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Abstrakt

Ptiprava nosi¢l radionuklidii pro nukledrni medicinu, zejména pro cilenou alfa terapii, je
této prace bylo pfipravit a otestovat vhodny nosi¢ pro alfa terapeutické radionuklidy. Slibnym
kandidatem pro tento Gcel jsou anorganické nanocastice na bazi oxidu titani¢itého. Byla zvolena
a optimalizovana jednoducha a rychla metoda ptipravy téchto nanoc¢astic. Pomoci fady metod
— jako jsou infrafervena spektroskopie s Fourierovou transformaci, rentgenova praskova
difrakce, transmisni  elektronovy  mikroskop,  Brunauer-Emmett-Teller = metoda
a potenciometricka, acido-bazicka titrace — byly nanocastice charakterizovany, pficemz byl
stanoven vysoky mémy povrch — 330 = 10 m?/g a parametry povrchovych skupin, velikost
gastic byla < 20 nm. Pro vyzkum bylo zvoleno ?**Ra, které je v nuklearni mediciné vyuzivano
jako tzv. in vivo generator. Byl zkouméan mechanismus sorpce 2 Ra nano¢asticemi v zavislosti
napH v rozmezi 2 — 12. Vyzkumem bylo zji§téno, ze i pfi nizkych hodnotach pH dochézi
ke znaénému zachytu radionuklidu a procento navazaného 2%°Ra se pohybuje nad 90 %.
Se zvysujicim se pH rostlo i procento sorpce. Na zaklad¢ dat ze sorp¢nich experimenti bylo
zvoleno vhodné pH pro kinetické experimenty a to pH 6, pii kterém byla nésledné sledovana
zavislost sorpéniho vytézku na Case i typ fidiciho d&je. Béhem prvnich par minut bylo
vychytano vice nez 90 % vstupni aktivity ??°Ra. Pozornost byla vénovéana také in vitro
experimentim, kde krom& 2?°Ra byly provedeny experimenty s nejbéZnéji pouzivanym
diagnostickym radionuklidem — ®™Tc, aby byla prozkoumana moznost vyuziti nosi¢e v ramci
teranostického ptistup. Nejprve bylo dulezité zvolit vhodnou metodu navazani radionuklidi na
nosi¢, pti které je dosazeno vysokych vytézkl znaceni. Byly zkoumany dva pfistupy znaceni:
jednak povrchova sorpce radionuklidd na jiz pfipravené nanocastice a dale inkorporace
radionuklidii pfimo do struktury nanocastic pii jejich syntéze. Pro oba zplisoby znaceni i oba
radionuklidy byly vytézky znaceni vyssi nez 97 %. Dale bylo sledovano chovani znacenych
nanocastic v biologicky relevantnich matricich a bylo sledovano uvoliovani aktivity v case.
Experimenty byly rozdéleny na kratkodobé do 59 hodin od znaceni a dlouhodobé po dobu
priblizné 5 polocasti. U experimenti s ®"Tc se uvolnéna aktivita pohybovala pod 15 %,
v piipadé ??°Ra se uvolnilo méné nez 6 %. Zavérem lze ¥ici, Ze nanocastice oxidu titani¢itého
jsou slibnym kandidatem pro preklinické testovani in vivo a vhodnym nosi¢em terapeutickych
radionuklidt, zejména pak téch s kaskadou alfa a beta premeén.






Abstract

The preparation of radionuclide carriers for nuclear medicine, especially for targeted alpha
therapy, is one of the most important steps needed to find new and effective
radiopharmaceuticals. The main aim of this thesis was to prepare and test a suitable carrier
for alpha therapeutic radionuclides. Inorganic nanoparticles based on titanium dioxide are
promising candidate for this purpose. A simple and fast preparation method for these
nanoparticles was chosen and optimized. Nanoparticles were characterized using several
methods such as Fourier transform infrared spectrometry, X-ray powder diffraction,
Transmission electron microscopy, Brunauer—Emmett—Teller method and potentiometric, acid-
based titration, whereas following was determined high specific surface area — 300 + 10 m?/g
and parameters of surface functional groups, particle size was < 20 nm. Radium-223 was chosen
for the research, which is used in nuclear medicine as a so-called in vivo generator. The sorption
mechanism of ?2Ra by nanoparticles depending on pH was investigated in the pH range 2 — 12.
The research showed that even at low pH values there is a significant capture of the radionuclide
and the percentage of sorbed ??°Ra is above 90%. With increasing pH, the percentage of sorption
was increasing. Based on the data from sorption experiments, a suitable pH was chosen
for kinetics experiments, namely pH 6, at which the dependence of sorption yield on time
and the type of control process were subsequently monitored. During the first few minutes,
more than 90 % of ?2°Ra initial activity was captured. Attention was also dedicated to in vitro
experiments, where in addition to 2°Ra, experiments with the most commonly used diagnostic
radionuclide — **™Tc¢ — were performed to investigate the possibility of using the whole system
for the theranostic approach. Firstly, it was necessary to select a suitable method
for radionuclide binding on a carrier, in which high radiolabelling yields are achieved. Two
radiolabelling approaches were studied: on the one hand the surface sorption of radionuclide
on ready-made nanoparticles and on the other hand radionuclide incorporation directly into
the nanoparticle structure during their synthesis. The radiolabelling yields were higher than
97 % for both radiolabelling types and both radionuclides. Secondly, the behaviour
of radiolabelled nanoparticles in biologically relevant media and to study the activity releasing
over time were studied. The experiments were divided into short-term up to 59 minutes from
radiolabelling and long-term for 5 half-lives. The released activity in the *™Tc experiments was
below 15 %, in the case of ?°Ra less than 6 % was released. In conclusion, titanium dioxide
nanoparticles are promising candidate for preclinical testing in vivo and a suitable carrier
for therapeutic radionuclides, especially those with a cascade of alpha and beta decays.
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1. Uvod

Radionuklidova terapie je jednou z cest 1é¢by pifedevsim onkologickych onemocnéni, v ramci
které je vyuzivano biologickych Géinku ionizujiciho zafeni emitovaného radionuklidy. Dochazi
pii ni Kuvolnéni vysoké energic v malém objemu hmoty v zavislosti na typu pouzitého
radionuklidu (Jackson et al. 2013). Piednosti této metody je, za predpokladu dodrzeni uréitych
podminek, vyrazna minimalizace poskozeni zdravé tkané. Jednou z téchto podminek je
spolehlivy transport radionuklidu do cilového objemu, aniz by doslo k jeho uvolnéni mimo

pozadovanou tkan. Toho lze docilit volbou vhodného nosice.

Zajimavymi radionuklidy vhodnymi prave pro terapeutické ucely jsou ty, které emituji o Castice
(Welch & Redvanly 2003). V poslednich letech je jim i ?°Ra, které se preméhuje kaskadou
o af” premén, diky ¢emuz v organismu slouzi jako tzv. ‘in vivo‘ generator (Allen 2013).
V dnesni dobé je pozornost také vénovana teranostickému konceptu diagnostiky a terapie,
kde je vyuzivan bud’ radionuklid emitujici ¢asticové i y zafeni, nebo se jedna o dva rizné
radioizotopy jednoho prvku ¢i o dva radioizotopy odlisnych prvka (Denoyer & Pouliot 2013).

Studovana problematika zapada do Sirokého okruhu studia novych nosi¢i vhodnych
pro teranosticka 1é¢iva zamétena na cilenou alfa terapii a diagnostiku, coz predstavuje jeden
Z moznych novych sméri, kterym se ubirda nuklearni medicina. V rdmci pracovni skupiny
Radiofarmaceutické chemie KJCh FJFI CVUT vPraze jsou jako moZné nosice
pro o radionuklidy studovany magnetické c¢astice, hydroxyapatity a oxid titanicity.
Tato disertacni prace je zamé&fena na piipravu anorganického nanocasticového nosice na bazi
oxidu titani¢itého a studium jeho vlastnosti. To bylo provedeno jednak pomoci nékolika
analytickych metod a dile studiem sorpce 2°Ra v zavislosti na pH na piipraveny nosi¢
a naslednych kinetickych experimentt. Kromé samotné piipravy a charakterizace nosice je tato
prace zaméiena na jiz zminény teranosticky koncept pomoci dvou odlisnych radionuklidi. Byla
tedy hledana vhodnid metoda znaeni ziskaného materidlu diagnostickym — %MTc —
a terapeutickym radionuklidem — ?*°Ra.

Aby bylo mozné uvazovat o aplikaci nového radiofarmaka do téla pacienta a provadét klinické
studie ¢i preklinické studie in vivo na zviratech, je dulezité nejprve zjistit, jak je dané
radiofarmakum ovliviiovano biologicky relevantnimi matricemi in vitro. Z téchto divodu byla
Cast této diserta¢ni prace vénovana prave in vitro stabilitnim studiim, tedy sledovani uvolnéné
aktivity v Case.

Pro  dosazeni komplexnéjSich  vysledki  byla navazana  spoluprace  jednak
s doc. RNDr. Miroslavem Sloufem, Ph.D., z Ustavu makromolekularni chemie Akademie véd
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Ceské republiky, ktery pomohl s charakterizace a naslednou analyzou pfipraveného materialu
pomoci transmisniho elektronového mikroskopu. Dale byla spoluprace navazana
s doc. Ing. Karlem Stambergem, CSc., z KJCh FJFI CVUT v Praze, ktery pomoci modelovani

podpotil a doplnil ziskana experimentalni data.

Tato prace byla souc¢asti n¢kolika vyzkumnych grantl, ve kterych jsem se tucastnila jako
fesitelka Gi ¢lenka feSitelského tymu. Prace byla podporovana Ceskym vysokym ucenim
technickym v Praze granty: Nosi¢e radionuklidi pro cilenou terapii a diagnostiku
(SGS15/094/OHK4/1T/14), Ptiprava nosicu teranostickych radionuklidi pro nuklearni
medicinu (SGS16/251/OHK4/3T/14) a Pifiprava a hodnoceni nanonosi¢i radionuklida
pro nuklearni medicinu (SGS19/194/OHK4/3T/14). Dale byla financovana Technologickou
agenturou CR grantem — Recyklace Ra-226 a nové technologie vyuzivajici Ac-227
(TA03010027), Ministerstvem §kolstvi, mlddeze a télovychovy CR grantem - Studium
transmutace a separace produkti ozafovani Ra-226 (LK21310) a Ministerstvem zdravotnictvi
CR grantem - Nova vicefazova nanodiagnostika pro zobrazovani nadorovych onemocnéni

a predikci efektivity antiangiogenni terapie (16-30544A).
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2. Soucasny stav poznani

2.1 Nanocastice

V né€kolika poslednich desetiletich je pozornost vénovéana materialim a technologiim, u nichz
alesponi jeden z rozmért je vV fadu nanometrti (< 100 nm). Objev a nejvétsi rozmach tohoto
oboru je pripisovan 20. stoleti. OvSem v oblasti uméni lze pozorovat pouzivani nanocastic
V podob¢ rtiznych anorganickych a organickych barviv jiz v davné historii (Padeletti & Fermo
2003). Prvni védecky popis ptinesl Michael Faraday, ktery v roce 1857 publikoval studii
tykajici se optickych vlastnosti koloidniho zlata v roztoku (Faraday 1857). Koncept
nanotechnologii a nanosvéta je vSak spojovan az s prednaskou Richarda P. Feynmana nesouci
nazev ,,There's Plenty of Room at the Bottom* (Feyman 1959).

V dne$ni dobé€ je nanosvét studovan a uplatiiovan v celé $iti obort. | v medicin€ 1ze nalézt fadu
oblasti, kde jsou nanomaterialy ¢i nanocastice (NPs, angl. nanoparticles) pouzivany. Je jim
napi. zdravotnicky material S nanokompozitni vrstvou. Jedna se tieba 0 obvazy s filmem
sttibrnych nanocéstic nazyvané jako tzv. chytré obvazy a maji v disledku této vrstvy zvysenou
antimikrobialni uc¢innost dané bandaze (Juknius et al. 2016, Farrah & Erdos 1991). Dale jsou
vV ramci nanomediciny studovany rizné druhy nanocastic pro potieby vyvoje novych ¢i upravy
stavajicich 1é¢iv. Jak je patrné z Obr. 1, nanocastice maji v medicing Siroké moznosti vyuziti
od molekularniho zobrazovani, pies radioterapii az po cileni, transport a fizené uvoliiovani 1é¢iv
a fadu dalSich. Se spravné navrzenym nanocasticovym systémem lze tyto metody i riznymi
zpusoby kombinovat (Jeon 2019).

Molecular imaging Radiotherapy
% Alpha-particle
Gamma-ray %
‘/./Ll W 2
" % & 2 -
P '513 Beta-particle
Diagnostic % | e23 Therapeutic
radionuclides radionuclides 2
A VAVAV,¥ 299 & &
(" Fa g SIS WW:;, .
o Targeting —. Antibody
> O 7 molecules
“ Chemotherapeutic
drugs
Photothermal > oo ( -, Aptamer
therapy R |
Peptide
Small molecule
Combination therapy Targeted delivery

Obr. 1: MozZnosti vyuziti nano¢astic v medicing (Jeon 2019).
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Vyzkum nanocastic v medicing je zaméfen na transportni systémy vhodné jak pro terapeutické
v dtsledku vyuziti nanocastic méné toxické ¢i bude dosazeno mensi miry vedlejSich ucinkt
daného 1éku. Dal§im diivodem, proc¢ je pozornost zamétena pravé na nanocastice jako nosice,
je jejich velky mérny povrch, ktery umoznuje rychlou kinetiku sorpce a umoziuje vysokou
sorpéni kapacitu (De Jong & Borm 2008, Bahrami et al. 2017).

Pro potfeby nuklearni mediciny jsou nanocastice jiz fadu let Siroce studovany a dokonce
I pouzivany v bézné praxi. Jedny znich jsou napf. koloidni cEastice lidského albuminu,
které z vice jak 95 % maji mensi pramér nez 80 nm. Jsou piipravovany z krve darct, ktera je
nasledné testovana (na nepfitomnost protilatek proti viru imunodeficience apod.) a zpracovana
(SPC — Nanocoll). Znageny nanokoloid *MTc je vyuzivan pro scintigrafii kostni dieng,
zobrazeni zanétl, sentinelovych uzlin ¢i lymfoscintigrafii (SPC — Nanocoll, Gommans et al.
2009).

2.2 Cileni nanocastic v organismu

Vyzkum nanocastic je v mediciné uplatiiovan i ve vyvoji novych 1é¢iv. Na n¢ jsou kladeny
nasledujici pozadavky: dobie definovand velikost a tvar, povrchové slozeni, a hlavné
reprodukovatelnd syntéza a vlastnosti. Zejména jejich velikost a tvar hraji hlavni roli pfi
priichodu lé¢iva organismem. Spole¢né s nimi je dllezity i povrch nanocastic, ktery interaguje
S okolim, a na jeho zdklad¢ dochazi napt. k navdzani na krevni proteiny ¢i vychytani v urcité
tkani a dale jejich farmakologické a farmakokinetické charakteristiky (Khan et al. 2017,
Bahrami et al. 2017).

Pohyb ¢astic v organismu a cileni samotného systému do pozadované tkané probiha nékolika
zpusoby. Jednim z nich je priichod ¢éstic organismem na zdklad¢ jejich velikosti tzv. pasivni
cileni (Bazak et al. 2014). Dalsi moznosti vychytani 1é¢iva v pozadované tkani je tzv. aktivni
cileni, kdy dochazi k interakci navazaného ligandu ¢i antigenu na nosi¢i S receptorem
piitomnym v pozadované tkani (Marcucci & Lefoulon 2004). Oba zptisoby cileni jsou uvedeny
na Obr. 2.
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A. Passive targeting

1 Small molecule 2 ./E é% :
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(&) Endothelial cell
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B. Active targeting
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Obr. 2: Rozdily mezi pasivnim (A) a aktivnim (B) cilenim nano¢astic v organismu (Danhier et al. 2010).

Velikost ¢astic hraje také vyznamnou roli v exkreénich mechanismech. Castice mensi neZ 6 nm
mohou voln¢ prochazet skrz stény lymfatickych cév (Barrett et al. 2006). Nejzadanéjsi cestou
exkrece nanocastic zorganismu je vylucovani ledvinami. Fyziologickd velikost porh
v ledvinach je okolo 5 nm. Castice mensi nez 6 nm mohou byt tedy volné filtrovany.
Glomerularni filtrace castic o velikosti 6-8 nm pak zavisi na jejich naboji. Vzhledem
k negativnimu naboji samotné membrany mohou tedy snadnéji prochazet kladné nabité astice.
Caéstice v&tsi nez 8 nm pak nejsou ledvinami filtrovany a podléhaji exkreci jatry, ¢imz setrvavaji
v organismu déle (Deen et al. 2001). | z téchto dtvodu je dilezité vénovat pozornost velikosti
a charakteru nanocastic, aby doslo k minimalizaci jejich toxicity a zkraceni doby expozice

organismu témito ¢asticemi jen na dobu potfebnou pro diagnostiku ¢i terapii.

S velikosti ¢astic souvisi i tzv. EPR efekt (Enhanced Permeation and Retention), ktery je
spojovan praveé s pasivnim cilenim ¢astic do tkani, kde velikost pouzitého systému urcuje,
V jakém misté dojde k jeho hromadéni (Obr. 2A) (Matsumura & Maeda 1986). Dilezitym
faktorem pro vyuziti tohoto efektu k terapeutickym Gcelim je neoangiogeneze nadorové tkane.

Jedna se 0 vznik novych cév pfi tvorbé a riistu nové tkané. Jelikoz ale nadorova tkan roste
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vyrazné rychleji, neni tvorba novych cév v této tkani dostateCné precizni, a tim se nadorova
tkan stava pristupnéjsi pro ruzné velké ¢astice. Zaroven neni plné funkéni ani odtok lymfy,
a tim dochdzi k zadrzovani nahromadénych ¢astic v dané tkani. Dal§i moznosti vyuziti tohoto
efektu je aplikace 1é¢iva pfimo do cévy, ktera zasobuje pfislusnou tkan. Na zaklad¢ velikosti
cévy a daného 1é¢iva dojde k jeho vychytani (Bahrami et al. 2017, Bazak et al. 2014, Torchilin
2011). Z pohledu nuklearni mediciny je jednim z p¥ikladi tohoto vyuziti TheraSphere™. Jedna
se 0 moznost 1é¢by hepatoceluldrniho karcinomu pomoci sklenénych mikrokulicek s Y, které
jsou aplikovany katetrem piimo do cévy vyzivujici jatra. Nasledn¢ dojde k embolizaci jaternich
cév a tedy k terapii pozadované tkané. Pouziva se vSak pfedevsim pro 1é¢bu pacientd, u kterych

nelze postizenou ¢ast chirurgicky odstranit (TheraSphere).

Avsak nez se dostanou nanocastice do nadorové tkan€, mohou byt diive organismem
eliminovany. Tomu lze predejit povrchovou modifikaci, ¢imz jsou upraveny vlastnosti
pouzitych nanocastic. Jednou z pouzivanych metod pro zlepSeni farmakokinetického chovani
¢astic je tzv. PEGylace, tedy proces navazani polyethylenglykold (PEG) o ruznych
molekularnich hmotnostech na povrch nanocastic. Jedna se o zmény v distribuci ¢astic do tkani
a jejich naslednou eliminaci. Tuto modifikaci povrchu nanocastic lze také uplatnit pfi stabilizaci
nanocastic v roztoku a tim zabranit jejich agregaci (Hamidi et al. 2006).

Problémem pasivniho cileni je hlavné ndhodnost zacileni do tkané, a ne v§echny nadorové tkané
vykazuji EPR efekt. Témto komplikacim 1ze piedejit aktivnim cilenim na konkrétni tkan (Bae
& Park 2011, Marcucci & Lefoulon 2004). Pomoci specifického ligandu nebo antigenu
nadorové specifického biomarkeru navazaného na nanonosic¢i dochézi k aktivnimu cileni dané
latky pfimo do nadorové tkané (Obr. 2B). Je vyuzivana cela fada cilicich skupin jako
monoklonalni protilatky a jejich fragmenty, peptidy, aptamery, vitaminy ¢i sacharidy (Danhier
et al. 2010).

Predpokladem aktivniho cileni je, Ze vazbou ligandu ¢i antigenu na receptory nadorové tkané
dojde k selektivnimu vychytani 1é¢iva v cilovém misté. Je dulezité zvolit takovy ligand,
ktery bude vazan na vyznamné exprimované receptory nadorové tkan¢, a ne na zdravou tkan,
u které je pocet receptorti podstatné niz$i nebo zcela chybi. V idealnim piipadé by mély byt
receptory rozprostteny na povrchu nddorovych bunék homogenné. Spojenim selektivniho
ligandu a léciva, ¢i Vv piipadé¢ nuklearni mediciny radionuklidu, je mozné docilit jejich
transportu a vychytani pfimo v nadorové tkani a tim snizit zatéz zdravé tkané. Pokud je ligand
navazan na nanocastici, musi byt vazba zprostiedkovana kovalentni vazbou pies tzv. spacer,
aniz by n¢jakym zptisobem ovliviiovala specifickou vazbu ligand-receptor (Van Butsele et al.
2007, Danhier et al. 2010, Marcucci & Lefoulon 2004).
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2.3 Cilena radionuklidova terapie

Pravé cileni 1é¢iva v organismu, at’ jiz pasivniho ¢i aktivniho, vyuziva cilena radionuklidova
terapie (TRT — angl. targeted radionuclide therapy). Touto metodou Ize dorucit terapeuticky
radionuklid do pozadované tkan¢ a zaroven i do metastaz ¢i bunécnych shlukd 1éceného
onemocnéni. Na zaklad¢ tohoto cileni je dosazeno systémové terapie onemocnéni. Nejcastéji je
vyuzivan pro terapii leukémie ¢i lymfomt, jelikoz se jednd o vysoce radiosenzitivni tkan
(Ersahin et al. 2011). Hlavnim cilem TRT je dorucit radionuklid do nadorové tkang, aniz by
doslo k pfilisSnému vychytani ve tkani zdravé. Ta v disledku toho neni vystavena ionizujicimu

zafeni a ziistava neposkozena.

Dulezitym parametrem je vybér vhodného radionuklidu. V bézné klinické praxi jsou pro terapii
pouzivany predevsim B~ radionuklidy. Ve vyzkumu a klinickych studiich jsou hojné zkoumany
a radionuklidy, vyjimku tvoii Xofigo®, kterému je pozornost vénovana pozdgji. Oba typy
zaticu vykazuji vysokou terapeutickou Géinnost na zakladé¢ jejich vysoké relativni biologické
ucinnosti, tj. poskytuji silnou destrukci biologickému systému (Jackson et al. 2013). Vhodnym
parametrem pro jejich porovnani je predevsim linearni pienos energie (LET — angl. linear
energy transfer), tedy kolik energie ptedaji na jednotkové draze. Pro a ¢astice je LET ~ 80
keV/um a pro B~ ¢astice 0,2-2,0 keV/um. Je patrné, ze u zatricu -~ volba vhodného radionuklidu
zavisi pfedevsim na jeho energii (Kassis & Adelstein 2005). S ni souvisi i dosah ¢astic v tkani.
Pro terapii vétsich nadorovych lozisek je vhodné pouzit radionuklid s vyssi energii B~ zafeni
napt. °°Y s maximalni energii B~ &astic 2,3 MeV, coz predstavuje dosah okolo 215 buné&énych
praméri (pti definici bunééného priméru 20 pm). Beta-emitory jsou schopny zniéit i takové
nadorové burky, které nejsou v piimém kontaktu sradionuklidem. Pro mensi objemy
nadorovych lozisek je vhodné vyuzit radionuklidéi s mékéim zafenim napt. Y"Lu, které ma v
tkani mensi dosah. Vyhodou o zafi¢i oproti B~ zaficim je vyssi LET a tim i vyssi
radiobiologicka u¢innost s mensim dosahem, napt. pro ?!*At bude dosah o &astic pouze
3 bunécné priméry. Bylo vypocitano, ze frakce energie, kterd bude uvolnéna v nddorové tkani
o priméru 200 pm, bude pouze 1,5 % pro *°Y avsak 50 % pro 2!At. Ve srovnani s ?!'At je
potieba 1 000krat vice premén *°Y pro dosazeni stejného efektu (Humm 1986).

Pti porovnani a a B~ zaficl v terapii lze dospét k nasledujicim rozdilim: hmotnost o ¢astic je
piiblizné 7 000x vys$8i nez hmotnost B~ ¢astic a LET je cca 100x vyssi pro o Castice,
jejichz dosah v tkéani je pouze nékolik bunécnych priméri. PoSkozeni DNA a casticemi,
napf. dvojité zlomy, je pro bunétné reparacni mechanismy mnohem hiife opravitelné nez
poSkozeni zplisobené [~ Casticemi, které vétSinou vyvolavaji jednoduché zlomy DNA.
To souvisi predevsim s hustotou ionizaci, kterou tyto Castice v pribchu své drahy zpusobi.
Z téchto ditvoda jsou o ¢astice vhodnéjsi pro mald nadorova loziska s nizsi radiacni zatézi
okolnich zdravych buné€k. Nejvétsi vyhodou o zafi¢u je tedy velka depozice energie
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V minimalnim objemu, a tedy moznost piesného zacileni terapeutické davky, ¢ehoz vyuziva
cilena alfa terapie (TAT — angl. targeted alpha therapy) (Welch & Redvanly 2003).

Dalsim dilezitym parametrem pro vybér vhodného radionuklidu je jeho polocas premény.
Ten by mél byt dostate¢né dlouhy, aby bylo mozné zajistit ptipravu zvoleného radionuklidu,
jeho navazani na nosi¢, transport na kliniku a po jeho aplikaci pacientovi jeho lokalizaci
v cilové tkani, kam by méla doputovat potiecbna davka pro likvidaci nadorové tkané. Zaroven
by ale nemél byt piilis dlouhy, aby zbytecné nezatézoval organismus. Optimalni polocas
piemény pouzivanych radionuklidé v TRT se pohybuje od $esti hodin do sedmi dnti, napt. 21t At
(Twz2=7.2h),%Cu (T12=2,6d), Y"Lu (T2 = 6,7 d), *°Y (T12 = 2,7 d) (Qaim 2001, Dash et al.
2013).

Dulezitym kritériem vhodnosti daného radionuklidu je i zptisob jeho ptipravy. Aby bylo mozné
radionuklid navézat na cilici molekulu a ziskat pouzitelny produkt z pohledu nukleédrni
mediciny, musi byt vybran radionuklid s dostate¢nou specifickou aktivitou i radionuklidovou
a radiochemickou cistotou. Cilici molekula by méla vykazovat vysokou afinitu pro vazbu
s danym radionuklidem a byt v dostate¢né chemické Cistoté. Vysledné radiofarmakum pak musi
vykazovat vysokou radiochemickou ¢istotu. V ptipadé nesplnéni nékterého z diive uvedenych
pozadavkl miize dojit ke znecisténi ¢i znehodnoceni vysledného produktu a tim ke sniZeni jeho
uc¢innosti (Dash et al. 2013).

Pro systematicky a uceleny pribéh terapie je vhodné zvoleny systém pro TRT rozsifit
i pro diagnostiku a vytvofit tak teranosticky koncept vhodny pro personalizovanou medicinu.
Jednak z dtivodu lokalizace nadorové tkané pied terapii a dale pro sledovani Gispésnosti terapie
a spravnosti vychytavani terapeutického radionuklidu. Existuje n€kolik moZnosti, jak k tomuto
konceptu piistoupit:

e Nejjednodussim zptisobem je zvolit terapeuticky radionuklid, ktery zaroven emituje
I gama zafeni. Vhodna energie zafeni gama se pohybuje v rozmezi 70 — 300 keV, idealné
pak kolem 100 — 140 keV. Pti téchto energiich dochazi k maximalni Gi¢innosti detekce
zateni systémy pouzivanymi v nukledrni medicing, konkrétn€ jednofotonovou emisni
vypocetni tomografii (SPECT, angl. single-photon emission computed tomography),
coz vede ke snizeni minimélni davky potfebné pro kvalitni zobrazovdni a tim
I minimalizaci radia¢ni zatéZe pacienta (Kraeber-Bodere et al. 2015, Dash et al. 2013).
Nejb&znéji a nejdéle pouzivanym teranostickym modelem je 31, kterym je provadéna
terapie diferencovanych karcinomu stitné zlazy pomoci B~ zafeni. Emitované y zafeni
tohoto radionuklidu je vyuzivano pro diagnostické ucely ¢i kontrolu pribéhu terapie
(Beierwaltes 1978).

e Alternativou je vyuziti dvou radioizotopli t¢hoz prvku. Piikladem muze byt jiz diive

zminény 3, aviak pro diagnostické ucely je vhodngjsi pouzit 1. Této dvojice
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navazané na noradrenalinovy analog — m-jodbenzylguanidin — je v klinické praxi bézné
vyuzivano k terapii neuroendokrinnich karcinomu (Feine et al. 1987).

e Dalsi moznosti je vyuziti stejného ciliciho systému ale s diagnostickym radionuklidem
jiného prvku neZ je radionuklid terapeuticky. Zde se pak nabizi vyuziti nejbéznéji
pouzivanych diagnostickych radionuklidd v nuklearni mediciné jako je *°™Tc
pro jednofotonovou emisni vypocetni tomografii (SPECT, angl. single-photon emission
computed tomography) nebo 8F pro pozitronovou emisni tomogralii (PET, angl.
positron emission tomography) (Qaim 2015).

Tato kapitola vychadzi z publikace A, kterd je zamérena na prehled vyuzivanych radionuklidu
a jejich nosicu v cilené alfa terapii.

Alfa radionuklidy pro TRT jsou voleny ptedevs§im z divodu jejich vysoké relativni biologické
ucinnosti a vysokému LET. Jejich dal$i vyhodou je vysoka energie emitované o Castice.
Prvnim o radionuklidem pouzitym pro terapii bylo 2?°Ra, které v minulosti slouzilo k terapii.
Na zaklad¢ dat ziskanych z téchto terapii bylo rozvinuto studium G¢inkii zafeni na organismus.
Prvnimi o radionuklidy studovanymi pro TAT byly atomy pfeménujici se pouze jednou o
pieménou, napt. 1At (Zalutsky et al. 2007, 2008). Nasledné byla pozornost vénovana tzv. in
vivo generatorim, kde dochazi ke kaskadé o pfemén, napf. 223Ra, ?Ac, #'Th nebo %%Bi.
Béhem ni dojde k uvolnéni zna¢né energie v tkani a tim lze snizit potfebnou aplikovanou
aktivitu terapeutického radionuklidu (Allen 2013, Sgouros et al. 1999, Nilsson et al. 2005).

Pouziti a radionuklidd ma vSak i pfes nespornou fadu vyhod, spoustu uskali. Jednim
Z nejvétsich problému je piitomnost B~ zafica jakozto dcefinych radionuklidd, obzvlasté téch
s delsim polocasem premény. Tyto dcetfiné produkty mohou zplsobit vyznamné radiaéni
poskozeni okolni tkédné€. S tim souvisi 1 jiZ zmifovanad vysokd uvolnéna energie, ktera je
vyhodou pro terapii, avSak je velkou komplikaci z divodu vys$si radiolyzy radiofarmaka.
Obzvlast’ dulezité je to pii pouziti kaskadovité se pfeménujicich o radionuklida (Allen 2013,
De Kruijff et al. 2015).

DalSim uskalim je chovani dcetinych jader. V ptipadé, Ze dcetiny nuklid je jiZ stabilni nebo ma
znaéné dlouhy polocas pfemény, nedochazi tak k vyraznému zatiZzeni zdravé tkané ze zareni
pochazejiciho pravé z dcefinych jader. Problém nastava v piipadé ‘in vivo‘ generatoru,
kde mutize dojit k uvolnéni dcetinych radionuklidd, které mohou byt kvuli odlisnym chemickym
i biologickym vlastnostem distribuovany po celém organismu a nasledn¢ poskodit zdravou tkan
(Allen 2013, De Kruijff et al. 2015, Dekempeneer et al. 2016).

S tim souvisi i vybér vhodného nosice pro a radionuklidy. Energie chemické vazby se pohybuje

okolo 4 — 7 eV. Kineticka energie odrazeného dcefiného atomu dosahuje piiblizné 100 keV,
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coz piedstavuje nékolika fadovy rozdil. (Thijssen et al. 2012). U vétsiny vyuzivanych 1é¢iv jsou
nosi¢em radionuklidt organické molekuly. Ty v§ak nemohou slouzit jako nosi¢e kaskadovité
pfeménujicich se o radionuklidd, jelikoz S vysokou pravdépodobnosti dojde k preruseni vazby
pii pfeméné radionuklidu, a tedy K uvolnéni produktti pfemény do ob&hu. Stabilizaci dcefinych
jader v misté jejich vzniku je pak mozné docilit piesného cileni a uvolnéni energie
v pozadované tkani, aniz by dochazelo k pfilisné zatézi okolni tkané. Jednou z moznych cest
vyvoje nosicl pro a radionuklidy jsou pravé anorganické materidly ve formé nanocastic,

které jsou radia¢n¢ stabilnéj$i nez organické latky (Liong et al. 2008, Dekempeneer et al. 2016).

Ptiklad simulace stopy uvolnéného odrazeného dcetiného atomu je uveden na Obr. 3. Simulace
byla provedena pro radionuklid 2°Rn pochazejici z premény 2?°Ra v kortikalni kostni tkani.
Predpokladem bylo centrdlni umisténi matefského radionuklidu v nanocéstici o poloméru
50 nm (500 A). V uvedeném piipadé dochazi k uvolnéni vice nez 5 MeV, kde tato energie je
rozdélena mezi o ¢astici odnasejici prevaznou Cast energie a dcefiny atom, ktery odnasi energii
cca 100 keV. Z Obr. 3 je patrné, Ze odrazeny atom muze uniknout z nanocastice, avSak pokud
se odrazeny atom nachazi v blizkosti jejiho povrchu, mize dojit k jeho zpétné sorpci (Kozempel
& VIk 2014).

[ 5004 I | | | | | | |

| | | | | | |
0A Hloubka priiniku 1000 A

Obr. 3: Simulace stopy uvolnéného odrazeného dceiiného atomu ?*°Rn o energii 100 keV z bodového zdroje
(500 opakovani) v materidlu pedstavujicim kortikalni kostni tkan (p = 1,92 g/cm3) (Kozempel & VIk 2014).

Také byly vypogitany hodnoty dosahii odrazeného atomu 2°Rn v riznych materialech, které
jsou uvedeny v Tab. 1. (Kozempel & VIk 2014). Hodnoty byly ziskany vyuzitim metody
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Monte-Carlo v programu SRIM-2013 (Ziegler 2013). Z Tab.1 je patrné, Ze dolet odrazeného
atomu v kortikalni kosti ¢i TiO2 je okolo 50 nm, avSak napf. ve zlaté pouze okolo 10 nm.

Tab. 1: Vypocitané hodnoty dosahu uvolnéného odrazeného dcefiného atomu 2'°Rn s energii 100 keV v rliznych
materialech (Kozempel & VIk 2014).

Dosah o)

Au 11

Ag 15

a-Al,03 p = 3,98 g/cm?® 25

SiO2 43

TiOy 45

kortikalni kost p = 1,92 g/cm?® 50
voda 86

poly(methyl metakrylat) p = 0,95 g/cm® 87

2.3.2 Radium-223

Pro potieby TAT je studovana celd fada o radionuklidd. V ramci této prace byla pozornost
zaméiena piedev$im na 2°Ra. Tento radionuklid ma polo¢as piemény 11,4 dne a pfeménuje se
kaskadou o a B~ pfemén na stabilni 2°’Pb (Obr. 4). Dcefiné radionuklidy maji kratké polocasy
pfemény, pii¢emz nejdelsi, 36 minut, ma ?!Pb. Jedn4 se o kritickou &ast kaskady vzhledem
k jeho polocasu a druh pfemény, jelikoz se jedna o B~ z4fi¢. Jednou z vyhod ?Ra, oproti jinym
radioizotopim radia, je kratsi polocas pfemény dcefiného radonu (*°Rn — 3,96 sekund,
napt. oproti 2Rn — 55,5 sekund — z pfeménové fady 2?*Ra), a tedy pravdépodobnost jeho
emanace z cilené tkan¢ je vyrazné nizsi (Nuclear Data).

BITH «—— 2357

ﬁ‘,s h 7.04 x 108t

5] «—— 219At «—— 23Fr «—— 2TAc «——— 231p,
\7\,fm Q‘s \2<:8 m \2\1;8 r 328 x 10°r

211py «—— 215pg «—— 219Rp «—— 223Rgq <«—— 227Th

\\3f m 1.8 ms 3.96s 1144 d 18,72 d
207T] «——— 21Bj
4,77 m 2.14m
\. \. &
P
207ph  «—— 211pg \B‘
stab. 516 ms

Obr. 4: Pfeménova tada 2°U.
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Jako zdroj ??°Ra je vyuzivan radionuklidovy generator 22’Ac/??’Th/??*Ra. Polodas premény
mateiského radionuklidu — 2?’Ac, je 21,8 let a je tedy vhodny jako dlouhodoby zdroj ?*Ra.
Pro piipravu (Kozempel et al. 2015, Guseva et al. 2004) generatoru lze pouzit 2?’Ac
V rovnovaze se svymi preménovymi produkty, které je nasorbovano na iontoméni¢ (silné
bazicky anex, DOWEX-1x8) ve sklenéné ¢i plastové kolonce. Eluce je nasledn¢é provadéna
smési 0,7 M HNO3z a 80% methanolu.

V disledku analogie radia s kovy alkalickych zemin Ize vyuzit cileni samotného radionuklidu
pomoci stejnych metabolickych procest ¢i k piipravé riiznych slouc¢enin na zakladé preference
téchto iontd. Radium-223 bude tedy v organismu sledovat metabolismus vapniku a na zakladé
toho bude selektivné cileno do kostni tkané. Konkrétné je vychytavano v misté zvysené
metabolické aktivity, coz jsou i kostni metastazy, a tvoti zde komplexy s hydroxyapatitem.
Tohoto zpiisobu cileni vyuziva pravé 16¢ivy piipravek Xofigo®. Jedna se o 22°RaCly, ktery je
schvalen Utadem pro kontrolu potravin a 1é&iv (FDA, angl. U.S. Food and drug administration).
Dodéva se v podobé injekéniho roztoku o objemové aktivité 1 100 kBg/ml. Indikace pro pouZziti
pripravku je kastraéné rezistentni karcinom prostaty se symptomatickymi metastazami
v kostech, bez znamych visceralnich metastaz. Intraven6zné podavana aktivita je 55 kBg/kg

telesné vahy kazdé 4 tydny. Celkem je podavano 6 injekci piipravku (SPC - Xofigo).

Prvni klinicka studie s ?°Ra pro paliativni 1é¢bu kostnich metastdz byla provedena v roce 2005
(Nilsson et al. 2005). Bylo zjisténo, ze ?°Ra je velmi dobte tolerovano a vzhledem k jeho
slabym vedlej$im t¢inktim by mohlo ptfedstavovat alternativu k bézn€ pouzivanym postuptim
paliativni 1é€by. Déle nasledovala prvni faze klinického hodnoceni, kde byla sledovana
farmakokinetika, farmakodynamika a biodistribuce ?2RaCl,. Bylo zjisténo rychlé vyloudeni
Z cév a biodistribuce ukazala casny prechod do tenkého stfeva a vyluovani prevazné stolici
oproti exkreci moc¢i. Nebyla pozorovana zadna toxicita omezujici davku (Carrasquillo et al.
2013).

Druhé faze klinické studie byla provedena z diivodu hledani vztahu mezi davkou a u¢inkem
a zmirnénim bolestivosti pomoci 22°Ra (Nilsson et al. 2012). Ve tteti fazi klinické studie byla
ziskana informace o vlivu ?*®RaCl, na preziti pacientd - ALSYMPCA (angl. Alpharadin
in Symptomatic Prostate Cancer Patients). Jednalo se o hodnoceni klinické bezpecnosti
a ucinnosti pripravku ve dvojité€ zaslepené studii s nahodnym vybérem (Parker et al 2013). Dalsi
klinicka studie tykajici se 22RaCl, byla zaméfena na retrospektivni zkoumani pacientii
s kastraéné rezistentnim karcinomem prostaty, ktefi byli 1é¢eni ?2°Ra. Bylo zjisténo, Ze pacienti
dobie toleruji chemoterapii a sekundarni hormondlni terapii doprovazenou ?*Ra. Na druhé
stran¢ ale vzrostlo riziko selhani kostni dfené se soucasnym externim ozafovanim (Etchebehere
et al. 2016).
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V soucasné dobé byla aplikace Xofigo® vyrazné omezena z divodu vedlejsich uginki
zjisténych v pribé¢hu probihajicich rozsifujicich klinickych studii  jiz schvaleného
radiofarmaka, napt. z divodu rozsifeni indikaci. Nyni je pfipravek pouzivan za disledného
dodrzovani specifickych indikacich na zakladé¢ doporuceni od Farmakovigilanéniho vyboru
pro posuzovani rizik 1é¢iv (PRAC, angl. Pharmacovigilance Risk Assessment Committee)
Evropské 1ékové agentury (EMA, angl. European Medicines Agency) (EMA: PRAC
recommendation). Toto doporuceni bylo zavedeno na zakladé ptehodnoceni pfinosi a rizik
lécby pripravkem Xofigo® Bylo zjisténo, Ze zprozatim nezjisténych piicin dochazi
vys§i vyskyt zlomenin v dasledku oslabeni kosti. Na zdklad€ téchto poznatkli a dalSich
kombinaci s 1é¢ivy byly vymezeny konkrétni indikace, pro které je 1é¢ba piipravkem Xofigo®

vhodna.

Nyni je ?*Ra vyuzivano pouze jako paliativni 1é¢ba a to jen pro velice konkrétni indikace
z divodu moznych vedlejSich Gc€inkl. S tim souvisi 1 vySe rozebirany unik odrazenych
dcefinych jader. Jednim z moznych fesSeni je nalezeni vhodného nosi¢e pro presné zacileni
1é¢iva a jeho zadrzeni v tkani, aby se zabranilo jeho nekontrolovatelnému $ifeni v organismu
a tim nedochazelo ke zvysené radia¢ni zatézi. Pozornost vyzkumu TAT je v dnesni dob¢ uptena

pfedevSim pravé na piipravu a charakterizaci vhodnych materialt pro transport radionuklidd.
2.4 NosicCe radionuklidii pro cilenou radionuklidovou terapii

Kromé vhodného terapeutického radionuklidu je dilezité zvolit i vhodny nosi¢.V idealnim
ptipadé by mél splnovat nasledujici pozadavky (Gudkov et al. 2015).

e C(ilici molekula ¢i urcitd cast ciliciho systému musi vykazovat vysokou afinitu
a specificitu pro cilenou tkan.

e Cely cilici systtm by mél byt pro organismus minimaln€ toxicky, jednoduse
odbouratelny a snadno vylucitelny z organismu.

e Systém by mél byt stabilni v ase, aby nedochéazelo k degradaci pii skladovani, ale také
pfi kontaktu s biologickymi matricemi. Nosi¢ by mél byt i dostate¢né radiacné stabilni.

e Nosi¢ by mél mit dostate¢nou chemickou cistotu, aby nedochazelo k interferencim
pfi znaceni a nasledné pak pti vychytavani v organismu. Jeho piiprava by méla byt
nakladové efektivni.

e Na nosi¢ by mélo byt mozné navazat Sirokou skalu radionuklidi.

radionuklidii ze systému. Existuje nékolik pfistupt, jak tento problém fesit, a ty byly shrnuty
kolektivem autoru Kruijff et al. (2015).
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e Jednim znich je vyuziti aktivniho cileni v kombinaci s rychlym vylou¢enim 1é¢iva
Z organismu. Jedna se tedy o rychlé vychytdvani o zari¢i v nadorovych bunkach
pomoci peptidii ¢i protilatek, pficemz jejich v tkani nevychytand c¢ast je rychle
odstranéna.

e Dalsi moznost je lokalni podavani jako je napf. intratumoralni injekce ptimo do nadoru
¢i do jeho blizkosti.

e Pozornost je také vénovana enkapsulaci matetského radionuklidu v nanonosici. Tento
nosi¢ by mél byt z takového materialu, ktery je schopen zvladnout odraz dcefiného
radionuklidu. Pro tyto Gcely byly zkoumany zeolity, liposomy, polymeromy a ¢astice
na bazi kovu ¢i jejich oxidu. Kvantitativni uréeni zpétného razu u téchto systému neni

vzdy jednoduché, jelikoz mtize dochazet k opétovnému vychytani nosi¢em.

V nésledujici podkapitole 2.4.1 Nosice alfa radionuklidii jsou uvedeny vybrané nanoc¢ésticové
systémy studované pro potieby TAT. Pozornost je zamécfena na polymerni nanocéstice

a anorganické materidly.

Jednim ze studovanych nanonosic¢t pro TAT jsou polymery, kterym je vénovana napf. studie
zabyvajici se moznosti vyuziti blokovych kopolymert. Ty jsou slozeny z hydrofilniho
a hydrofobniho bloku a byly studovany jako nosi¢e 2*°Ac. Na zakladé experimentéalnich dat
porovnavanych s vysledky modelovani pomoci Monte Carlo metody byl studovan unik
dcefinych jader. Bylo zjisténo, Ze nejvyhodné&jsim modelem je dvouvrstvy vacek,
kdy radionuklid je zapouzdien uvniti (Thijssen et al. 2012). Studovany byly také lipidové vacky
modifikované bud’ lidskou protilatkou PSMA (prostaticky specificky membranovy antigen)
¢i nizkomolekularnim agens na bazi modoviny. Uvnité vacku bylo opét zapouzdieno 2*°Ac.
Jako kontrolni systém byla zvolena samotnd protilatka PSMA znaend radionuklidem. Oproti
tomuto kontrolnimu systému vykazoval modifikovany systém vyssi ucinnost pro likvidaci
nadorovych bunék (Zhu et al. 2015).

Zajimavou moznosti systému pro TAT ptedstavuji uhlikové nanotrubicky. Jedna se 0 20-50 nm
dlouhé nosice, které maji piiblizné 1 nm v priméru, které byly znageny ?'At. Byla studovana
stabilita in vitro ve fosfatem pufrovaném fyziologickém roztoku a krevnim séru S ptiznivymi
vysledky, av§ak kvili vysoké toxicité uhlikové nanotrubi¢ky nejsou vhodné pro vyuziti v TAT
(Hartman et al. 2007).

Mezi studované nanocastice pro TAT patii také zeolity, coz jsou biokompatibilni krystalické
hlinitokfemicité materidly. Jejich zajimavost tkvi v prostorovém uspotadani, kdy je struktura
tvofena kanalky a dutinkami, které maji konstantni rozméry. V intersticidlnich polohach jsou
zachyceny ionty alkalickych kovl a kovii alkalickych zemin. Toho bylo vyuZzito pro syntézu
nanozeolitd znac¢enych radioizotopy Ra (Piotrowska et al. 2013).
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Studovany byly také core-shell nanoc¢astice fosfore¢nanu lanthanitého, LaPOs, kde bylo uvnitf
enkapsulovano %?°Ra nebo ?*Ra/’®®Ac. Radioaktivné znaené jadro bylo obaleno jednou
¢i dvéma vrstvami LaPOs. Se zvySujicim se poctem téchto vrstev se snizovalo uvoliovani
matefskych a nasledné dcetinych radionuklida (Rojas et al. 2015).

V neposledni fadé jsou provadény studie i s hydroxyapatity (HAp), coZ jsou mineralni latky
piirozené se nachazejici v kostni tkani ¢i zubech. Z divodu jejich biokompatibility jsou bézné
pouzivany ve formé bloc¢ku ¢i praSku k nédhrad¢€ kosti a jsou schvaleny FDA a EMA. Pro TAT
jsou vhodné i kvili jejich radiacni stabilité. Jiz bylo studovdno jejich znaceni %%Ra,
které na zaklad¢ analogie s vapnikem mize pfi inkorporaci radionuklidu do struktury
hydroxyapatitu nahradit jeho misto (chemicky vzorec HAp je Cas(OH)(POa)3). Uvolnéné
aktivity byly studovany ve fyziologickém roztoku a po 24 hodinach bylo uvolnéno méné nez
5% celkové aktivity (Kozempel et al. 2014). Dalsi studie zaméfené na nanocastice
hydroxyapatitu (nHAp) znaceny 2%Ra jsou soudasti této disertadni prace, jelikoZz jsou

publikovany spole¢né s vyzkumem oxidu titani¢itého znaceného ?*°Ra.

Z kovovych materiald byly v ramci TAT ptipraveny nanocastice stiibra obalené polyethylen
oxidem (PEO), které odpuzuji plazmatické proteiny a spolu se spravnou velikosti ¢astic mohou
chranit pfed pohlcenim makrofagy. Takto modifikované nanoéastice byly znaceny 2! At (Kucka
et al. 2006). Také byly studovany nanocastice zlata, které vytvarely silné kovalentni vazby
najejich povrchu pravé s halogeny a tedy i s?'At. Zlaté nanocastice byly modifikovany
Substanci P a nasledné byly znaCeny. Byla zjist€éna vysoka stabilita in vitro a vysoka
cytotoxicita pro gliomové bunky (Dziawer et al. 2017).

Perspektivnim typem studovaného materialu jsou magnetické castice, které se jiz po dlouha 1éta
vyuzivaji k terapii napf. pro lécbu chudokrevnosti z nedostatku zeleza (Kumpf & Holland
1990). Super-paramagnetické nanocastice oxidu zeleza (SPIONs — angl. superparamagnetic
iron oxide nanoparticles) byvaji obklopeny biokompatibilnim materialem jako je napt. dextran
nebo polyethylen glykol. Kontrastni latky zalozené na téchto nanocasticich vykazuji vysokou
relaxaci v ramci magnetické rezonance (MRI — angl. magnetic resonance imaging). V nuklearni
medicing jsou studovany piedev$im pro potieby diagnostiky. Pro zobrazovani SPECT/MRI
byly tyto nanoistice znaceny **™Tc (Madru et al. 2012). Pro zobrazovani PET/CT byly
dextranem obalené nanocistice znaceny 8F (Devaraj et al. 2009). Jejich vyuziti
s terapeutickymi radionuklidy je také studovano, napt. s 2*°Ra, pii¢emz je vykazovana dobra
stabilita in vitro. Bylo zji§téno, Ze proces zachytu ??°Ra nanocéasticemi odpovida sorpci
a povrchové komplexaci spiSe neZ mechanismu srazeni. Pocatedni vychytavani 22°Ra
na povrchu je nasledovano pomalejsim procesem zabudovavani 2*Ra do intersticialnich poloh
(Mokhodoeva et al. 2016).
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Jednim z vhodnych anorganickych nosi¢t pro o radionuklidy je pravé TiOz. Jedna se
0 nejstabilnéjsi slouceninu titanu, ktera se v ptirodé nachazi ve tfech modifikacich — ¢tverecny
rutil a anatas, a kosoc¢tvereCny brookit. Jeho celosvétoveé nejzndméjsi pouziti je vV praskové
formé jako tzv. titanova béloba, coZ je kvalitni bily neprtihledny pigment. Ro¢né je ho vyrobeno
pies 4 miliony tun. Je pouzivan v potravinaistvi pti vyrob¢ zvykacek, cukrovinek, omacek nebo
syru, kde je znam pod kddem E171 (Statni zdravotni tstav). Dale ho nalezneme v papirenstvi
a keramice jako bélici slozku barev a natéri. Na zaklade svych optickych vlastnosti, tj. vysoké
absorpci ultrafialového zafeni, je vyuzivan i jako aktivni slozka opalovacich krému (Salvador
et al. 2000). V neposledni fadé je pak pouzivan jako plnici material v 1é¢ivych ptipravcich ¢i
kosmetice a zubnich pastach a to na zaklad¢ jeho biokompatibility a nizké toxicity (Toxicology
Data Network). Jeho pouziti je povoleno v celé Evropské Unii s vyjimkou détské vyzivy.

Oxid titani€ity je hojné vyuZzivan piedevsim pro jeho rychlou, levnou a snadnou produkci i ve
velkém meétitku. M4 velky mérny povrch, je vysoce stabilni, a to i radiacné a lze pfipravit
¢astice ruznych velikosti. V provozni praxi se vyuziva piirodnich zdroji, které jsou nasledné
zpracovavany tzv. sulfatovym nebo chloridovym procesem (Integrated Pollution Prevention
and Control). Dalsimi metodami pro pfipravu TiO2 jsou vyuzivany napf. metody sol-gelové,
hydroterméalni ¢i obecnégji solvotermalni, oxidace nebo hydrolyzy. Sol-gel metoda je Casto
pouzivana pro pripravu rtiznych keramickych materiald. Oxid titanicity lze touto metodou
pfipravit s primérnou velikosti ¢astic okolo 30 nm (Kanna & Wongnawa 2008). Solvotermalni
metody jsou vhodné pro ptipravu sloucenin s riznou morfologii. Jsou pouzivana organické
rozpoustédla jako ethanol, aceton nebo ethylenglykol. Pokud je jako rozpoustédlo pouzita voda,
jedna se o metodu hydrotermalni. V zavislosti na teploté byly ziskany nanocastice o velikosti
8-17 nm (Cheng Wang et al. 2002). Jednoduchou a rychlou metodou pro piipravu TiO> je
hydrolyza tetrabutyl orthotitanatu (TBOT, Obr. 5) v alkoholu (napf. propan-2-ol). Velikost
ptipravenych nanocastic se pohybovala mezi 7 az 28 nm (Zhang et al. 2000).
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Obr. 5: Tetrabutyl orthotitanat.
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Ackoliv je TiO2 pouzivan v celé $kale aplikaci, jeho potencial neni zdaleka vycerpan. Jedna ze
zajimavych studii je vyzkum TiO2 jakozto sorbentu vyuzivaného pro dekontaminaci predevsim
vod kontaminovanych napf. barvivy (Maruszewaka & Podsiadly 2016), ¢i anorganickymi ionty
jako Zn2* (Li et al. 2008), As®" a As® (Pena et al. 2005; Jagadeesan et al. 2010), Fe?* (Nano &
Strathmann 2006) apod. Z uvedenych studii vyplyva, ze kinetika sorpce na TiO2 je velmi rychla.
Pohybuje se od par minut do nékolika hodin v zavislosti na typu kontaminantu. Dulezitym
parametrem pro popis daného sorbentu je i hustota povrchovych funkénich skupin obecné
oznacovanych SOH nebo edge site ¢i povrchovych funkénich skupin vznikajicich izomorfni
substituci kationtli, coz vede k trvalému negativnimu naboji na povrchu nanocastic neboli layer
site (Filipska & Stamberg 2005, SURAO 2002). Z databaze vyplyva piedpoklad pro vhodnost
TiO2 jakozto nosice, jelikoz hustota funkénich skupin typu edge site TiO2 je 0,3 mol/kg
(RES3T). Dalsim zajimavym parametrem popisujicim sorpci na dany material je jeho sorpéni
kapacita, ktera se u TiO2 pro vétsinu anorganickych ionti pohybuje okolo 5 mg/g (Vasileva et
al. 1996). V ptipadé zamé&ieni se na sorpci radionuklidii na TiO2 jakozto dekontamina¢niho
¢inidla, je jeho pouziti omezeno predev§im na vychytavani izotopt uranu a uranylovych soli
pro potieby ulozisté jaderného odpadu (Comarmond et al. 2011, Tits et al. 2015). V nuklearni
mediciné je jiz pouzivan jako jeden zmoznych sorbentii matetského radionuklidu
v radionuklidovém generatoru ®8Ge/%®Ga. Dceiiny radionuklid je nasledn& eluovan sterilni
ultracistou 0,1 mol/L kyselinou chlorovodikovou (SPC - GalliaPharm).

Jak bylo zminéno vySe, TiO2 je pouzivan a studovan jako sorbent. Z divodu jeho
biokompatibility a nizké toxicity je studovan i jako nosi¢ radionuklidt. To je i podpotfeno jeho
vysokou hodnotou stiedni letalni davky - LDsp - pii oralnim podani krysam, Ktera byla vyssi
nez 10 g/kg, a to piedevsim z diivodu jeho mozného dlouhodobégjsiho setrvani v organismu
(Toxicology Data Network). Oxid titanicity znaceny radionuklidy je pfedev§im vyuzivan
pro studium jeho biodistribuce v tkanich a organech. K tomu byl pouzit “V, ktery je vzhledem
k jeno poloc¢asu piemény vhodnym stopovatem pro studium dlouhodobého chovani
v organismu (Nuclear Data). Lze vyuzit jaderné reakce *®Ti(p,n)*®V, pomoci které lze ziskat
piimo znaceny TiO2 na cyklotronu. Bylo zjisténo, ze jadernou reakci nedochdzi
ke strukturalnim zménam a Ize tedy takto znacené nanocastice vyuzit ke studiu jejich distribuce.
Pomoci nich byl studovan in vivo transport primysloveé vyrabénych nanocastic v tkani plic
(Abbas et al. 2010). Stejnym zptsobem znaceny TiO2 byl vyuzit i pro toxikologickou studii
kinetiky a jeho vylucovani u potkanii. Po intravenozni aplikaci byla nejvyssi akumulace
po 24 hodinach zjisténa v jatrech a nadale zustavala konstantni (Kreyling et al. 2017 - Part 1).
Po 1 hodin€ od oralni aplikace proslo pifes gastrointestindlni bariéru 0,6 % podané davky
a po 7 dnech bylo distribuovano v téle 0,05 % podané davky (Kreyling et al. 2017 - Part 2).
Poslednim studovanym zptisobem podani znacenych nanocastic byla intratrachealni aplikace,
pfi které prosla pres bariéru 4 % podané davky (Kreyling etal. 2017 - Part 3). Na zakladé téchto

distribu¢nich studii lze potvrdit radiacni odolnost TiO2, jelikoz nedoslo ke strukturalnim

33



zmeénam ani po jeho ozatrovani na cyklotronu. Predpokladané davky pti jeho pouziti jako nosice

terapeutickych radionuklid budou nizsi nez pfi jiz zminéném ozatovani.

Pro kratkodobé¢;jsi sledovani chovani TiO2 v organismu je vhodné pouzit radionuklidy s kratSim
polodasem premény jako je napt. 8F. Byl pfipraven 80-obohaceny TiO; a ten byl nasledng
ozafen protonovym svazkem za vzniku 8F znageného TiO2. Po intravendzni aplikaci byly
nanocastice také nalezeny v nejvétsi mife v jatrech (Pérez-Campana et al. 2014). DalSim
diagnostickym radionuklidem vyuZitym pro zna¢eni TiO> bylo ®8Ga. To bylo zvoleno z déivodu
vyzatovani Cerenkovova zafeni jakozto vnitiniho svételného zdroje pro fotodynamickou terapii

nadorovych onemocnéni (Duan et al. 2018).

Bez vyuziti cyklotronu lze piipravit znaceny TiO, také pomoci radioizotopi titanu - *+4°Ti -

S poloc¢asy premény 63 let a 185 minut pro dlouhodobé a kratkodobé distribuéni studie (Nuclear
Data). Pomoci nizko-teplotni difaze 1ze docilit znaceni beze zmény fyzikalnich a chemickych
vlastnosti zna¢eného materialu (Hildebrand et al. 2015). Pro potieby TAT byl studovan TiO>
znadeny 2?°Ac. Byly piipraveny funkcionalizované nano¢astice, kde byla na povrch nano¢astice
navazana Substance P a nasledné byly znageny iontové vyménnou reakci 2 Ac na povrchovych
funkénich skupinach nanocastice. Stabilita in vitro ukazala uvolnéni okolo 10 % pro dcefinné
produkty po 10 dnech od znaceni. S ohledem na vysoky cytotoxicky ucinek in vitro
v glionovych bunkach se jedna o slibny radiokonjugat pro terapii nadortt mozku (Cedrowska et
al. 2018). Dalsim studovanym radionuklidem pro TAT byl 2!'At. Z diivodu slabé vazby mezi
astatem a atomy uhliku v biomolekulach a s ohledem na radiacni stabilitu téchto molekul byl
navrzen nosi¢ skladajici se z nanocastic oxidu titanic¢itého (nTiO2) modifikovaného atomy
stiibra adsorbovanymi na povrchu nanocastic. Znacené nanocéstice vykazovaly vysokou
stabilitu in vitro v riznych matricich (Cedrowska et al. 2016).

Jak je patrné z vySe uvedenych studii, oxid titani€ity je zajimavym materidlem, jiz studovanym
a pouzivanym jako sorbent. Nékolik studii je zaméfeno i na jeho znaceni pomoci radionuklidd,
avSak jeho vyuziti jakoZto nosie radionuklidl pro cilenou radionuklidovou terapii je
prostudovano minimalng. Jeho vlastnosti ho ptedurcuji k tomu byt perspektivnim kandidatem

vhodnym pro nuklearni medicinu a na toto téma je zaméfena prave tato disertacni prace.
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3. Cile disertacni prace

Hlavnim cilem této disertacni prace byla ptiprava nosi¢e vhodného pro cilenou alfa terapii
v nuklearni medicing. Zvlastni pozornost byla vénovana terapeutickému radionuklidu ?*Ra.
Druhym studovanym radionuklidem bylo *™Tc pro potieby diagnostiky. Zvolenym

studovanym materialem byly nanocastice oxidu titani¢itého.

Postup praci vedoucich k dosazeni hlavniho cile disertacni prace byl rozdélen na nésledujici

diléi Casti:
1. Syntéza nanocastic a jejich charakterizace

Ptipravit dostatecné mnozstvi nTiO2 metodou hydrolyzy tetrabutyl orthotitanatu. Nasledné
provést jeji optimalizaci a charakterizovat pfipravené nanocastice pomoci analytickych

metod.
2. Sorp¢ni experimenty

Provést sorpéni experimenty pripraveného materialu s ?°Ra v zavislosti na pH po dobu
24 hodin. Ziskana data pouzit pro modelovani a stanovit pravdépodobny typ sorpéniho
mechanismul.

3. Kinetické experimenty

S ohledem na vysledky sorpénich experimentii popsat Kinetiku sorpce ?2°Ra pfi zvoleném
pH po dobu 24 h. Experimentaln¢ ziskand data opét pouzit pro modelovani a najit
nejpravdépodobnéjsi typ fidiciho déje.

4. Znaceni pripraveného materialu

Oznadit piipravené nano¢astice radionuklidy ?2Ra a **™Tc¢. Pro znadeni pouZit nasledujici
dveé metody: povrchovou sorpci na jiz pripraveny nosi¢ a inkorporaci radionuklidu pfimo

do struktury nosice.
5. Stabilitni studie in vitro

Prozkoumat in vitro stabilitu znacenych nosic¢i ve fyziologickém roztoku a biologickych
matricich (hovézi krevni plasma a sérum, roztoky albuminu). Sledovat uvolnéni aktivity

V Case.
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4. Komentar k souboru publikovanych

praci

Publikace A je resersni praci piedkladajici podstatu TAT a byla popsana v kapitole 2.3.1 Cilena
alfa terapie. V ramci tohoto oddilu jsou komentovany vysledky uvedené v publikacich B - E.
Z kompletnich vysledki uvedenych v piedkladanych publikacich jsou vybrany ty, které se
tykaji této disertacni prace. Oddil je rozdélen na jednotlivé kapitoly podle dil¢ich cilt diserta¢ni
prace. Na zacatku kazdé kapitoly je pak uvedena publikace, ve které byly vysledky
publikovany.

4.1 Syntéza nanocastic a jejich charakterizace

V ramci této kapitoly je pozornost venovana metode pripravy nanocdstic oxidu titanicitého, jeji
optimalizaci a ndsledné charakterizaci pripravenych nanocdastic. Predkladané vysledky byly uvedeny
v publikaci B.

Pro potieby vyvoje novych radiofarmak je dilezité nejprve najit material nosice radionuklidd
S vhodnymi vlastnostmi pro jejich findlni pouziti. Jako slibny kandidat pro transport
o radionuklidd byly zvoleny anorganické nanocéastice na bazi TiO2. Nasledné byla nalezena
a optimalizovana rychla a jednoducha metoda jejich syntézy. Pro tyto ucely byla vybrana
hydrolyza tetrabutyl orthotitanatu za laboratornich podminek.

Postup ptipravy nTiOz byl nasledujici: smés TBOT s propan-2-olem byla pomalu piikapavana
do demineralizované vody v ultrazvukovém generatoru, aby bylo docileno homogenizaci
reakéni smési. Jedna se o rychlou reakci, kterd probihd i za pfitomnosti vzdusné vlhkosti.
Ziskané nanocastice bylo nutné promyt demineralizovanou vodou a poté propan-2-olem, a
nakonec byly podtlakové suSeny vakuem. Ziskany prasek byl charakterizovan pomoci nékolika
metod.

Optimalizace podminek pfipravy nTiO: spocivala piedev§sim v nalezeni vhodného poméru
mezi TBOT a propan-2-olu. Byly testovany poméry 1:1, 1:2, 1:3, 1:4 a 1:9. Vyssi zfedéni jiz
uvazovano nebylo, jelikoz by dochazelo k vyraznému navyseni reakéniho objemu, coz by ¢inilo
problém napf. pii znaCeni nanocastic inkorporaci radionuklidu pii jejich syntéze. Z tohoto
divodu byl nasledn¢ vytazen i pomér 1:9. Poméry 1:1 a 1:2 byly naopak vytazeny kvili
Béhem piikapavani smési do demineralizované vody vznikal oxid titani¢ity piimo ve Spicce
pipety vzdusnou vlhkosti. Tim dochazelo jednak k ucpavani pipety a dale ke snizeni mnozstvi

pfipraveného materidlu. Navic byly pii téchto pomérech v roztoku viditelné ¢astice pouhym
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okem, coz bylo také ptikladano nedostateénému ziedéni TBOT. Jako nejvhodnéjsi byl nakonec

zvolen pom¢ér 1:4, jelikoz prace s timto pomérem byla z predchéazejicich divodii nejpiiznive;si.

Pro charakterizaci nanoc¢astic byly pouzity nasledujici metody. Jednou z nich byla infracervena
spektroskopie s Fourierovou transformaci (FTIR, angl. Fourier transform infrared) pro ur¢eni
charakteristickych past nTiOz. Ziskané spektrum je uvedeno na Obr. 6. V rozmezi
35003000 cm? je viditelny valen¢ni vibraéni pas OH skupiny spojeny s deformaénim
vibra¢nim pasem OH vazeb pti 1632 cm™ na povrchu nTiO-. Hlavnim charakteristickym pasem
pro TiOz je 1000 — 400 cm™, na némz jsou viditelnd ramena odpovidajici vibracim Ti—O
a Ti— O —Ti. Ziskané FTIR spektrum je ve shodé se spektrem TiOz z databaze, konkrétné se
zaznamem # 216 (HR Inorganics).
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Obr. 6: FTIR spektrum nTiOx.

Dalsi metodou pouzitou pro charakterizaci nTiO2 byla rentgenova praskova difrakce (XRPD,
angl. X-Ray Power Diffraction). Z analyzy bylo zjisténo, Ze se jedna o jednofazovy vzorek,
ktery ma strukturu anatasu. Ziskané spektrum bylo porovnano s databazi — # 01-084-1285
(ICPP PDF-2 Database). Jejich shoda je uvedena na Obr. 7, ze kterého je vSak patrné,
ze intenzita jednotlivych piku je mala. To miZze byt zplsobeno jednak malou velikosti

jednotlivych ¢astic nebo castecnou tvorbou amorfni faze.
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Obr. 7: Difraktogram nTiO porovnany s referenénim vzorkem (ICDD PDF-2 Database).

Dale byl stanoven mérny povrch nanoc¢astic pomoci B.E.T. metody (Brunauer—Emmett—Teller)
na 330 + 10 m?/g, ktery byl porovnan s teoreticky vypoétenymi hodnotami mérného povrchu.
Ty byly ziskdny matematickym modelovanim v programu MDISTR vyuZivajici data z analyzy
ziskanych obrazkti z transmisniho elektronového mikroskopu. Z Obr. 8 je patrné,
7e experimentalni data a teoretické vypocty, zejména porovnani s modely 2 — 5, byly ve velmi
dobré shodé¢.

600 T T T T

400

lum

Obr. 8: Porovnani experimentalnich dat (¢erveny sloupec) s hodnotami mérného povrchu vypocitanymi pomoci
MDISTR softwaru (modré sloupce).

Specific surface area (m?/g)

Z analyzy ptipraveného materialu na transmisnim elektronovém mikroskopu bylo dale patrné,
7e se opravdu jedna o nanocastice, piicemz jejich velikost byla mensi nez 20 nm (Obr. 9).
Podrobny popis TEM/BF analyzy je uveden v publikaci B.
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Obr. 9: TEM analyza — snimek TEM / BF ukazujici velikost a tvar nTiO.

Pro potieby vyhodnoceni rovnovaznych sorpénich experimenti s ?2°Ra, které jsou popsany
nize, byly provedeny titra¢ni, acido-bazické, experimenty a vysledné parametry byly pouzity
pro nasledné modelovani. Titra¢ni experimenty byly provedeny v prostiedi 0,1 M NaNOs3
z diivodu zajisténi konstantni iontové sily. Jako titra¢ni ¢inidlo byl v alkalické oblasti titra¢ni
kiivky pouzit 0,1 M NaOH a v kyselé oblasti 0,1 M HNOgz. Studované pH bylo v rozmezi
2,5—10 (detailn¢ popsano v publikaci B). Ziskana experimentalni data jsou uvedena

na Obr. 10.
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Obr. 10: A: Experimentalné ziskana a modelovana titraéni kiivka nTiO2, B: frakce individualnich forem
povrchovych skupin nTiO, (CEM+IEXM).

Na zaklad¢ vysledkti modelovani ziskanych experimentalnich dat byla vyhodnocena jako
nejvhodnéjsi kombinace neelektrostatického modelu chemické rovnovahy (CEM, angl.
Chemical Equilibrium Model), ktery bere do uvahy procesy protonizace a sorpce na funk¢nich
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skupinach typu edge site, a modelu iontové vymény (IExM, angl. Ion Exchange Model),
ktery popisuje procesy probihajici na funkénich skupinach typu layer site. Byly stanoveny
celkové koncentrace povrchovych funkénich skupin edge site — XSOH = 0,20 mol/kg, a layer
site — X = 0,67 mol/kg. Rovnéz byly stanoveny hodnoty odpovidajicich protoniza¢nich —
Ki=2,31x 10°% L/mol a Kz = 1,84 x 10* L/mol — aiontové vyménnych konstant —
Kex = 5,67 x 10 (hodnoty konstant byly extrapolovany na hodnotu iontové sily I = 0). Tyto
vysledky podporuji pouzitelnost nTiO2 v mnoha ohledech, jednak z divodu moznosti jeho

pouziti v Sirokém rozsahu pH a dale také na zékladé¢ jeho dostupnych povrchovych mist.
4.2 Sorpcni experimenty

V ramci této kapitoly je pozornost zameérena na sorpcni experimenty nanocdstic oxidu titanicitého,

konkrétné na sorpci **Ra v zavislosti na pH, jejichz detailni popis je uveden v publikaci C.

Pouzivané ?°Ra pro veskeré experimenty bylo ziskavano z radionuklidového generatoru
221 \c/??"Th/??°Ra, ktery byl piipraven na pracovisti KICh FJFI CVUT v Praze. Sorpéni
experimenty s nTiO2 byly provadény v rozmezi pH 2 — 12 po krocich 0,5, jelikoz je TiOg,
narozdil od jinych pouzivanych materidlli, stabilni materidl i v krajnich hodnotich pH.
S ohledem na piedpokladané vyuziti v nuklearni medicin€ byla nejzajimavéjsi oblast okolo
rozmezi hodnot pH 6-8 z dtivodu aplikace radiofarmaka do organismu. Experimenty byly vzdy

provadény v nékolika opakovanich za laboratornich podminek a za volného pfistupu vzduchu.

Sorpéni vlastnosti NTiO2 byly studovany v Britton-Robinsonové pufru. Ten sestava ze smési
hydroxidu sodného, kyseliny fosforecné, borité a octové. Tyto ionty nasledné hraly dileZitou
roli pti modelovani, jelikoz jsou ve vzorcich obsazeny ve vyznamnych koncentracich oproti
napt. koncentraci 22°Ra. Nasledné byl ke vzorkéim ptidan 2>Ra(NOs). a vzorky byly michany
pomoci vibraéni michaéky po dobu 24 hodin. Dale byla stanovena sorpce *’Ra za stejnych
podminek na stény zkumavek bez pfitomnosti nanocastic. Stejna geometrie vzorki byla
zajisténa dodrzenim konstantniho objemu supernatantu a vzorku nanocastic, které byly opét
rozdispergovany v demineralizované vod¢. Vytézky znaceni (Y %) byly vypocitany na zakladé
rovnice (1) a pro celou skalu pH jsou uvedeny na Obr. 11.

Y % = —2NPs . 100 %, (1)

AnpstAsup

kde Anps je aktivita znacenych nanocastic znovu rozdispergovanych v demineralizované vod¢
a Asup je aktivita odebraného supernatantu po znaceni. Byl méfen radionuklid s nejdelSim
polodasem z pieménové fady, tedy 22°Ra. Dcefiné radionuklidy nebyly samostatné studovéany.
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Obr. 11: Porovnani vyt&zkh sorpce 2°Ra na nTiOz, nHAp, SPIONS a sténu vialky.

Z Obr. 11 je patrné, ze sorpce na sténu vialky probiha minimalné. Nejvyssich hodnot dosahuje
jen pii velmi nizkém pH a i tak se pohybuje pod 5 %. Z tohoto divodu neni tieba uvazovat
ztraty aktivity zpusobené sorpci na sténu. Ziskané vysledky byly nasledné zahrnuty
do modelovani. Procentualni vyjadfeni nasorbované aktivity na nTiO2 bylo porovnano
s nasorbovanou aktivitou na nHAp a SPIONs (Mokhodoeva et al. 2016), které jsou také
studovany vramci skupiny Radiofarmaceutické chemie na KICh FJFI CVUT v Praze.
Pro vsechny materialy je procento sorpce vysoké a pohybuje se u vétSiny vzorkid nad 80 %. Jak
Jiz bylo zminéno vySe, nejzajimavéjsi je oblast okolo pH 6-8 s ohledem na planovanou aplikaci
materialil. V této oblasti se procento nasobovaného 2**Ra pohybuje dokonce nad 90 %. Vechny
materialy Vykazuji relativné vysokou sorpéni afinitu k ?°Ra a lze je tedy z tohoto pohledu
povazovat za vhodné pro jejich piedpokladané pouziti jakoZto nosice. Avsak je dulezité brat
V potaz nizkou koncentraci radia (fadové 10712 M) ku relativné vyssi koncentraci nano¢astic
(5 mg/ml). Schématické zobrazeni vychytani radia TiO2 bylo vytvofeno pomoci softwaru
VESTA a je uvedeno na Obr. 12 (Vesta).

Obr. 12: Schéma vychytani radia oxidem titani¢itym; zelena — radium, modra — titan, ¢ervena — kyslik (Vesta).
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Experimentalné ziskana data byla jesté podpotena vysledky modelovani (detailn¢ popsano
v publikaci C). Nejprve byl proveden vypocet zastoupeni forem radia v roztoku, tzv. sorpéniho
diagramu. Na jeho zaklad¢ byly zvoleny nejpravdépodobnéjsi sorpcni reakce probihajici
na obou vyse zminénych typech povrchovych skupin. Poté byl konstruovan program, kterym
byly hledany hodnoty rovnovaznych konstant vybranych reakci za soucasné minimalizace
sumy ¢tvercu odchylek experimentalnich a vypocitanych hodnot procenta sorpce jako funkce
pH (metodou nelinearni regrese). Porovnani sumarnich dat je uvedeno na Obr. 13A. Zavislost
sorpce na pH jednotlivych forem je vyhodnocena na Obr. 13B. Experimentalni data jsou
v dobré shodé s vypocitanymi daty sorpce radia na funk¢ni skupiny typu edge a layer site.
Na zakladé ziskanych vysledki z modelovani Ize konstatovat, Ze sorpce 2Ra na nanocastice
mize byt popsana modelem CEM a Ze do sorp¢niho mechanismu jsou zapojeny oba typy
funkénich skupin — edge i layer site. Lze tedy konstatovat, ze mechanismus zachytu radia

odpovida spise sorpci nez spolusrazeni.
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Obr. 13: A - Porovnani experimentalné ziskanych na nTiO; a vypocitanych dat na funkénich skupinach typu
edge a layer site, B - Vyhodnoceni vypoétu sorpce na nTiOz jednotlivych forem (specii) °Ra na pH.

4.3 Kinetické experimenty

Komentované vysledky kinetickych experimentii sorpce **Ra na nanocdstice oxidu titanicitého jsou

uvedeny v publikaci D.

Sorp¢ni experimenty byly studovany 1 v Case, a to po dobu 24 hodin. S ohledem na ptedchozi
vysledky sorpce ?2Ra na nanoastice v zavislosti na pH a s ohledem na piedpokladanou
aplikaci znac¢eného materialu in vivo, bylo zvoleno pH 6 jako vhodné pro studium Kinetiky.
Experimenty byly vzdy provadény v né€kolika opakovanich za laboratornich podminek
a volného pfistupu vzduchu. V ptipadé pH 6 vykazuje atmosféricky CO2 minimdlni absorpci
kapalnou fazi. Riziko tvorby karbondtovych, event. hydrogenkarbondtovych komplext Ra je

tedy v tomto ptipadé¢ minimalni.
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Pfipravené nanocastice byly rozdispergovany opét v Britton-Robinsonové pufru (vysledna
koncentrace 1 g/L). Nasledné byl piiddn 22°Ra(NOs)2. Vzorek byl po celou dobu experimentu
nepfetrzit¢ michan a byly odebirany alikvoty. Nedochézelo tedy ke zménam poméru kapalné
a pevné faze. Vzorky byly odebirany nejprve po minutach, nasledné v péti a deseti minutovych
intervalech a dale v hodinovych rozestupech (Obr. 14A, B). Nulty alikvot byl odebran ihned
po ptidani aktivity. Pro zachovani stejné geometrie méieni nasorbované aktivity byly vzorky
po odebrani supernatantu opét rozdispergovany v demineralizované vodé. Vytézky znaceni
(Y %) byly vypocitany podle vztahu (1) a pro celou $kalu pH jsou uvedeny na Obr. 14A
pro nTiO2 a na Obr. 14B pro nHAp. Z vysledku kinetickych experiment je patrné, ze béhem
prvni hodiny je dosaZeno téméf rovnovazné hodnoty sorpce ?2°Ra na nTiO2 a v ptipadé nHAp
po 3 hodinach.

Pro vypocet koncentrace ?2’Ra ve vzorku byla vyuZita jeho naméfend aktivita a byla vypo¢itana
podle vztahu (2):

_ A'T1/2
In2-Vgaq'Ng

[mol/L], )

kde A je absolutni aktivita °Ra, T12 je polocas premény ?*’Ra, Vaq je objem vzorku a Na je
Avogadrova konstanta.
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Obr. 14: Kinetika sorpce ?2°Ra na nano¢astice v prib&hu prvni hodiny: A —nTiOz; B — nHAp.

Kinetika sorpce 2%°Ra na nTiO2 byla porovnana s kinetikou sorpce ?°Ra na nHAp. Primérma
vstupni aktivita 22Ra byla pro nTiO2 1,01 x 10 + 0,03 x 107 mol/L a pro nHAp
1,02 x 101+ 0,07 x 107 mol/L. Chybové tisecky se zdaji byt znaéné velké, aviak je tieba
brat v ivahu rychlou kinetiku sorpce 2°Ra, ¢asté odebirani vzorki obzvlast v prvnich minutach
experimentu a velmi nizkou koncentraci radionuklidu.
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K vyhodnoceni experimentalnich dat bylo pouzito celkem Sest kinetickych modela
konstruovanych pro heterogenni systém sestavajici z kapalné a pevné faze, za piredpokladu
riznych fidicich d&ju, napt. model difuze inertni vrstvou (ID, angl. diffusion in an inert layer)
¢i model difuze zreagovanou vrstvou (RLD, angl. diffusion in a reacted layer). Obdobnym
zpusobem jako v pfipadé sorpcnich experimentii byly konstruovany vypocetni programy
(na zakladé metody nelinearni regrese) pro nalezeni nejvhodnéjsiho typu kinetického modelu,
resp. nalezeni nejpravdépodobnéjsiho typu fidiciho déje (detailné popsano v publikaci D).

Z vyhodnoceni kinetickych dat pomoci dfive zminénych modelt vyplyva, Ze nejvhodnéjsimi
modely pro stanoveni fidiciho dé&je kinetiky sorpce ?*°Ra na nTiOz jsou RLD a ID. Rozdil mezi
témito modely je maly, avSak sohledem na charakter a reaktivitu povrchu nTiO2 resp.
k vyznamné koncentraci funkénich skupin typu edge a layer site, lze povazovat RLD
z fyzikalné-chemického hlediska za 1épe korespondujici s charakterem sorbentu.

Jednim z parametrti pouzitelnych pro porovnani obou sorbentl je polocas sorpce, t1/2. Jedna se
o Cas potiebny k dosazeni poloviéni sorpce ve srovnani s rovnovaznou hodnotou pro dany
kineticky experiment. Pro nTiO je pramérna hodnota polocasu sorpce rovna 0,51 + 0,32 min
apronHAp 0,75 £ 0,18 min, z ¢ehoz je patrné, ze kinetika probiha obdobnou rychlosti pro oba
materialy, nicméné zachyt na nTiO2 je v praméru rychlejsi, coz koresponduje s jeho vy$s§im

mérnym povrchem i mensi velikosti ¢astic.
4.4 Znacleni pfipravencho materialu

V ramci této kapitoly jsou diskutovany zpiisoby a vysledky znaceni nanoclastic oxidu titanicitéeho
diagnostickym radionuklidem ®"T¢ «a terapeutickym radionuklidem **Ra, které jsou uvedeny
v publikaci E.

Pro potieby nukledrni mediciny a vyuZiti pfipraveného materialu jakoZto nosice diagnostickych
a terapeutickych radionuklidd, a tedy vytvofeni teranostického systému, je nutné pfipravit
znaCené nanocastice. Je dilezité nejprve najit jednoduchou a rychlou metodu znaceni,
kterd bude poskytovat vysoké vytézky znaceni. Byly zvoleny dva zplsoby znaceni. Prvnim
Z nich byla povrchova sorpce zvoleného radionuklidu na jiz ptipravené nTiO.. Druhou z nich
byla inkorporace zvoleného radionuklidu pfimo do struktury nTiO2. Toho bylo docileno
pritomnosti daného radionuklidu v roztoku, ve kterém byla provadéna syntéza nTiOo.
Experimenty byly provadény v nékolika opakovanich.

Jako zdroj diagnostického radionuklidu **™Tc¢ byl pouZivan komeréni radionuklidovy generator
Mo/*®"Tc DRYTEC™ (GE Healthcare LTD). Eluce byla provadéna fyziologickym roztokem
a k redukci **™Tc do pozadovaného oxidaéniho stavu byl pouzivan chlorid cinaty (2,1 mmol/I).
Jak jiz bylo zminéno vySe, pro zisk terapeutického radionuklidu ?*Ra byl vyuzivan

radionuklidovy generator 22’Ac/??’Th/??®Ra. V dobé sepsani této disertaéni prace nebyla
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nalezena 7adn4 publikovana data zabyvajici se znaenim nanodastic oxidu titanigitého %°MTc
a **Ra.

Prvnim zptisobem zna¢eni nTiO2 byla studovana sorpce radionuklidu na jiz pfipravené nTiOz,
které byly nejprve rozdispergovany v roztoku chloridu cinatého — pfi znageni **"™Tc —
nebo ve fyziologickém roztoku — p¥i znaéeni *>>Ra. Nasledné byl pfidan studovany radionuklid.
Vzorky byly tiepany po dobu 1 hodiny za laboratornich podminek. Tato hodnota byla zvolena
na zakladé kinetiky sorpce 2*Ra na nanoé4stice. Nasledng byly vzorky promyty fyziologickym
roztokem, aby byly vymyty nenasorbované radionuklidy.

Druhym zpiisobem piipravy znacenych nTiOz byla zkoumana inkorporace radionuklidu piimo
do struktury nTiO2. Toho bylo dosazeno syntézou ptimo v roztoku radionuklidu. Tetrabutyl
orthotitanat v propa-2-olu v poméru 1:4 byl nakapan do roztoku chloridu cinatého s jiz
pridanym *™Tc¢ nebo do fyziologického roztoku s piidanym 22°Ra. Vzorky byl opét tiepany
po dobu 1 hodiny za laboratornich podminek a nasledné promyty fyziologickym roztokem.

Vytézky znaceni (Y %) byly stanoveny podle vztahu (3):

A
Y % =-2£2.100 %, (3)

init
kde Anps je vysledna aktivita nasorbovana na nanocasticich a Ainit je vstupni aktivita ptidana
na zacatku experimentu. V piipadé ®°™Tc byla Ainit korigovana s ohledem na dobu trvani

experimentu z divodu jeho kratkého polocasu premény. Ziskané vysledky jsou uvedeny
v Tab. 2.

Tab. 2: Vytézky znadeni nTiO; %™ Tc a ?°Ra (n = 6).

I

Povrchové znaceni 98,4+05 98,7+0,5
Inkorporace radionuklidu 97,6 £0,7 99,1 £0,3

Z Tab. 2 je patrné, ze vysledky koresponduji s dfive zminénymi sorpénimi a kinetickymi
experimenty (publikace C a D). Pro oba radionuklidy a oba zpuisoby pfipravy znacenych nTiO>
je vidét, ze Vv ptipadé inkorporace radionuklidu do struktury nTiOz jsou vytézky znaceni
nepatrné vyssi, avSak v obou pripadech se pohybuji nad 97 %. S ohledem na statistickou chybu
a malé rozdily mezi jednotlivymi vysledky nelze jednoznaéné urcit, kterd metoda je vhodnéjsi
pro pouziti v nuklearni medicing. Vzhledem K vyuziti nanocastic v klinické praxi lze vyvstavaji
nasledujici vyhody povrchového znaceni — Casto ptipravované jednotlivé davky radiofarmaka,
standardizovand velikost nanocastic, jejich dodani formou standardizovaného kitu bézné

pouzivaného pii piipravé radiofarmak, snadné skladovani nanocastic v laboratornich
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podminkach, znaceni modifikovanych nanocastic. V pfipad¢ inkorporace radionuklida
prichazeji v ivahu vyhody rychlé ptipravy znaCenych nanocastic bez piedchéazejicich kroki
pfipravy samotnych nanocastic, jelikoz jejich priprava je soucésti samotné metody znaceni,
coz muze byt vyhodou pfi pfipravach znacenych nanocastic s del§imi casovymi rozestupy

aplikace ¢i v pfipadé modifikace jiz znaCenych nanocastic.
4.5 Stabilitni studie in vitro

Uvedené vysledky tykajici se stabilitnich studii znacenych nanocdstic oxidu titanicitého in vitro jsou
uvedeny v publikaci E.

Stabilitni studie in vitro jsou dulezitym piedstupném pro preklinické testovani. Na zakladé
téchto experimentii Ize predikovat, jak se bude pfipravené radiofarmakum chovat v riizném
prostiedi, které ho mize po aplikaci do organismu ovliviiovat. Stabilitni studie in vitro
v riznych biologickych matricich umoziuji zjistit, zda je tedy nasorbovana radioaktivita
zadrzovéana na nosici ¢i je uvolilovana do okolniho prostedi a tim miize dojit k nadmérnému
ozareni zdravé tkan€. Tyto experimenty byly navrzeny jako pseudo-otevieny systém, ve kterém
byla biologicky relevantni matrice vymeénovana v piedem definovanych intervalech za ptistupu
vzduchu a laboratornich podminek. V dobé sepsani této disertacni prace nebyla publikovana
7adna data zabyvajici se stabilitou in vitro znadenych nanocastic oxidu titani¢itého %°MTc
a ?°Ra.

Z ruznych divodi bylo vybrano celkem 5 biologicky relevantni matric, ve kterych byly
provedeny stabilitni studie in vitro radioaktivné znacenych nTiOz. Jednalo se o fyziologicky
roztok (FR), hovézi krevni plazmu (HKP) a hovézi krevni sérum (HKS) a 1% a 5% roztok
albuminu (ALB). Fyziologicky roztok jakozto jeden z nejpouzivanéjsi roztokli v mediciné byl
zvolen pfedev§im ztoho divodu, Zze se pfedpokladd aplikace znafenych nanocastic
do organismu rozdispergovanych pravé ve FR a dale také jako standardu pro porovnavani
chovani v dalSich matricich. Nepfedpoklada se totiz, ze by mély ionty obsazené ve FR mély
néjak vyznamné interagovat se znaCenym nTiO2. Dale se piedpoklada, Ze aplikace
radiofarmaka bude provadéna intraven6zng. Z tohoto divodu je nutné vénovat pozornost
chovani znacenych nTiO; v krevni plazmé a séru. Abychom s témito materialy mohli pracovat
v danych laboratornich podminkach, tak byla zvolena hovézi plazma a sérum od dodavatele.
Plazma se sklada predevsim z vody, bilkovin jako jsou albuminy, globuliny a fibrinogen,
dale pak z rGznych iontl a sacharidi. Rozdil mezi krevni plazmou a sérem je v pfitomnosti
fibrinogenu a srazecich faktorti krve. Krevni proteiny slouzi jako transportni molekuly
pro riizné druhy sloucenin, z tohoto diivodu mohou mit zna¢ny vliv na znacené nanocastice,
a proto byly do stabilitnich studii in vitro zahrnuty dva rizné koncentrované roztoky albuminu.
(Benjamin & McLaughlin 2012)
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ZnaCené nanocastice piipravené jednim ze zpusobli znafeni zminénych diive byly
rozdispergovany Vv jednom ze studovanych biologicky relevantnich matric. VVzorky byly
nasledné trepany za laboratornich podminek. V ramci téchto experimentii bylo sledovano
uvolnéné aktivity ze zna¢eného nTiO2 v ¢ase. V ramci kratkodobych in vitro stabilitnich studii
byly vzorky odebirany po 2 — 7 — 12 — 17 — 26 — 35 — 59 hodinach od znadeni. V piipadé " Tc-
nTiO2 byl posledni odbér vynechan a jako posledni byl odebiran vzorek po 31 misto
35 hodinich z divodu kratkého polo¢asu piemény tohoto radionuklidu. V ptipadé **Ra byly
jesté provadény dlouhodobé in vitro stabilitni studie po dobu 55 dni, v 11dennich intervalech
(T12 (?*°Ra) = 11,4 dne) polocasii tohoto radionuklidu. Viechny experimenty byly provadény

opakovang.

Po odebrani supernatantu byly znacené nTiO2 rozdispergovany Vv nové matrici, aby mohl
experiment dale pokracovat a na zaklad¢ toho byla zachovana stejna geometrie pro znaceni.
Vyhodou tohoto systému je, Ze se nejednd o uzavieny staticky systém, ale spise jde o pseudo-
otevieny systém, kde hraje roli iontova vyména, 0 které je v pfipadé intravendzni aplikace

dulezité uvazovat. Procento uvolnéné aktivity (%A) bylo vypocitano podle vztahu (4):

Asy

%A = m - 100 %, 4
kde Asup predstavuje aktivitu odebraného supernatantu a Anps je aktivita znacenych nanocastic.
Procenta uvolnéné aktivity v zavislosti na ¢ase pro jednotlivé radionuklidy a zpisoby znaceni
jsou uvedeny na nasledujicich obrazcich: Obr. 15 — stabilitni studie ®™Tc-nTiO,, Obr. 16 —
kratkodoba stabilitni studie 22Ra-nTiO, a Obr. 17 — dlouhodoba stabilitni studie 22>Ra-nTiO».
Cast obrazki - A - piipada vzdy povrchovému znadeni a &ast obrazkii - B - odpovida inkorporaci
radionuklidu. V grafech nejsou uvedeny chybové usecky, jelikoz se pohybuji pod 0,5 %

a znepiehlednily by orientaci v zobrazeni vysledkd.

Uvolnéna aktivita u vétSiny vzorkl béhem stabilitni studie in vitro ®®"Tc-nTiO, se pohybuje
pod 15 %. Nejvyssi uvolnénou aktivitu vykazuji vzorky znacené inkorporaci radionuklidu
do struktury nanocastice v HKP. Komeréné dodavana hovézi krevni plazma byla stabilizovana
citratem sodnym, ktery by mohl mit vliv na vyssi uvoliiovani aktivity do roztoku. Bohuzel v§ak
koncentrace citratu sodného v pouzivané HKP neni vyrobcem piesné definovana. Z tohoto
divody byly provedeny experimenty se samotnym 1% roztokem citrdtu sodného,
ale nedochazelo k vyraznéjsimu uvolnéni aktivity v ¢ase. V piipadé povrchového znaceni
vykazuje nejvyssi uvolnéné aktivity 5% roztok ALB pohybujici se pod 14 %. I pies to, jsou
ziskané vysledky velice pfiznivé, jelikoZ béhem prvnich 24 hodin dochazi k uvolnéni aktivity
okolo 10 %. Jak jiz bylo feceno, ptedpoklada se, ze K nejniz§imu uvolnéni aktivity bude
dochézet v ptipadé FR, coz bylo v piipadé ®°™Tc-nTiO2 potvrzeno. Procento uvolnéné aktivity
se ve FR pohybovalo pod 2,5 %. V obou ptipadech znaceni dochazelo k nizkému uvoliovani
aktivity i v HKS, kde se uvolnovala aktivita do 5 % po 31 hodinach od znaceni.
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Obr. 15: In vitro stabilitni studie **™Tc-nTiO: A — povrchové znageni; B — inkorporace radionuklidu.

V piipadé ?°Ra-nTiO: byla uvolnéna aktivita nizsi nez u ®MTc-nTiO2. To je pravdépodobné
zpusobenou odlisnosti obou radionuklidtl jako je napft. jejich valence a umisténi v periodické
soustaveé prvki. V piipadé kratkodobé stabilitni studie in vitro se uvolnéna aktivita pohybovala
pod 6 %. Nejvyssi uvolnéné aktivity byly u 22Ra-nTiO; opét v HKP, ale tentokrat U povrchoveé
znacenych nanocastic. V ptipadé inkorporace radionuklidu do nTiO2 byla nejvyssi uvolnéna
aktivita v 5% roztoku ALB, ktera se pohybovala pod 2,5 %. Nejnizs§i uvolnéné aktivity i v tomto
ptipadé byly ve FR a to v rozmezi 0,5 — 1 % po 59 hodinach od znaceni. V HKS byly takeé
pozorovany nizké uvolnéné aktivity jako v piipadé *°*™Tc-nTiO,, aviak u povrchového znadeni
bylo podobnych hodnot dosazeno u 5% ALB. Je zde vSak patrny trend, kdy v ptipad¢ znaceni

inkorporaci 2°Ra do struktury nTiO, dochazi k niz§imu uvoliiovani aktivity nez v pfipadé

povrchového znaceni.
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Obr. 16: Kratkodoba in vitro stabilitni studie ?2°Ra-nTiO: A — povrchové znaceni; B — inkorporace

radionuklidu.
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aktivita a pohybovala se pod 3 %. Uvolnéné aktivity jsou oproti kratkodobé stabilité nizsi. To je
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pravdépodobné zpusobeno delsim setrvanim nanocastic v jednotlivych matricich v pribéhu
11 dni oproti hodinovym intervalim v ramci kratkodobych stabilitnich studii. Je zde vyssi
pravdépodobnost zpétné resorpce na pritomné nanocéstice. Dale bude mit vliv distribucni
koeficient a kinetika znaceni, kdy pfi dlouhodobych experimentech dojde k ustaveni rovnovahy

pied vyménou matrice za novou.

V piipadé povrchového znaceni se nejvice aktivity uvolnilo v HKS, coZ je vyznamny rozdil
oproti predchazejicim studiim, avSak procento uvolnéné aktivity je podobné jako v pripade
kratkodobé stabilitni studie. U zplsobu znafeni inkorporaci radionuklidu do struktury

nanocastice byla nejvyssi uvolnéna aktivita pozorovana u 1% roztoku ALB a pohybovala se

cvwr
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Obr. 17: Dlouhodoba in vitro stabilitni studie ?2°Ra-nTiO,: A — povrchové znageni; B — inkorporace
radionuklidu.

Souhrnné Ize tict, ze byl potvrzen piedpoklad chovani znacenych nanocastic ve fyziologickém
roztoku, ktery byl zvolen i jako standard pro porovnavani uvoliovani aktivity v ostatnich
matricich. Pro oba zplsoby znaeni a oba radionuklidy se uvolnéné aktivity pohybovaly
na nejnizSich hodnotéach, konkrétné maximalni hodnoty dosahla uvolnéna aktivita u povrchoveé
znaéeného ®*MTc-nTiO, ato 2,1 % po 31 hodinach od znageni. U stabilitnich studii sledujicich
vliv biologicky relevantnich matric na ?2Ra-nTiO2 bylo v pribéhu experimentii uvoliiovani
na stabilni Grovni. Pfi porovnani kratkodobé a dlouhodobé stabilitni studie 1ze pozorovat vliv
iontové vymeény a zpétnou resorpci radionuklidd na nanocastice. V piipadé napt. krevniho
fecisté, kde je obména okolniho prostfedi rychla a je zde menSi objemova koncentrace
kratkodobé stabilitni studie. Naopak zpétné resorpce lze pravdépodobné vyuzit ke zlepSeni
chovani nanocastic in vivo napt. pfi nahromadéni nanoc¢astic v tkani, kde bude dochazet k jejich

zpétnému vychytani na povrch nanocastic a tim dojde k zadrzeni radionuklidi v pozadované
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tkani. Uvolnovani aktivity se v tomto piipadé bude spise fidit trendem dlouhodobé stabilitni
studie.

Na zaklad¢ ziskanych vysledkt pro oba radionuklidy a oba zptisoby znaceni l1ze konstatovat,
ze nTiO2 je vhodny kandidat jako nosi¢ radionuklidi pro potieby nuklearni mediciny
predevsim pro systémovou aplikaci radiofarmaka do organismu, vzhledem k jeho stabilité
in vitro v dlouhodobém horizontu.
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5. Zavéry

Disertacni prace byla vénovana piipravé nanocdastic na bazi oxidu titani¢itého a jejich
charakterizaci. Dale byla pozornost zaméfena na sorpéni a kinetické experimenty s ??°Ra
a nakonec na znaceni nanocastic radionuklidy — *™Tc a ?2Ra — a jejich stabilitu in vitro
Vv biologicky relevantnich matricich. Tato prace je dilezita pro vyzkum novych radiofarmak
piedevsim pro a terapeutické radionuklidy, pro které jsou vhodnymi nosici praveé anorganickeé
nanoCastice. Zvolené¢ radionuklidy pak piedstavuji vhodny teranosticky systém
pro personalizovanou medicinu. Popsany vyzkum byl jiz publikovan v mezinarodnich
impaktovanych casopisech (publikace B —E) a je doplnén o reSer$ni praci publikovanou

V narodnim recenzovaném ¢asopise (publikace A).

V tivodni ¢asti je shrnut soucasny stav poznani zabyvajici se nanocasticemi v medicing, cilenou
radionuklidovou terapii, resp. cilenou alfa terapii, vhodnymi nosi¢i pro tyto radionuklidy
se zamétfenim na anorganické nosice. Na zavér je pozornost zamétena na oxid titanicity a jeho

vyuZiti, pfipravu a znaceni.

Pro potieby nuklearni mediciny byly nejprve pfipraveny nanocastice na bazi oxidu titanicitého.
Byla zvolena metoda hydrolyzy tetrabutyl orthotitanatu v propan-2-olu, ktera byla nejprve
optimalizovdna z pohledu vzijemného pomeéru téchto dvou sloucenin. Ten byl nésledné
stanoven na 1:4. Pfipravené nanocastice byly charakterizovany pomoci nésledujicich metod
FT-IR, XRPD, B.E.T, TEM/BF a acido-alkalickou titraci. Byl stanoven vysoky mérny povrch
330 + 10 m?/g, ktery byl v dobré shodé se stanovenymi hodnotami z analyzy z TEM/BF. Dale
bylo potvrzeno, ze se jednd o nanocastice, kdy jejich velikost byla < 20 nm. Pomoci acido-
bazické titrace byly stanoveny celkové koncentrace povrchovych funkénich skupin typu edge
— XSOH = 0,20 mol/kg — a layer site — £X = 0,67 mol/kg — a hodnoty protonizac¢nich —
Ki=2231x 10% L/mol aK;=1,84x10*L/mol — a iontové vyménnych konstant —
Kex = 5,67 x 107

Sorpéni experimenty s 22Ra byly provadény v rozmezi pH 2 — 12 v Britton-Robinsonové pufru.
Byl sledovéan vytézek sorpce 22°Ra na nTiO; pro jednotlivé hodnoty pH. Dale byla sledovana
sorpce na sténu vialky. Bylo zjisténo, ze v tomto ptipad¢ probiha sorpce minimalné a neni tedy
nutné uvazovat ztraty aktivity pii sorpci 22Ra na nanoééstice. Pro potfeby nuklearni mediciny
je nejzajimavejsi oblast okolo pH 6-8, ve které se procento sorpce pohybuje na 90 %. Ziskana
data byla nasledné podpofiena i vysledky ziskanymi z modelovani. Bylo zjisténo, Ze nejlépe 1ze
sorpci 22Ra na nTiO; popsat modelem CEM a do sorp&niho mechanismu jsou zapojeny funkéni
skupiny typu edge i layer site.
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Nasledné byly provadény kinetické experimenty sorpce ?2Ra na nTiO; v Britton-Robinsonové
pufru po dobu 24 hodin pii pH 6 s ohledem na piedpokladanou aplikaci in vivo. Ze ziskanych
vytézku sorpce bylo zjisténo, ze béhem prvni hodiny bylo dosazeno téméf rovnovazné hodnoty
sorpce 2°Ra na nTiOz. Primérna vstupni aktivita 2°Ra byla 1,01 x 10! mol/L. Ziskana
experimentalni data byla doplnéna o vysledky modelovani, kde bylo uvazovano celkem
6 kinetickych modelt pro heterogenni systém. Byl hledan nejpravdépodobnéjsi typ tidiciho
déje. Z vysledkl vyplyva, ze se nejpravdépodobnéji jednd o model RLD, ktery koresponduje
I s fyzikaln¢ chemickym charakterem sorbentu. Dale byl stanoven polocas sorpce, ktery,
za danych podminek, je pro nTiO2 roven 0,51 + 0,32 min.

Ditlezitym krokem pro nalezeni nového radiofarmaka je nalezeni vhodné a rychlé metody
znaceni s vysokymi vytézky znaceni. Byly studovany dva zpiisoby znaceni: povrchova sorpce
radionuklidu na jiz pfipraveny nTiO2 a inkorporace radionuklidu ptimo do struktury nTiOx.
Byly zvoleny dva radionuklidy, jednak diagnosticky radionuklid — ®™Tc a dale terapeuticky
radionuklid — 2°Ra, aby byla studovana moZnost teranostického piistupu pro personalizovanou
medicinu. Vytézky znaceni se v obou zpusobech znaceni i radionuklidt pohybovaly nad 97 %,
coz koresponduje s diive sledovanymi vytézky znadeni u sorpénich experimentt s 2°Ra, aviak

v

nelze jednoznaéné urcit, kterd metoda je vhodnéjsi, jelikoz rozdily jsou minimalni.

Dale byl pro vyzkum nového radiofarmaka dulezité provést stabilitni studie in vitro. Bylo tieba
zjistit, zda nedochazi k uvolnovani aktivity z nosi¢e vlivem biologicky relevantnich matric.
Do stabilitnich studii bylo zvoleno celkem 5 matric: fyziologicky roztok, hovézi krevni plazma
a sérum a 1% a 5% roztoky albuminu. Bylo sledovano uvoliiovani aktivity v ¢ase, jednak
v kratkodobém horizontu, ktery byl v piipadé MTc jesté zkracen z diivodu jeho kratkého
polodasu ptemény, dale v dlouhodobém horizontu po dobu pfiblizné 5 polocasi 2% Ra.
Uvolnéna aktivita byla nejvy$§i u *™Tc-NPs, avsak i zde s pohybovala pod 15 %
po 31 hodinach od znaceni u vzorkt znacenych inkorporaci radionuklidu v HKP. V piipadé
kratkodobé stabilitni studie s ??°Ra se uvolnéna aktivita pohybovala maximalné okolo 6 %
po 59 hodinach od znaceni. Nejvyssi uvolnéna aktivita sledovana opét v HKP ale tentokrat u
povrchového znaceni. V ptipadé dlouhodobé stabilitni studie byla nejvyssi uvolnéna aktivita
v HKS, avsak i tak se pohybovala okolo 3 % po pfiblizn& 5 pologasech pfemény ?>°Ra. Nejnizsi
uvolnéné aktivity byly, jak bylo pfedpokladano, sledovany vzdy ve FR.

Zaveérem lze shrnout, Ze byla zvolena vhodnad metoda pro ptipravu nanocastic oxidu titanicitého,
ktery byly fadou metod charakterizovany. Pro obé metody znacéeni i oba studované radionuklidy
Ize konstatovat, ze uvolnovani aktivity z nanocastic v ¢ase bylo nizké a pfipraveny material je
tedy vhodnym kandidatem jako nosi¢ radionuklidi pro nuklearni medicinu. Pro vznik nového
radiofarmaka je to teprve jeden z prvnich krokd. Je tfeba provést povrchovou modifikaci nosice
pro potieby aktivniho cileni do pozadované tkdné a nésledné pokracovat v preklinickém

testovani.
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nasledujici postup praci. Ze znatné ¢asti tuto publikaci napsala. Ve vyse zminéné se tykalo
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Cilena alfa terapie
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Targeted alpha therapy and its role in a modern nuclear medicine
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ABSTRAKT:

Cil: Shrnuti vyvoje terapie pomoci radionuklidt a potencia-
lu alfa radionuklidu v cilené terapii.

Uvod: Zajem o radionuklidy emitujici alfa dastice v nuklear-
ni medicing vzrusta. V ramci cilené alfa terapie jsou vyu-
Zivany nejen samotné radionuklidy podléhajici jedné nebo
nekolika alfa pfeménam, ale dochazi predevsim k vyvoji
nosicu alfa zafi¢u se specifickou akumulaci v nadorovych
bunkach, nasledné vyuzitelnych jako radiofarmak.
Material: Radium se jiZ od roku 1908, tedy necelych de-
set let po jeho objevu, pouzivalo v mediciné predevsim
k 1éEbé kozZnich onemocnéni. Od té doby prosla terapie
pomoci radionuklidG dlouhou cestu — od ?2°Ra, pies nega-
tronové zéfice, 2'At, az po nuklidy tvofici kratké rozpado-
vé fady oznagované jako in vivo generatory, napt.: °Ac,
213Bj ¢&i 2°Ra.

Prednosti alfa terapie je uvolnéni vysoké energie v malém
objemu, ¢imzZ dochazi k nizsi radiacni zatézi okolnich tka-
ni. Diky vysokému LET alfa &astic vznikaji dvojité zlomy
DNA, které jsou pro buiku letélni. Z tohoto divodu by mély
byt nosice alfa radionuklidi schopné odolat vysoké uvol-
néné energii, aby nedoslo k jejich radiolyze. Rovnéz je du-
lezita stabilizace odrazeného dcefiného radionuklidu tak,
aby nedoslo k jeho Gniku do okolni tkané, a tedy k jejimu
poskozeni. Mezi studovanymi nosici alfa radionuklid( pre-
vazuji anorganické nanomaterialy, napt. nanoc¢astice oxidu
Zeleza, titanu, zlata ¢i hydroxyapatity.

Zaver: Vyzkum cilené alfa terapie otevira cestu k 1é¢bé né-
kterych druhti nadorovych onemocnéni, predevsim ke zvy-
Seni kvality a prodlouZeni Zivota pacientti. Proto by mélo
byt i nadale vénovano Usili pfipravé novych radionuklidd,
vhodnych jak pro v€asnou diagnostiku, tak i pro naslednou
terapii. Patficna pozornost by méla byt rovnéz dedikovana
nosiélm terapeutickych radionuklid, nejlépe spliujicich
i teranosticky koncept, s ohledem na jejich chemickou
a radiac¢ni stabilitu a dostupnost.

Klicova slova: alfa radionuklidy, ?°Ra, nosic¢e, nanocas-
tice, cilena terapie, teranostika

NukiMed 2018;7:7-13

NukIMed 2018; 7(1)

ABSTRACT:

Aim: Summary of the development of therapy using radio-
nuclides and potential of alpha radionuclides in targeted
therapy.

Introduction: The interest aimed on radionuclides emitting
alpha particles is constantly growing in nuclear medicine.
In the case of targeted alpha therapy, not only radionucli-
des decaying by one or several alphas are used, but also
the suitable carriers for these radionuclides are developed
and could be used as radiopharmaceuticals.

Material: Since 1908, less than ten years after its discove-
ry, radium had been used in medicine mainly to treat skin
diseases. Since then therapy using radionuclides has gone
a long way — from radium-226, through electron emitters,
211At, to nuclides forming short-lived decay chains known
as in vivo generators, e.g. 2°Ac, 2"*Bi or *Ra.

The advantage of alpha therapy is the release of a high
energy in a small volume, which leads to lower radiation
exposure of surrounding tissues. Due to the high LET of
alpha particles, double-strand breaks of DNA molecules,
which are lethal for the cell, are formed. For this reason,
the carriers of alpha radionuclides should resist to the high
released energy, in order to prevent its radiolysis. The sta-
bilisation of reflected daughter nuclide is also important
because of its release into surrounding tissue and thus its
damage. Among studied carriers of alpha radionuclides in-
organic nanomaterials dominate, e.g. iron, titanium or gold
oxide nanoparticles or hydroxyapatite.

Conclusion: The research in the field of targeted alpha
therapy opens the way to treatment of some types of can-
cerous diseases and especially the increase of patients’
life quality and its extension. Therefore, the effort to pre-
pare new radionuclides should continue, suitable both for
early diagnosis and subsequent therapy. Particular atten-
tion should also be given to the therapeutic radionuclide
carriers, best suited to the theranostic concept, with regard
to their chemical and radiation stability and availability.
Key Words: alpha radionuclides, ?*Ra, carriers, nanopar-
ticles, targeted therapy, theranostics
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Radionuklidova terapie onkologickych onemocnéni vyuziva emito-
ry Casticového zareni, zejména beta, alfa, ¢i v mensi mife pfemén emisi
Augerovych elektrond, které plisobi na mnohobunécéné, bunécné, respekti-
ve subbunécné urovni. Alfa radionuklidy zacaly byt vyuzZivany pro medicin-
ské ucely uz kratce po svém objevu.

V prosinci 1898 manZzelé Marie a Pierre Curieovi ohlasili objev nového
prvku vyseparovaného ze smolince — radia. Védecka verejnost ale pozado-
vala viditelny diikaz tohoto prvku, a tak si manzelé Curieovi praci rozdélili:
Pierre se vénoval vyzkumu radioaktivity a Marie (Obr. 1) izolaci radia. Po
nemalém usili se ji podafilo ziskat 0,1 g Cistého RaCl, a ur€ila hmotnostni
Cislo takto pripraveného radia: 226.

Roku 1900 Walkhoff a Giesel zjistili, Ze radium ma i fyziologické ucinky,
a tak se Pierre Curie ve spolupraci s mnoha vyznamnymi lékari pustil do
studia téchto Gcink na zviratech. Velmi rychle si vimli, Ze radium dokaze
hojit rany a dokonce i vylécit nadory. V ¢ervnu 1901 Pierre Curie spolu
s Henrim Becquerelem vydali ,Pojednani o fyziologickych ucincich paprska
radia“. Tehdy zacala éra radioterapie, plivodné zvana ,radiumterapie” nebo
,Curieterapie®.

Radium se ihned stalo témér univerzalnim lékem na riizna onemocné-
ni, napf. nadory kiize. V pribéhu prvni svétové valky se dokonce pomoci
radia ,rentgenovali postreleni, aby mohli Iékafi rychleji a Iépe lokalizovat
kulku v jejich téle. Za par let se radia chopily i farmaceutické firmy a zacaly
vyrabét nespocet produktl se ,zazracnymi Gcinky“: masticky, obklady, kap-
ky ¢i dokonce vyZivové dopliiky pro zvifata.

Postupné ale byly odhaleny i negativni dopady ,radiového® zareni na
lidsky organizmus a v roce 1921 byla vydana pravidla a doporuceni pro
zachazeni s radiem. V roce 1937 bylo radium zakazano k nelékaiskym
ucelim az nakonec, v roce 1976, bylo od radia upusténo definitivné a vy-
stiidalo ho iridium-192 nebo cesium-137.

Od ¢ast manZelG Curieovych urazila radioterapie poradny kus cesty,
pfi¢emz po objevu umélé radioaktivity uz neni odkazana jen na radionuk-
lidy, které se vyskytuji v prirodé. Diky raznym fyzikalnim a chemickym
charakteristikdm uméle pripravenych nuklidi se naskytla mozZnost vybrat
radionuklid pro daného pacienta ,na miru”. 12*

Cilena alfa terapie (TAT)

Vyuziti radionuklidd emitujicich alfa ¢astice ve vyzkumu a klinickych
testech neustéle roste. Prvnimi systémy pouzivanymi pro cilenou alfa te-
rapii (angl. targeted alpha therapy — TAT) byly radionuklidy rozpadajici se
pouze jednim alfa rozpadem, napf. 2"'At. “5 Nasledné byla pozornost véno-
vana tzv. in vivo generatortim. Jedna se o radionuklidy, které se rozpadaiji
kaskadou alfa rozpadt, napr. ?°Ra, 2°Ac nebo 2"*Bi.

Vysoka uvolnéna energie pii alfa rozpadu, ktera je prinosem pro alfa
terapii, je vSak komplikaci pfi konstrukci radiofarmaka. Béhem rozpadu do-
chazi k radiacnimu poskozeni nosi¢e daného radionuklidu. Tento problém
je dulezité vyresit predevsim pro molekuly nesouci radionuklidy, které se
rozpadaji kaskadou nékolika rozpadd. Maze totiz dochazet k uniku dce-
finych produktd, které nasledné mohou zvySovat radiacni zatéz okolnich
tkani.

Na Obr. 2 je uveden priklad simulace stopy uvolnéného horkého atomu
v kortikalni kostni tkani za predpokladu, Ze je matersky radionuklid upro-
stfed Castice o poloméru 50 nm. Jak je z obrazku patmé, uvolnény horky
atom mlzZe jednodu$e z Castice uniknout. Alfa Castice, ktera odnasi pre-
vaznou veétsinu energie, ma v tomto materialu dosah okolo 37 pm, coZ
odpovida nékolika buné¢nym polomértim. Pokud je atom na povrchu na-
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Obr. 1 Marie Sklodowska-Curie, objevitelka radia. '

noc¢astice, miZe nasledné dojit k jeho zpétné
sorpci. 8

Pokud nadefinujeme bunécny polomér
20 um, bude primérny dosah beta ¢astic emi-
tovanych radionuklidy 215 bunécnych polo-
méru pro %Y (EBmaX = 2,3 MeV), 40 buné&nych
poloméra pro *'l (E, ., = 606,3 keV), ale u alfa
Gastic emitovanych radionuklidem 2"'At bude
primérny dosah pouze 6 bunéénych polomé-
ri. Bylo vypocitano, Ze frakce energie, ktera
se uvolni v nadorové tkani o praméru 200 pm,
bude pouze 1,5 % pro Y, 17 % pro ™I, aviak
50 % pro 2"'At. Ve srovnani s 2"'At je tedy po-
treba tisickrat vice rozpadd Y pro dosazeni
stejného efektu.”

+ 5004 | I I I I I I I

T

0 1
€ Kortikilni kostni ki
%
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Obr. 2 Simulace stopy uvolnéného horkého atomu 2*Rn
o energii 100 keV z bodového zdroje (500 opakovani)
v materialu predstavujicim kortikaini kostni tkari (p = 1,92
g/cm?). &
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- energie [MeV] a pro- ST
nuklid priprava rozpad gf:lr‘r)l?r; centualni zastoupeni uvolnﬁ:\g gergle ref.
o ¢astic?
a (41,8 %) 5,87 (41,8 %)
AL | 29Bj(a,2n) 7.21h - 8
EZ (58,2 %) 7,45 (57,4 %)°
5,79 (18,1 %)
2pc | 26Ra(p,2n) a (100 %) 10,0 d 27,3 8
5,83 (50,7 %)
6,05 (25,1 %)
i a (35,9 %)
212g; 2%?;:/'22‘; 60,55 min 6,09 (9,8 %) - 8
B (64,1 %) 8,78 (64,1 %)?
g generstor a (2,2 %) R 5,88 (1,96 %) ) .
ZACPUBI | - (97 8 o) 8,38 (97,8 %)
5,61 (25,2 %)
22’Ra generéator a (100 %) 11,43 d 26,4 9
5,72 (51,6 %)
5,45 (5,1 %)
24Ra generator a (100 %) 3,66d 26,6 8
5,69 (94,9 %)
a (16,7 %)
“9Th %2Gd(p,4n) B (7,1 %) 4,12 h 3,97 (16,7 %) - 10
EZ (76,2 %)
5,82 (32,0 %)
20y | 21pa(p,2n) a (100 %) 20,8d 38,8 11
5,89 (67,4 %)

Tab. 1 Prehled radionuklidi (potencidlné) pouzivanych pro TAT a jejich viastnosti '
a) a castice s nejvysSimi intenzitami
b) primérna energie odnesena a éasticemi po rozpadu celé fady (viz. Obr. 3, 4 a 6)

Alfa radionuklidy

Mezi radionuklidy, které si jiz nasly misto jak v preklinic-
kych, tak i klinickych testech a z nichz nékteré jsou v terapii
jiz béZné vyuzivany, patii napfiklad izotopy aktinia (*°Ac),
bismutu (2'2Bi, 2*Bi) nebo radia (***Ra, #*Ra), jejichZ vlast-
nosti shrnuje Tab. 1.

Zvlastni postaveni mezi alfa terapeutickymi radionuklidy
prislusi astatu (2"'At), ktery je predmétem mnoha in vitro i in
vivo experimentd. Astat-211 je jednim z prvnich studovanych
radionuklidii pro alfa terapii. Pfedpoklada se, Ze by diky své
podobnosti s jodem mohl byt vyuzitelny k 16¢bé hypertyre6zy.
Nejcastéji je 2""At navazovan na protilatku. Avsak v dasledku
jeho nejasné chemie neni v klinické praxi rozsiren. Jednim
ze studovanych prikladi terapeutického potencialu 2''At byla
|éCba intraperitonealné rozsifeného ovarialniho karcino-
mu OVCAR-3 pomoci ?""At znacené protilatky MOv18. My-

NukiMed 2018; 7(1)

¢) z rozpadu *"'Po a intenzita propoditana na rozpad *''At
d) z rozpadu ?"?Po a intenzita propoéitana na rozpad **?Bj
e) z rozpadu 2*Po a intenzita propoéitana na rozpad ***Bi

§im byla intraperitonealni cestou podana aktivita 400 kBq.
Byl zjistén median preziti 213 dni oproti 138 dniim u kon-
trolnich zvirat, které byly IéCeny fyziologickym roztokem. 13
Také byla studovana vyhoda alfa zafi¢t oproti beta zafi¢im
a byla demonstrovana studii 2""At znacené protilatky MOv18
(A = 310400 kBq) a 'l znaCené protilatky MOv18 (apliko-
vana aktivita 5,1-6,2 MBq). V prvnim pfipadé byl u 9 z 10
zvitat pozorovan zanik makro- i mikronadord, kdeZto ve dru-
hém pouze u3z10."

Jednim z velmi perspektivnich preklinicky i klinicky ové-
fenych radionuklidi pfeménujicich se kaskadou rozpadud
(Obr. 3) doprovazenou sou¢asnou emisi gama zareni je 2°Ac
(10 d). Doprovodného gama zareni lze s vyhodou vyuzit
pro zobrazeni biodistribuce pomoci SPECT. Aktinium-225
je pripravovano (p,2n) reakci na terc¢i 2°Ra, piic¢emz jednou
z dalSich moznosti jeho pripravy (oproti Tab. 1) je separa-
ce 2°Th/?*Ra z U, ktera probiha iontovou vyménou a ex-
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trakéni chromatografii. 1> V klinickych studiich 16.17
jsou nyni protilatky anti-CD33 (mysi protilatka
akutni myeloidni leukémie) a HuM195 (lidska pro-
tilatka akutni myeloidni leukémie) konjugovany
s 25Ac. V jiné studii *® se autofi zaméruji na vy-
uziti konjugatu 225Ac-PSMA-617 v terapii karci-
nomu prostaty ve srovnani s ""Lu-PSMA-617,
ktery byl pacientovi kontraindikovan a misto
beta zafice byla pacientovi aplikovana davka

25 29 233
Ra<—"Th=—"0U
1494 73401 16x10st

\

25
Ac

99d

209 M 217 21
Tl —"Bi~—" A{~<—"" Fr-—%*—

22m 456m 323ms 49m

NN

209Pb 213P0

33h
9-10 MBq ?»Ac-PSMA-617 ve tfech cyklech

(100 kBg/kg) s dalSi premedikaci. Postterapeu-
ticky PET/CT pomoci #Ga-PSMA indikoval Gplny
Ubytek léze a signifikantni depresi PSA (z plvod-

42us

\

209 .
Bi
stab.

¥

né 2 923 ng/mL na < 0,1 ng/mL) devét mésicl po
zahajeni experimentalni terapie.

Pozornost jak v preklinickych, tak i klinickych studiich byla
rovnéz vénovana izotopim bismutu 22Bi a 2"*Bi. Prvni z nich
— izotop 2'?Bi — je ziskavan eluci generatoru 2‘Ra/??Bi (Obr. 4),
alternativné vSak také pomoci materského radionuklidu 2'2Pb,
ktery je beta zaricem s polo¢asem rozpadu 10 h a tvori komplex
s 2-(4-isothiokyanatobenzyl)-1,4,7,10-tetraaza-1,4,7,10-tet-
ra-(2-karbamoyl methyl)-cyklododekanem (TCMC) (Obr. 5-1).
Konjugéat 2?Pb-TCMC byl nasledné vyuZivan jako in vivo
generator 212Bi. Klinické testy 2"2Pb-TCMC-trastuzumab byly
provadény u pacientt s HER-2 exprimujicim karcinomem
ovarii, piicemz byla zjiStovana toxicita, farmakokinetika a do-
zimetrie. Klinicka studie ukazala minimalni distribuci radiofar-
maka mimo peritonedlni dutinu, coZ koreluje s preklinickymi
studiemi. ¥

RovnéZ druhy izotop — 2*Bi — nachazi potencialni vyu-
Ziti v TAT. Byly studovany rtizné pripady znaceni protilatek
timto nuklidem, avsak bylo zapotrebi se vyporadat s jeho
kratkym polo¢asem rozpadu. Z tohoto dlvodu je tedy kli¢o-
vé nalezeni vhodné protilatky s adekvatné rychlou kinetikou.
Ve vétsiné studii byl vyuZivan jako chelator N-[2-amino-3-(p-
-isothiokyanatofenyl)propyl]-trans-cyklohexan-1,2-diamin-

Obr. 3 Rozpadova rada **U.

-N,N",N",N"",N""-pentaoctova kyselina jako (CHX-A""-DTPA)
(Obr. 5-2), konjugat 2*Bi-CHX-A""-DTPA je nasledné navazan
na protilatku. Prvni cilena radioterapie s alfa emitujicimi ra-
dionuklidy byla studovana u pacientt s akutni myeloidni leu-
kémii s vyuzitim konjugatu 2"*Bi-HuM195. Celkovéa podavana
aktivita byla v rozmezi 0,6—1,6 GBq ve 3-6 aplikacich i.v. po
10,4 — 15,5 - 20,7 MBq/kg béhem 48 h. Pomér absorbované
davky mezi kostni dien, jatra a slezinu k celému télu byl pfi-
blizné 1000krat vétSi nez u radioterapeutik beta-emitujicich
radionuklidd. | kdyZ pacienti nedosahli Gplné remise, byla
poprvé ukazana realizovatelnost cilené alfa terapie s piija-
telnou bezpecnosti pro pacienta i zdravotnicky personal. 2

Z hlediska cilené alfa terapie je v sou¢asnosti pravdépo-
dobné nejatraktivnéjsim izotopem 22Ra, jehoz jednou z vy-
hod je kratsi polo¢as dcefiného radonu (?°Rn — 3,9 s) oproti
220Rn z pfeménové rady **Ra, ktery se rozpada s poloGasem
55,5 s a u kterého je tedy vétsi pravdépodobnost emanace
z kostni tkané.

Izotop #°Ra sleduje metabolismus vapniku a diky tomu
je selektivné cilen do kosti, predevsim v misté zvySeného
metabolizmu kostni tkané — metastaz, kde tvori komplexy
s hydroxyapatitem. 2! Xofigo® 22RaCl, je schva-

228 232
Ra=<—""Th
S.7x 14x1

\

228
Ac

6.1h

\

228

212 216 220 224
Pb «— Po=—"Rn==—"Ra=<—""Th
10,6 h 0.14s 55s 36d 19«
208 2 [ S
Tl -=——  "B1
31m 61m
o
-
e ‘
208 212
Pb Po
stab. 029 us

len FDA a pouzivan v klinické praxi uz néko-
lik let. Dodava se v podobé injek¢éniho roztoku
o objemové aktivité 1 000 kBg/ml. Indikace pro
pouZiti pripravku Xofigo® je kastradné rezistentni
karcinom prostaty se symptomatickymi metasta-
zami v kostech bez znamych visceralnich me-
tastaz, pficemz intravenézné podavana aktivita je
50 kBg/kg/inj. v intervalu 4 tydn(i v 6 terapeutic-
kych davkach.?

V nedavno publikované klinické studii tykaji-
ci se terapie kastratné rezistentniho karcinomu
prostaty pripravkem Xofigo® bylo retrospektivné
prozkoumano 110 pacientt. Primarmé bylo sledo-
vano celkové preziti, pfeziti bez kostnich pfihod
a selhani kostni diené a dale parametry stano-
vené pred prvnim podanim ?°Ra, tedy sérova
hladina hemoglobinu, hladina PSA, alkalické fos-
fatazy, skore bolesti, pouziti chemoterapie Ci ex-
terniho ozafovani. Na zakladé téchto informaci

Owr

Obr. 4 Rozpadova rada #2Th.
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bylo zjisténo, Ze pacienti dobfe toleruji chemotera-
pii a sekundarni hormonalni terapii doprovazenou
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22Ra. Na druhé strané riziko selhani kostni dfené vzrostio se
soucasnym externim ozarovanim. Nasledky extemiho ozaro-
vani béhem terapie pripravkem Xofigo® v3ak doposud nebyly
popsany, a je proto nutna jejich dalsi studie. 2 Kromé klinicky
pouzivaného ?*Ra je vyvijeno zna¢né Usili o nalezeni nosic,
které by spolecné s ?*°Ra a pripadné i dal$imi radionuklidy byly
vhodné pro TAT, jako napfiklad hydroxyapatity 2!, LaPO, 24,
nanozeolity ?® ¢i superparamagnetické nanocastice.

Nosice alfa radionuklidu

Nosi¢e radionukliddi rozpadajicich se jednou nebo né-
kolika emisemi alfa i beta ¢astic musi kromé obecnych po-
Zadavk( na chemické slouc¢eniny pouZivané pro znaceni Ci
transport splnovat i dalsi specifické naroky.

Kromé ucelové volby vhodného radionuklidu je nutné
vénovat patficnou pozornost také nosici a celému cilicimu
systému — vektoru. Vybérem diagnostického (PET, SPECT)
Ci terapeutického radionuklidu s vyuzitim konkrétniho vek-
toru je mozné pripravit pfinosné teranostické Iécivo. Cileni
systému do nadorové tkané mize probihat nékolika zplso-
by: jednak pasivnim cilenim napr. na zakladé velikosti ¢astic,
jednak cilenim aktivnim, kdy dochazi k vychytani daného ra-
diofarmaka na zakladé specifické interakce, napi. vazby na
nosici vazaného ligandu nebo antigenu na receptor.

K pasivnimu cileni farmak i radiofarmak do nadorové
tkané Ize vyuZit EPR efektu (Enhanced Permeation and Re-
tention). Nadorova tkan roste pomémé rychle, a tedy tvorba
novych cév neni precizni a stava se tak pro velké molekuly
pristupnéjsi a diky nedostatecnému odtoku lymfy jsou v ni
i zadrZovany. Velikost struktury tedy mize urcit akumulaci
farmak v nadorové tkani. EPR lIze vyuZzit i pro cileni latek
do tkani, jejichz cévy jsou zUzeny a farmakum je aplikovano
primo do cévy vyzivuijici prislusnou tkar ¢i organ. 22

Na druhé strané, prostiednictvim specifického ligandu
nebo antigenu dochézi k aktivnimu transportu radiofarmak
piimo do nadorové tkané. Vazbou ligandu i antigenu na
dany receptor dojde k jejich selektivnimu vychytani v cilo-
vych oblastech. Nadorové buriky ve vétsiné pripadi maji na
svém povrchu velké mnoZstvi receptor(i na rozdil od zdravé
tkané, kde je jejich pocet podstatné mensi nebo tGpliné chybi.
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Obr. 5-2 CHX-A""-DTPA.

Navazanim selektivniho ligandu &i antigenu na povrch na-
nocastice nesouci radionuklid je mozné vyrazné ovlivnit Ci
piimo docilit transport radionuklidu do nadorové tkané a tim
prispét ke sniZeni radiacni zatéZe pacienta. Vazba ligandu
s nanocastici musi byt zprostfedkovana kovalentni vazbou
pies tzv. spacer — dvojvazny alifaticky nebo aromaticky uhli-
katy fetézec, aniZ by negativnim zptisobem ovliviiovala spe-
cifickou vazbu ligand-receptor. %

Dal$im dulezitym faktorem ovliviiujicim konstrukci nové-
ho alfa-radiofarmaka je stabilizace dcefinych produktti v no-
siCi. Touto stabilizaci je mozné dosahnout presnéjsiho cileni
a uvolnéni energie v pozadované tkani. Jednim z moznych
pristupll je vyuZiti nanocastic, napr. nanocastic kovl jako je
zZlato, stfibro ¢i Zelezo (superparamagnetické nanoc¢astice). 2
Dale jsou studovany &astice hydroxyapatitu, ktery je pfiro-
zenou slozkou kostni tkané, nanozeolity nebo oxid titanicity.

Nanocastice zlata maji hned nékolik ddvodl pro vyuZi-
ti v nanotechnologiich pro terapii i diagnostiku nadorovych
onemocnéni. Jejich syntéza je jednoducha, ekonomicky
nenarocna, lze je syntetizovat v Sirokém rozmezi velikosti
(od 2 do 500 nm) a tvard. Dal$i vyhodou je moZnost jejich
povrchové modifikace pomoci biomolekul. Byla potvrzena
jejich biokompatibilita a nizka akutni toxicita. *® Pro terapeu-
tické acely byly syntetizovany zlaté nanocCastice znaCené
21AL, které byly konjugovany se substanci P (kratky peptid
s vysokou afinitou k NK1 receptorim bunék gliomu). Stabilita
téchto nanocastic byla studovana v roztoku chloridu sodné-
ho, cysteinu, glutathionu a v lidském séru. Uvolnéna aktivita
ve vSech roztocich se pohybovala pod 0,1 %. *!

Podobné jako zlato jsou vyuzivany i nanocCastice stfib-
ra, které jsou studovany predevsim z divodu jejich anti-
bakterialnich vlastnosti, napf. k Cisténi vody. V réamci studie
TAT byly pfipraveny nanocastice stiibra obalené PEO (poly
(ethylen oxid)), které odpuzuji plazmatické proteiny a spolu
se spravnou velikosti ¢astic mohou chranit pfed pohlcenim
makrofagy. Takto modifikované nanoCastice byly znaCeny
21AL. Stabilita [?"'AtJAg-PEO nanocastic byla studovana prfi
37°C po dobu 3,5 h v pfitomnosti kompetitivnich chlorido-
vych iontl. Z téchto prvotnich experimenttl vyplynulo, Ze za
takto zadanych podminek jsou znacené nanocastice v sus-
penzi stabilni. *
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Zeolity jsou biokompatibilni krystalické hli-
nitokfemicité materialy. Jejich zajimavost tkvi
v prostorovém usporadani: jsou tvoreny kanal-
ky a dutinkami, které maji konstantni rozméry.
V intersticialnich polohach jsou zachyceny ionty
alkalickych kovi a kovti alkalickych zemin. Toho
bylo vyuZito pro syntézu nanozeolitl znacenych
radioizotopy Ra. %

Hydroxyapatity jsou mineralni latky pfiroze-
né se nachazejici v kostni tkani ¢i zubech. Jed-
néa se o materialy, které se diky své biokompati-
bilité béZné pouzivaji ve formé blockl ¢i prasku
k nahradé kosti a jiz jsou schvaleny FDA. Di-
ky své biokompatibilité, dobré radiacni stabilité
a schopnosti stabilizovat dcefiné atomy jsou
tyto materialy studovany ve spojitosti s TAT.
Bylo provadéno znaceni %°Ra pro terapii, které
diky své analogii s vapnikem pfi inkorporaci ra-
dionuklidu do struktury hydroxyapatitu nahrazu-
je jeho misto. Uvolnéné aktivity byly studovany
ve fyziologickém roztoku. Po 24 hodinach bylo
uvolnéno méné nez 5 % celkové aktivity. '

Magnetické nanocastice jsou vyuZivany
predevsim v diagnostice. Jejich vyuziti s tera-
peutickymi radionuklidy je teprve studovano.
Prvni viastovkou je studie pripravy 22Ra-SPIONs
(nanocastice Fe,0,). Jejich dobra stabilita in vit-
ro je slibny predpoklad pro dalsi in vivo testy.
Bylo zjisténo, Ze proces zachytu 2°Ra nano-
Casticemi Fe,0O, odpovida sorpci a povrchové
komplexaci spiSe neZ mechanismu srazeni.
Pocatecni vychytavani 2°Ra na povrchu je na-
sledovano pomalejSim procesem zabudovavani
22Ra do intersticialnich poloh. %

ZAVER

Cilena radionuklidova terapie si klade za cil
nastavit IéCbu pro pacienta na miru a ma poten-
cial byt levnéjsi s niz8i morbiditou v porovnani
se standartni terapii (napf. radiacni synovekto-
mie je alternativou k chirurgickému zakroku pfi
revmatoidni artritidé; je levnéjsi a pacient se po
ni mdZe drive vratit do béZného Zivota). Vyzkum
na poli cilené alfa terapie tedy jednoznacné ote-
vira cestu ke zkvalitnéni 1écby nékterych dru-
hii onemocnéni, zvy3eni kvality a prodlouZeni
Zivota pacientl. To jsou jednoznacné duvody,
pro¢ by mélo byt i nadale vénovano nemalé usili
pripravé novych a perspektivnich radionuklidt
a jejich nosicu ve vyvoji tohoto typu Iécby. Aby
to vSechno bylo mozné, bude potieba vyso-
ce kvalifikovany personal s interdisciplinarnim
zazemim ve fyzice, chemii, biologii, mediciné
a dalich odvétvich védy a techniky. Jinak by
hrozilo, Ze se z TAT stane sice vysoce Uc¢inna,
ale jen teoreticka nebo jen zfidka vyuZivana
moznost |éCby.
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Surface protolytic property characterization of
hydroxyapatite and titanium dioxide nanoparticlest

Ekaterina Kukleva, 2 Petra Suchankova, 92 Karel Stamberg,? Martin Vik, 92
Miroslav Slouf 2 and Jan Kozempel@*a

We provide characterization data of hydroxyapatite (nHAp) and titanium dioxide (nTiO,) nanoparticles as
potential materials for ion sorption, e.g. in targeted therapy, barrier materials for waste repositories or
photovoltaics. The study is focused on the determination of the values of protonation and ion exchange
constants and site densities (3"SOH, Y°X; [mol kg ) of nTiO, and nHAp for further Ra kinetics and
sorption experiments. These data are very important for further investigation of the materials, which can
be used e.g. as drug delivery systems or in engineered barriers of deep geological repositories. The
characterization was based on the evaluation of the dependence of titrating agent consumption on pH.
Titration results were evaluated on the basis of several model combinations, however the combination of
the Chemical Equilibrium Model (CEM) and lon Exchange Model (IExM) fits best to the experimental
titration curves. However, the differences between the two sorbents were relatively large. Due to stability
in a broad pH range and available surface sites, nTiO, seems to have a wide application range. The
applicability of nHAp is not so wide because of its dissolution under pH 5. Both sorbents are virtually able
to sorb cationic species on deprotonated edge and layer sites with different capacities, which can be
important for sorption and decontaminating applications.

Introduction

Both hydroxyapatite and titanium dioxide are known as low-
toxicity compounds with high specific surface area."* These
materials have a variety of applications in a wide range of areas
like environmental science, photovoltaics and medicine, and
applications exploiting their biocompatibility, sorption or
photoelectric properties. Applications that exploit their sorption
properties include water decontamination of different pollut-
ants, such as metal ions*” or organic compounds® or the use of
their nanoparticulate form as radionuclide carriers in nuclear
medicine.”*” Doping these materials with metallic impurities
also significantly influences their properties.’* ¢ Understanding
of the sorption mechanisms is thus extremely important for
further investigations, particularly concerning the stability of
the materials in biological systems.

One of the possible applications of these inorganic nano-
particles is a radionuclide-drug carrier system. They were chosen
due to their radiation stability and size."” Firstly, due to nano-
particle size and ability to resorb ions, recoil nuclei remain in the

“Czech Technical University in Prague, Faculty of Nuclear Sciences and Physical
Engineering, Department of Nuclear Chemistry, Brehova 7, 11519 Prague 1, Czech
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particle and no undesirable irradiation is therefore observed.
Secondly, nanoparticles can be targeted to cancer by both passive
and active mechanisms, due to the EPR effect or functionalization
of the surface.” Nanohydroxyapatite and nTiO, were chosen for
this purpose because these materials are already widely used in
medicine and cosmetics. They are stable, nontoxic, biocompatible,
cheap, and easy to prepare.'®** Moreover, nanoparticles can be
used for theranostic systems with bonded diagnostic nuclides
such as *™Tc, ®*Ga, '®F, etc. and therapeutic nuclides such as
223Ra, 225 Ac, 213Bi, 186Re, 9°Y, etc. B

Our aim was to determine nanomaterial properties
including the parameters characterizing the protonation and
ion-exchange processes taking place on the surface of nHAp and
nTiO, for further ***Ra sorption studies, as a nanoparticle
radionuclide carrier for nuclear medicine.?””** Due to modeling
of the new material surface sorption processes, separate
experiments should be performed in order to obtain credible
input surface protolysis and site density data.

The study is mainly focused on modelling of the sorption
mechanisms. Generally, there are two types of surface groups
responsible for sorption: the edge sites on the edges of the
surface structure, and the layer sites which appear due to
isomorphic substitution of cations and lead to a permanent
negative charge on the solid particle surface.*** The presence of
the charge depends on the crystallographic structure of
a studied material, or, in some cases, on the conditions in
a studied system (e.g. the surface of the material having only the

RSC Adv., 2019, 9, 21989-21995 | 21989
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edge sites can be contaminated with another material having
the layer sites), and therefore the presence of both types of sites
should be assumed.

The modeling of sorption processes requires surface pro-
tolysis and site density input data such as specific surface area,
protonation and ion exchange constants, and the concentra-
tions (densities) of edge sites and/or layer sites.

Protonation and sorption processes taking part on the edge
sites can be described by several types of Surface Complexation
Models (SCM) from which the following models are the most
utilized: Constant Capacitance Model (CCM), Diffusion Double
Layer Model (DLM), and non-electrostatistical Chemical Equilib-
rium Model (CEM).** The processes taking part on layer sites are
always described by classical Ton Exchange Model (IExM). Since
hydroxyapatite can substitute Ca>" for other cations, the necessity
to involve IExM into nHAp modeling seems to be obvious.
According to the literature® the edge site density is approx. 3 mol
kg ' for nHAp, and approx. 0.3 mol kg * for nTiO,, which points
to its potentially very good sorption.

General material description was performed by FTIR spec-
troscopy, XRPD and TEM. Detailed surface description was
carried out on the basis of titration experiments through
material modeling which can be briefly described as follows: the
reactions taking place on the surface of nHAp or nTiO, may be
described by two equations. The first one is protonation reac-
tion being in progress on edge sites (=SOH), the second one
describes the ion-exchange on layer sites (=XH).

The balance equations of charge densities on edge sites
(>-SOH) (1) and layer sites (Y _X) (2) have to be taken into account
in order to provide correct description of surface reactions:

SSOH = [SOH] + [SO ] + [SOH, "] [mol kg™'] (1)
=X = [XH] + [X ] = [XH] + [XNa] [mol kg ] (2)

It is important to notice that the edge sites of the nHAp are
characterized as =POH functional groups,* while nTiO, edge
sites are formed by =SOH groups.

Further description can be found in the ESL} The descrip-
tion of the individual models and their application in detail
were described by Filipska.*

Experimental
Materials and methods

All chemicals were of analytical grade purchased from Merck and
were used without further purification: tetrabutyl ortho-titanate
(TBOT), 2-propanol (IPO), sodium hydroxide, phosphoric acid,
boric acid, acetic acid, nitric acid, sodium nitrate, ammonium
hydroxide solution (28%), calcium nitrate tetrahydrate, ammo-
nium hydrogen phosphate. Demineralized water of 18 MQ cm
was obtained from Millipore, USA water purification system.

Sorbent preparation

nHAp. Bulk HAp was prepared by adding 1.2 M Ca(NO;), (24
mL) into 0.5 L of demineralized water. The pH of the mixture
was set to 11 with ammonium hydroxide and maintained

21990 | RSC Adv., 2019, 9, 21989-21995
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during the reaction, and 0.7 M (NH,4),HPO, (24 mL) was added
dropwise under stirring. The mixture was left overnight under
stirring, washed with DEMI water (3 x 20 mL) and dried. The
resulting powder was fine-ground.

nTiO,. The mixture of TBOT (1 mL, 2.8 mmol) in IPO (4 mL)
was dropwise added to 100 mL of DEMI water in ultrasonic
generator. The suspension was stirred for 30 minutes at the
laboratory temperature. Prepared nanoparticles were washed
with DEMI water (3 x 20 mL), once with IPO (10 mL) and then
dried under vacuum. The resulting powder was fine-ground.

Characterization of the materials

The specific surface area was determined by selective sorption
of nitrogen at the temperature of liquid nitrogen using a multi-
point BET method. Confirmation of the composition of the
materials was made with FTIR spectra recorded on Nicolet iS50
FTIR (ThermoScientific, USA) in middle infrared region 400-
4000 cm ' with resolution 2 cm ! on a diamond crystal which
were compared to relevant records in HR Inorganics I. -
Minerals database.”” Powder X-ray diffractograms using Rigaku
MiniFlex 600 (Ni-filtered Cu-K,;, radiation) equipped with
Nal(Tl) scintillation detector were compared to the relevant
records in the ICDD PDF-2 database (version 2013).**

TEM analyses. The nanoparticles were dispersed in water,
a small droplet (2 pL) of the suspension was dropped onto the
standard TEM supporting copper grid covered with an electron
transparent carbon film. The excess of the solution was
removed after 1 min by touching the bottom of the grid by a thin
strip of filter paper in order to avoid oversaturation and nano-
precipitation during the drying process. The specimens were
then left to dry completely. After drying the samples were
transferred to a TEM microscope (Tecnai G2 Spirit Twin 12; FEI
Company, Czech Republic) and observed at accelerating voltage
120 kV. Morphology of the particles was observed with standard
bright field imaging (TEM/BF), energy-dispersive analysis of X-
rays (TEM/EDX) yielded the elemental composition, and
selected area electron diffraction (TEM/SAED) was used to verify
the crystalline structures. Electron diffraction patterns were
transformed to 1D-diffractograms (by means of Process
Diffraction®’) and compared with X-ray diffraction patterns
(calculated with PowderCell*®) of the expected ecrystalline
structures of nHAp and nTiO, (the structures were obtained
from Crystallography Open Database). An estimate of crystal-
lite size from electron diffraction patterns and a calculation of
particle size distribution and specific surface area in compar-
ison with BET experiment is provided in ESL{

Potentiometric titrations

Automatic titration was made on TIM845 Potentiometric Titrator
(HACH, USA) equipped with Ag/AgCl electrode (HACH, USA).
The nHAp or nTiO, (150 mg) was dispersed in 50 mL of 0.1 M
NaNO; to ensure stability of the ionic strength (suspension
concentration was 3 g L '). Titration was performed at 23 + 1 °C
with 0.1 M NaOH for alkaline part of titration curve and 0.1 M
HNO; for acidic one. During the titration with NaOH the sample

This journal is © The Royal Society of Chemistry 2019
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Fig.1 TEM analysis (A) TEM/BF micrograph showing the size and shape of nHAp, (B) TEM/BF micrograph showing the size and shape of nTiO,.

and the titrant were bubbled with N, to eliminate atmospheric
CO, absorption and dissolution.

In the case of nTiO,, the studied pH range was between 2.5 and
10. In the case of nHAp, with regard to its possible dissolving in
acidic medium, the lowest reached pH was approx. 5. The experi-
ments were repeated three times for each line and solid phase. A
blank experiment was performed with 50 mL of 0.1 M NaNO,
without any solid phase added for the both acidic and alkaline part
of the titration curve. Increment was set to 0.05 mL and stability
conditions to 20 mpH min '. The pH was recorded after each
addition of titrant as a function of its volume.

Results and discussion
Specific surface area, FTIR, XRPD

The specific surface areas via BET measurements were determined
at 117 + 8 m* g ' for nHAp and 330 4 10 m* g ' for nTiO,. FTIR
spectra of the nHAp showed the characteristic vibration bands of
hydroxyapatite: vibration bands at 600-473 cm ' and 1089-
962 cm ' might be attributed to PO,*>". Band at ~1400 cm "
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belongs to the characteristic vibration of the CO,*", that at
1630 cm ' corresponds to deformation vibration band of OH ™ and
that at 3500-3000 cm * belongs to stretching mode of OH . FTIR
spectrum of nTiO, has the band at 3500-3000 cm ' that might be
attributed to stretching mode of OH ™ and at 1632 cm ™" associated
with deformation vibrations of OH ™ bonds on the surface of TiO,.
Arms on the band at 1000-400 cm ' are assigned to Ti-O and Ti-
O-Ti stretching modes.” Both FTIR spectra were compared to
database® records #15 and #216 for nHAp and nTiO, respectively;
they fit properly.

Nanohydroxyapatite and nTiO, diffractograms showed that
both samples are single phase. Experimental conditions for
nHAp synthesis meet the requirements for hydroxyapatite
formation. Titanium dioxide has the structure of anatase as
proved by library data*® comparison. Low intensity peaks of
nTiO, can be interpreted either as nano-sized crystals or as
amorphous phase formation. According to TEM/BF micrograph
(Fig. 1B) the nanoparticle size is under 20 nm.

Both FTIR and XRPD spectra could be found in the ESI
(Fig. S1 and S27).
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Fig.2 Particle size distributions determined from image analysis of TEM/BF micrographs using program MDISTR*~% for (A) nHAp and (B) nTiO,.
The symbols N% and V% denote number and volume distributions, respectively.
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Table 1 Morphological descriptors of the nanoparticles

Equivalent

diameter [nm] Elongation [—]

Sample Crystallite size” [nm]  Average StDev  Average StDev
nHAp 5.18 21.7 6.9 1.70 0.49
nTio, 2.44 5.3 1.7 1.50 0.41

“ Crystallite size was obtained from TEM/SAED diffractograms using
Scherrer equation. Equivalent diameter and elongation were assessed
from measurements of TEM/BF micrographs.

TEM characterization of the nanoparticles

TEM characterization of nHAp and nTiO, is shown in Fig. 1
where TEM/BF micrographs demonstrated that both nano-
particles had quite narrow size distribution, nHAp (Fig. 1A)
being larger than nTiO, (Fig. 1B). TEM/SAED diffractograms
and their comparison with theoretically calculated XRD
diffraction patterns confirmed the expected crystalline struc-
tures: hexagonal structure of nHAp (Crystallography Open
Database® COD /9001233) and tetragonal anatase structure of
nTiO, (Crystallography Open Database COD #1526931). TEM/
EDX spectra yielded the expected elemental composition and
confirmed that both prepared nanoparticles were free from
impurities (we note that C and Cu peaks come from the stan-
dard TEM supporting copper grids, which were covered with
thin, electron transparent carbon film). TEM/SAED diffracto-
grams and TEM/EDX spectra are shown in ESI (Fig. S3 and S4).

TEM image analysis and calculation of specific surface area

Both TEM/BF micrographs and TEM/SAED diffraction patterns
were employed in estimating the nanoparticle size. Image analysis

Table 2 Particle numbers and specific surface areas calculated by the
MDISTR program

nHAp nTio,
Model ID* N[—] Alm*g '] N[—] Alm*g
Model 1 4.35 x 10"* 367 3.11 x 10" 581
Model 2 5.92 x 10" 88 3.05 x 10" 268
Model 3 4.49 x 10" 73 2.25 x 10" 218
Model 4 8.98 x 10" 102 4.49 x 10" 298
Model 5 8.98 x 10" 107 4.49 x 10" 342
BET experiment — 117 — 330

“ All calculations were performed by the MDISTR***” program based on
parameters from image analysis of TEM/BF micrographs and/or TEM/
SAED diffraction patterns. N denotes number of particles and A
denotes specific surface area of the nanoparticles. The models used
for calculations were as follows: Model 1 = uniform spherical
particles with average size determined from broadening of TEM/SAED
diffractions (5.2 nm for nHAp, 2.4 nm for nTiO,); Model 2 = uniform
spherical particles with average size determined from image analysis
of TEM/BF micrographs (21.7 nm for nHAp, 5.3 nm for nTiO,); Model
3 = spherical particles with the size distribution determined from
image analysis; Model 4 = the same as previous, but with additional
corrections for elongation and flatness of the particles, which were
measured or estimated from TEM micrographs; Model 5 = the same
as previous, but with additional correction for surface roughness of
the nanoparticles, which was estimated from TEM micrographs.
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Fig. 3 Experimental dependences of added volume of titrant 0.1 M
NaOH, for basic part and 0.1 M HNOj for acidic part of titration curves
on pH and blank titration curve of 0.1 M NaNOs.

of TEM/BF micrographs was based on direct measurement of >100
particles and yielded an average particle size (morphological
descriptor: equivalent diameter), aspect ratios (morphological
descriptor: elongation) and the particle size distributions (shown
in Fig. 2); technical details concerning image analysis are given in
the ESL{ An estimate of the nanoparticle sizes from TEM/SAED
was based on Scherrer equation.” It is worth noting that Scher-
rer equation is applied mostly to X-ray diffraction data, but its
application on SAED diffraction patterns is also possible, although
it may not be so common.”* The average particle sizes are
summarized in Table 1.

The nHAp and nTiO, morphological descriptors (Table 1),
particle size distributions (Fig. 2) and overall semi-quantitative
characteristics of the observed nanoparticles (such as their
roughness estimated from their shapes in higher magnification
TEM/BF micrographs), were employed in the calculation of the
specific surface area of the nanoparticles. The calculations,
which are properly described in the ESI,{ were performed by our
program MDISTR.** The final calculated values were
compared with the experimentally determined specific surface

Table 3 Evaluation of titration curves by six different models: the
values of WSOS/DF characterizing the agreement between the
experimental (22 + 1°C) and calculated data (N/A — evaluation was not
performed)

nHAp nTiO,
Model WSOS/DF WSOS/DF
CEM 34.1 8.88
CEM + IExM 1.07 1.26
CCM 46.9 1.77
CCM + IExM 42.4 1.88
DLM N/A 1.16
DLM + IExM 134 0.70

This journal is © The Royal Society of Chemistry 2019
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Table 4 The total nHAp concentration of edge sites (3_-POH) and ion exchange groups (layer sites) (3_X), protonation (Ky, K»), and ion exchange

(Kna*/n+) cOnstants based on the titration curve evaluation

Model S POH[molkg '] Y X[molkg '] K [Lmol '] K, [Lmol ] Knatpr [—]
CEM + IExM 5.10 + 1.20 0.15 + 0.01 5.12 x 10" +1.10 x 10" 1.19 x 10° + 2.73 x 10* 3.01 x 10° + 3.26 x 10°
DLM + IEXM 13.90 + 4.35 0.20 + 0.10 1.83 x 10" + 6.84 x 10" 1.80 x 107 + 5.07 x 10° 1.12 x 10° 4+ 3.34 x 10°

Table 5 The total nTiO, concentration of edge sites (3 "SOH) and ion exchange groups (layer sites) (}"X), protonation (Ky, K>), and ion exchange

(Kna*m+) constants based on evaluation of titration curves

Model $7SOH [mol kg '] 3S°X [mol kg '] Ky [L mol '] K, [L mol ] Knam [—]
CEM + IEXM 0.20 =+ 0.01 0.67 + 0.01 2.31 x 10° + 1.93 x 10" 1.84 x 10" &+ 1.65 x 10> 5.67 x 107 4+ 2.01 x 10°
DLM + IEXM 1.42 + 0.10 0.07 + 0.01 3.26 x 107 + 2.73 x 10° 4.32 x 10° + 2.61 x 10> 6.96 x 10" + 1.74 x 10°
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Fig. 4 (A) Experimental data and calculated titration curve; (B) molar fractions of individual forms of surface sites for nHAp (CEM + IExM).

areas from BET experiments (Table 2). The agreement between
theoretical calculations based on TEM data including all
corrections and the experimental results from BET experiments
was very good. In both samples, the SAED-based crystallite sizes
resulted in overestimation of specific surface area in compar-
ison with BET experiments (Table 2, compare results of Model 1
and BET experiments), which implied that SAED-based
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crystallite sizes were small, resulting in too high numbers of
particles with too high specific surface area. Other models
showed good agreement with BET experimental results. For
more information see ESL.
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(A) Experimental and calculated titration curve; (B) molar fractions of individual forms of surface sites for nTiO, (CEM + [ExM).
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Evaluation of the titration experiments

Experimentally obtained dependences are shown in Fig. 3. As
mentioned above, due to nHAp dissolution the titration range
was from 5 to 10. Strictly speaking, the dissolution of nHAp
starts at aprox. pH = 7, but it is negligible if the titration is fast
enough and pH = 5 is reached within a few minutes.

The WSOS/DF value (weighted sum of squares of differences
divided by the degrees of freedom) is taken as an appropriate
criterion of goodness-of-fit and it should be in the interval 0.1 <
WSOS/DS < 20, so the model used for the description of the
given experimental dependence can be taken as acceptable. In
addition, the physical meaning of individual parameter values
has to be taken into account, as well. Evidently, the WSOS/DF
criterion (Table 3) is completely fulfilled for nTiO,, for nHAp
it holds for CEM + IExM and DLM + IExM models, only. But, if
we take into account the values in Tables 4 and 5, and if we
allow for literature data  SOH and } POH mentioned above,*
combination of CEM + IExM models describe experimental data
in the most accurate way for both nHAp and nTiO,.

According to the chosen models, total concentrations of the
edge sites and ion exchange groups, protonation and ion exchange
constants (for Na'/H" exchange) were calculated and their values
were summarized in Table 4 for nHAp, and in Table 5 for nTiO,.
On comparing the parameter values in Tables 1-3 to each other
and considering the literature data mentioned above,* the best
model seems to be CEM + IExM for both materials.

The experimental and calculated titration curves are depicted
as total surface charge density, Q [mol kg 'J,or (Qca)i, on pH for
nHAp and nTiO,, respectively (Fig. 4A and 5A). The molar frac-
tions of individual forms of sites (see the ESI{) can be found,
again as the dependences on pH (Fig. 4B and 5B). In both cases,
CEM + IExM model was used for experimental data evaluation.

Of course, there are great differences between nHAp and
nTiO, not only in the density values of surface sites () SOH,
>"POH and ) X), but above all in the values of protonation
constants — what does it means, it is evident from the
comparison of curves in Fig. 4B and 5B. Evidently, the pH value
plays the basic role in the applicability of both materials to the
surface sorption of anionic, cationic and molecular species
(surface complexation). The applicability of nHAp is limited to
pH interval from approx. 5 to 11, whereas in case of nTiO,, it
deals with pH from approx. 3 to 11. The both materials differ in
the sorption property (ability) in respect of different species,
such that on nHAp (Fig. 4B) can take place the sorption of
cationic forms on PO~ and X or surface complexation can
proceeds on PO . As for nTiO, (Fig. 5B), cationic forms can be
sorbed on SO~ and X, and by analogy the surface complexation
can proceed on SO, in addition, the sorption of anionic species
can be under way on SOH,'. Evidently, in principle, both
materials can be used as carrier of cation in question, i.e., ***Ra,
namely, for example as ***Ra®" or >**Ra(OH)".

Conclusions

An investigation of nHAp and nTiO, preparation and surface
sorption properties was performed in order to provide more
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detailed data for further studies considering **’Ra uptake on
these sorbents. However, the differences between the two
sorbents were relatively large, as follows from the values of
parameters determined for nHAp (K; = 5.12 x 10" [L mol '|; K,
=1.19 x 10° [L mol ']; 3SOH = 5.10 [mol kg 'J; Kex = 3.01 X
10° [—]; 32X = 0.15 [mol kg ']), and for nTiO, (K; = 2.31 x 10°
[L mol ™ 'J; K, = 1.84 x 10* [L mol ']; >_SOH = 0.20 [mol kg 'J;
Kex = 5.67 x 107 [—]; 3°X = 0.67 [mol kg ']). Deep under-
standing of the surface properties of HAp and TiO, nano-
particles, as prospective carriers for targeted alpha-particle
therapy by in vivo generators, is important.'* The results will
allow us to predict and provide further evaluation of kinetics
and sorption dependences of various ions and radionuclides,
including ***Ra and its decay products which are present in the
form of cations. Therefore, the studied nanoparticles, which are
capable of both capture and resorption, due to their high
capacity and suitable size, are a promising solution.

Based on our experiments and calculations it can be stated
that applicability of nTiO, is high due to its stability in a broad
pH range and available surface sites (3 SOH = 0.20 mol kg ;
3°X = 0.67 mol kg '). Evidently, cationic species sorption on
nTiO, can proceed via ion-exchange on deprotonated edge sites
(=S07) and on layer sites (=X ) as well. Applicability of nHAp
is not as wide as nTiO, because of its dissolution under pH 5.
On the one hand, surface site density of nHAp is greater than
that of nTiO, (}"POH = 5.10 mol kg '; 3°X = 0.15 mol kg '),
which can be regarded as an advantage of nHAp. On the other
hand, nHAp deprotonated edge sites (=PO ) are virtually able
to sorb only cationic species. Uptake of anionic and molecular
species on edge sites of the two sorbents can also undergo
surface complexation mechanism, but regarding the purposes
of our study it was not taken into account.
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Theoretical basis for titration modelling and evaluation

Protonation and sorption processes taking part on the edge sites can be described (modeled) by
several types of Surface Complexation Models (SCM)!? from which the following models are the
most utilized: Constant Capacitance Model (CCM), Diffusion Double Layer Model (DLM), and
non-electrostatical Chemical Equilibrium Model (CEM). The processes taking part on layer sites are
always described by classical Ion Exchange Model (/ExM). Since hydroxyapatite can substitute
Ca?* for other cations, the necessity to involve /ExM into HAp modelling seems to be obvious.

Modeling by /ExM could be, but does not have to be taken into account in order to find out
the most accurate fit. Therefore, six model combinations should be tested, namely, CCM,
CCM+IExM, DLM, DLM+IExM, CEM and CEM+IExM. General parameters characterizing the
nHAp and nTiO; can be found in RES3T- Database?, which is constantly updated. Especially, with
regards to nTiO,, there are different values of surface protolysis and sites density data taken from
more than 20 articles. These values differ in the way of nTiO; preparation and in its specific surface
area. In the case of nHAp, in contrast to nTiO,, only 4 articles are cited. However, according to the
literature® the edge site density is approx. 0.3 mol'kg! for nTiO,, and approx. 3 molkg™! for nHAp,
which points to its potentially very good sorption.

The reactions taking place on the surface of nHAp or nTiO, can be described by three
equations (1) - (3). The first two are protonation reactions being in progress on edge sites, the third
one describes the ion-exchange on layer sites.

=S0" +Ht< =SO0H 1)

- + a *

=SOH+H <=>=50H2 (2)
=XNa+H*e =XH+ Na* (3)

The equilibrium constants for reactions (1) - (3), K;, K, and K, respectively are given by equations
) - (6):
[SOH]
L=

- [s07]H] : @
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[SOHT]

> [som[H ] (5)

_ [XH][Na %]
[XNa][H*] (6)

ex

The balance equations of charge densities on edge sites (3. SOH) (7) and layer sites (3_X) (8) have to
be taken into account in order to provide correct description of surface reactions:

ZSOH = [SOH] + [SO~] + [SOH } | molkgl]  (7)

Zx = [XH] + [X "] = [XH] + [XNd] molkg’] (8

It is important to notice that the edge sites of the nHAp are characterized as =POH functional
groups*, while nTiO, edge sites are formed by =SOH groups.

The modeling procedure of the titration system can be characterized as follows: the total surface
charge density, (Qca1); in the i-th point of the titration curve equals the sum of charge density on the

edge sites, (Ogs);, and on the layer sites, (Ors);."> Therefore, it holds:

(Qca)i = (Qrs)i + (Ors)i Q)

Based on the character of titration curve and equations (10) and (11), the charge density is the
function of pH. The values of (Qgs); and (QOrs); can be calculated by means of equations (10) and
(11), respectively:

ZSOH-(Kl-KZ-[H+]2+1)

(Qgs)i= +12 +12
KKy [HT] + K [HT] 41 [molkg?l]  (10)
(@us)= 2 )
P Nat]+ K, [HY] [molkgl]  (11)

The experimental value of the surface charge for i-th point of titration curve, (Q.x);, can be obtained
using equation (12):

Vi x (Ca,i_ Cb,i + [OH_]i_ [H+ ]1)
gL [mol kg1] (12)

(Qexp)i =

Where ¥; [L] is the total volume of liquid phase; m; [kg] is the mass of solid phase; C,; [mol-L!]
and Cp; [mol-L-!] are bulk concentrations of acid (e.g. HNOj) and sodium hydroxide in liquid
phase, respectively, which are given by stock concentrations of acid and base solutions and by their
consumptions during titration.

If the values of parameters K, K5, Koy, > SOH and

> X, were sought, some non-linear multi-dimensional regression procedure should be used that deals
with the fitting of experimental data, (Qexp);, with model data, (Qca);. The software product
FAMULUSS and the proper code P46DNRLG.fim (code package STAMB 2015) based on the
Newton-Raphson multidimensional nonlinear regression procedure were used. WSOS/DF (weighted
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sum of squares of differences divided by number of degrees of freedom) was used as the criterion of
goodness-of-fit.”

It is necessary to add that the basic assumption of the surface complexation models is the validity of
Boltzman equation (13)! quantifying the relation between the concentration of i-th-component in
aqueous phase near the surface (in aqueous layer adhering to the surface), (C;);, and its bulk
concentration, C;, (13):

(CDs = Crexp(-=y F/(RT)) (13)

where : is the charge of i-th component (valency), y [V] is the electrostatic potential, F [C.mol!] is
Faraday constant, R [J'-K-lmol!] is gas constant and 7 [K] is the absolute temperature. The
following dependences then hold between surface charge, ¢ [C-m?], and electrostatic potential, v,
(14, 15, 16):

oc=Gvy (CCM) (14)
o = 0.1174-I"?-sinh(z;w-F/(2RT)) (DLM) (15)
w =0and (C)s = C; (CEM) (16)

where G [F-m™] is the so-called Helmholtz capacitance.

Specific surface area, FTIR, XRPD and TEM

FTIR spectra (Fig. S1) have showed the characteristic vibration bands of both studied materials and
are described in detail in the article.

1.0

094 [——nHAp
—— nTiO,
0.5

0.7 4

0.6+

0.5+

0.4+

Relative intensity

0.3
0.2
0.1

0.0 T T T T T T T T
4000 3600 3200 2300 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Fig. S1 FTIR spectrum of nTiO, and nHAp.

Nanohydroxyapatite and nTiO, diffractograms showed that both samples are single phase and
structure of both materials were proven by library data® comparison (Fig. S2).
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Fig. S2 nHAp (A) and nTiO, (B) difractograms compared with library records ICDD PDF-2 database® (version 2013)
(HAp — card# 01-071-5048; TiO, — card# 01-084-1285).

TEM characterization of nHAp and nTiO, is shown in Figs. S3 and S4, respectively, and are

described in detail in the article.
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Fig. S3 TEM analysis of nHAp: A) TEM/BF micrograph showing the size and shape of nHAp, B) TEM/SAED
diffraction pattern, C) comparison of the experimental SAED pattern and theoretically calculated XRD pattern of
hydroxyapatite, D) TEM/EDX spectrum of nHAp.
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Fig. S4 TEM/SAED analysis of nTiO,: A) TEM/BF micrograph showing the size and shape of nTiO,, B) TEM/SAED
diffraction pattern, C) comparison of the experimental SAED pattern and theoretically calculated XRD pattern of
anatase, D) TEM/EDX spectrum of nTiO,.

Estimate of crystallite size from electron diffraction patterns

The crystallite size was estimated from Scherrer equation that relates average crystallite size, L,
with the full width of the diffraction peaks at half-maxima of the peaks (FWHM(q))° :

L = (K-2z)/FWHM(q) (17)

The constant X is usually set equal to 0.89,!° while g represents diffraction vector (¢ = 4z -sin(6)/2,
where @ is the diffraction angle and 4 is the wavelength of diffracting electrons).®!°

Image analysis: calculation of particle size distribution and specific surface area

Image analysis of TEM/BF micrographs consisted in interactive measurement of particles using
ImageJ!! and further processing of the measured values using our program MDISTR!%13. For each
sample, more than 100 particles were measured with ImageJ. For each particle, we measured both
minimal and maximal projected lengths (i.e. the smallest and the biggest diameter of the particle;
morphological descriptors: MaxFeret and MinFeret). From the projected lengths we estimated
average particle size (morphological descriptor: EgDiameter; (18)) and average asphericity
(morphological descriptor: Elongation; (19)):

EqDiameter = 1/2-(MaxFeret+MinFeret) (18)
Elongation = MaxFeret/MinFeret (19)

In the next step, we employed our own MDISTR software package to calculate histograms, plot
particle size distributions and total number and total surface area of the particles with given

5
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distribution and total mass. If the MDISTR program is instructed to calculate total surface area of
the investigated particles with total mass = 1 g, we obtain specific surface area that should be equal
to the experimentally determined specific surface area from BET experiments (which is usually
expressed in m?/g). The MDISTR package was originally developed for analysis of synthetic
polymer systems with complex morphologies!> !4, but later it has been extended to calculate also
specific surface areas, considering various corrections due to particle shapes and/or particle surface
roughness. Comparison of specific surface area models and BET experiments is summarized in Fig.
SS.
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Fig. S5 Comparison of specific surface area models and BET experiment, A) nTiO2; B) nHAp: the model-based values
(blue columns) were calculated with MDISTR software!2 14,

The HAp and TiO; morphological descriptors, particle size distributions and overall semi-
quantitative characteristics of the observed nanoparticles (such as their roughness estimated from
their shapes in higher magnification TEM/BF micrographs), were employed in the calculation of
the specific surface area of the nanoparticles. The final calculated values from MDISTR program
(Tab. 2 in the article) were compared with the experimentally determined specific surface areas
from BET experiments (Fig. S5). The agreement between theoretical calculations based on TEM
data mcluding all corrections and the experimental results from BET experiments was very good. In
both samples, the SAED-based crystallite sizes resulted in overestimation of specific surface area in
comparison with BET experiments (Fig. S5, compare results of Model 1 and BET experiments),
which implied that SAED-based crystallite sizes were too small, resulting in too high numbers of
particles with too high specific surface area. This could be attributed to two facts: Firstly, the
Scherrer equation is just an approximate relation, which yields lower bound of the volume-averaged
crystallite size. Secondly, certain fraction of the nanocrystals (observed in TEM/BF micrographs)
could be composed of two or more crystallites (whose size is estimated from TEM/SAED
diffractograms). The above argument is confirmed by the fact that he estimate of specific surface
area based on average crystal sizes which come from image analysis of TEM/BF micrographs was
significantly closer to reality (Fig. S5, compare results of Model 2 and BET experiments).
However, calculation with spherical particles with uniform size (constant particle size distribution)
1s just an approximation resulting in slight underestimation of specific surface area. We have to take
into account the real particle size distribution (Fig. S5, Models 3), correction for particle elongation
and flattening (Fig. S5, Models 4), and finally also correction for particle surface roughness (Fig.
S5, Models 5). The corrections that are inserted as user-defined input, are either directly calculated

6
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(elongation) or merely estimated (flattening, roughness) from the shapes and/or contrast of
nanoparticles in the TEM/BF micrographs.!? The change from uniform, constant distribution (Fig.
S5, Models 2) to real, broadened distribution (Fig. S5, Models 3) is always accompanied by a
decrease in total number of particles (and, as a result, also by a decrease of total surface area)
because in the real, broadened distribution the bigger particles occupy more volume and less surface
than smaller particles.!?!* The introduction of elongation and flatness corrections (Fig. S5, Models
4) does not change the total number of particles, but somewhat increases their total surface area
because the elongated and/or flat particles exhibit larger surface area than equivalent spherical
particles. The introduction of roughness correction (Fig. S5, Model 5) further increases the total
surface area, as the rough particles logically exhibit larger surface than smooth spheres, ellipsoids,
or platelets. Although all corrections introduced into the program are rather approximate or even
semi-quantitative, the final values were in a very good agreement with the specific surface areas
from BET experiments, which confirms both the correctness of our MDISTR program package and
reliability of our TEM analyses.
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Introduction

Hydroxyapatite (HAp) and titanium dioxide are materials intensely
studied and widely used for their favorable properties in many
fields. Due to this, the range of their applications is extended from
foodstuffs, cosmetics and sunscreen creams through environ-
mental decontamination to medicine, which is our area of interest.
Both materials are biocompatible and have relatively low clinical
toxicity (LDso, HAp (oral, rat) over 25 g kg~ '; LDsg, TiO, (oral, rat)
over 10 g kg '), which is the underlying assumption for using
them for patient applications.” Some advantages of radionuclide
sorption are the following properties: high specific surface area,
radiation stability and size. Apart from the previously mentioned
reasons, ease of synthesis on a nanoscale size is another argument
for selection of these two materials.>”

Our main area of interest is specifically the possibility of the
application of the chosen nanomaterials as a drug carrier
system for diagnostic, therapeutic or theragnostic radionu-
clides. The targeting of the nanoparticles to the required tissue
can be enabled by two mechanisms. The first one is passive
targeting due to the Enhanced Permeability and Retention
effect (EPR effect). This effect exploits the size of the drug
carriers. Tumor tissue grows fast and stimulates angiogenesis.

Czech Technical University in Prague, Faculty of Nuclear Sciences and Physical
Engineering, Department of Nuclear Chemistry, Bfehova 7, 11519 Prague 1, Czech
Republic. E-mail: jan.k pel@fjfi.cvut.cz

This journal is © The Royal Society of Chemistry 2020

Conveniently, the novel blood vessels are abnormal and leaky,
so the nanocarriers can get stuck in the tumor tissue.*'* The
second one is active targeting by functionalization of the drug
carrier surface. The carriers can be modified by specific ligands
or antigens and the drugs are delivered to the target tissue due
to their bond to the required receptor.** The basic principles of
nanocarriers' preparation for the targeted alpha particle therapy
(TAT), particularly bearing the alpha-emitting nuclides that
decay in series, were described previously.'

Accordingly, hydroxyapatite (nHAp) and titanium dioxide
nanoparticles (nTiO,) could be applied as useful vehicles for
radionuclide delivery in case of radiolabelling with an appro-
priate radionuclide, such as '*F, **Ga, **™Tc etc. for diagnostic
purposes or ***Ac, **Bi, "Lu, >**Ra, '**Re, °’Y and others for
therapeutic purposes.*? Nowadays, there are several publica-
tions dealing with radiolabelling of nHAp and nTiO,. For
example, there are published studies, where the nHAp is
labelled by alpha therapeutic radionuclide - ***Ra.”> Other
radionuclides used for labelling were ***'3’Cs or *°Sr, where the
nHAp was applied for remediation of contaminated waters by
anthropogenic radionuclides.” Available published data for
radiolabelling of nTiO, are limited. There are some studies
dedicated to labelling of TiO, with **V or '*I for in vivo toxi-
cological studies®®® and with ***Ac for targeted alpha radio-
nuclide therapy.”

This article is focused on the study of Ra sorption on
nHAp and nTiO,. The published data on radium sorption using
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chosen nanoparticles are quite limited and available papers are
focused mainly on ***Ra behavior in uranium mill tailings and
the articles studied only iron compounds as a goethite or fer-
rihydrite, or environmental minerals.***

The ***Ra is a radionuclide used for TAT as radium chloride
(Xofigo®).">*** Due to the cascade of emitted alpha particles, it
could provide accurate high-dose irradiation of the target tissue
(range of the alpha particles approx. 10 cells) without damage to
the organism, if appropriate targeting strategy is applied. Nowa-
days, Xofigo® is used for the therapy of metastatic prostate
cancer, but number of its applications decreases. Possible fields
and ways of its applications could be significantly wider due to the
capture of recoil nuclei by the nanoparticles and advantages of
?23Ra. Furthermore, **Ra can be obtained from a radionuclide
generator “7Ac/**’Th/***Ra,”** which can probably guarantee
availability of the radionuclide in the hospitals. Main introduced
disadvantage of **Ra are recoil nuclei appearing during the
radioactive decay. They have considerable energy, which means,
that daughter nuclei are escaping from chemical bonds and are
distributed into the organism due to their chemical and biological
properties. In the case of ***Ra (a-emitter, 73, = 11.4 days), its
daughter decay products with half-lives longer than one minute
are: *'Pb (B -emitter, 7y, = 36.1 min), >'Bi (a-emitter, Ty, = 2.1
min) and *”’T1 (B -emitter, 7}, = 4.8 min).*

The aim of this work is focused on the study of >**Ra sorp-
tion as a function of pH. The mechanism of radium uptake by
nHAp and nTiO, in Britton-Robinson buffer solution (BRB) was
modelled and absorbed species were studied. For describing the
surface complexation systems, chemical equilibrium model
(CEM) was used. Modelling programs and codes for study of
sorption mechanism requires protonation constants, ion-
exchange constants and total concentration of edge-sites and
layer-sites, which were determined experimentally via titration
method and corresponding models.*”

Experimental
Materials

All chemicals were of analytical grade purchased from Merck
Millipore (Germany) and were used without further purification:
sodium hydroxide, tetrabutyl ortho-titanate (TBOT), 2-propanol
(PA), ammonium hydroxide, phosphoric acid, nitric acid,
methanol, boric acid, acetic acid, calcium nitrate tetrahydrate
and diammonium hydrogen phosphate. Demineralized water of
18 MQ cm ' was obtained from water purification system (Mil-
lipore, USA). The activities of the samples were measured with
a well-type Nal(TI) crystal detector (Capintec, USA). For mixing of
samples, Stuart SSM3 rocker (Cole-Parmer Ltd, United Kingdom)
was used and the separation was made on VWR Micro Star 12
centrifuge (VWR International, LLC, USA). Gamma spectra were
recorded on Canberra Packard HPGe detector (USA) under
GammaVision software.

Britton-Robinson buffer solution

For Britton-Robinson buffer solution preparation in the pH
ranging from 2 to 12, two stock solutions were mixed in

3660 | RSC Adv, 2020, 10, 3659-3666
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appropriate ratio. The first one was 0.2 M sodium hydroxide and
the second one was the mixture of 0.04 M phosphoric acid,
0.04 M boric acid and 0.04 M acetic acid.

Preparation of >*’Ra stock solution

The ***Ra was eluted from **’Ac/**”Th/***Ra generator, which
was prepared at our laboratory based on the study published by
Guseva et al.** The column of the generator was filled with 0.5 g
of Dowex-1 x 8 and ?*’Ac in equilibrium with its decay products
was loaded on it. The elution was provided by 0.7 M nitric acid
in 80% methanol solution for the separation of ***Ra from ?*’Ac
and **’Th. The eluted ***Ra(NO;), solutions were dried and
reconstituted with deionized water. Possible breakthrough of
parent radionuclides was checked by gamma spectrometry and
was not observed in the eluate.

Sorbent materials preparation

The sorbent preparation was described by Kukleva et al in
detail.* In this article only brief procedure is mentioned.

For hydroxyapatite nanoparticles preparation, 1.2 M Ca(NO3),
(24 mL) was added into 0.5 L of demineralized water. It was
necessary to set and maintain the pH of the mixture to 11 with
ammonium hydroxide. Afterwards, the solution of calcium nitrate
was stirred and 0.7 M (NH,),HPO, (24 mL) was added dropwise.
The mixture was left overnight under stirring, washed three times
with demineralized water (20 mL) and then dried under vacuum.

The titanium dioxide nanoparticles were prepared by the
dropwise addition of the mixture of TBOT (1 mL) in IPA (4 mL)
into demineralized water in ultrasonic generator and was stir-
red for 30 minutes. Prepared nTiO, were washed three times
with demineralized water (20 mL), once with IPA (10 mL) and
then dried under vacuum.

Sorption experiments
Experiments were performed in pH range from 4.5 to 12 for
nHAp and from 2 to 12 for nTiO,. All samples were in triplets
and were prepared in a following way: 2 mg of nHAp or 5 mg of
nTiO, were dispersed in 1 mL of BRB. Then 50 pL of 223Ra(N03)2
was dosed into each sample vial (pH of Ra solution was adjusted
before adding to the sample by diluted ammonium hydroxide to
the approx. sample pH in order not to exceed BRB's buffering
capacity). Added radioactivity was ranged between 1.4 and 2.4
kBq. All samples were shaken for 24 hours, centrifuged and the
supernatant was quantitatively removed. Then samples were
dispersed in 1 mL of demineralized water in order to ensure
same geometry of measurement. All samples and all superna-
tants were measured. All experiments were accomplished under
free air conditions and at the laboratory temperature.

In the same manner, sorption of pure **’Ra (without addi-
tion of nanomaterials) on the vial walls was studied in pH range
from 2 to 12.

Modelling of the ***Ra uptake

First of all, calculations of ?**Ra speciation diagrams were
performed based on stability constants of Ra®" mainly. In the
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case of unavailable Ra constants, Ba>*, Sr** and Ca®" were used
and were chosen due to their similar chemical properties. The
stability constant values were taken from the Hatches database
used in the geochemical code PhreeqC.**

Then the model based on the surface complexation theory
was constructed and incorporated into the simulation code.
According to the surface complexation theory, it is supposed
that there are two types of surface functional groups: edge-sites
and layer-sites. Their concentrations were already calculated
based on experimental data.**® For further modelling proton-
ation constants of edge-sites, ion-exchange constant of layer-
sites and the total concentration of both sites were used as
input data.

The software product FAMULUS* and our code Praspec6.fm
(code package STAMB 2017) were used for the speciation
calculations. The corresponding code, Pramg6ZM.fm (code
package STAMB 2017), is based on the Newton-Raphson
multidimensional nonlinear regression used for experimental
data fitting. It has to be added, that the number of complexing
reactions, which can be used in calculation, is selectable. The
appropriateness of the fit is evaluated by the x’-test, and the
values of x” are used to the calculation of criterion WSOS/DF
(weighted sum of squares divided by degrees of freedom)." It
holds, if 0.1 < WSOS/DF < 20, then there is a good agreement
between the experimental and the calculated data.

Results and discussion

As mentioned above, published studies®?” were focused only
on **°Ra and the sorption was studied only on a few materials.

Table 1 Comparison of stability constants (8) and solubility products
(SP) of Ra and Ca complexes®$4

log B/log SP
Compound Ra*' ca*'
CO,*~ 2.50/-8.30 3.15/-8.14
cl- 0.10 0.29
S0, 2.75 2.31
OH 13.49 12.78

Table 2 The values of stability and dissociation constants (/ = 0)***

RSC Advances

For the medicinal purposes, the attention was paid to the
sorption of ***Ra in BRB and it was experimentally studied on
nHAp in the pH range of 4.5-12 and of 2-12 for nTiO,. Studied
pH ranges were different due to dissolution of the HAp under
pH 4.5 while TiO, is stable in a wide pH range. The BRB consists
of sodium compounds derived from phosphoric, boric and
acetic acids - the speciation of which strongly depends on the
pH value. Not only the corresponding ***Ra complexes have to
be taken into account, but also the hydroxo- and carbonate-
complexes especially if the pH is higher than 7 due to dissolu-
tion of atmospheric CO,.

Sorption of ***Ra on superparamagnetic iron oxide nano-
particles (nFe;0,4, SPIONS) was studied earlier in our labora-
tory,” therefore, in the current work the results of ***Ra
sorption on nHAp and nTiO, were compared with SPIONs.

223

Calculation of speciation diagram for ““’Ra in Britton-

Robinson buffer solution

At first, it was necessary to draw attention to the fact, that the
present state of stability constants knowledge for radium
complexes was limited. The reliable values of studied complexes
were available only for RaOH" and RaCOj;. Therefore, stability
constants were taken into consideration for elements with
similar chemical properties, namely for Ba, Sr and Ca. Unfor-
tunately, data availability for Ba was also not sufficient, for Sr it
was slightly better, but constants for acetic and boric acids
complexes were also not available. Therefore, stability constants
for Ca with above mentioned ligands were taken in addition to
Ra hydroxo- and carbonate-complexes constants. The similarity
of Ra and Ca complexation is demonstrated in Table 1 on the
values of stability constants (8) and solubility product (SP)****
(the values hold for I = 0).

The calculation of speciation diagrams were performed for the
following composition of aqueous phase: 5.00 x 10~'* mol L "
Ra(NO3),; 3 [H3PO,] = 4.00 x 102 mol L™ *; 3" [H3BO5] = 4.00 x
10> mol L™ '; S°[CH;COOH] = 4.00 x 10 *mol L™ '; pCO, = 3.16
x 10~ at, ionic strength I = 0.15. It deals with sodium salts of
above-mentioned acids in a case of higher pH values.

The values of stability and dissociation constants (I = 0) are
summarized in Table 2 and the results of calculation are shown

Ligand Stability constant log K Dissociation constant log K
H,PO,~ K = [CaH,PO,]/([Ca]-[H,PO,]) 1.28 K = [HPO,)/([H]-[PO,]) 12.36
HPO,*~ K = [CaHPO,])/([Ca]-[HPO,]) 2.68 K = [H,PO,J/([H]-[PO,]) 19.70
PO,’ K = [CaPO,])/([Ca]-[PO,]) 6.46 K = [H3PO,J/([H]*- PO,4]) 21.93
H,BO, K = [CaH,BO;')/([Ca]-[H,BO; ]) 1.80 K = [HCO;)/([H]-[CO5]) 10.33
OH K = [RaOHJ/([Ra]-[OH]) ~0.5 K = [H,CO3)/([H]*-[CO;4)) 16.68
(elo K = [RaCO;]/([Ra]-[COs]) 2.50 K = [pCO,J/([H]-[COs]) 18.60°
Ac™ K = [CaAc']/[Ca®']-[Ac ] 1.18 K = [HAc]/([H]:[Ac]) 1.76
(Ac), K = [Ca(Ac),)/[Ca®']-[(Ac"),) 4.00 K=([H,BO;]-[H])/[H;BO;] ~9.24
(Ac)s K = [Ca(Ac); J/[Ca®"]-[(Ac )] 4.45 K=([HBO,]-[H])/[H,BO;] ~12.74
(Ac )4 K = [Ca(Ac)s* J/[Ca®']-[(Ac )4 3.60 K=([BO3]-[H])/[HBOs] ~13.79
- SP = [Ra]-[CO;] ~8.30 K, = [H]-[OH] ~14

“ pCO, [at] - partial pressure of CO,, atmospheric pCO, = 3.16 x 10~* [at], Ac = CH;COO .

This journal is © The Royal Society of Chemistry 2020

RSC Adv, 2020, 10, 3659-3666 | 3661

89



RSC Advances

Paper

10

L e

0] —Raco, A 08
Ra(PO,y /
08 RaHPO, / 08
. [
07 Ra(H,PO,)’ ‘,' or
06 | 08
§ /
g 08 | 08
& | &
04 / 04
03 / 03
02 / 02
/
J
01 / 01
004 + ey e ' 0.0 4-ryee—y
2 3 4 85 6 7 8 0 10 1 2 2 3 s
A o B

RalAc)’ 09 Ra™
Ra(ac),” Y Ra(H,BO,)"
Ra(Ac), o \ RaOH"
Ra(Ac),? 07 A
06
§
g os
“ 04
03
02
0.1
—p—iyaa g 0.0 4y ———y—— " . v
4 L] 0 0 " 2 2 3 B 5 L] 7 L] “ 10 " 12
M C -

Fig. 1 The relative abundances of studied radium species on pH (A) phosphate and carbonate complexes, (B) acetate complexes, (C) ionic

radium, hydroxyl and borate complex; total " ra species = 1.

in Fig. 1. Complexing reactions and corresponding complex
compounds were incorporated in the code Praspec6.fm (Table
2.). Under the given conditions, only five of them can be
regarded as more important, namely, the complexing reactions
with PO,*”, HPO,”> ,H,PO, , CO;>  and (CH;COO ),. The
calculation of possible precipitation of RaCO; was also
considered in code Praspec6.fm, however, due to the very low Ra
concentration, precipitation could not occur.

Modelling of experimental data as a function of pH

Chemical equilibrium model® was used to describe the surface
complexation systems. It consisted of two groups of equations.
The first one characterized the protonation and ion-exchange
behavior of sites (eqn (1)-(3)) and the second one the sorption
of individual species including the balance equations (eqn (4)-
(12)). The values of sorption constants, K, (eqn (4)-(10)) were
obtained during iterations.

The equations (eqn (1)-(12)) listed below were incorporated
in the regression function of the code Pramgé6zp.fm. The
protonation reactions (eqn (1) and (2)) on edge-sites were:
SO~ + H* « SOH, kS, = [SOH)/([SO]-[H*]) (1)
SOH + H" < SOH,", KS, = [SOH,"}/([SOH]-[H"]) (2)

The Na'/H" ion-exchange reaction (eqn (3)) on layer-sites
was:

XNa + H" < XH + Na*, K., = (XH][Na*)/((XNa][H']) (3)
The sorption reactions (eqn (4)-(10)) were:

SO~ + Ra®" < SORa", K[1] = [SORa*/([SO]-[Ra>*]) (4)

SO + RaCO;3 <> SORaCO;

K[2] = [SORaCO; J/([SO™]-[RaCOs)) (5)
SO~ + RaPO,~ «> SORaPO,>",
K[3] = [SORaPO,> /([SO]-[RaPO, ) (6)
SO~ + RaHPO4 <> SORaHPO,",
K[4] = [SORaHPO, J/([SO |- [RaHPO,]) ()
2XH + Ra’** & X,Ra + 2H",
K[5] = (XzRa]-[H'P)/(XH]*-[Ra*>"]) ®
XH + RaH,PO,* <> XRaH,PO, + H*,
K[6] = ([XRaH,PO4]-[H*/((XH]-[RaH,PO4"]) )
SO~ + Ra(Ac™), <> SORa(Ac), ,
K[7] = [SORa(Ac), J([SO"]-[Ra(Ac),]) (10)
The balance equations (eqn (11) and (12)) were:

Y SOH = [SO ] + [SOH, "] + [SOH"] + [SORa"]

+ [SORaCO; | + [SORaPO,* |

+ [SORaHPO, | + [SORa(Ac), | (11)

$°X = [XNa] + [XH] + 2-[X,Ra] + [XRaH,PO,] (12)

Following input data were also needed: the composition of

liquid phase, the phase ratio V/m (L kg "), the values of stability
and dissociation constants of Ra complexes and CO, atmo-
spheric pressure (Table 2), protonation constants, ion-exchange
constant and total concentration of edge-sites > SOH and layer-
sites » X (Table 3). All data in the Table 3 were described in
detail in publication Kukleva et al.*

Table 3 Constants describing the surface protolytic properties of nHAp, nTiO, and SPIONs respectively**?

Constant Units nHAp nTio, nFe;0,
Protonation constant - KS, [L mol™] 5.12 x 10" 2.31 x 10° 9.65 x 10°
Protonation constant - KS, [L mol™"] 1.19 x 10° 1.84 x 10" 9.13 x 10°
Ton-exchange constant — Key [—] 3.01 x 10° 5.67 x 107 3.60 x 107
Concentration of edge-sites - 5 SOH [mol kg™'] 5.10 0.20 0.05
Concentration of layer-sites - Y°X [mol kg™ '] 0.15 0.67 0.09
Specific surface area [m* kg™ 1.17 x 10° 3.30 x 10° 1.09 x 10°
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Table 4 Resulting values of constants K[1-7] of sorption reactions
(egn (4)-(10)) for nHAp and nTiO,

K—] (1= 0)
Eqn nHAp nTio,

@) K[1] = 2.44 x 10° K[1] = 4.13 x 10"
5 2] =9.87 x 10" 2] = 7.34 x 10"
{6; g[s} =3.02 x 107 gs% =1.69 x 10'?
(7) K{4] = 3.79 x 10" K[4] = 6.16 x 10"
(8) K[5) = 7.85 x 10°° K[5] = 7.37 x 10°
9) K[6] = 6.60 x 10" K[6] = 2.34 x 10"
(10) K[7] = 2.81 x 10* K[7] = 4.88 x 10"
WSOS/DF 0.21 0.18

The results are summarized in Table 4 and Fig. 2 and 3.
Experimental data were in a good agreement with calculated
values of radium uptake as a function of pH on both edge- and
layer-sites (Fig. 2A and 3A). The results of the modelling of the
nHAp and nTiO, labelling with ***Ra support the concept that
the radium uptake can be described with the surface complex-
ation model type of CEM and both edge- and layer-sites were
involved in sorption mechanism (Fig. 2 and 3). It means, in our
opinion, that labelling corresponds better with sorption than
with co-precipitation mechanism.

P . - v
< 0.6 « Experimental data | 1
2 - Ra on layer sites X
F 054 a on layi ]
gy e Ra on edge sites S|
Y 0.4 —— Calculated sum |

0.3 4 4
0.2 1
0.1 5
0.0 T T T T Y T
5 6 7 8 9 10 1 12
A

RSC Advances

The sorption efficiency (Y%) was calculated based on the
equation

ANe o 100%

Y%= —"0
? ANP+Auq

(13)
where the Ayp is the activity of the centrifuged and secondary
dispersed nanoparticles [cps], the A,q is the activity of the
supernatant [cps]. The Axp and the A, were measured under the
same conditions and no time correction was applied.

The sorption efficiency on nHAp was 95 + 5% in the pH
range from 5 to 12 (Fig. 2 and 5). It could be caused by relatively
high sorption capacity or high specific surface area of nHAp
(117 + 8 m”> g ')*® and by the composition of used aqueous
solution (BRB). Fig. 2 shows that the most important sorption
reactions going on edge sites were RaCO; (eqn (4), minor),
RaPO, (eqn (6)) and RaHPO, (eqn (7)), and on layer-sites were
Ra* (egn (8)) and RaH,PO," (eqn (9)). On the base of speciation
diagrams (Fig. 1), the greater role of PO,*>", CO;>~ and CHj-
COO" ligands were expected, but this supposition especially in
a case of acetic anion was not confirmed. However, the role of
HPO,”>~ seems to be underestimated.

In the case of nTiO, sorption efficiency was about 100% in
pH range from 3 to 12 and decreased to 75% at lower pH values
(Fig. 3 and 5), which could be also caused by high sorption
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Fig. 2 Sorption on nHAp: (A) 2**Ra uptake vs. pH; (B) uptake of given species vs. pH.
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Fig. 3 Sorption on nTiO,: (A) ?**Ra uptake vs. pH; (B) uptake of given species vs. pH.
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Fig. 5 Dependence of sorption yield on pH value for nHAp, nTiO,,
SPIONs and plastic test tube wall.

capacity or high specific surface area (330 + 10 m”> g ')* of
nTiO,, and also due to the composition of aqueous phase. The
main role in sorption reactions on layer-sites played Ra*" itself

(eqn (8) and Fig. 3). On edge-sites the most important species
seems to be Ra®" (eqn (4)), RaCOs (eqn (5)), RaHPO, (eqn (7))
and Ra(Ac ), (eqn (10)) (Fig. 4). On the base of speciation
diagrams, the greater role of PO,* (Fig. 1A) and CH;COO
(Fig. 1B) ligands were expected, however this expectation were
not verified. One of the most interesting result is that surface
complexation model type of CEM is suitable as a describing
model of studied nTiO, radium uptake, as well as of nHAp.

Certainly, the question considering presence of atmospheric
CO, also needs to be taken into account. Relatively high
concentrations of carbonates in samples with pH greater than
8-9 could affect the results, therefore, it might be better to use
inert atmosphere for clearer experiments. In spite of this, the
CO, and HCO; were included in calculations.

Radium sorption properties of nHAp and nTiO, were
compared also with SPIONSs (Fig. 4 and 5).** From comparison,
it is evident that all three materials have relatively high sorption
affinity to Ra™ under the studied conditions. It is necessary to
keep in mind that low initial radium concentrations were used
(approx. 2 kBq, 5 x 10~'* M). Although there were some
differences in the values of parameters of edge-sites (KS;, KS,,
>"SOH), of layer-sites (K, >_X) and of the specific surface area,
sorption yields for all three materials were high. Additional

Fig. 6 Schematical drawing of radium uptake in (A) nHAp, (B) nTiO,, (C) SPIONSs. Yellow — calcium, blue - titanium, dark red - iron, green —
radium, red — oxygen, pink — phosphorus. Images were created in Vesta software.*
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distinction of nHAp towards nTiO, and SPIONs was its lower
chemical stability in acidic aqueous solutions. Regarding its
possible application in vivo, it should not play any significant
role.

The values of nHAp's and nTiO,'s KS; (equilibrium constant
of reaction eqn (1)) indicated the relatively greater shift of
nHAp's protonation reaction (eqn (1)) to the right in comparison
to the nTiO,. In relation to KS, values, the deprotonated species
SO did not exist in pH lower than 6 in the case of nHAp and
lower than 5 for nTiO,.* This fact played a certain role in ion-
exchange reactions (eqn (3)) and surface complexation reac-
tions (eqn (4)-(7) and (10)).

Comparing all three materials, it could be said that all of
them have comparable properties in the context of Ra sorption
(Fig. 5 and 6). Hydroxyapatite nanoparticles as well as SPIONs
showed high yields of **’Ra uptake at pH over 6. In the case of
nHAp, it could be due to low chemical stability of nanomaterial
at lower pH. In the case of SPIONSs, it is probably caused by
presented species (SPIONs labelling was performed in PBS,
where the main component is phosphate and at pH lower than 6
it was presented in the form of H;PO, and H,PO, (Fig. 4))."
Chemically stable nTiO, has shown very high sorption yields at
PH 2.5 and higher. It is also important to notice, that sorption of
all presented radium species on plastic was negligible (Fig. 5).

Despite CO, presence interfere and tangle modelling, it did
not affect experimental the sorption results. This can be
extremely beneficial for easier experimental setup, where
necessary requirements could be lower.

Furthermore, another interesting result was that there was
a good evidence for the modelling of radium uptake (labelling,
sorption) on nanoparticles of nHAp, nTiO, and SPIONs by
means of the surface complexation model type of CEM, in spite
of the fact, that studied materials were not similar.

Conclusions

Studied materials nHAp and nTiO, had shown relatively high
sorption affinity to Ra"™ under the studied conditions and the
radiolabelling yields were over 95% in a wide pH range. Based
on the calculations and modelling it was found, that the main
role in sorption in the case of nHAp played RaCO;, RaPO, ,
RaHPO,, Ra?" and RaH,PO,". In the case of nTiO, the main role
in sorption reactions played Ra?" itself, RaCO;, RaHPO, and
Ra(Ac™),. Furthermore, it was found, that presence of CO, did
not interfere high sorption yields, what could be important to
take into account for further experiments.

This paper shows possibility to use nHAp and nTiO, nano-
particles as a useful vehicle for ***Ra delivery for targeted alpha
therapy. So, it could be concluded, that nHAp and nTiO, are
suitable nanomaterials for medicinal usage due to high sorp-
tion properties in a pH range required for medicine, radiation
stability and biocompatibility. Another important benefit is
labelling procedure simplicity, where radium chloride in
a liquid form is mixed with ready-made particles under labo-
ratory temperature without any inert atmosphere. Obviously,
this study is preliminary and further investigations of labelling

This journal is © The Royal Society of Chemistry 2020

RSC Advances

kinetics and in vitro stability in biologically relevant media are
necessary.
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Abstract: Sorption kinetics of radium on hydroxyapatite and titanium dioxide nanomaterials were
studied. The main aim of the current study was to determine the rate-controlling process and the
corresponding kinetic model, due to the application of studied nanomaterials as a-emitters’ carriers,
and to assess the sorption properties of both materials from the radiopharmaceutical point of view
by time regulated sorption experiments on the nanoparticles. Radium-223 was investigated as
radionuclide used in targeted alpha particle therapy as an in vivo generator. It was found that the
controlling process of the 222Ra sorption kinetics was the diffusion in a reacted layer. Therefore,
parameters like particle size, their specific surface area, contact time and temperature played
important role. Moreover, the composition of liquid phase, such as pH, the concentration of 22Ra,
ionic strength, the presence of complexation ligands, etc., had to be considered. Experiments were
conducted under free air conditions and at pH 8 for hydroxyapatite and pH 6 for titanium dioxide
in Britton-Robinson buffer. Initial 22Ra concentration was in the range from 10! to 1012 mol/L. It
was found that sorption kinetics was very fast (more than 90% in the first hour) in the case of both
nanomaterials, so they can be directly used for efficient radium sorption.

Keywords: hydroxyapatite; titanium dioxide; radium-223; nanoparticles; ion sorption kinetics;
kinetic models

1. Introduction

Both studied materials, hydroxyapatite (HAp) and titanium dioxide are situated among natural
sorbents. Their properties were studied in the case of inorganic and organic contaminants’ separation
from different types of waters [1-5]. Recently, the attention was devoted to nanoparticles (NPs)
because of their large specific surface area that leads to relatively fast either sorption or desorption
kinetics and high sorption capacity. Especially, the pH dependent sorption properties, based on the
protonation or deprotonation of surface sites [1,6-9], enable the sorption of cationic or anionic species
on studied nanoparticles by ion exchange and surface-complexation mechanism simultaneously [6,8—
11].

Another advantage of both materials is their biocompatibility. Hydroxyapatite—
(Cao(PO4)s(OH)2) —is the natural component of bones and its synthetic analogue is widely used as
artificial bones, adsorbent for protein chromatography, additive in toothpastes, etc. [2] Several
studies focusing on adsorption of various substances onto hydroxyapatite, such as icariin [12],
organic dyes [13], Pb?* [2,3,14], Cd [2,15], etc., were already published. They were dealing with
contaminant retention and purification. It was found that the retention kinetics of the HAp could be
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quite fast and strongly depending on the substance. For substances, which do not react with HAp—
ie., their retention mechanism has physical character —it took approximately 15 min [12,13]. In the
case of cations, which could interact with the HAp structure, required time for the reaction was in
the range from 15 min to 1.5 h for different ions. Sorption capacity also belongs to important
parameters. It was found that sorption capacity of HAp was up to 500 mg/g for Pb [3,14]. Due to those
facts, HAp can be used not only as a sorbent for contamination removal, but also as a carrier for
different radionuclides [2,3,14,15].

Titanium dioxide is widely used in food technology as a pigment known as E171, moreover,
TiO: is used as a filling material in drugs or cosmetics. However, sorption properties of TiOz, which
were studied in this paper, were being investigated for a very long time. For example, #Ge/%Ga
generators used in nuclear medicine are packed with titania [16]. Another way to use TiO:z as a sorbent
was the treatment technique for pollutant removing from the environment. Several studies were
involved in the research of suitable conditions for removing organic contaminants, such as dyes [4],
dioxane, N-nitrosodimethylamine (NDMA), tris-2-chloroethyl phosphate (TCEP) and estradiol [17],
oxalic acid [18], and inorganic ions, such as Zn? [5], As* and As> [19,20], Fe?* [21], etc. mainly from
water. According to the above-mentioned studies, sorption kinetics of TiO2 were rather fast, lasted
from several minutes to few hours, and was depended on the type of contaminant. Sorption capacity
of TiO2 was reported to be about 5 mg/g for the most ions [22].

The radioisotope 22Ra (T2 = 11.4 d) was chosen for the study due to its beneficial properties as
an in vivo generator for targeted alpha therapy. Alpha emitting radionuclides are able to damage
cells including DNA strand, and in the case of correct radionuclide-carrier combination could be very
powerful in cancer treatment [23]. Radium-223 chloride (Xofigo®) is already used for palliative
treatment of bone metastases of prostate cancer [24,25] due to its chemical behavior similar to
calcium. Unfortunately, the application of Xofigo® had to be restricted due to found side effects
during ongoing clinical studies. Nowadays, Xofigo® can be used only in several specific indications.
This recommendation went from Pharmacovigilance Risk Assessment Committee (European
Medicines Agency) [26]. Due to these recommendations and for the possibility of other organs
treatment, it is necessary to create an appropriate carrier, which will immobilize the radionuclide and
its decay products and drive into the tissue of interest. During the alpha decay a lot of energy is
released and about 95% is carried by alpha particle (in the case of 2%Ra it is approximately 5 MeV),
and the rest, 5%, is carried by the new nucleus. Therefore, the bond between radionuclide and organic
molecule is destroyed, because the nucleus energy is much higher than the energy of chemical bond
[23]. For this and other reasons, e.g., the radiation stability, it is better to choose inorganic materials
as carriers. So, in order to immobilize ?°Ra and its daughter radionuclides, hydroxyapatite (nHAp)
and titanium dioxide nanoparticles (nTiOz) were chosen.

The subject and goal of this study can be conceived as follows: (a) to summarize sorption kinetic
models derived for two phase systems, (b) to evaluate the time dependent concentrations of 23Ra®
with the aim of identifying the rate-controlling sorption process and to find the corresponding kinetic
model, and (c) to assess the influence of the basic reaction parameters. Surface protolytic properties
[6], dependence of sorption on pH [10], and sorbed species of ?*Ra [10] were already studied and
described in detail. Current paper continues the study on nHAp and nTiO: as perspective materials
for nuclear medicine as a radionuclide vehicle.

2. Materials and Methods

All chemicals were of analytical grade purchased from Merck (Darmstadt, Germany) and were
used without further purification: tetrabutyl ortho-titanate (TBOT), prop an-2-ol (IPA), sodium
hydroxide, phosphoric acid, boric acid, acetic acid, sodium nitrate, ammonium hydroxide solution
(28%), calcium nitrate tetrahydrate, and ammonium hydrogen phosphate. Demineralized water of 18
MQ/cm was obtained from Millipore, (Burlington, MA, USA) water purification system.

Radioactivity measurement was performed on CRC-55tW (CAPINTEC, Ramsey, NJ, USA)
calibrated detector. During the experiments, all samples were mixed with curved glass stick fixed in
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IKA RW 11 stirrer (Staufen, Germany), centrifugation was performed on Centrifuge MPW-360
(MPW, Warsaw, Poland).

2.1. Preparation of 22Ra Stock Solution

Radium-223 generator (*?Ac/?’Th/?Ra) was prepared in our laboratory according to Guseva et
al. [27]. The elution was performed by 0.7 M nitric acid in 80% methanol solution from column (0.5 g
of Dowex-1 x 8 and 2’Ac in equilibrium with its decay products) for the separation of 25Ra stock
solution from 2’ Ac and ?’Th. The gained 2*Ra in the form of 22Ra(NOs): was dried and reconstituted
with saline. No breakthrough of parent radionuclides was observed in y-spectrum of the eluate.

2.2. Britton—Robinson Buffer Solution

The necessary Britton-Robinson buffer (BRB) was prepared from two stock solutions, which
were mixed in an appropriate ratio. The first one was 0.2 M sodium hydroxide and the second one
was the mixture of 0.04 M phosphoric acid, 0.04 M boric acid, and 0.04 M acetic acids.

2.3. Sorbent Material Preparation

Hydroxyapatite nanoparticles were prepared by using equal volumes of 1.2 M Ca(NOs)2 and 0.7
M (NH:)2HPOs in order to obtain the Ca:P = 1.67 ratio. At first, the calcium salt solution was added
to 0.5 L of demineralized water. The pH of the mixture was set to 11 and maintained during the
reaction. Then (NHs):HPOs was added dropwise during stirring. After overnight stirring, gained NPs
were washed (demineralized water—three times) and dried under vacuum.

Mixture of TBOT and IPA (1:4) was used for titanium dioxide nanoparticles preparation. The
mixture was added dropwise into excess of demineralized water under ultrasonication. The whole
mixture was in ultrasonic generator for 30 min. Gained NPs were washed (demineralized water—
three times, IPA-once) and then dried under vacuum. Detailed description of the materials
preparation and characterization was published by Kukleva et al. [6] earlier.

2.4. Determination of Kinetic Dependences

The pH of following kinetic experiments was set to eight for tHAp and to six for #TiO2 according
to the study of 2*Ra uptake mechanism by NPs as a function of pH described by Suchankova et al.
[10] and future planned use of these materials in medicine in vivo. Prepared sorbents were dispersed
in 25 mL of BRB, so the concentration of NPs was 1 g/L. Then 22Ra(NOs)2 solution of similar pH was
added, so average activity per sample was 200 kBq. The suspension was continuously stirred during
the whole experiment (24 h). Small aliquots of suspension (0.5 mL) were taken from the sample in 1,
2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 40, 50, and 60 min and then after 2, 3, 4, 5, 7, 10, and 24 h, so the
solid to liquid phase ratio remained constant. The zero aliquot was taken immediately after **Ra
solution addition. The aliquots were centrifuged for 30 s at 3000 rpm in the case of nHAp and 40 s at
4000 rpm in the case of nTiOz, due to different stability of nanomaterial dispersion. After separation,
nanoparticles were redispersed in 0.5 mL of water to ensure uniform counting geometry. The
radiochemical yield (Y %) of adsorbed ?*Ra was calculated based on activity measurements of
separated supernatant (A:) and nanoparticles (A;) according to Equation (1):

As
Y (%) = 5 x 100% 1)
s P

Based on 23Ra absolute activity the concentration in the solution was calculated using Equation
@)
AXTy

- R
€= fzxig, xn, Mol L @

where A (Bq) is the absolute activity of the radionuclide, T2 (s) is the radionuclide half-life, Vz; (L) is the
volume of the solution, and Nz is the Avogadro constant.
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The experiments were repeated three times for each sorbent.

2.5. Kinetic Models for Two-Phase Systems

Kinetic models are summarized in Table 1 [28] and reflect the following different rate-controlling
processes: mass transfer (DM), film diffusion (FD), diffusion in inert layer (ID), diffusion in reacted
layer (RLD), chemical reaction (CR), and gel diffusion (GD). All of these models are given by first
order differential equations.

Table 1. Kinetic models of sorption/extraction taking place in two-phase systems [28].

Model ; : ; Equation
Control Process Abbreviation Differential Equation P

Mass transfer DM dg/dt = Koum x (q* - q) (3)

. . ) dg/dt = Krp x (c - c*) 4)

Film diffusion FD Keo=3 % DJ(® % R x hs) 5)

e i dg/dt = Ko x (c = AL - @/g")] - 1} ©)

in an inert layer K =3 x DJ(R? x hs) @)

Drifiision . dq/dt = Kazo x (q" = L1 - (@) 2~ 1) ®)

in a reacted layer Kzip =3 x D/(R?  hs) ©)

Chemical reaction

. . dg/dt = Ker x rer x [1 = (q/q*)]2? (10)

in the reaction zone, CR Ker=3/ ( R x hs) (11)

e.g., Ist order reversible Rer =Ker x (¢ - c*) (12)

reaction

sisecs dg/dt = Kep x [(q" — qof* = (q — q0F1/(q — 90) 13)

Gel diffusion GD Keo=D x /(2 x R?) (14)
Following balance equations hold:

dg/dt =-r x dc/dt (15)

if cis the integration variable: g =7 x (co—c) + qo (16)

if g is the integration variable: ¢ = co— (7 — qo)/r (17)

Equilibrium equations used: §* = Ka x ¢, and ¢* = q/Ka (18)

c is a concentration of the component in the aqueous phase at time #; c*—equilibrium concentration
of the component in the aqueous phase corresponding to the concentration of the component in the
sorbent at time #; g—concentration of the component in the sorbent at time #; g*—equilibrium
concentration of the component in the sorbent corresponding to the concentration of the component
in the aqueous phase at time #; go—starting concentration of the component in the sorbent; { —time;
r—volume ratio of aqueous to solid phase; D —diffusion coefficient of the component, Kpx; Krp, Kip,
Kzrip, Kcr, and Kep—over-all kinetic coefficients; kczk —kinetic coefficient of the chemical reaction; rcr —
rate of the chemical reaction; R —mean radius of the solid phase particle; 4s—specific mass of the solid
sorbent; and 6 —thickness of the “liquid film” on the surface of the solid particle.

2.6. Procedure of the Experimental Data Evaluation
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The RLD-model was used to demonstrate calculations of the liquid—solid sorption kinetics in
detail (Equations (8) and (9)). The systems were following ?*Ra®™-nHAp and 2*Ra®-nTiOz. Sorption
from the aqueous phase into the solid sorbent is described by the Equation (8), which was modified
with balance and equilibrium equations (Equations (15) and (18)). The obtained equation can be used
for direct evaluation of the experimental data. The value of the over-all mass transfer coefficient, Kzzo,
was sought based on the Newton-Raphson multidimensional non-linear regression method
combined with the solution of the differential equation under given boundary conditions (Runge—
Kutha method). Calculations were performed on in-house made code P60.fm of software product
FAMULUS (Famulus Etc., Prague, Czech Republic) [28].

If the value of WSOS/DF (weighted sum of squares divided by degrees of freedom) was in the
range from 0.1 to 20 [29], the evaluated model was taken as suitable. The calculations were based on
the y2—test according to Equation (19). Based on Equation (20) the value of WSOS/DF was obtained.

X2 = ZUSSO/(s?))1=1,2,3,..., m, (19)

WSOS/DF = (x3/nq); ni=np —n, (20)

where (5Sx): is the i-th square of the deviation of i-the experimental value from the corresponding
calculated one, (s5): is the estimate of standard deviation (uncertainty) of the i-the experimental point,
1y is the number of experimental points, nz is the number of degrees of freedom, and » is the number
of model parameters sought during the regression procedure.

3. Results and Discussion

3.1. Parameters of nHAp and nTiO:

As mentioned above, the preparation and characterization of the sorbents was published earlier
by Kukleva et al. [6] and the pH values were chosen in terms of ??Ra sorption mechanism results
published by Suchankova et al. [10]. Characterization parameters of the sorbents are summarized in
Table 2. The significant differences can be seen in the values of specific surface area determined by
the Brunauer-Emmett-Teller (B.E.T.) method, crystallite size and equivalent diameter of NPs. Based
on this data, higher kinetic rate should be expected in the case of nTiO:z than of nHAp. However,
nHAp has higher concentration of surface edge sites, which can be interpreted as its potential higher
sorption capacity for species present under pH = 8-9 [6], but the radionuclide concentration was very
low (Table 3), so this advantage has probably not played an important role.

Table 2. The basic properties of ntHAp and nTiOz [6,10].

Parameter Unit nHAp nTiO2
Specific surface area  (m>kg™) 117+8 330+ 10
Crystallite size (nm) 5.18 2.64

Equivalent diameter (nm) 21.7+69 b7
Surface edge sites ~ (molkg™) 5.10+1.20  0.20+0.01
Surface layer sites ~ (molkg?) 0.15+0.01  0.67 +0.01

pH applicability pH 5-10 2-10

Specific mass (grem™@)  3.14-3.21 3.90-4.30

3.2. Evaluation of Kinetic Dependence
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The parameters used as input data, in addition to experimental time dependent concentrations
(Figure 1a,b), are summarized in Table 3. Values of K: were obtained from equilibrium values of given
kinetic experiments.

Table 3. Starting aqueous phase concentrations of ?’Ra, co, and the values of parameters Ka and 7 in

kinetic experiments of sorption on nHAp and nTiOz (at £ = 0).

nHAp nTiO:
E i t
xpeNrt)men co Ka r co Ka r
’ (mOl'Laq_i) (Laq‘kg_1) (Laq’kg_l) (mOI'Laq_l) (Laq'kg_l) (Laq'kg_l)

1 9.92 x 1012 3.03 x 104 1000 1.01 x 1011 5.90 x 104 1000

2 9.46 x 1012 1.55 x 104 1000 1.05 x 1011 1.25 x 10° 1000

3 1.12 x 1011 1.54 x 104 1000 9.86 x 1012 1.52 x 105 1000
Mean value+ 1.02x 101+ 204 x 104 + 1000 1.01 x 101+ 1.12x 105_1 1000

Oes * 0.07 x 1011 0.70 x 104 0.03 x 1011 0.39 x 105

(q0=0, in all cases); * ges: standard deviation based on the entire population given as arguments (MC
Office Excel function STDEV.P).

Primarily, each of the experimental kinetic dependence was fitted by all six models one by one
(Table 1) and then evaluated based on the WSOS/DF value (Table 4). According to WSOS/DF values,
only two models (ID and RLD) were found suitable for further modeling and description of the
experimental results. However, RLD model better corresponds with the studied systems from the
physical-chemical point of view, therefore it was chosen for further evaluation. Namely, the diffusion
through reacted layer seems to be more realistic than through the inert one.

Table 4. The evaluation of kinetic dependences by six different models (Table 1) based on the values
of WSOS/DF (weighted sum of squares divided by degrees of freedom) characterizing the agreement
between the experimental (22 + 1 °C) and calculated data.

. WSOS/DF
P Experiment
No. DM FD ID RLD CR GD
1 59.70 1860 5:35 5.47 1320 40.30
2 8.28 186 7.45 7.25 92.60 10.10
nHAp
3 8.06 461 2.60 2.71 250 27.60
Mean value + 2534 + 835.67 + 513+ 514 * 554.20 + 26.00 +
Oes * 24.29 732.96 1.99 1.87 545.30 12.38
1 48.70 54.70 6.72 7.63 52.80 9.99
nTiO2 2 5.76 757 1.23 3.18 36.30 942
3 33.40 258 8.09 16.10 239 543
Mean value + 29.29 + 356.57 £ 9:30:+ 8.96 + 109.37 = 827+
Oes * 17.77 295.06 297 5.36 91.91 2.04
* ges: standard deviation based on the entire population given as arguments (MC Office Excel function
STDEV.P).

The experimental and calculated data are illustrated as time dependent percentage fraction of
23Ra sorbed on nHAp (Figure 1a) and on nTiO:2 (Figure 1b) together with error bars. Due to the fast
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sorption kinetics, frequent sampling, very low radium concentration, and precautions applied for the
work with radioactive materials, experimental errors, i.e., error bars, seem to be relatively high.
However, all three repeated experiments for both materials were evaluated separately and the
resulted mean values of: overall mass transfer coefficient, Kxip; diffusion coefficient, D, and sorption
half-life, ¢ are summarized with their correspond values of standard uncertainties, e, in Table 5
(the results also include the mean Kz values). As for the sorption half-life, f:; it represents the time
needed for a sorption to increase by half compared to its maximal (equilibrium) level in the given
kinetic experiment. The diffusion coefficient in the solid phase, D, is determined using Equation (9)
(mean radius of the solid phase particle, R, and its specific mass density, s, can be found in Table 2).
It is obvious that among the parameters mentioned above the most important, from the kinetic point
of view, especially for NPs is mean radius, R, in addition to specific surface area (Table 2). Diffusion
coefficient, D, depends on the temperature, type, and speciation of given component (in this case of
23Ra as RaHPOs, RaH:POy*, and Ra¥) [10,30]. Distribution coefficient, K, is responsible for the value
of driving force of the given transport process ((¢* — q) or (¢ — ¢*) in Table 1). The larger K, the larger
driving force especially during first seconds or minutes and the larger positive contribution to the
rate of kinetic process. This contribution to the increase in sorption rate is, as we believe, characterized
by the half-life ::. If we compare the mean values of t:: + o (Table 5) with the mean values of K + 0
(Table 3) then we can conclude that the mean values have approximately comparable statistical
significance and that their values correlate with each other. In our opinion, this indicates the positive
impact of Kz on the rate of the sorption process.

| s e e s
t1
g £
c c
S S
B [
(=] o
1z w
S £ 70
= o
© T
[:4 [+ 4
60 K 60 i
= experimental data * experimental data
calculated fit — calculated fit
S0 Ay T T 50 4+——TF—"—F—T"—T—T—T T
00 05 10 15 20 25 30 35 40 45 50 55 60 00 05 10 15 20 25 30 35 40 45 50 55 60
Time (h) Time (h)
(a) (b)

Figure 1. The kinetic of °Ra sorption on nanoparticles (NPs) during the first hour: (a) nHAp (mean
initial concentration co = 1.02 x 107! mol/L) and (b) nTiO2 (mean initial concentration co = 1.01 x 107
mol/L).

Table 5. The values of over-all kinetic, Kzip, and diffusion, D, coefficients, and half-life of sorption, #z,
for the diffusion in reacted layer (RLD) model.

: Mean* Mean* Mean*
Experiment Krip * 0
Sorbent Koz (Cm3- _1-min_1) KRrip * Oes D * Oes tu ¥ Oes
” 8 (em*gimin?)  (cm?*min) (min)
i 1.24 x 101
5.03 x 10t + 2.50 x 10712 +
HA 2 7.53 x 101 0.75+0.18
RREP ) 272 x 10 1.80 x 10-12 =
3 6.31 x 10!
. 282102y 01 w102 1.60 x 10-14
X =2 + X * 4
) o ] + ’ + 5
HTiO: 2 1.80x 10 e T
3 0.74 x 102
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* ges: standard deviation based on the entire population given as arguments (MC Office Excel function
STDEV.P).

Comparing the mean values of Krip (Table 5), at first glance it seems that the sorption on nHAp
ought to be faster than on nTiOz. Of course, it does not hold true because the difference in Kzip values
is in consequence of the reversible character of the sorption process studied. Especially in this case, it
is the dependence of the sorption rate on the driving force given by the value Kz, as mentioned above.
The half-lives of the sorption reaction, « (Table 5), were considered as the quantification of this effect,
the mean values of which were 0.75 + 0.18 min and 0.51 + 0.32 min for tHAp and nTiO: respectively.
Based not only on these values, but also on the values of R, K¢, and specific surface area, the sorption
kinetics on nTiO:z can be validated as faster than on nHAp.

4. Conclusions

The sorption kinetics of 22Ra to nHAp and nTiO2 were experimentally studied under free air
conditions at 22 + 1 °C. (a) There were summarized sorption kinetic models for the two phase system.
The results were evaluated using six different kinetic models of a two-phase system, derived for six
different rate control processes, based on first-order differential equations. (b) According to
goodness-of-fit values, WSOS/DF, the model based on diffusion in the reacted layer (RLD) of the solid
phase was chosen as the best for both types of sorbents studied. (c) Further, the influence of the basic
reaction parameters was assessed. It was found that #nTiO: had higher value of K: compared to ntHAp,
which could be understood not only as higher sorption capacity for ?*Ra under given reaction
conditions, but also as higher time dependent driving force in the course of given kinetics, which
contributes to a higher sorption rate on nTiOz. This was confirmed by the values of half-life reaction
quantity, £, nTiOz. This corresponded with the larger specific surface area of nTiOz and its smaller
particle diameter. Unfortunately, the values of overall kinetic coefficients, Krip, on the basis of the
first quick look, pointed to the opposite result. However, it is necessary to take into account the
reversible nature of the sorption reaction, which implies that the parameter of the sorption kinetics is
not only Kirp, but also Kg, i.e., the driving force of the given reaction. In any case, the 22Ra sorption
rate is sufficient and serves the purpose of ntHAp and nTiO: for medicinal and industrial applications.
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Abstract: Hydroxyapatite and titanium dioxide are widely used materials in a broad spectrum of
branches. Due to their appropriate properties, they could be potentially used as nanocarriers for
medicinal radionuclides for diagnostics and therapy. Two radiolabelling strategies of both
nanomaterials were carried out by *=Tc for diagnostic purposes and by ?»Ra for therapeutic
purposes. The first one was radionuclide sorption on ready-made nanoparticles and the second one
was direct radionuclide incorporation into the structure of the nanoparticles. Achieved labelling
yields were higher than 94 % for both nanomaterials with both radionuclides. Afterwards in vitro
stability tests were carried out in several solutions: physiological saline, bovine blood plasma,
bovine blood serum, 1 % and 5 % human albumin solutions. In vitro stability studies were performed
as short-term (59 hours for 2°Ra and 31 hours for **Tc) and long-term experiments (5 half-lives of
23Ra, approx. 55 days). Both radiolabelled nanoparticles with ***Tc have shown similar released
activities (about 20 %) in all solutions. The best results were obtained for 23Ra radiolabelled titanium
dioxide nanoparticles, where overall released activities were under 6 % for 59 hours study in all
matrices and under 3 % for 55 days in long-term perspective.

Keywords: hydroxyapatite; titanium dioxide; nanoparticles; radium; 22Ra; technetium; *=Tg;
theranostic; radiolabelling; in vitro stability

1. Introduction

The progress in the development of nanomaterial technology has a significant influence on all
scientific and everyday life applications [1,2]. The massive expansion of nanomaterials is well seen
also in medicine as bandages with antimicrobial nanosilver or with antibiotic capsules and
nanoparticles (NPs), which are applicable for delivering of drugs, light, heat etc. [3]. In nuclear
medicine, inorganic NPs could be used as one of the possible carriers for diagnostics or therapeutic
radionuclides. Nowadays, e.g hydroxyapatite (HAp) [4], BaSOs-NPs [5], Ag-NPs [6], LaPOs-NPs [7],
TiO: [8], superparamagnetic iron oxide NPs [9] are under examination. An important advantage of
nanoparticles is large specific surface area and radiation stability which allows them to resorb ions
and also to retain recoil radionuclides [10]. For these reasons, hydroxyapatite (tHAp) and titanium
dioxide nanoparticles (nTiOz) were chosen.

Hydroxyapatite is a natural material occurring in bones and teeth. Its artificial analogue is used
inmedicine as a part of bone and tooth implants [11,12]. Another HAp's applications such as additive
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to sunscreens [13] or biologically active material for cell proliferation and osteogenic differentiation
are under research [14]. Content of calcium and phosphorus in HAp structure in stoichiometric ratio
1.67 (Ca to P) leads to the most stable modification. However, the natural one is not stoichiometric,
so the ratio is lower, but HAp with calcium deficit is still stable from the biological point of view.
Moreover, the natural structure is usually more complicated and contains other ion traces, such as
fluorine etc. [12]. Precipitation from aquatic solutions is the easiest and the fastest method for HAp
preparation and can be used on a large scale [15].

Titanium dioxide is commonly and widely used in everyday life. People encounter it either in a
pill as a filling agent or in cosmetics, toothpaste, and food as a white dye. Due to its optical properties,
TiO: is also used as a functional part of sunscreens [16]. This material was chosen due to its
biocompatibility and low toxicity [17-20]. Moreover, its preparation is quick, easy and proper for
large-scale production [15]. In nuclear medicine, TiO:z has found its place as a sorbent in a $Ge/*Ga
generator, where ¢Ge is sorbed on titania and $Ga is eluted by sterile ultra-pure 0.1 mol/l
hydrochloric acid [21].

Hydroxyapatite was already labelled with diagnostic radionuclides e.g. *=Tc, F. Radiolabelled
NPs with #=Tc were developed for bone cancer imaging [4]. Nanoparticles with citrate modified
surface for '*F radiolabelling were prepared by Sandhofer et al. [22]. The literature on therapeutic
radionuclides 77Lu and 22Ra for nHAp radiolabelling is also available. For therapy of hepatocellular
carcinoma [23] and the treatment of rheumatoid arthritis [24], 7Lu-HAp were studied. In all these
studies, in vitro and in vivo preliminary studies were performed and the results were promising.
Radium-223 was used for radiolabelling of NPs [25] and spherical HAp granules [26]. Preliminary
experiments with HAp, which has programmable properties, were also performed with short-lived
radionuclides of copper and zinc [27]. In a dosimetric study in radiosynoviorthesis, HAp labelled
with 133Sm and 2Y were compared [28]. Also, ¥Er and 7Lu labelled HAps were used in radiation
synovectomy [23,29]. Besides medicine, HAp is studied for radionuclide removal from radioactive
waste [30].

Only several publications are devoted to radiolabelling of nTiO: describing mostly studies of
titania biodistribution in tissues and organs. Radiolabelling with 4V was used for in vivo investigation
of nanoparticles’ transport in lungs [31]. Vanadium-48 was also applied for the toxicological study of
nTiO2 quantitative biokinetics and clearance in rats after intravenous injection, oral application and
intratracheal instillation [17-19]. Short-term in vivo biodistribution studies were performed with 8F,
where #0-enriched TiO: was irradiated by proton beam [32]. Another diagnostic radionuclide $Ga
as an emitter of Cerenkov radiation was used together with TiO: for photodynamic therapy [33].
Different type of radiolabelling study was the low-temperature diffusion of titanium radioisotopes -
4Ti, ¥T1 [34]. Targeted alpha therapy using TiO: was already studied by its 25Ac-radiolabelling [8]
and Ag-dopped TiO: particles by its 21 At-radiolabelling [35]. Also, a number of studies dealing with
uranium and uranyl salts sorption on TiO: for radioactive repositories describe its beneficial impact
for long-term storage as an extra barrier for radionuclide sorption [36,37].

The main interest in the current paper was given to 23Ra due to its therapeutic properties. Also,
the paper is a continuation of already published results by Kukleva et al. [15], Suchankova et al. [38]
and Suchankova et al. [39]. The total released energy of 2Ra in a form of alpha particles through all
the decays is high enough to destroy cell DNA without broad damage of surrounding tissue. Radium-
223 is already used in clinical trials as a Xofigo® (RaClz) for palliative treatment of bone metastases of
prostate cancer [40]. Due to similar pathways as Ca?", Ra* is targeted into bones, where it replaces
calcium. Simultaneously, such an elegant natural targeting is a limitation for Xofigo® which cannot
be delivered to other damaged tissue. This disadvantage could be solved by an appropriate carrier
and chosen NPs could be a solution. As a complementary radionuclide for theranostic approach,
#»mTc, as the most frequently used diagnostic radionuclide in medicine, was chosen. Among its
benefits belong suitable energy of gamma and suitable half-life, moreover, it is easily obtained from
radionuclide generator. Radium-223 generators are also under investigation.

This article is aimed to verify prepared nanoparticles and provide evidence whether they can be
used as suitable materials as radionuclide carriers in nuclear medicine. The first task was to develop
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a suitable and fast radiolabelling strategy with appropriate yields. For this purpose, two strategies of
radiolabelling were chosen. The first one was sorption on ready-made NPs and the second one was
the intrinsic labelling, where the radionuclide was incorporated into the structure of NPs. The second
task was to establish the in vifro influence of biologically relevant media on the stability of
radiolabelled nHAp and nTiO:. For this in vitro study physiological saline, bovine blood plasma and
serum, 1 % and 5 % albumin solution were used. These data will allow to determine if nanocarriers
could be used for further in vivo experiments and if the radioactivity remains on the NPs and the
radionuclides are not being released to the surrounding tissue.

2. Materials and Methods

All chemicals were of analytical grade and were used without further purification: tetrabutyl
orthotitanate (TBOT), propane-2-ol (IPA), ammonium hydroxide, calcium nitrate tetrahydrate,
sodium chloride, diammonium hydrogen phosphate, and sodium azide purchased from Merck
(Darmstadt, Germany); SnCl2 purchased from The British drug houses LTD (United Kingdom), and
bovine plasma and serum, albumin lyophilised (pH 7) purchased from Biowest (Nuaillé, France).
Demineralized water of 18 MQ/cm?! was obtained from Millipore (Burlington, MA, USA) water
purification system.

Gamma spectra were measured with a HPGe detector and analysed using the Maestro Software
(ORTEC, Oak Ridge, Tennessee, USA). Overall activities were measured with a well-type Nal(T1)
crystal CII CRC-55tW (CAPINTEC, Ramsey, NJ, USA). For mixing of samples, Stuart SSM3 rocker
(Cole-Parmer Ltd, Illinois, USA) was used and separation was made on VWR Micro Star 12 centrifuge
(VWR International, Radnor, Pennsylvania, USA). All experiments were performed under aseptic
conditions in laminar box Airflow 150 UV (Esi FLUFRANCE, Arcueil, France).

2.1 Preparation of nanomaterials

The detailed description of both hydroxyapatite and titanium dioxide nanoparticles’ synthesis
and characterization was already published by Kukleva et al. [15]. Here only synthesis is described
breafly.

For the synthesis of nHAp, 1.2 M Ca(NOs): in demineralized water was used. For correct
synthesis running pH was set and maintained at 11 by ammonium hydroxide solution. Afterwards,
the same volume of 0.7 M (NH4):HPO: was dropwise added and mixed overnight. Then prepared
nanoparticles were washed with demineralized water (3x) and dried under vacuum.

The chosen preparation method of nTiO: was hydrolysis of TBOT. The mixture of TBOT and
IPA (1:4 respectively) was dropwise added into demineralized water in ultrasonic generator and the
solution was mixed at the laboratory temperature. After that, prepared nanoparticles were washed
with physiological saline (3x) and IPA (1x) and dried under vacuum.

2.2 Preparation of ?*Ra and *"Tc stock solutions

The stock 22Ra solution was obtained from 27Ac/27Th/?2Ra generator prepared at the
Department of Nuclear Chemistry at our laboratory according to Guseva et al. [41]. The column was
filled with anion-exchanger Dowex-1x8 resin. The elution of ??Ra was performed by 0.7 M HNOs in
80 % methanol. Gamma-spectrometric analysis was used for radionuclide purity detection of
22Ra(NO:s):2 solutions (breakthrough of parents radionuclides in the eluate). The eluted ?*Ra(NOs)2
solutions were dried and reconstituted in demineralised water [25].

The #=Tc solution stock was gained from commercial generator DRYTEC™ (GE Healthcare LTD
Chicago, lllinois, USA). The elution was performed by physiological saline.

2.3 Radiolabelling procedure

Two strategies of radiolabelling with both 223Ra and *=Tc were chosen. The first strategy was the
surface radiolabelling, where the radionuclide was sorbed on the ready-made NPs’ surface. Prepared
NPs (5 mg) were dispersed in 300 ul of physiological saline for 2*Ra radiolabelling or in 500 pl of
fresh stannous chloride solution (480 mg/L) for ***Tc radiolabelling. Consequently, ?*Ra or *=Tc
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solutions were added. The radioactivity of 2?Ra was added in the range from 5 to 10 kBq and the
radioactivity of ***Tc solution was in the range from 60 to 100 MBq. The samples were mixed during
one hour at laboratory temperature and then washed by physiological saline (3x).

The second strategy was the intrinsic labelling, where the radionuclide was directly incorporated
into NPs’ structure. Radiolabelled nHAp were prepared in the following way: 35 ul of 1.2 M Ca(NOs)2
was added to 500 ul of demineralized water, then pH was set to 11 by 1 M ammonium hydroxide
solution. Then the 22Ra solution was added in a small volume so the activity added was in the same
range as for surface labelling. Finally, 35 ul of 0.7 M (NH:):HPO: was added and the mixture was
stirred for 1 hour at laboratory temperature. In the case of #=Tc radiolabelling, the procedure was
basically the same, but instead of 22Ra solution #=Tc was added. The samples were washed by
physiological saline (3x).

Radiolabelled #nTiO: was prepared in the following way: tetrabutyl orthotitanate in IPA (1:4,
70 uL) was dropwise hydrolysed in physiological saline (300 uL) with already added 22)Ra solution
or in stannous chloride solution (500 puL) with added *~Tc. The radioactivity was in a similar range
as in the previous case. The samples were mixed for 1 hour at laboratory temperature and washed
by physiological saline (3x).

All experiments for both radiolabelling strategies for both materials were repeated 6 times and
resulting yields were calculated.

2.4 In vitro stability studies of radiolabelled materials

In vitro stability studies were performed in several matrices: physiological saline, bovine blood
plasma and serum and human albumin solutions (1 % and 5 %). Nanoparticles after labelling and
washing were centrifuged and the solution was replaced with a new matrix. All samples were in
triplets. The samples were incubated at laboratory temperature and shaken during the incubation.
The matrices were replaced with the same but fresh solution after 2h-7h-12h-17h-26h-35h
— 59 h from the begging of the experiment (in the case of **Tc last interval was removed and the
previous one was shortened from 9 h to 5 h due to its shorter half-life). Samples and supernatants
were measured on Nal(Tl) scintillation detector. The percentages of released radioactivity were
specified separately for 2°Ra-NPs (short-term) and *=Tc-NPs. Also, long-term stability studies were
provided for 22Ra, where chosen matrices were replaced every 11 days (T12(2*Ra) = 11.4 d) for 5 times
(total 55 days).

3. Results and Discussion

3.1. Radiolabelling

Two strategies of NPs’ radiolabelling were tested: surface (S) and intrinsic (I) labelling. The

radiolabelling yields were determined according to the Equation (1):
%Y = 2B 100 %, )
Ainit
where Anps is the final activity of radiolabelled nanoparticles and Awi is an initial activity. The longest
radionuclide in the decay chain —?2’Ra — was measured. Daughter radionuclides were not specifically
determined.
All radiolabelling yields for both strategies and materials were higher than 94 % (Table 1).
Table 1. Yields for 2°Ra and #™Tc labelling of nHAp and nTiO2 (n=6).

22Ra [o/o] 9mTe [o/o]
Labellir
P8 uHAp  nTiO:  nHAp  nTiO:
S 942405 987+05 959+15 984+05
I 97.0+05 991403 946+04 97607

S — surface labelling, I - intrinsic labelling

Some data about HAp radiolabelling were already published by other scientists. Spherical
hydroxyapatite with diameter 900-1000 um (10 mg or 19 spherical granules) were incubated 24 hours
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with 23Ra. The radiolabelling yield was approximately 80 % [26]. Another paper focused on
hydroxyapatite was the one by Albernaz et al. [4]. Hydroxyapatite powder (< 210 um) was
radiolabelled with #=Tc (approx. 3.7 MBq). Particles were incubated for 10 minutes and the average
radiolabelling yield was 98.5 % [4]. These literature results are in good agreement with obtained
experimental data.

Nowadays, there was no literature found dealing with 22Ra radiolabelling of titanium dioxide.
Presented results of nTiO2 radiolabelling yields were slightly higher than #HAp yields and strategy
of intrinsic labelling has shown the same or even better yields than surface radiolabelling. However,
the difference was statistically undetectable. It is important to note that all the results correspond
with earlier published data from sorption and kinetic studies [38,39].

Both strategies were found to be suitable for nuclear medicine. On the one hand, the surface
radiolabelling is preferable for often prepared radiopharmaceutical doses. Standardised kits with
ready-made NPs of defined size can be prepared with required sterile and apyrogenic properties
easily. The kit type radiopharmaceuticals are nowadays often used in nuclear medicine departments
and could be stored and used in laboratory conditions. On the other hand, the intrinsic labelling is
suitable for quick method, where both nanoparticle preparation and radiolabelling procedures are in
one step. This method could be useful for a variety of modifications of radiolabelled nanoparticles,
which cannot be provided before radiolabelling.

3.2. In vitro stability studies of radiolabelled nanomaterials

In vitro experiments were designed as pseudo-open system, where used liquid was replaced in
defined periods under free air conditions. All samples were shaken during incubation period.

Both radiolabelled nanomaterials were studied in vitro in the following solutions: physiological
saline, bovine blood plasma and bovine blood serum, 1 % and 5 % human albumin solution. The
percentage of released activity, %A, was performed according to Equation (2):

%A = —2B__ . 100 %, @)

Asup+ANPs
where A is activity of supernatant and Auxr: is activity of labelled separated nanoparticles.

Physiological saline is the most frequently used solution in medicine, therefore it was chosen as
a standard and comparative sample. The final radiopharmaceutical should be applied intravenously.
For this reason, it is necessary to study labelled nanoparticles behaviour in plasma and serum. The
plasma composition consists mostly of water and proteins as albumins, globulins and fibrinogen,
then ions, saccharides etc. The difference between blood plasma and serum is the presence of
fibrinogen and clotting factors in plasma [42]. Commercially available plasma also contains sodium
citrate as a stabilizing agent. The blood proteins serve as transporters of various compounds,
therefore, two different solutions of albumin were used for examination.

Hydroxyapatite nanoparticles in figures are given always as (a) and (b) and #nTiO: as (c) and (d).
The first radiolabelling strategy, the surface labelling (S), is shown as (a) and (c) and the second one
strategy, the intrinsic labelling (I), as (b) and (d). Error bars were not included in in vitro stability
figures due to better clarity and ranged under 0.5 %.

Short-term in vitro stability study of ?Ra radiolabelled nanoparticles are shown in Figure 1. At
first sight, the difference between the two studied nanomaterials could have be seen. In the case of
nHAp, the total released activity was around 60 % in saline and bovine blood plasma after 59 hours
from radiolabelling. The released activities in saline were unexpectedly high. However, it can be
possibly explained by lower stability of #1HAp and its dissolution at lower pH or by the influence of
relatively high concentration of the sodium ions (0.9 % sodium chloride solution).

Despite this fact, short term stability experiments in saline showed that labelled nanoparticles
could be temporarily stored in saline before the injection. Plasma experiments showed high released
activities in comparison with serum results, which can be caused by proteins or sodium citrate
interference. To eliminate the sodium citrate influence stability studies with 1 % solution were
performed, but they did not show such as massive effect. It is important to notice that the
concentration of sodium citrate in plasma was unknown and was not provided in datasheet by
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manufacturer, so the influence of such a well-known complexation agent cannot be excluded. Short-
term stability of 2?Ra-nHAp in serum had a very promising performance.

The released activity from 22Ra-nTiO2 was lower than 6 % for surface radiolabelling and lower
than 2.5 % for radionuclide incorporation. In opposite to nHAp, the lowest released activity was in
saline and then in bovine blood serum for both radiolabelling strategies. The released activity in the
rest of biological matrices was slightly higher but the differences are so slight that there is a bigger
role of statistical mistakes. It could be also noticed that in the case of surface labelling, the worst
results were again in plasma. Another difference compared to nHAp is the slight contrast between
radiolabelling types. In the case of intrinsic labelling, the activity releasing is slightly lower than in
the surface labelling.
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Figure 1. Short-term in vitro stability study of 2°Ra-labelled nanoparticles (a) surface radiolabelling
of nHAp; (b) intrinsic radiolabelling of #HAp; (c) surface radiolabelling of nTiO; (d) intrinsic
radiolabelling of nTiOz.

Total released activities in long-term in vitro studies (Figure 2) were similar to short-term studies,
which can be explained by distribution coefficients and rather fast kinetics, where the equilibrium
was reached before matrix replacement. Comparing the short-term and the long-term studies it could
be seen that the ion-exchange and the resorption of radionuclides back on the nanoparticle surfaces
play animportant role. This effect could improve in vivo radionuclides release in the case of NPs depo
accumulation, where the radionuclides retain in the tissue.

Despite similar values of released activity (from 10 to 50 %), 2*Ra-nHAp showed better stability
in saline in the long-term study than short-term. The highest effect on activity release probably had
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albumin solution, which showed similar results for all 4 series of stability studies with 222Ra-nHAp.
Considering serum experiments with total released activity about 10 %, it can be concluded, that
serum does not have such a negative impact on radiolabelled material, therefore nHAp still can be
taken as a suitable material, however, it requires further study with other radionuclides, modified
labelling strategy or carrier modifications. In the case of **Ra-nHAp long-term in vitro stability
studies copy the short-term ones (Figure 2).

Released activities from nTiO: were lower than 3 %, which may be caused by radionuclide
resorption during the longer studied interval. The lowest value was in the reference saline solution
as in the previous case. Again, the differences among each matrix for 22Ra-nTiO2 were negligible, so
it is not possible to define reliably in which matrix activity releasing was higher. Also, in the case of
nTiO:z effect of lower activity releasing for intrinsic labelling was observable.

70 70

T T T . T o 1 . T v

T
T
o saline o saline

blood plasma s0d © blood plasma 1
601 A biood serum 4 blood serum
1% albumin 1% aloumin
504 © 5% albumin g 504 < 5% aloumin < <
< 40 % & 40 ) -
N p s ¥
30 8 304 . 1
20 o 20 f J
o o A e -
: = 10 A &
10 0 A 4 1 ] 1
B o] & R
\ = A
0 T T T T 0 T T T T T
17 2T 3T AT 5T 17 21 31 41 51
t [d] t [d]
(@) (b)
6 T T T T T 6 T T T T T 4 T T T
O saline O saline
O blocod plasma ©  blood plasma
5+ 4 blood serum = 54 £ plood serum -
7 1% aloumin 7 1% albumin
O 5% albumin ¢ 5% albumin
44 E 4 4
< 31 1 <3 1
2 - 2
2 8 e 24 .
4 < .
N 8
1 5 5 1 2 1
g
a 5] = a - 8 2
o
o) 9 ] =
0 T T T T T 0 T T T T T T T
T 27T 3T 4T 5T 1T 2T 3T 47 5T
t[d) t[d]
(¢) (d)

Figure 2. Long-term in vifro stability of ?Ra-labelled nanoparticles over approx. ?*Ra half-life
(T=11d) (a) surface radiolabelling of nHAp; (b) intrinsic radiolabelling of nHAp; (c) surface
radiolabelling of nTiOz; (d) intrinsic radiolabelling of nTiOx.

To support the theranostic idea of inorganic nanoparticles as carriers, short-term in vitro stability
study of #=Tc radiolabelled nanoparticles was performed and the results are summarized in Figure
3. Long-term studies of #*Tc-NPs were not possible due to its half-life. The behaviour of *~Tclabelled
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nanoparticles was different from 22Ra labelled ones. On the contrary, the released activities of #=Tc
were lower in the case of "tHAp and higher for nTiOz than in the case of ?*Ra.

In the case of #=Tc-nHAp, the released activities were under 20 % for both radiolabelling
strategies in 31 hours. However, there was high released activity in blood plasma, which was around
60 %, which could be caused by sodium citrate as a preservative agent or plasma itself. During *=Tc
experiments different batches of blood plasma from the same manufacturer were used and
surprisingly, they have shown very different results. For better visualisation of obtained results,
plasma data were not included in Figure 3 in the case of ntHAp due to fast and high activity releasing,
where it was higher than 50 % after only 10 hours from labelling. The lowest released activities were
found in 5 % albumin solution for both type of radiolabelling. It is also the enormous difference
against the 2»Ra-nHAp. This difference between in wvitro stability studies of both studied
radionuclides may be caused especially by their dissimilarity, which is e.g. valence, reactivity and
other properties originating from type of metal, where the radium is alkaline earth metal and
technetium is transition meal.

The stability of *=Tc-HAp was also published in literature by Albernaz et al. [4]. However, the
stability experiments were performed only in reaction solution (stannous chloride solution) in 24
hours. The average overall released activity was 6 %. This is in good agreement with obtained
experimental results from short-term stability studies of *~Tc-nHAp.

The highest released activities from nTiO: were around 15 % in 5 % albumin solution in the case
of surface radiolabelling and it was even around 25 % in bovine blood plasma in the case of intrinsic
labelling. In all samples with titania, the lowest released activities were in physiological saline.

These results also showed that the sorption and kinetic experiments with #*=Tc on nHAp and
nTiOz are necessary. They could bring the answers about mechanism of technetium uptake and
identify the rate-controlling sorption process as it could have an influence on in vitro stability of *=Tc-
NPs. In the case of 22Ra, these experiments were already performed (see previously publications) and
it was found, that ion exchange mechanism plays the main role in sorption on nHAp and nTiOx.
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Figure 3. Short-term in vitro stability study of #™Tc-labelled nanoparticles (a) surface radiolabelling
of nHAp (except plasma results); (b) intrinsic radiolabelling of nHAp (except plasma results); (c)
surface radiolabelling of nTiO; (d) intrinsic radiolabelling of nTiOz.

In general, it is possible to conclude that overall released activities were lower for 22Ra-nTiO;,
than for any other studied material. The best performance was shown by nTiO: with 22Ra, however,
overall released activities from *=Tc radiolabelled nanoparticles were similar for both types of
materials and radiolabelling strategies. Although released activities from 22Ra-nHAp were relatively
high, it is still a promising carrier according to serum stability results. Previously published results
[15,38,39] showed that both materials are suitable as carriers and both radiolabelling strategies
showed high radiolabelling yields for inorganic nanomaterials.

The nanocarriers preparation and radiolabelling is the first step on the long way of new
radiopharmaceutical development. Consequently, it could be necessary to upgrade the carrier:
prepare a core-shell particles or modify the surface with required substances. The first mentioned
step should stabilize the nanoparticle, also could prevent the radionuclide from escape or be useful
for better biodistribution. For this purpose, e.g. polyethylene glycol could be used [6]. This concept
could be also useful for nHAp modification to improve the behaviour of the radiolabelled
nanoparticles in biologically relevant media. The second mentioned step is the surface modification
for active targeting into cells. These modifications are necessary to study as a part of following
research of both nanomaterials as promising radionuclide carriers.

5. Conclusions

Two nanomaterials labelled with two radionuclides by two methods were studied. Nanosized
HAp and TiO: were labelled with *=Tc or 22Ra using two labelling strategies, which was labelling of
ready-made particles (surface labelling) and radionuclides incorporation into the structure of the
nanomaterial (intrinsic labelling). Both methods of radiolabelling showed high labelling yields
(> 94 % for both nanoparticle types and both radionuclides. Consequently, the in vitro stability studies
of radiolabelled nanoparticles were performed in biologically relevant media: physiological saline,
bovine blood plasma and serum and 1 % and 5 % human albumin solutions. The most stable in all
media were 22Ra radiolabelled nTiOz, where overall released activities in short-term stability
experiments were under 6 % in 59 hours. Also, good results were shown by both **Tc¢ radiolabelled
nanoparticles, where overall released activities were under 20 % in short-term aspect. In general, the
worst stability showed by all materials were in plasma. In the long-term perspective both type of NPs
showed positive results, in some cases even better than in the case of short-term perspective. It may
be caused by resorption of radionuclides due to longer studied periods.

Both labelling strategies can find their application in practice. Despite, the several high released
activities, overall activity releasing in all experiments were stable and both nanomaterials are still
promising radionuclide carriers and e.g. surface modification could improve the stability of
radiolabelled nanomaterials. Based on the obtained results, it could be concluded that nHAp is more
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appropriate for local application and controlled activity releasing and nTiO: is suitable for system
application due to its good long-term stability.
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