cargo from mesoporous silicas:

particle size and morphology — Monzano ef al. studied the release of
ibuprofen from spherical MCM-41 particles with a size between 490-
770 nm and they concluded that better release control was achieved
with smaller particles. However, it was much slower than while using
irregularly shaped particles. They summarized. that spherical particles
are better in controlled delivery of ibuprofen!””. Qu e al. showed
that adsorption of captopril was higher in rod shaped particles than in
spherical ones!'™: hollow structured mesoporous silicas show higher
loading capacities than typical ones. except of pore blocking molecules
(effective pore volume decreases rapidly for hollow particles!”).

pore size — Hata ef al. first reported the effect of pore size and influence
of solvent on the loading and release of Taxol!'™! and Vallet-Regi ef al.
— release rate of ibuprofen®!!. Large pores are required for adsorption
and separation of proteins™''*! and adsorption of DNA or RNAI'*I
pore size affects also loading kinetics. which has been proved for
captopril'™],

pore structure — it is demonstrated that pore connectivity, geometry
and matrix degradation have an influence on adsorption and release
properties of mesoporous silica, i. ¢. Linden ef al.l'"* showed that SBA-
1 mesoporous silica with interconnected pores system revealed similar
loading capacity and slightly faster release rate of ibuprofen than SBA-
3 mesoporous silica without internal interconnection,

pore volume — it is considered as a critical factor for drug loading
and release because of drug-drug interactions which may be even
more important than drug-silica surface ones, it has been reported that
consecutive loadings of drug in ordered mesoporous materials leads to
larger filling of the mesopores!'*,
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surface area — increased number of active adsorption sites increases
amount of cargo adsorbed, which has been verified for alendronate!'*,
surface functionalization — carried out by co-condensation. grafting and
PMO synthesis methods, i. e. creating different coatings made of PEI
(polyethylineimine) increases amount of DNA and siRNA adsorbed or
improves the delivery of paclitaxel™”; Tourne-Peteilh ef al. prepared
transport system for ibuprofen by simple anchoring it to the surface
through ester bond, where release was achieved after its cleavage!'®),
pH at which the adsorption is carried out — for proteins the highest
amount of cargo loaded was observed near the isoelectric point!'*”],
molecule’s polarity — since silica surface is polar (silanol groups)
or negatively charged (pK_ ~2.5) at higher pH values. polarity is an
important factor affecting the amount and distribution of molecules
adsorbed — Okazaki and Toriyama have studied the diffusion of
isopropanol and cyclohexane in contact with MCM-41 and they have
found that alcohol preferred to occupy the regions at and near the
external surface while the cyclohexane deposited deeper within the
nanochannels!"",

surface polarity — silica may be functionalized with hydrophobic
species, in this case cargo-surface interactions don’t play any significant
role. but the cargo transport out of the matrix is seriously impeded as the
polar solvents don’t casily penetrate it!"*"; hydrophobization of silica
surface makes it more resistant to hydrolysis!'!l,

Amountof drug needed is a very important issue, because even withachieving
high loading capacities, large amounts of mesoporous matrix is needed to create a
drug formulation. which canbe digested by i. ¢. oral route (tablets usually). As an
examples of daily drug dose/matrix needed: gentamicin:SBA-15 150-300mg:2g.
erythromycin:SBA-15 1,5-3g:3.4g. ibuprofen:MCM-41 0,9-1.2g:7g!"**,

Liu et al. synthesized multi-shelled hollow spheres, which can be utilized to
load different chemicals in each shell and release them controllably by changing
the walls thickness!"*.

Release of the cargo can be activated by different stimuli such as:

pH — it is one of the most important factor triggering release of trapped
molecules. because of the facility to control it and that in human’s
body there are regions, organs. cells differing in the pH value. which
can be used in targeted delivery: the most often pH sensitive systems
use amine functionalization because of their ability to protonate/
deprotonate at certain pH values®); some of the more interesting
systems using pH triggering are: coating made of cyclodextrin and

246

-90-



MESOPOROUS SILICAS AS CARRIERS IN CONTROLLED RELEASE SYSTEMS IN BIOMEDICINE AND COSMETICS...

PEI complexes releasing cargo upon breaking the polypseudorotaxane
protection!'”, molecular machines made of cucurbituril complexes with
the silica. opening at lower pH values and closing at higher ones (so
called molecular clock)!"”! or the use of surface modifying individuals
with bonds breaking at certain pH values (hydrazone!"¥, acetal* or
orthoester""),

*  enzymes — systems based on enzymes contain coatings sensitive to the
treatment of specific enzymes, i. ¢. capping mesoporous silica with
biotin-avidin complex makes it sensitive to proteases!, f-CD coating
is responsive to the g-amylase and lipase enzymes!"",

» chemicals — CdS capped nanoparticles sensitive to the reaction of
amidation was reported by Lai ef a/'™; gold nanoparticles associated
with the surface by photocleavable linker, thioundecyltetracthylencg
lycoester-o-nitrobenzylethyldimethyl ammonium bromide (TUNA)
sensitive to UV irradiation reported by Lin e al."*’ and Amoros et all'*’...
also some magnetic nanoparticles coated with supraparamagnetic iron
oxide with anti-oxidants as triggering factor were prepared: glucose
responsive delivery of insulin with a gluconic acid modified insulin
proteins immobilized on mesoporous silica is an another example of
chemical trigger for cargo release!'™ and anion-driven gate-like system
based on polyamines (sensitive to different organic and inorganic
anions like chloride, acetate or ATP)P*],

»  thermal responsive systems are based on sensitive polymers like poly-
N-isopropylacrylamide (PNIPAm)®"'; moreover. it is possible to create
a system based on PNIPAm, in which conformational changes of
polymer induce structural changes in silica — it can give a possibility to
release cargo at certain temperature??,

» light — irradiation at certain wavelength can induce breaking bonds
of pore blocking individuals. as presented by Mal ef al. who grafted
coumarin onto the outer surface of MCM-41 mesoporous silica and
irradiated them with UV light at 310 nm. Coumarin undergocs
dimerization then and closes pore openings, making cargo release
impossible. Subsequent irradiation at 250 nm breaks the coumarin
dimer and allows to release the cargo!"™; Sierocki et al. reported similar
light responsiveness for azobenzene derivatives, that change their cis-
trans geometry upon light irradiationt*?,

There are also some sophisticated systems based on catenanes and rotaxanes

(mechanically interlocked molecules) which use different interactions such as
donor-acceptor®™, hydrogen bonding?®’, metal-ligand®*! and hydrophobic?’
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interactions to release cargo in a controllable way.

Release profiles differ from each other, depending on the adsorption and
functionalization methods: nonfunctionalized matrices (a) shows burst release at
start and then slow release, diffusion or dissolution processes (b) presents first-
order kinetics with respect to drug concentration, zero-order release kinetics (c)
for some functionalized systems, profile (d) corresponds sophisticated stimulus-
responsive system with release rate controlled by external changes!'*,

100+

g o o W

% Drug released

2 6 10 14 18
t/h

Figure 9. Release profiles from different mesoporous systems — adapted from "%

3.3. Sensors and some other appplications

Functionalized mesoporous silicas may also have an important meaning as
SENSors.

Radu et al. synthesized by co-condensation method thiol-functionalized
MCM-41 silica and attached epoxyhexyl groups to the outer surface before
removal of the surfactant. Inner thiol groups were modified by o-phthalaldehyde
and a layer of poly-L-lactic acid was polymerized onto the outer surface to
eventually obtain a neurotransmitter sensor. which could differentiate between
three different neurotransmitters: dopamine, tyrosine and glutamic acid. The
outer. polymeric coating has different permeability for each of them and that
caused the selectivity?®,

Descalzo et al. prepared an ATP sensor based on N-propylanthracene-10-
amino functionalized MCM-41 silica. Presence of ATP was detected by the
reduction of fluorescence signal”l,
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Mesoporous silica-based may also be used in analytic chemistry, i. e.
to quantitative determination of copper ions?”. binding mercury(I[)?'",
palladium(II) and platinum(IT)*'?! or borate®'¥ ions.

Iron oxide may be used in cancer trecatment as superparamagnetic
nanoparticles embedded in mesoporous silica. delivering heat under alternating
magnetic fields. as a result of Brownian rotation and Neel relaxation'.
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1. Introduction

Since the discovery of the MCM-41s silicas in 1992, the synthesis of
mesoporous silica materials has developed rapidly. The best known families
of mesoporous silicas include MCM-n!, MSU-n (Michigan State University
silica)’, KIT-1 (Korean Institute of Technology)’., SBA-n (Santa Barbara
amorphous silica)®, IBN (Institute of Bioengineering and Nanotechnology)®,
FDU-n (Fudan University)®. KSW silicas’”, FSM* and HMS” silicas. Each of
them has its own unique advantages and disadvantages. and all have found a
variety of applications.

Mesoporous nanoparticles have been found particularly interesting from the
point of view of applications in medicine because of their increased mechanical
strength. chemical stability. tunable particle size, uniform and tunable pore sizes,
high surface areas. large pore volumes. two functional surfaces — an internal one
in the pores and an external one on the exterior particle surface, porous structure
enabling controlled cargo delivery, biocompatibility and higher resistance
to microbial attack comparing to their organic (polymeric) equivalents'’.
Additionally. the silica matrix protects entrapped molecules against denaturation
or enzymatic degradation induced by external pH and temperature'.

Multiple nanocomponents with diagnostic and therapeutic functions can be
combined into a single nanosystem. These systems follow on the concept of a
“theranostic™ device, in which both diagnostic and therapeutic functions can be
administered in a single dose'.
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2. Synthesis and surface properties of the mesoporous silica nanoparticles
2.1. General synthetic approaches

According to the International Union of Pure and Applied Chemistry
(TUPAC). a mesoporous material is defined as a porous material with pore
diameters between 2 and 50 nm.

There are three main synthetic routes to the synthesis of mesoporous silica
nanoparticles. The first one, the so-called “modified Stéber method”. involves
the condensation of silicon source (TEOS, TMOS, etc.) in a basic medium in
the presence of a cationic structure directing agent'’, which yields monodisperse
spherical particles with sizes in the 50-200 nm range. containing pores of about
2 nm in diameter. More useful in plant-scale is the use of the spray-drying
process™. This method involves spraying a homogenized precursor solution
containing the inorganic compounds and relevant additives within a specially
designed chamber at above the boiling point of the solvent. The particle size
is determined mainly by the droplet size sprayed into a chamber. however
diameters below 250 nm are difficult to achieve and the particle size distribution
is poor'”. Another method for the production of nanoparticles is microemulsion
process. This approach has been used for synthesis of metallic nanoparticles®
as well as magnetic and superconductor nanoparticles'’. Microemulsions are
produced spontancously without the need for mechanical agitation. making it a
rather simple technique. The technique is useful for large-scale production and
uses relatively simple and inexpensive equipment that result in high yields with
homogenous particle size distribution'®.

Two main approaches have been used to avoid secondary aggregation
during the synthesis: a) carrying out the synthesis in highly diluted solutions and
b) the use of particle growth quenchers. Performing the synthesis under dilute
conditions gives reproducible results for producing monodisperse particles
in the laboratory scale, but up-scaling of the synthesis may become difficult.
In this case. the use of particle growth quenchers. like non-ionic surfactants
or polymers'*. fluorocarbon-based cationic surfactants®'. tricthanolamine®,
propanetriol® efc. is an alternative.

The last step of all synthetic approaches is the surfactant removal and it
leads to two-dimensional hexagonal organization of cylindrical mesopores
typical of MCM-41-type materials'. Elimination of the structure directing agent
is normally carried out by solvent extraction, as calcination can lead to inter-
particle condensation. Thermal decomposition can also lead to decomposition
of organic moieties incorporated during the co-condensation reactions., which
normally is undesired. Dialysis has also been shown to be an attractive method
for surfactant removal in the case of very small nanoparticles (<20 nm), which
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otherwise tend to aggregate irreversibly during repeated centrifugation and re-
dispersion cycles™.

Stober method OH @

TMOS hydrolysis HO\Sli /OH condensation

—>
(TEOS) | @ @
OH @

Spray-drying method

solution acrosol

—> generator

Microemulsion method

@
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Figure 1. General synthetic approaches to the synthesis of mesoporous silica nanoparticles.

2.2. Surface properties and characterization

Nanoparticles are often defined as materials with two or three dimensions
between 1 and 100 nm and showing specific properties related to their size,
shape and chemical composition. Indeed, it is generally assumed that the size
of nanoparticles allows them to easily enter and pass through tissues. cells and
organelles as this size is comparable to that of many biological molecules and
structures.
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Native mesoporous silica nanoparticles typically have a high surface
concentration of silanol groups (approximately 5 per nm?’, measured using the
proton-deuterium exchange method®). especially when not calcined. and the
process of the particles drying can easily lead to formation of siloxane bridges
between the particles. Surface silanol groups show different acidic properties, for
example SBA-15 silica analyzed by Rosenholm et al.* is characterized by two
different pK, values. One pK | of 8.2 describes the Si-(OH), groups that represent
over 80% of all silanol moieties covering the silica nanopartlcles surface. The
other 18% of Si-(OH) groups are characterized by pK, near 2.0. These two pK,
values result in silica’s negative charge in most biological systems (=7.4 in
physiological pH and lower than 7.0 under most pathological conditions)*’.

The surface functional organic groups. which can be attached to the surface
through the post-synthetic grafting process or by using the co-condensation
method, are employed to fulfill specific tasks in medical appliations®; a) to
increase the host-guest affinity when drugs are adsorbed in the mesoporous
channels to enhance drug adsorption and/or slow down drug release rates, b) to
chemically graft functional molecules inside or outside the pores, c) to control
the surface electrical charge of particles, d) to link nanogates at the mesopore
entrances to prevent premature release of entrapped cargo.

Characterization of unloaded mesoporous silica usually means specification
of its chemical composition and pore network structure. Spectroscopic methods,
such as nuclear magnetic resonance spectroscopy, Raman spectroscopy
and Fourier transformation infrared spectroscopy have been widely used to
characterize the chemical groups on the surfaces of these materials. High surface
area and the high number of attached species make its characterization relatively
casy although heterogeneity of the surface can complicate interpretation of
results.

The pore structure is often characterized by electron microscopy imaging
(transmission electron microscopy (TEM) or SEM) or nitrogen sorption
measurements. Imaging methods provide valuable information about the
morphology of the pores, unobtainable by other methods. Nitrogen sorption
measurements give statistically strong results for pore sizes and can also
characterize the pore volume and surface area of the materials. It also informs
about pore blocking effects when reduction in pore diameter and pore volume
is observed. Mesoporous structures can also be characterized by a few other
methods such as mercury intrusion porosimetry, thermoporometry and NMR
cryoporometry?’,

X-ray diffraction (XRD) is frequently used for characterization of ordered
mesoporous silica materials. Although the pore walls consist of amorphous
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silica, the pore order gives rise to a diffraction pattern following the Babinet’s
principle. XRD provides information about the regularity of the structure and the
mean distance between adjacent pore centers. This repeat distance along with the
pore diameter can be used to determine the pore wall thickness.

100

Intensity

2-Theta (")

Figure 2. Typical XRD pattern of MCM-41 mesoporous silica.

Particle size and morphology can also play a role in drug delivery
applications. Particle size is typically characterized by different techniques,
e.g. imaging, sieving. dynamic light scattering and laser diffraction*’. Particle
morphology characterization relies mostly on imaging by optical or electron
microscopy methods.

The characterization of drug loaded carriers is connected with drug-
carrier interactions, the amount and physical characteristics of the loaded drug.
Drug-carrier interactions can be determined with FTIR or by determining
the adsorption isotherms of the model adsorbate (drug), which can provide
important information about the possible sorption mechanism - chemisorption
or physisorption.

Measuring the drug loading degree of the carrier includes extraction and
thermogravimetry (TG) as the most commonly applied methods. In extraction,
drug is released from the carrier and the drug concentration in the medium
to which it has been released is measured by UV/VIS spectroscopy or other
techniques. High performance liquid chromatography (HPLC) is frequently used
for drug concentration assay since it is also able to provide information about the
possible degradation of the cargo molecules. While using the extraction method,
care should be taken that all of the cargo material has been extracted from the
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silica; quite often the release is incomplete. In TG, the weight of the sample
is measured as a function of temperature. The mass of the loaded drug can be
calculated because the thermal decomposition of the organic drug takes place at
lower temperatures than the degradation of the carrier®.

Knowledge of the state of the drug in the mesoporous carrier is of the utmost
importance. A poorly soluble drug located on the external surface of the carrier
particle can inhibit or block the release of the drug from the pores by forming
crystallites larger than the molecules inside the pores. This isusually characterized
by XRD and differential scanning calorimeter (DSC). Both methods can be used
to detect crystalline phases and size of the crystallites in the loaded materials.
An advantage of DSC in this context is that it is more sensitive to detection of
material of small crystallite size. In addition. pycnometry. nitrogen sorption and

29

NMR can be used to obtain information about the loaded drugs®.

3. Biocompatiblity and toxicology issues

The term “biocompatible™ means that the nanoparticles must display limited
toxicity to the organism at their effective dose, they must be able to accomplish
their function without interference from the organism’s defense mechanisms,
and they must be able to circulate sufficiently long to perform their intended
task — they should not be eliminated or undergo hydrolysis under biological
conditions and the targeting or imaging groups attached to their surface. as well
as the drug inside the pores. have to remain associated with the nanoparticles
until it reaches its target site in order for the targeting/delivery to be efficient. A
key requirement for intravenously administered nanotherapeutics is that they are
able to circulate in the bloodstream for >2 hours: if they are filtered out by the
liver or the kidneys they cannot make it to the intended site of action™. Shape.
size and charge are all factors in determining how long a given nanoparticle
will circulate before being absorbed by the cells and, after performing its task,
eliminated by the liver, kidneys or spleen. The cellular uptake and distribution of
the mesoporous silica nanoparticles can be studied by attaching fluorescent dye
molecules (e.g. fluorescein isothiocyanate and Rhodamine B) to them, to permit
visualization of the particles by fluorescence and confocal microscopy*'.

3.1. Factors influencing the cytotoxicity of mesoporous silica nanoparticles

Several articles have reported the influence of size dependent cellular uptake
and toxicity, but the results have not proved whether larger or smaller particles
arc more toxic. For human monocyte-derived dendritic cells, the so-called size
effect holds which means that larger micron sized silica particles (2.5 pm) are
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more toxic than smaller submicron (270 nm) sized ones. Moreover, for particles
of either size the toxicity increased with increasing concentration®. Size effect
can also be observed when human endothelial cells are used with amorphous
silica particles. Silica particles below 20 nm were much more toxic than those of
104 and 335 nm in size. These larger particles showed very little toxic effects™,
The use of particles from the submicron range below 500 nm is recommended
as they are easily taken up by the cell through endocytosis and can be seen
localised in the lysosomes of the cell™. In another study. Mou and co-workers
synthesized ordered monodispersed mesoporous silica nanoparticles of uniform
sizes in the range from 30 to 280 nm (most of which had hexagonally ordered
structures, except for the 30-nm sized particles, which had predominantly
worm-like mesostructures). and they then investigated their uptake by HeLa
cells. While the cell proliferation and viability were found to be unchanged at a
dosage of 100 pg/mL for all the silica particles despite their differences in size.
their cellular uptakes varied with sizes in the order of 50 > 30 > 110 > 170 nm*.
These results clearly indicate that endocytosis of silica particles is virtually a
complicated process, determined by many more factors than just the particle
size of the mesoporous silicas. Also their in vivo biodistribution is influenced
by the surface charge and size. To date. only a few authors have addressed
the influence of these parameters on in vivo behavior of these potential drug
carriers. Mesoporous nanoparticles in the size range of 50-100 nm possessing
a relative positive charge have been shown to mainly be targeted to the liver
after intravenous injections* while 50-200 nm non-porous silica particles were
shown to be cleared to urine and bile over time. in a size dependent manner®’.
Smaller particles were preferably cleared by the urine and bile. whereas larger
particles were trapped by macrophages and accumulated in the liver and spleen
where they remained up to 4 weeks after injection. 130-180 nm mesoporous
silicon particles were shown to be cleared from the body within 4 weeks after
intravenous injections®. It was contributed to disintegration of the particles
followed by renal clearance.

Particle cvtotoxicity is also influenced by the surface charge. Cationically
modified silica nanoparticles exhibit lower cytotoxicity in cellular assays than
non-functionalized ones”. In the case of mesoporous silica nanoparticles, no
significant cell death was observed to have been caused by amino-functionalized
particles, indicating that positively charged amines reduce the toxicity of
mesoporous silica in in vitro conditions. As-synthesized particles with negative
surface charge in physiological conditions. influenced the cell growth with a
recovery of cell viability over time, while exposure to amino-functionalized
particles was not shown to induce a noticeable cell death until longer incubation
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when a high dosage of 200 pg*mL-' was applied. Also Pasqua ef al.* have found
that unmodified mesoporous silica was more cytotoxic than thiol- or amino-
functionalized silica.

Nanoparticles of different morphologics interacted differently with cell
membranes that are the first physical barriers that need to be penetrated by silica
particles. This hypothesis was tested and confirmed in several experimental
papers. Huang et al*' showed different cellular uptakes and subsequent cellular
responses to mesoporous silica nanoparticles with three different aspect ratios.
The particles of the aspect ratios 1:1, 2:1. and 4:1, with dimensions ranging
from 100 x 100 nm to 100 x 450 nm and of surface areas ranging from 791
to 1169 m**g"' were all effciently ingested by A375 human melanoma cells
via encapsulation within endosomes, while the particles with higher aspect
ratios entered the cells faster than those with lower aspect ratios. Moreover,
the particles with higher aspect ratios destroyed the cytoskeleton of the cells
and induced more cytotoxicity in a dose-dependent manner. The mesoporous
silica-treated cells also expressed less melanoma adhesion proteins comparing
to the untreated cells. The particles with higher aspect ratios resulted in much
less protein expression, although they did not influence the levels of mRNA
concentrations, suggesting that some damage to protein translation or post-
translational modification was dependent on the shapes of the mesoporous silica
nanoparticles. General conclusions about the effect of shapes of silica particles
on cells cannot be easily drawn and require consideration of several other
parameters including cell type and material composition.

3.2. Factors influencing the biodistribution and the hemolytic activity

As yet no detailed analyses of biodistribution of differently charged
mesoporous silica nanoparticles have been made. Generally, negatively charged
surfaces should be less bioreactive avoiding cellular interactions that can give
rise to unspecific toxicity. Positively charged particles are expected to be more
prone to interact with the reticuloendothelial system (RES) and induce an
immune response. High absolute charge, either positive or negative, is prone
to disable the so-called “stealth”™ properties of anv particle*, by increasing
the protein adsorption (opsonization) on the particles, a property known to
be induced also by hydrophobicity. Critical evaluation of how electrostatic
charge of mesoporous silica nanoparticles affects biodistribution is needed to
avoid accumulation in healthy organs, disruption of biological membranes and
undesired activation of immune response.

Proteinadsorption to the mesoporous silica nanoparticles under physiological
conditions is an important problem that must be avoided because it would
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decrease the targetability of the particles, as well as increase the recognition of
the particles as foreign by the body defense mechanisms, which would lead to
their rapid removal from the blood circulation. In addition. protein adsorption
onto the silica’s surface may also influence its toxicity. The PEGylation (PEG-
functionalization) of nanoparticles has been frequently used as a general and
effective approach to reduce the nonspecific binding of nanoparticles to blood
proteins and macrophages. This reduction is caused by the steric hindrance and
repulsion effects of PEG chains against blood proteins and macrophages. which
are closely correlated to the PEG molecular weight, surface chain density and
conformation®,

The effect of mesoporous silica materials on hemolytic activity is important
in order to understand how the materials will interact with blood. Lin and
Haynes have found significant effects of silica particles size, porosity and dosage
on the hemolytic activity. They reported that mesoporous silica nanoparticles
with ordered structures show lower activity compared with the solid nonporous
particles of similar size because of the smaller amount of silanol groups on the
external surface. The addition of poly-ethylene glycol (PEG) coatings can help
to overcome the hemolysis*’. Hemolytic assays have recently been made with
hollow mesoporous silica. Again, at low dosages (up to 1600pug*ml™') these
hollow mesoporous silica showed no effect on the activity of the red blood
cells*. He er al. obtained similar results, that is they reported a significant
influence of PEGylated particles on the nonspecific serum binding and proved
that these particles showed significantly reduced hemolysis rate compared to non
PEGylated particles”. Tang ef al. tested the in vivo effect of differently shaped
and PEGylated MSNs on blood. hematology and serum biochemical indicators
in 1 day and 18 davs after the intravenous administration of MSNs*. All
hematology markers, such as RBC. HGB. HCT, MCV, MCH. MCHC, PLT and
WBC., took values mostly within the normal ranges and did not show significant
trends of toxicity of all tested samples, indicating the excellent biocompatibility
in hematology.

Due to the leaky vasculature and poorly operational lvmph system of
tumors, nanoparticles can exit the blood vessels and accumulate at the tumor site
by passive targeting via the enhanced permeability and retention (EPR) effect.
The diffusion rate in the extracellular spaces of the tumor is determined by the
size and the surface charge of the particles. Small particles easily diffuse out
and in of the tumor vasculature and within the tumor institium and the active
concentration of the drug carrier at the tumor site might be low. Free movement
is also affected by surface charge and negatively charged or weakly positively
charged particles in the 50-150 nm range casily pass through the tumor tissue*’.
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Figure 3. Scheme presenting enhanced permeability and retention effect in tumour tissues.

3.3. Elimination of mesoporous silica nanoparticles and their degradation
in biological environment

Once the mesoporous silica nanoparticles have reached their target. it is
important to know the kinetics of the particles removal from the cells. It is clear
that the extracellular dissolution kinetics is different. probably much faster. than
that of the intracellular one due to the limited liquid volume inside the cell. but
this topic remains the focus of future studies*,

Although only a few authors have studied the phenomenon of exocytosis of
nanoparticles, there have been some reports on exocytosis of mesoporous silica
nanoparticles in different cell lines. Slowing ef al.*” have studied the exocytosis
of particles by normal (HUVEC) and cancerous (HeLa) cells and reported two
interesting findings. The first is that, the particles were found to be ingested
by the cells and reached a constant intracellular amount within 2 h, indicating
the attainment of a balance between the rates of endocytosis and exocytosis of
the particles (or equilibrium) in 2 h of incubation time. The second is that the
exocytosis as well as transcytosis of mesoporous silica nanoparticles were found
to be much more effcient in healthy HUVEC cells than in malignant HeLLa cells.

Etienne and Walcarius® have studied the dissolution of mesoporous
silica in water as a function of pH. both for as-synthesized silica and amino-
functionalized one. and showed that amino-functionalized silica dissolved at a
faster rate than pure silica particles under biologically relevant pH conditions.
For the aminosilane functionalized particles as much as 2/3 of the amino- groups
were already found in the supernatant 4h into the experiment, after which the
concentration of amino species in solution reached a platcau. Thus, not all
amino-functions were dissolved in solution, but clearly factors such as particle
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surface charge could be expected to have dramatically influenced the process.
He et al.*' have reported a three-stage degradation behavior of mesoporous silica
nanoparticles in simulated body fluid. Also this study revealed rapid initial bulk
degradation. followed by the deposition of calcium/magnesium silicate layer,
which drastically reduced (or counteracted) the degradation rate. similarly to
the observations of Onida ef al.**. The third stage involved a maintained slow
diffusion of dissolved silica species detected as free Si. whereas the whole
sample was degraded after 15 days when immersed in an aqueous solution at a
concentration of 0.5 mg*ml-1. Importantly, the particle morphology remained
intact after 24h even though hollowing out and enlargement of the mesopores
was clearly observed.

Suspended silica is known to be adsorbed or excreted by the body. Several
reports have supported elimination of MSNs through renal excretion. Mamaeva
et al. have shown quite rapid renal clearance of particles (250-350 nm) injected
both intravenously and peritumorally with a peak at 42—72 h depending on the
functionalization. PEI functionalized particles were more rapidly eliminated
than folate tagged particles™ He et a/. have shown that differently modified
amorphous silica nanoparticles (OH-Si, COOH-Si and PEG-Si) with a size of
approximately 45 nm were all partly excreted through the urine*.

Mesoporous silica nanoparticles have also been reported to be climinated
by hepatobiliary route although that process appeared to be slower and showed
a peak at 4 days after intravenous injection®. Lo and coworkers have studied
the effect of the surface charge on the two proposed elimination routes of
mesoporous silica nanoparticles and found that particles (size 50-100 nm) with
high positive charge showed rapid hepatobiliary excretion and reached the peak
of excretion at 2 days post injection®. Although both particles were sequestered
by the liver. the one with the higher charge could have been more opsonized
by serum proteins and thus more amenable to hepatobiliary excretion into the
gastrointestinal tract. In conclusion, this shows that the surface charge regulates
the rate of excretion.

4. Application of mesoporous silica nanoparticles in drug delivery systems
4.1. General methods for preparation of drug delivery systems

In general there are two main approaches to incorporate a drug or diagnostic
entity in a nanoparticle®: to stick it to the surface of a silica nanoparticle. or to
encapsulate it in a porous nanostructure. These approaches can be illustrated
by the two methods of carrying goods on ships in the macroscopic world:
we cither stack the cargo on the deck of a barge or we place it in the closed
container of a tanker. As with shipping in a macroscopic world. the solution

123

-123-



Dawm LEWANDOWSKI AND GRZEGORZ SCHROEDER

chosen to carry a nanocargo depends on the characteristics of the cargo and the
delivery requirements. A reactive or antigenic drug should be isolated from the
environment in some sort of container vessel until it reaches its “port.” whereas
an imaging agent attached to the external surface of a barge-like vessel can be
more readily accessed and more rapidly released in response to physiological
stimuli.

One concept that does not translate well to the macroscopic shipping analogy.
is the carrying capacity. For a macroscopic sphere. many more molecules can
be contained in the inner volume than can be adsorbed on the surface. As the
sphere gets smaller. the space available to load a drug in the interior volume
decreases with the sphere radius to the third power and on the surface with its
radius squared. That is why when the diameter of the sphere approaches the
molecular dimensions, more molecules can be placed on the surface than can be
contained in the inner volume.

Table 1. Comparison of the number of molecules trapped inside of a sphere and adsorbed
on its surface at different radii values. The volume occupied by a single molecule assumed
to be 2 nm’ (1 nm X I nm X 2nm) and the surface - 1 nm’ (I nm X 1 nm)

Sbices Number of molecules Number of molecules N:N
r:] dius trapped inside the adsorbed on the external and r:l'tius
sphere (N) internal sphere surface (Ny)
Im 2.618*10% 6.284*10™ 4.166*107
1 mm 2.618%10" 6.284*10" 4.166*10*
100 nm 2.618*10° 6.284*10* 4.166

Nevertheless, nanoparticles of a size equal to 100 nm or more, with an empty
interior, the so-called hollow mesoporous silica spheres, are known to store more
cargo than conventional mesoporous silicas thanks to their voids inside the shells
and mesoporous channels at the shells providing accessibility without blocking
(channels in conventional mesoporous silica are much longer and can be easily
blocked by molecules occupying pore entrances). Despite lower surface arca
(436m**g") relative to that of MCM-41 (1152 m?*g") hollow mesoporous
spheres can deliver as much cargo as conventional mesoporous silicas (302
mg*g™ for hollow mesoporous silica and 358 mg*g"' for MCM-41)". When
surface areas are comparable, the hollow mesoporous silica’s capacity is even
much larger than that of MCM-41 (1133+52.4 mg*g' of ibuprofen adsorbed by
hollow mesoporous silica and 337 mg*g"' by MCM-41)*,

Until now, simple surface adsorption has been used much more often
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than encapsulation of a cargo in the hollow mesoporous silica spheres. A few
procedures for loading a cargo onto the silica’s surface have been proposed. In
the method of incipient wetness impregnation, a very concentrated drug solution
is used to obtain a high loading degree. where the drug concentration is usually
close to its solubility limit. Capillaty action draws the solution into the pores
together with the drug molecules. The interactions between the cargo molecules
and the silica particle usually include hydrogen bonding and electrostatic
interactions.

The impregnation method is preferred when only small amounts of the drug
are available. It is easy to determine the amount of the loaded drug in advance,
but a disadvantage of the method is the difficulty to control the uniformity of the
drug distribution. Moreover. the residual drug can recrystallize on the external
surface of mesoporous materials after repeatable solvent evaporation.

In the melt method, a physical mixture of drug and mesoporous carrier is
heated above the melting point of the drug. To some extent. this method can be
considered as a special case of the impregnation method. However. many drugs
cannot withstand melting without degradation. In addition, the drug molecules
loaded from melt are distributed less homogenously on the pore surfaces if the
molten drug has high viscosity. In this case most of the drug molecules pack on
the surface close to the pore opening and can undergo recrystallization. Thus,
the drug materials loaded from the melt have a bit slower release rate. However,
if the molten drug has low viscosity such as ibuprofen, the effect of the drug
loading method on the physical state and release profile of the drug is minor*

Controlled release systems based on mesoporous silica nanoparticles are
more useful than simple, unmodified silicas loaded with drug molecules. They
have been developed by applying mechanical controls over the pore openings.
First. polymers that are either adsorbed or covalently bonded to the surface of the
silica particles have served as a mechanized controlled release system™. Under
their “close™ condition. the polymer chains tightly wrap around the particle
surface. each blocking multiple pore openings. Then the polymers are induced
by certain stimuli to undergo swelling or coiling so that the pore openings are re-
exposed and cargo is released through the unblocked pores. The second method
to achieve controllable release is to form chemical bonds directly over the pore
openings so that they can later be cleaved upon stimulation®. The third way
to mechanically block the pores is to attach bulky groups such as Au or CdS
nanocrystals over the pore openings®. These bulky groups serve as gatekeepers
for the encapsulated cargo. Removal of the bulky blocking groups via chemical
methods initiates cargo release.

Targeting is especially relevant in the context of cancer therapies. as most of
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the commonly used anticancer drugs have serious side-effects due to unspecific
action on healthy cells. The selectivity is a key ability of the nanoparticles to
be internalized by the targeted cell population. Active targeting requires the
knowledge of which receptors are overexpressed on the outer cell membrane
for a given cancer type. Different moieties. such as peptides. antibodies or more
simple molecules, such as folic acid can be attached to the silica surface and used
as targeting agents. The folate receptor has been found to be overexpressed on
the surface of several cancer cell types, such as ovarian, endometrial. colorectal,
breast, lung, renal cell carcinoma, brain metastases derived from epithelial
cancer, and neuroendocrine carcinoma®®,

4.2. Factors influencing the adsorption and release of cargo molecules

There are many physicochemical parameters affecting adsorption and release
of cargo from mesoporous silicas: pore size, particle size and morphology, pore
structure. pore volume. surface area, surface functionalization. pH at which the
adsorption is carried out. molecule’s polarity and surface polarity®.

The maximum loading degree, i.e., the ratio of the drug mass to the total
mass of the drug loaded carrier when the pores are totally filled, can be estimated
on the basis of the pore volume of mesoporous carriers and the packing density
of the payload drug. However. the ultimate density of the drug is difficult to
estimate as it usually differs from the density of the crystalline drug. Loading
degrees as high as 60 wt.% can be obtained for the carriers with very high
porosity. As the inorganic mesoporous carriers are denser than the organic
drugs. the loading degrees higher than 60 wt.% is difficult to obtain. The loading
method also affects the loading degree obtained, the packing of the molecules
in the pores as well as their distribution in the carrier. This naturally affects the
release kinetics: the more disordered the structure, the faster the release is taking
place®.

The drug molecules physically adsorbed on the surfaces of mesoporous
materials from organic solvents form multilayers or (typically) monolayers can
be modeled using a Langmuir adsorption isotherm®. Monolayer adsorption onto
the pore walls has also been observed for proteins from aqueous solutions®.
In the case of a monolayer. the loading capacity increases with increasing the
surface area®. Thus, the pore volume of the materials has no effect on the drug
loading.” For more hydrophilic drugs. the pH-matching in aqueous solvent can
be used to reach higher drug loading levels than possible from organic media®’.
Many studies have highlighted the possibility of using these kinds of specific
interactions between the drug and functional groups present on the pore wall
also for controlling the drug release process. In most cases. the vast majority of
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the groups present on the silica surface even functionalized mesoporous particles
are still silanol groups. while the influence of the silanol groups on the overall
surface chemistry of the pore surface should not be underestimated®’.

The pore size is crucial for drug loading because the mesopores act as
molecular sieves and in this way they can determine the size of molecules that
can be loaded into the carrier materials. Generally, the ratio of pore diameter/
drug molecule size should be >1 so that the pores will be accessible for drug
molecules. Furthermore, the ratio should be greater than 3 if the full use of
surface area and high drug loading is desired. Horcajada ef al.*® have prepared
mesoporous MCM-41 with different pore sizes by using surfactant molecules
with different lengths of alkyl chain and subsequently studied the effect of pore
size on drug loading. After immersing mesoporous MCM-41 in a hexane solution
with ibuprofen (molecule size 1.0 nm x 0.5 nm), more ibuprofen molecules were
loaded into the carrier with the pore size of 3.6 nm (loading degree of 19 wt.%)
than in that with the pore size of 2.5 nm (11 wt.%).

Pore size affects also the possibility of drug crystallization, which influences
the drug solubility. In the classical theory of homogenous nucleation, crystal growth
proceeds spontaneously once a critical nucleation size is reached®. If, however,
the spatial constraints of a capillary are imposed on the clusters of molecules
before they reach the critical size. nucleation and growth will be prevented and
the system will exist in an intrinsically noncrystalline state. Mesoporous materials
have pores with diameters lower than the critical nucleation size of many popular
drugs. so they have been used to increase their solubility. Solubility improvement
was observed for a wide range of compounds such as carbamazepine™. danazol™,
cinnarizine™, diazepam”, indomethacin™”', griseofulvin™, ketoconazole™,
phenylbutazone™, nifedipine™, fenofibrate™ 7, telimisartan™, glibenclimide™ and
carvedilol™. Wang ef al. have encapsulated poorly water soluble drug. telmisartan,
info mesoporous silica nanoparticles and mesoporous silica microparticles to test
the oral drug delivery potentials of mesoporous particles in beagle dogs™. After
the administration of drugs by gavage. the mean plasma drug concentrations were
determined by HPLC. After the pharmacokinetic calculations, they found that
the relative bioavaibilities of telmisartan-loaded nano- and microparticles were
154.4 £ 28.4% and 129.1 + 15.6%, respectively, of commercial product Micardis.
This research demonstrated the significant potential of using mesoporous particles
to promote drug dissolution and drug permeability, thus to enhance the oral
bioavailability of drugs.

The loading and release efficiencies of the particles are also affected by the
electrostatic interactions between the cargo molecules and the silica surface”7*.
Various studies using silica materials as adsorbents have shown that the maximum
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adsorption of protein occurs at or near the isoelectric (pI) point of the protein.
For example. myoglobin. cytochrome ¢ (cyt ¢) and bovine serum albumin (BSA)
have been shown to have a higher adsorption capacity onto the materials at a pH
equal or less than the plI point of the protein®,

Foradsorption to take place in the solution state, the chemical potential of the
drug in the solution must be the same as the chemical potential of drug adsorbed
on the surface of silica at equilibrium. The same is true for the solvent molecules
as well. Depending on the collective properties of the silica surface, solvent,
and drug compound, a competitive interaction with the silica surface between
solvent and drug molecules can be expected. Charnay et al.” and Fernandez-
Nunez el al® have studied the effect of solvent polarity on the capacity of
ibuprofen inclusion in MCM-41 and SBA-135 silicas. The amount of ibuprofen
adsorbed showed an inverse trend with the polarity of the solvent. The less
polar solvent the greater amount of ibuprofen adsorbed on both MCM-41 and
SBA-15.

Dissolution rate depends on the volume of dissolution media. hydrodynamic
conditions, and amount of drug present, among other factors. The volumes of the
dissolution media used by various investigators reporting controlled release were
between 10 and 100mL>>##2, Because hydrodynamic conditions were not clearly
specified, local supersaturation may have resulted in precipitation, followed by
slow dissolution of precipitated drug into the bulk medium. Sustained release
might be an outcome of slow dissolution from the crystallized drug. On the other
hand, if the pore diameter of SiO, is similar to the dimensions of drug molecules,
the diffusion of the molecules out of pores during dissolution can be kinetically
hindered due to collisions between the drug and water molecules or the drug
molecules and the pore wall. On the basis of this explanation. microporous SiO,
with 0.4-nm mean pore diameter has been synthesized to develop controlled
release formulations of ibuprofen® and chlorhexidine®. In addition, if the
lengths of the pores are sufficiently long, the formulation may provide sustained
release because of the diffusion path length.

4.3. Examples of drug delivery systems triggered by different stimuli
Generally. the release of poorly soluble drugs can be fitted with Higuchi or
Korsmeyer—Peppas model:

Q=Ky*~t )
F = (%J= Kf"t"
@
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In the Higuchi equation (1), Q is the cumulative amount of drug released at
time tand K, is the Higuchi constant. In the Korsmeyer-Peppas equation (2). F is
the fraction of drug released at time t. M, is the amount of drug released at time t.
M is the total amount of the loaded drug in mesoporous carriers, K is the kinetic
constant and n is the release constant. If n equals to 1/2 in the Korsmeyer-Peppas
equation, both of the models describe diffusion controlled release.

The Higuchi equation is used to describe the release of cargo molecules from
an insoluble carrier. Fitting with Higuchi equation suggests that the drug release
is limited by diffusion process. Unlike bioactive polvmer-based drug carriers,
the mesoporous materials are mostly prepared with inorganic compounds that
are insoluble in aqueous solutions under biological condition. so the Higuchi
equation could also be applied to the mesoporous silica materials to explain the
drug release kinetics. The Korsmeyer—Peppas equation is a more comprehensive
way to describe the drug release kinetics from the mesoporous carriers, which is

29

indicated by the parameter n in Eq. (2)*.

Table 2. Examples of biologically active compounds that have already been released from

unmodified or modified mesoporous silicas®’

MCM-41
ibuprofen, vancomycin, gentamycin. acetylsalicylic acid, sodium alendronate,

camptothecin, atenolol. cytochrome C, bovine serum albumin, paclitaxel, vitamin-B,,
calcein, safranine O. cAMP, carvedilol, fenofibrate, indomethacin. telmisartan

FSM

taxol. flurbiprofen

SBA-15

gentamycin, amoxicillin, erythromycin, sodium alendronate, L-tryptophan, bovine
serum albumin, nimodipine, ezetimibe, fenofibrate, glibenclamide. indomethacin,
itraconazole, telmisartan, griseofulvin

MCM-48

erythromycin

hollow mesoporous nanoparticles

fluorescein, propidium iodide

other

atazanavir
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4.3.1. Release from the unmodified particles

The effect of incorporation of three poorly soluble drugs from BSC class II
(ibuprofen and griseofulvin) and class I'V (furosemide) into mesoporous silicon
microparticles® on their solubility and release was studied. After loading the
cargo, the dissolution of these model drugs was clearly improved and the pH
dependence of the dissolution was reduced. The drugs loaded into the unmodified
mesoporous silicas show very fast initial drug release profiles: i.c., 50% of the
loaded itraconazole was dissolved within 3 min and more than 80% of the drug
was dissolved after 5 min compared to only 14% solution of pure itraconazole.

Ibuprofen is probably the most extensively studied hydrophobic drug in
the applications involving adsorption in matrices of mesoporous silicas® ",
The loading capacity and the release rate of ibuprofen from these materials
have been proved to be affected by the surface area. pore diameter and surface
functionalization®-*",

The in vitro applications of unmodified mesoporous silicas to deliver
hydrophobic anti-cancer drugs, namely camptothecin and paclitaxel, to human
cancer cells have been studied””?. A suspension of camptothecin loaded particles
in phosphate buffer saline (PBS) was added to a human pancreatic cancer cell
culture PANC-1. The uptake of the mesoporous silica was confirmed by the
fluorescence from the fluorescein isothiocyanate (FITC) labeled particles within
the cells. The cytotoxic efficacy of the camptothecin-loaded silica is similar to
that of the DMSO dissolved camptothecin, and much higher than the cytotoxicity
of the PBS suspension of camptothecin.

Balkus ef al. have reported lysozyme immobilisation within MCM-41
matrices. This study highlighted the importance of silica pore size to encapsulate
the enzyme. But, MCM-41 could not encapsulate a biomolecule with a size
greater than 40 kDa”, On the other hand, SBA-15 with larger pore sizes (5-30
nm) could encapsulate various larger proteins. Unfortunately, the amount of
larger protein such as bovine serum albumin®™ adsorbed in SBA-15 materials
(pore sizes 6.8 nm) was small.

Sun ef al. have been able to perform highly accelerated lysozymes
adsorption by enlarging the conventional SBA-15 pore. They synthesized a
material with ordered large mesopores with a pore size of 13 nm. Adsorption of
enzymes reached equilibrium after 10 min as compared to hours needed to reach
equilibrium in the conventional SBA-15. They could confirm that most of the
lysozymes were within the pores.

4.3.2. Release from modified particles
Fujiwara and co-workers have introduced light-responsive mesoporous silica
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systems from which the release of the cargo could be controlled through the photo-
controlled and reversible intermolecular dimerization of coumarin derivatives
attached to the pore outlets”. The same group has developed a controlled storage
and release system by attaching azobenzene groups to the mesopore outlets. The
release was promoted by simultaneous irradiation with UV and visible light,
which made the azobenzene molecules act as both impellers and gatekeepers.
Other light-operated systems, developed by Zink and co-workers™, uses
differences in binding affinity between f-CD and both isomers (cis- and frans-) of
azobenzene. Irradiation with 351 nm light causes the isomerisation of azobenzene
to the cis conformation and therefore pore uncapping. Another example of light-
sensitive systems includes Au nanoparticles anchored to the surface through
thioundecyl-tetracthylencglycoester-nitrobenzylethyldimethy lammonium
bromide (TUNA). Upon UV irradiation TUNA would lead to the negatively
charged thioundecyltetracthyleneglycolcarboxylate (TUEC), leading to the
dissociation of the Au NPs from the surface due to charge repulsion”. Lin
and co-workers have loaded the mesopores of mercaptopropyl-functionalized
silica with sulforhodamine 101 and the cargo molecules were entrapped by the
presence of Ru(bpy),(PPh,)-moieties. coordinated to mercaptopropyl functional
groups™. Upon irradiation with visible light, Ru-S coordination bond was
cleaved. triggering the release of capping specics and loaded molecules.

ThepH-sensitivesupramolecularnanovalveswiththeN-methylbenzimidazole
stalks have the ability to bind B-CD strongly at pH 7.4%. trapping dye or
drug molecules inside the mesopores of silica. Upon entering an endosomal
compartment at pH<6, N-methylbenzimidazole becomes protonated and -CD
cap dissociates. allowing the cargo molecules to be released from the silica.
Meng and co-workers'” have loaded mesoporous silica with either Hoechst
33342 to cause nuclear staining in human differentiated myeloid cells (THP-1)
or anticancer drug doxorubicin to induce cell apoptosis in squamous carcinoma
(KB-31) cells. Cyclodextrin and polyethyleneimine complexes have been used
by Kim and co-workers to achieve a pH-dependent cargo release. Calcein
molecules were first loaded into pores and then cyclodextrin/polyethyleneimine
inclusion complexes were attached onto the surface of mesoporous silica
nanoparticles. Due to the size of these compounds the cargo is protected until
polypseudorotaxane is split. In acidic conditions. the cyclodextrin complex can
be broken and hence the cargo can be released.

Magnetic field can also be used as external stimulus to trigger the release of
molecules—itcanguide the drug delivery systems to the desired location, hold them
until the therapy is complete. and then remove them. Chen ef al.'! have recently
reported the capping of mesoporous silica with Fe,O, magnetic nanoparticles. To
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achieve this, silica was first functionalized with 3-aminopropyltrimethoxysilane
and then loaded with camptothecin. The mesopore entrances were covalently
capped through amidation of the 3-aminopropyltrimethoxysilane bound
at the pore surface with meso-2.3-dimercaptosuccinic acid functionalized
superparamagnetic iron oxide nanoparticles with an average diameter of 5.6
nm. When a magnetic trigger was applied. the Fe,O, caps were removed due to
the cleavage of chemical bonds and this subsequently led to a fast-responsive
drug release. Also some rattle-type particles with large hollow interior spaces.
functional cores and mesoporous silica shells have been prepared. Shi and co-
workers'” have prepared a series of rattle-type Fe O /Fe 0, @mSiO, hollow
ellipsoids/spheres with a single or double mesoporous silica shc]l and loaded
them with doxycycline (DOX). The excellent blood compatibility and the greater
cytotoxicity of doxycycline loaded nanospheres than free doxycycline to induce
MCF-7 cell death indicate that the Fe,O,@mSiO, nanocapsules are excellent
anticancer drug carriers for diagnosis and chemotherapy applications.

It is known that the local temperature in many tumours is slightly higher than
normal body temperature. This is why a temperature-sensitive delivery system
able to release its cargo only at temperatures higher than 37°C, but preserving
the drugs entrapped while in blood. is required. Thermo-sensitive polymers,
such as poly(N-isopropylacrylamide) (PNIPAM) and its derivatives have been
used in the design of thermo-responsive release systems. reported in the recent
years'™!"* PNIPAM changes its conformation responding to temperature in
aqueous environments, Its chains are hydrated below the lower critical solution
temperature (LCST) of 32°C and occupy more space near the pore entrances
and this is what prevents the departure of the cargo loaded inside the mesopore
channels. Increasing the temperature above the LCST dehydrates the polymer
chains, collapses PNIPAM’s conformation and opens the pores resulting in
a release of the cargo. Increasing the LCST under physiological conditions
would be desirable for biomedical applications and this can be achieved by
modifying the polymer composition by copolymerization with other monomers
(such as acrylamide'” or N-isopropylmethacrylamide'™). Baeza et al. created
a novel nanodevice based on mesoporous silica with iron oxide nanoparticles
inside the matrix and decorated on the outer surface with a thermo-responsive
copolymer of poly(ethylenimine)-f-poly(N-isopropylacrylamide) that was able
to deliver small molecules or proteins in response to an alternating magnetic
field or temperature'”’. Other thermo-responsive systems that have been already
prepared involve double-stranded DNA sequences attached to the pore openings
of mesoporous silica melting at certain temperatures'® or octadecyl chains
interacting with a hydrophobic layer made of paraffin that melts at certain
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temperature, specific for different paraffins'”,

Another stimulus that can be used in controlled delivery systems is the redox
potential. Different redox potential-responsive systems have been developed until
now. They use various gatekeepers, suchas CdS'’, Au'"' orFe O,'" nanoparticles
or organic molecules such as cross-linked poly(N-acryloxysuccinimide)',
collagen' or cyclodextrin'®, covalently attached to the silica through disulphide
links. These caps can be removed by cleaving such links using disulphide-
reducing agents, such as mercaptoethanol or dithiothreitol. Redox potential is an
important stimulus as in most tumor cells the level of intracellular glutathione, a
natural reducer, is 100-1000-fold higher than in the extracellular space.

Biomolecules are internal stimuli that can be used to trigger cargo release.
Enzyme-responsive systems can be represented by cyclodextrin-capped
mesoporous silica attached on the silica surface thanks to “click chemistry™
reactions. The addition of o-amylase catalyzed the hydrolysis and allowed the
release of calcein trapped inside the pores'®. Another example of such systems
can be the one prepared by Martinez-Maifiez and co-workers. They described
the capping of mesoporous silica with lactose and the selective uncapping in
the presence of enzyme f-D-galactosidase'”. The same group developed multi-
enzyme-responsive capped mesoporous silica containing amide and urea links to
block the pores. The addition of amidase and urease triggered the cargo release.
Amidasc induced an immediate, but not complete release and urcase allowed a near
total cargo release that was delayed in time'"®. Glucose-responsive systems can be
used in the treatment of diabetes. Zhao et al.'"” have reported a double delivery
system for both insulin and cyclic adenosine monophosphate (that activates Ca*
channels of pancreas beta cells stimulating insulin secretion) with precise control
over the sequence of release. cAMPs gluconic acid-modified insulin proteins were
immobilized on the outermost surface of phenylboronic acid-functionalized silica
particles via reversible covalent bonding. Modified insulin also served as caps to
encapsulate cAMP molecules inside the mesoporous channels. Phenylboronic
acid forms much more stable cyclic esters with the adjacent diols of saccharides
than with acyclic diols. Thus, the presence of saccharides induced the release of
modified insulin and cAMP trapped inside the pores. Examples of very interesting
biomolecules-responsive systems include antigen-responsive reported by Climent
et al.™, where hapten-modified surface of the mesoporous silica is covered by
antibody nanoscopic caps that can recognize a certain hapten releasing the cargo
after displacement reaction. or aptamer-target-responsive system containing
aptamers (single stranded. short oligonucleotide sequences that can bind specific
targets with high affinity and specifity) releasing the cargo upon detection of
certain guest molecules (i.c. ATP'),
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4.3.3. Modified mesoporous silica nanosystems against cancer multidrug
resistance

Nanoparticle-mediated delivery of a single cancer drug often serves as proof
of concept. A clinically relevant alternative approach is to combine therapeutic
agents targeting specific survival mechanisms of cancer cells with classical
anticancer drugs. One of the problems, with potential to be solved by co-delivery
of several compounds, is cancer multidrug resistance (MDR) which is a major
cause of therapy failure in cancer patients. Design of a drug delivery system
might be tailored to overcome MDR by focusing on the ability for targeted
delivery of different cargos to combine circumvention of MDR mechanisms
with chemotherapy. We want to underline that the problem of MDR in general
is far from being resolved. but the attempts made to overlap it with nanoparticle
drug delivery are worth considering'*.

Although the mechanisms of MDR are multifaceted. they can be roughly
classified as pharmacological and cellular. Pharmacological MDR mechanism
employs different circumstances resulting in therapeutically insufficient drug
dosage, such as inadequate infusion, influence of tumor microenvironment,
pharmacokinetics in the plasma and others. Cellular mechanisms, simply
classified into pump and non-pump. such as ABC-transporters, apoptosis
signaling pathways, and DNA repair pathways may be switched on and off during
the development of a drug-resistant phenotype and are potentially “druggable™.
Many of these challenges could be overcome by using drug carriers.

For example. a combination of mesoporous silica. an anticancer drug (DOX
or cisplatin (CIS)), a suppressor drug resistance (siRNA targeted to MRP1
transporter or BCL2 mRNA). and a tumor targeting moiety (LHRH peptide) has
been used and revealed enhanced anticancer activity when compared to that of
free drug mixtures'®,

A different approach to overcome drug resistance has been investigated by
Huang et al.'"*, who studied DOX attached to the surface through a pH-sensitive
linker, hydrazone bonds. to provide sustained and proportionate release of DOX
and its effectiveness against human uterine sarcoma MES-SA/DOX-resistant
tumor cell line was tested. Its uptake and activity were higher than those of free
doxycycline and doxycycline combined with verapamil (the inhibitor of drug
efflux pump protein).

Another modification of pH-responsive silica nanoparticles able to overcome
drug resistance has been published by He ef al.'* Their nanoparticles consisted of
silica still containing the surfactant, cetyltrimethylammoniumbromide (CTAB).
and doxycycline. The surfactant was used as a chemosensitizer for overcoming
the multidrug resistance and enhancing the drug efficiency. The cytotoxicity of
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these particles was tested on MCF-7 and MCF-7/ADR cell lines and composite
mesoporous silica was shown to increase the MCF-7/ADR intracellular
accessibility to doxycycline and presented much higher drug efficiencies in vifro
against both cell lines compared to that of the free drug.

Dual stimuli-responsive systems are those able to respond to two stimuli,
either in an independent or in a synergistic fashion. Martinez-Maiez et al.'*®
attached suitable polyamines to the silica surface to obtain pH sensitive and
anion-controllable gate-like ensembles capable of controlling the release of a
ruthenium dye trapped inside the mesoporous matrix. To achieve this goal. they
varied the pH value and content of certain anions in the release medium.
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