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Wykaz skrotéw
ADME - Wchtanianie, Dystrybucja, Biotransformacja, Wydalanie

(ang. Absorption, Distribution, Metabolism, Excretion)

CXCR4 - Receptor chemokiny C-X-C typu 4

DOTA - Kwas 1,4,7,10-tetraazacylododekan-1,4,7,10-tetraoctowy
GC - Chromatografia gazowa (ang. Gas Chromatography)
HPLC - Wysokosprawna chromatografia cieczowa

(ang. High Performance Liquid Chromatography)
HYNIC - Kwas 6-hydrazynonikotynowy
ICH - Migdzynarodowa Rada do spraw Harmonizacji
(ang. International Council for Harmonisation)
logP - Wspotezynnik podziatu oktanol/woda
PET - Pozytonowa Tomografia Emisyjna

(ang. Positron Emission Tomography)

PDA - Detektor UV wyposazony w uktad fotodiod
pKa - Ujemny logarytm dziesi¢tny ze stalej dysocjacji kwasu
SFC - Chromatografia w stanie nadkrytycznym CO,

(ang. Supercritical Fluid Chromatography)
SPECT - Tomografia Emisyjna Pojedynczego Fotonu

(ang. Single Photon Emission Computed Tomography)
TLC - Chromatografia cienkowarstwowa

(ang. Thin Layer Chromatography)
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Wstep

Zespot pod kierownictwem Pana prof. dr hab. n. farm. Pawta Szymanskiego
z Zaktadu Chemii Farmaceutycznej, Analizy Lekéw i Radiofarmacji Uniwersytetu
Medycznego w Lodzi od lat pracuje nad pochodnymi takryny o wielkokierunkowym
dziataniu. Badania te pozwalaja na opracowanie substancji o potencjalnym znaczeniu
w leczeniu objawow choroby Alzheimera jak roéwniez dajg nadziej¢ na opracowanie
potencjalnego radiofarmaceutyku do wczesnej diagnostyki tego schorzenia. Modyfikacje
struktury takryny dotyczyly potaczenia uktadu 1,2,3,4-tetrahydroakrydyny za pomoca
tancucha weglowego ordoznej dlugosci z  podstawnikami takimi jak kwas
jodobenzoesowy [1], fluorobenzoesowy jako ,zimne” analogi potencjalnych
radiofarmaceutykow [2], dichloronikotynowy [3], a takze kwas hydrazynonikotynowy,
ktory byt kompleksowany z promieniotworczym technetem [4, 5] oraz dwufunkcyjny
chelator DOTA (kwas 1,4,7,10-tetraazacylododekan-1,4,7,10-tetraoctowy) [6] (rycina 1,
str. 6). Dla otrzymanych substancji badana byta migdzy innymi aktywnos$¢ inhibicyjna
oraz selektywnos¢ w stosunku do acetylocholinoesterazy oraz butyrylocholinoesterazy,
ale takze badane byly wlasciwosci neuroprotekcyjne pod katem stresu oksydacyjnego czy
zdolno$ci hamowania agregacji ptytek p amyloidu. Wykonywano badania toksyczno$ci
ostrej z wykorzystaniem kultur komorkowych oraz zwierzat. Prowadzone byty rowniez
badania w kierunku wykazania dziatania przeciwdrobnoustrojowego [7], poniewaz
pochodne akrydyny dzigki swojej strukturze sg wykorzystywane w innych dziedzinach
medycyny niz terapia choroby Alzheimera. Przyktadem jest znany od wielu lat mleczan
etakrydyny,  bedacy  substancja  przeciwbakteryjng,  przeciwgrzybicza  oraz
wykorzystywana jako srodek antyseptyczny. Mechanizm dziatania
przeciwdrobnoustrojowego  mleczanu  etakrydyny oraz  innych  barwnikow
akrydynynowych zwigzany jest z hamowaniem topoizomeraz bakteryjnych
powodujacych niewtasciwe skrecenie podwdjnej helisy DNA podczas procesu replikacji.
[8] Inng strukturg podobng do takryny jest chlorochina, ktéra znalazta zastosowanie
w terapii choréb pierwotniakowych takich jak malaria, bedaca chorobg wywotywang
przez Plasmodium falciparum. Mechanizm dzialania przeciwpierwotniakowego
chlorochiny polega na akumulacji substancji w wodniczkach trawiennych zarodzca
malarii zmieniajgc w ich wnetrzu pH co prowadzi do zahamowania rozwoju komorki
pierwotniaka. Chlorochina znalazta takze zastosowanie jako $rodek przeciwzapalny
w terapii reumatoidalnego zapalenia stawOw oraz tocznia rumieniowatego. [9] Ponadto
interesujace sg badania bedace efektem obecnej pandemii wirusa SARS-CoV-2 dotyczace
efektywnego wykorzystania chlorochiny w terapii choroby COVID-19. [10] Mechanizm
dziatania chlorochiny w terapii COVID-19 jest mocno ztozony i nie zostal w petni
poznany, lecz istnieja dotyczace go hipotezy. Uwaza si¢, ze chlorochina wptywa na
zalezng od pH fuzje ireplikacje wirusa, zatrzymuje powstawanie glikoproteinowej
otoczki wirusowej, a takze glikozylacj¢ receptora gospodarza. Istnieje rowniez hipoteza
0 ostabieniu ekspresji czynnikow prozapalnych i biatek receptorowych odpowiedzialnych
za wywolywanie zespotu ostrej niewydolnosci oddechowej. [11] Najnowsze badania

dostarczaja jednak informacji o niekorzystnych efektach zastosowania chlorochiny
w terapii COVID-19. [12]

Wykorzystanie  pochodnych  1,2,3,4-tetrahydroakrydyny  jako  nos$nikoéw
pierwiastkow promieniotwdrczych jest rozwinieciem prac zapoczatkowanych pod koniec
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dwudziestego wieku, gdzie znakowano czasteczke 9-amino-1,2,3,4-tetrahydroakrydyny
weglem *'C poprzez metylacje grupy aminowej. [13] Celem bylo opracowanie czasteczek
mogacych znalez¢ zastosowanie we wczesnej diagnozie choroby Alzheimera poprzez
wykrywanie obszardw mozgu, w ktorych wystepuje duze stezenie acetylocholinoesterazy.
Pod kierownictwem profesora Pawla Szymanskiego opracowane zostalty pochodne
bedace tzw. ,,zimnymi radiofarmaceutykami”, czyli struktury w ktorych znajduja si¢
niepromieniotworcze izotopy pierwiastkdw takich jak jod lub fluor. Zastosowanie do
badan ,zimnych radiofarmaceutykow” bardzo ulatwia uzyskiwanie informacji
0 wlasciwosciach substancji bez ryzyka ekspozycji na promieniowanie. Taka strategi¢
zastosowatem podczas opracowywania badan fizykochemicznych pochodnych takryny
sprz¢zonych z kwasem jodobenzoesowym co zostato opisane w publikacji 1. Docelowo
czasteczki te beda zawieraly w swojej strukturze izotop jodu 1231 bedacy emiterem
promieniowania gamma z zastosowaniem w obrazowaniu metodami scyntylacyjnymi.
Realizacja znakowania przewidziana jest poprzez wykorzystanie znakowanego
promieniotwérczym jodem '#I kwasu jodobenzoesowego w charakterze grupy
prostetycznej. Schemat syntezy przewiduje reakcj¢ tworzenia amidu indukowanego przez
chlorek 4-(4,6-dimetoksy-1,3,5-triazyno-2-yl)-4-metylomofoliny w potaczeniu z wolng
grupa aminowg tancucha  wegglowego  potaczonego  zczasteczka  1,2,3.4-
tetrahydroakrydyny. Mechanizm ten zostal dobrany na podstawie wysokiej wydajnosci
uzyskiwania produktu reakcji, tagodnych warunkéw chemicznych i fizycznych oraz
krétkiego czasu niezbednego do przeprowadzania reakcji. Opracowane zostaty rowniez
substancje, ktére mogltyby z powodzeniem zosta¢ wykorzystane podczas obrazowania
technikami tomografii emisyjnej pojedynczego fotonu (ang. Single Photon Emission
Computed Tomography, SPECT) oraz pozytonowej tomografii emisyjnej (ang. Positron
Emission Tomography, PET), znakowane technetem *"Tc [14], a takze galem ®*Ga [6]
z wykorzystaniem technik kompleksowania jonéw metali za pomoca chelatorow
dwufunkcyjnych takich jak kwas 1,4,7,10-tetraazacylododekan-1,4,7,10-tetraoctowy
(DOTA) lub kwas 6-hydrazynonikotynowy (HYNIC). Technika ta jest obecnie szeroko
stosowana w projektowaniu nowoczesnych nosnikow pierwiastkOw promieniotworczych,
co zostalo opisane w formie przegladu literatury w publikacji 3. W tej pracy zebratem
najnowsze dane na temat nowoczesnych radioznakowanych ligandow biatkowych
stosowanych w diagnostyce i terapii. Praca zawiera dane na temat nhowo wprowadzonych
malych bialek, jak i1 duzych struktur takich jak przeciwciata monoklonalne. Zostata ona
podzielona na sekcje dotyczace strategii receptorowej, radioimmunoterapii wraz
z radioimmunodiagnostyka przy uzyciu radioznakowanych przeciwcial oraz analizg
badan klinicznych radioznakowanych pochodnych biatkowych w latach 2008-2018. [15]

W swojej pracy przegladowej zwrocitem uwage na coraz bardziej intensywne
badania nad metodg chelatowania jondéw pierwiastkbw  promieniotworczych
z zastosowaniem chelatoréw dwufunkcyjnych. Zdolno$¢ tworzenia komplekséw przez
ligandy jest mozliwoscig wykorzystania danej substancji w szerszym spektrum
zastosowan. Mozliwos¢ wyznakowania ligandu innym pierwiastkiem za pomoca szybkiej
metody kompleksowania moze pozwoli¢ na zastosowanie innej techniki obrazowania
zaleznej od mozliwos$ci jednostki diagnostycznej lub wymaganej do okreslonych potrzeb
jakosci obrazowania, a nawet wykorzystania substancji pierwotnie stosowang tylko do
diagnostyki jako no$nik pierwiastkoOw terapeutycznych, bez zaawansowanej ingerencji
chemicznej w strukturg. [15]
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Chelatowanie jonow metali jest takze jednym z celow terapeutycznych substancji
0 wielokierunkowym dziataniu, projektowanych w celu przeciwdziatania rozwojowi
choroby Alzheimera. Zwiazki te powinny wykazywaé zdolno$¢ kompleksowania jonow
miedzi Cu®*, cynku Zn?* i zelaza Fe** z powodu ich wpltywu na mechanizm agregacji
blaszki amyloidowej i jej dziatania neurotoksycznego. Jony miedzi sa odpowiedzialne za
usprawnienie procesu formowania si¢ blaszki amyloidowej oraz biora czynny udzial
w tworzeniu si¢ reaktywnych form tlenu bedacych czynnikiem mechanizmu
neurotoksycznego. Jony zelaza s3 odpowiedzialne w najwigkszym stopniu za
powstawanie reaktywnych form tlenu poprzez taczenie si¢ z blaszkag amyloidowa,
a nastegpnie reakcje redukeji Fe® do Fe*. ] ony cynku wptywajg na stabilno$¢ powstatych
agregatow B amyloidu co utrudnia usuwanie powstatych zlogdéw, lecz jednocze$nie
ograniczaja wytwarzanie reaktywnych form tlenu, poniewaz cynk jest pierwiastkiem nie
wykazujacym wiasciwosci redox. [16]
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Rycina 1. Schemat pogladowy czesci struktur pochodnych tetrahydroakrydyny bedacych
obicktem badan zespotu profesora Pawta Szymanskiego. A- kwas 2-jodobenzoesowy, B —
kwas 3-jodobenzoesowy, C — kwas 4-jodobenzoesowy, D — kwas 6-chloronikotynowy, E
— kwas 4-fluorobenzoesowy, F- kwas 5,6-dichloronikotynowy, G - kwas 6-
hydrazynonikotynowy (HYNIC), H- kwas 1,4,7,10-tetraazacylododekan-1,4,7,10-
tetraoctowy (DOTA)

W swojej pracy naukowej wykonywalem badanie zdolnosci kompleksowania
metali pochodnych 1,3,4-tiazolorezorcynolu. Metoda oparta byta o technik¢ analizy widm
UV pod wplywem zachodzacej reakcji kompleksowania jondw Cu®*, Zn?* oraz Fe**. [17]
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Poza stwierdzeniem zdolnosci kompleksowania jonow metali przez badane zwiagzki
wykonywatem badanie majace na celu okreslenie Sstosunku molowego kompleksu
chelator : jon metodg Job’a. [18] Badania wykazaly zdolnos¢ wszystkich badanych
zwigzkow do chelatowania jonéw miedzi oraz zelaza oraz polowy z nich do
kompleksowania jonoéw cynku. Badanie stosunku molowego wykazalo zmienno$é
w budowie powstatych kompleksOw zaleznie od jonu oraz zwiazku chelatujacego. [17]
Metoda ta znajdzie rowniez zastosowanie w badaniu zdolno$ci chelatujacych dla innych
substancji czynnych z ro6znymi jonami np. w badaniu zdolnos$ci chelatowania
potencjalnych  nos$nikow  jonéw  metali, ktorych  promieniotwdrcze izotopy
wykorzystywane sa w diagnostyce i terapii.
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Cel pracy

Mysla przewodnig pracy bylo przygotowanie, opracowanie i1 optymalizacja
procedur projektowania nowych czgsteczek mogacych znalez¢ zastosowanie
w medycynie nuklearnej. Radiofarmacja jest obecnie jedng z najprezniej rozwijajacych
si¢ dziedzin z zakresu nauk farmaceutycznych, a jej rozwdj przynosi coraz to nowe
mozliwosci diagnostyczne oraz terapeutyczne choréb, ktore do niedawna wydawaly sie¢
by¢ wyrokiem dla pacjenta lub w ogoble byty stabo poznane. [19]

Celem niniejszej pracy doktorskiej bylo zebranie informacji na temat obecnego
stanu wiedzy o najnowszych radiofarmaceutykach, opracowanie metod pozwalajacych na
uzyskanie danych o parametrach fizykochemicznych i stabilnosci biologicznie czynnych
pochodnych 1,2,3,4-tetrahydroakrydyny bedacych nosnikami niepromieniotworczych
izotopow pierwiastkow wykorzystywanych w diagnostyce obrazowej z dziedziny
medycyny nuklearnej, a takze usprawnienie procesu projektowania oraz otrzymywania
nowych substancji leczniczych wykorzystujacych techniki chromatograficzne, ktére
W przysztosci z powodzeniem mozna bedzie zastosowaé w badaniach nad nowymi
radiofarmaceutykami.

Opracowanie metod pozwalajacych na uzyskanie danych dotyczacych parametrow
fizykochemicznych pochodnych 1,2,3,4-tetrahydroakrydyny takich jak logarytm P, pK,
oraz opracowanie i zwalidowanie metody wysokosprawnej chromatografii cieczowej
(ang. High Performance Liquid Chromatgraphy, HPLC) pozwalajacej na zbadanie
stabilno$ci wyzej wymienionych pochodnych byto niezbednym elementem opracowania
procedur mogacych znalez¢ zastosowanie w badaniach zwiazkow leczniczych 0 roznej
budowie chemicznej. Optymalizacja procesu oczyszczania substancji z mieszanin
poreakcyjnych lub ekstraktow naturalnych technika chromatografii adsorpcyjnej typu
flash pozwoli na usprawnienie procesu otrzymywania czystych chemicznie substancji
biologicznie czynnych niezaleznie od przyjetej skali projektu, aby usprawni¢ proces
badawczy nad nowymi strukturami, zwlaszcza radiofarmaceutykow. Metody te moga
znalez¢ zastosowanie w rutynowych procedurach projektowania i otrzymywania nowych
substancji leczniczych w tym substancji stosowanych w medycynie nuklearnej. Badania
wykonywane bytyby na strukturach zawierajacych atom izotopu niepromieniotworczego
pierwiastka, ktoéry docelowo zostalby zamieniony na izotop promieniotworczy, co nie
wplywaloby na parametry fizykochemiczne czasteczki, a pozwolitoby w sposob
bezpieczny uzyska¢ dane o nowych radiofarmaceutykach. Taka strategia zostata
wykorzystana w trakcie badan bedacych podstawa przedstawionej pracy doktorskie;.
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Parametry fizykochemiczne w naukach farmaceutycznych

Badania fizykochemiczne nowych substancji o potencjalnym dziataniu
biologicznym jest jednym z najbardziej kluczowych badan. Wiedza o podstawowych
wlasciwosciach fizykochemicznych takich jak pKa, logP, stabilnosci substancji
chemicznych pozwala nie tylko przewidzie¢ wiasciwosci substancji in vivo, ale takze
pozwala na odpowiednie postgpowanie podczas przeprowadzania innych procedur
prowadzacych do lepszego poznania badanej substancji. [20]

Z punktu widzenia projektowania zwigzkéw bedagcych nosnikami pierwiastkow
promieniotworczych prawidtowe oznaczenie parametrow fizykochemicznych takich
substancji odgrywa jeszcze wigksza role niz w przypadku projektowania tradycyjnych
ksenobiotykow. Substancja taka nie tylko powinna dotrze¢ do celu terapeutycznego, ale
takze posiada¢ odpowiedni czas dystrybucji do okreslonego miejsca w organizmie. Czas
ten jest w takim przypadku kluczowy, poniewaz jest on ograniczony oOKresem
potowicznego rozpadu radionuklidu wbudowanego w strukture radiofarmaceutyku. Co
wigcej, no$nik powinien precyzyjnie kumulowa¢ si¢ tylko w miejscu, Ktore jest istotne
z punktu widzenia terapii lub diagnostyki, natomiast z innych rejonéw organizmu
powinien by¢ szybko wydalany. Jest to wazne ze wzgledu na jako$¢ uzyskanego
obrazowania, ograniczenia dawek promieniowania oraz bezpieczenstwa terapii. [21]
Stabilno$¢ chemiczna no$nikéw pierwiastkéw promieniotwdrczych rowniez jest istotna
z punktu widzenia produkcji aktywnego radiofarmaceutyku oraz jego zastosowania,
poniewaz nos$nik musi wykazywa¢ odpowiednig trwato$¢ podczas reakcji znakowania
oraz transportu z pracowni radiofarmaceutycznej do pracowni obrazowania lub
odpowiedniego oddziatu, w ktorym pacjenci poddawani sg terapii. [22]

Parametr pK,

Wspolna zaleznos¢ pH 1 pK, zostala opracowana na poczatku XX wieku przez
Hendersona i Hasselbacha. Praca obu naukowcow zaowocowata powstaniem rownania
Hendersona-Hasselbacha:

_ [A7]
pH = pKa + log m

pH — ujemny logarytm dziesi¢tny ze stezenia jondw wodorowych
pKa —ujemny logarytm dziesietny ze statej dysocjacji kwasu

[A] — stezenie aniondw zdysocjowanego kwasu

[HA] - stezenie czgsteczek niezdysocjowanego kwasu

Roéwnanie to wskazuje, ze pH 1 pK, jest powigzane rOwnowagowymi stg¢zeniami
odpowiednio zdysocjowanego kwasu [A’] oraz niezdysocjowanego kwasu [HA].
Niezbgdnymi danymi do obliczenia wartosci pK, jest oznaczenie ilosciowe odpowiednich
form czasteczki przy okreSlonej wartosci pH. RoOwnanie to znajduje zastosowanie
zarowno w przypadku czasteczek substancji nieorganicznych, jak i organicznych.
Istotnym faktem jest, Zze pomimo zaleznos$ci opisanych przez rownanie Hendersona-
Hasselbacha na warto$¢ pK, wplywajg takie parametry jak temperatura oraz sita jonowa
rozpuszczalnika. Rownanie Hendersona-Hasselbacha wskazuje, ze obliczeniom podlegaja
tylko czasteczki kwaséw zdolnych do dysocjacji. Nalezy wowczas pamigta¢ o ogdlnych
zasadach teorii kwasowo-zasadowych, ktore méwig o wystgpowaniu sprzezonych
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kwaséw i zasad w réwnowadze kwasowo-zasadowej. W przypadku zwigzkéw
zasadowych nalezy rozwaza¢ formy uprotonowane jako formy niezdysocjowanego
kwasu, natomiast struktury wolnej zasady jako formy zdysocjowanego kwasu.
W literaturze mozna w takich przypadkach spotkac si¢ z okresleniem pKgn+ bedacym pK,
sprzgzonego kwasu zwigzku zasadowego, ktory badamy. Czasteczki organiczne
substancji biologicznie czynnych czesto zawieraja w swojej strukturze atomy azotu
zdolne do przyjecia dodatkowego protonu dzigki posiadaniu wolnej pary elektronowe;.
Tak uprotonowane czagsteczki tworzg kolejne formy protonowe, ktdrych oznaczenie jest
kluczowe w przypadku wyznaczenia eksperymentalnych wartosci pK, czasteczki.
Oznaczenia ilo$ciowe kolejnych form protonowych byto celem wielu naukowcéw od
samego poczatku badan nad pKa. Dlatego opracowano metody potencjometryczne,
konduktometryczne, spektrofotometryczne, chromatograficzne, fluorymetryczne, a nawet
oparte na magnetycznym rezonansie jadrowym. [23]

W swojej pracy naukowej wykorzystywatem technike spektrofotometrii UV
w celu okreslenia warto$ci pK, pochodnych takryny w tym pochodnych bedacych
,Zimnymi” radiofarmaceutykami. Uzyskane w ten sposéb parametry fizykochemiczne
pozwolity na obliczeniowe przewidywanie farmakokinetyki badanych substancji
w oparciu o eksperymentalne dane co podnosi rzetelno$¢ uzyskanych predykcji. Analiza
oparta na przesuni¢ciu maksiméw absorbcji pod wptywem zmiany pH pozwolita na
precyzyjne okreslenie wartosci pKa pochodnych tetrahydroakrydyny sprze¢zonej
z kwasem 3,5-dichlorobenzoesowym [24], kwasem 2-jodobenzoesowym, kwasem 3-
jodobenzoesowym, kwasem 4-jodobenzoesowym [25], indometacyng [26] oraz
pochodnych cyklopentachinoliny sprzgzonej z kwasem 6-chloronikotynowym [27].
Metodologia przytoczona przez Musila i wspotpracownikow [28] pozwolita na
opracowanie szybkiej metody z wykorzystaniem czytnika ptytek UV-VIS polegajacej na
wykorzystaniu stosunku wartosci absorbancji odczytywanej z dwodch dlugosci fal co
zapewnito wysoka powtarzalno$¢ 1 elastyczno$¢ metody przy jednoczesnym
wykorzystaniu niewielkich probek substancji badanej oraz matych ilosci niezbgdnych
odczynnikdw. Przyktad wykresow regresji uzyskanej z wynikow obliczeniowych
znajduje si¢ na rycinie 2, str. 11. Uzyskane wyniki zostaty porownane z estymowanymi
warto$ciami co potwierdzilo przydatno§¢ wykonywania eksperymentalnych oznaczen
parametrow fizykochemicznych nowych substancji biologicznie czynnych i zostato
opisane w publikacji 1 dla pochodnych takryny sprzezonych z kwasem
jodobenzoesowym.
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Rycina 2. Wykresy regresji liniowej wykres§lone za pomocg oprogramowania
STATISTICA 12 i uzyskane z obliczen przewidzianych przez metod¢ badania wartosci
pKa pochodnych tetrahydroakrydyny sprz¢zonej z indometacyng. Punkt przecigcia linii
regresji z punktem 0.0 na osi y wskazuje warto$¢ pK, odczytywang z osi x. [25]

Logarytm P

Lipofilowos¢ jest wlasciwoscig opisujaca stopien powinowactwa czasteczki do
srodowiska lipofilowego. [29] Parametrem wykorzystywanym do jej ilosciowego
wyrazenia jest zlogarytmowana wartos¢ wspotczynnika podziatu substancji w uktadzie
dwufazowym zlozonym z n-oktanolu i wody - logP. Parametr ten jest definiowany
wzorem:

logP = logc, — logc,,

Gdzie ¢, jest stezeniem badanej substancji w fazie organicznej, a cy, jest stezeniem
badanej substancji w fazie wodnej. [30] Pierwotnym sposobem wyznaczania parametru
logP byla metoda ekstrakcyjna. Metoda ta byta jednak wyjatkowo czasochtonna oraz
obarczona wieloma ograniczeniami. Pierwszym z nich byl ograniczony zakres wartosci
logarytmu P jaki mozna bylo wyznaczy¢ ta metodg — od -3 do 3. Kolejnym
ograniczeniem byl fakt, Zze wspolczynnik podziatu pomigdzy dwie fazy o roznej
polarno$ci musi by¢ skorygowany pod katem mozliwo$ci utworzenia si¢ jondOw substancji
badanej w trakcie oznaczenia, co jest trudne w kontroli przy zastosowaniu metody
ekstrakcyjnej szczegolnie, gdy badana jest substancja posiadajaca w swojej strukturze
ugrupowania kwasowe i zasadowe jednoczesnie. Problem dotyczyt rowniez substancji
0 wlasciwosciach silnie hydrofilowych lub silnie hydrofobowych, ktére czesto wykazuja
stabg rozpuszczalnos¢ co moze skutkowac osadzaniem si¢ na $ciankach rozdzielacza lub
generowa¢ wytwarzanie si¢ emulsji podczas badania. Ostatnim ograniczeniem jest
niezbedna, dos$¢ duza ilo$¢ oraz bardzo wysoka czysto$§¢ substancji badanej, co
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w przypadkach niektorych substancji jest trudne do osiagnigcia lub niezwykle kosztowne.
[31, 32] Wspolczesnie stosowana jest metoda ekstrakcyjna w zmodyfikowanej formie
wykorzystujaca plytki 96 dotkowe, metody oparte na mikroekstrakcji z fazy statej oraz
techniki chromatograficzne. [33]

W swojej pracy naukowej wykorzystywatem technik¢ HPLC w celu wyznaczenia
logarytmu P pochodnych tetrahydroakrydyny  sprzezonej z kwasem  3,5-
dichlorobenzoesowym [24], kwasem 2-jodobenzoesowym, kwasem 3-jodobenzoesowym,
kwasem 4-jodobenzoesowym [25] oraz pochodnych cyklopentachinoliny sprzezonej
z kwasem 6-chloronikotynowym [27]. Metoda wykorzystywana do tego celu zostata
opracowana na podstawie metodologii przytoczonej przez Lianga i wspdlpracownikow.
[34] Metodologia ta zostata wybrana z powodu mozliwosci zaprojektowania oznaczen
W sposOb zautomatyzowany oraz szybko$ci uzyskiwania wynikéw dzigki opracowaniu
krzywej wzorcowej stosowanej do uzyskania wynikow wszystkich substancji badanych.
[34] Metoda wymagata przygotowania serii oznaczen substancji wzorcowych zblizonych
strukturalnie do substancji badanych z udokumentowana eksperymentalng wartos$cia
logarytmu P oraz probek badanych substancji. Oznaczenia wykonane byty
w odwroconym uktadzie faz wykorzystujac elucj¢ izokratyczng w pH zapewniajacym
neutralne formy protonowe czasteczek z wykorzystaniem systemu HPLC wyposazonego
w kolumne C18 (4.6x50mm, 5um) co pozwolito na krotkie czasy rozdziatdw. Uzyskane
czasy retencji wzorcow postuzylty najpierw do uzyskania ekstrapolowanej wartosci logyw,
a nastepnie stworzenia krzywej wzorcowej pozwalajacej na odczyt wartosci logarytmu P
na podstawie ekstrapolowanej warto$ci logyy co zostato wykonane dla probek badanych.
Uzyskane wyniki logP substancji badanych zostaly rowniez poréwnane z warto$ciami
obliczonymi komputerowo. Znaczace roznice pomigdzy wartosciami obliczonymi
a eksperymentalnymi jeszcze silniej wskazalo na konieczno$¢ eksperymentalnego
uzyskiwania wartosci fizykochemicznych nowych substancji biologicznie czynnych
i zostalo opisane w publikacji 1 dla pochodnych takryny sprz¢zonej z kwasem
jodobenzoesowym.

Zaleznosci pK, i logP w chemii obliczeniowej i projektowaniu zwiazkow
Logarytm P i pK; sa jednymi z najwazniejszych parametrow fizykochemicznych
substancji leczniczych z punktu widzenia farmakokinetyki. Juz na przetomie XIX i XX
wieku Meyer i Overton, dwoch niezaleznych badaczy, zwroOcito uwage na fakt, ze sita
dziatania anestetycznego roznych pod wzgledem struktury zwigzkdéw organicznych rosnie
wraz ze wspolczynnikiem ich podziatu pomigdzy oliwg i wodg. [35, 36] Obecnie wiemy,
Ze oba parametry odgrywaja znaczaca rolg w kazdym elemencie systemu ADME (ang.
Absorption, Distribution, Metabolism, Excretion) - akronim od Wchlanianie,
Dystrybucja, Biotransformacja, Wydalanie, a nawet biorg udziat w mechanizmach
toksycznosci. Omawiane parametry fizykochemiczne maja znaczacy wplyw na stopnien
wchlaniania substancji leczniczej po podaniu per 0s, ktory jest jednym z najczesciej
rekomendowanych sposobdw podawania leku. Wchtanianie w jelitach wymaga od
czgsteczki odpowiedniej lipofilowosci w relatywnie wysokim pH panujagcym wewnatrz
jelita. Nieodpowiednie parametry fizykochemiczne substancji mogg spowodowac
ograniczenie wchtaniania co prowadzi do spadku biodostepnos$ci i ostatecznie do stabego
efektu farmakoterapii. Odpowiednia lipofilowo$¢ pozwala rowniez na latwiejsza
penetracje czasteczek poprzez Dblong fosfolipidowa komoérek oraz transport
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transkomorkowy, aby finalnie dotrze¢ do §wiatta naczyn krwionosnych i dalej zostac
rozdysponowang do poszczegblnych rejondéw organizmu. [33] Substancja lecznicza po
przeniknigciu do krwioobiegu taczy si¢ odwracalnie z biatkami krwi w stopniu
charakterystycznym dla niej samej. Stopien ten jest uwarunkowany miedzy innymi
lipofilowos$cia 1 wartoscia pK,. Kompleksy biatko-lek pozwalajg na swobodny transport
czasteczek substancji czynnej przez uklad krwiono$ny, a pozostata wolna frakcja jest
dostepna do przenikania w glab tkanek i wywierania efektu terapeutycznego. Stopien
wigzania z biatkami nie moze by¢ zbyt niski, co prowadzitoby do szybkiego usunigcia
ksenobiotyku z organizmu, ale takze nie moze by¢ zbyt wysoki, poniewaz
spowodowatoby to staby efekt terapeutyczny przy jednoczesnej kumulacji substancji
w organizmie oraz mozliwo$¢ wystgpienia dziatan niepozadanych w przypadku
zastosowania substancji potrafigcych wyprze¢ substancje czynne z kompleksu z biatkiem
takich jak np. kwas acetylosalicylowy. [37, 38] Nie mozna réwniez pomingé wpltywu
parametrow fizykochemicznych na zdolno$¢ czasteczek ksenobiotykéw do pokonywania
barier biologicznych takich jak np. bariera krew-mozg. [39] Ta wtasciwos¢ jest jedna
Z najistotniejszych z punktu widzenia substancji majacych zastosowanie w terapii chorob,
ktérych cele terapeutyczne znajduja si¢ w obszarze o$rodkowego uktadu nerwowego —
w tym chordb neurodegeneracyjnych. Zdolno$¢ ta jest rowniez istotna z punktu widzenia
toksyczno$ci substancji czynnych, poniewaz wzmozona dystrybucja substancji do
nicodpowiednich obszar6w organizmu moze nie$¢ ze sobg powazne zagrozenia. Etapy
biotransformacji i wydalania ksenobiotykow réwniez nie pozostaja bez wplywu
parametréw  fizykochemicznych. Najbardziej podstawowy model zaklada, ze
biotransformacja substancji leczniczej jest procesem ztozonym z dwodch faz. Pierwsza
faza biotransformacji polega na przeprowadzeniu szeregu proceséw enzymatycznych,
ktorych efektem sg przemiany czgsteczki leku takie jak utlenianie, redukcja czy hydroliza.
Procesy te maja na celu wprowadzenie w strukture zwigzku wolnych grup funkcyjnych
o charakterze polarnym takich jak np. grupa hydroksylowa, co skutkuje czesto
zmniejszeniem lipofilowosci czasteczki i zwigkszeniem jego rozpuszczalnosci w wodzie.
Druga faza biotransformacji polega na sprzeganiu produktow pierwszej fazy np.
z kwasem glukuronowym, octowym, jonami siarczanowymi lub aminokwasami, co
W jeszcze silniejszym stopniu utatwia ich wydalanie 1 zwykle dezaktywuje substancje
czynne. Procesy te zachodza w réznych obszarach organizmu, lecz najczg$ciej jest to
watroba, dlatego tez parametry fizykochemiczne, ktére wplywaja na dystrybucje
czasteczek substancji czynnych do tego narzadu moga wplywaé¢ na ich szybkos$¢
biotransformacji, ale takze posrednio na ich potencjalng toksyczno$¢ wywotywang przez
wcigz czynne produkty pierwszej fazy procesu biotransformacji. Co wigcej, istnieja
dowody, ze substancje o wysokiej lipofilowo$ci sg wrazliwsze na dziatanie cytochromu
P450, ktory bierze czynny udzial w pierwszej fazie. Proces biotransformacji leku jest
SciSle powigzany z procesem wydalania, poniewaz im sprawniej zachodzi proces
biotransformacji czasteczek ksenobiotykow tym szybciej zostang one usunigte
z organizmu. [40, 41]

Obecnie dostepne jest oprogramowanie komputerowe pozwalajgce na
wyznaczanie wiasciwosci fizykochemicznych. Obliczenia oparte sa na algorytmach, a ich
wyniki sg mocno zblizone do wyznaczanych eksperymentalnie wartosci. Niestety,
w przypadku prac badawczych nad zwigzkami o dziataniu biologicznym nawet niewielkie
réznice pomiedzy estymowanymi a eksperymentalnymi warto§ciami potrafia wptynac np.
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na wyniki przewidywania farmakokinetyki substancji aktywnej lub modelowania
czasteczkowego W tym analizy dokowania ligandu do miejsca aktywnego enzymu lub
receptora, co moze zawazy¢ na dalszych losach badanej struktury. [42]

W swojej pracy naukowej wykonywatem komputerowe analizy ADME wraz
z symulacjg wybranych dzialan toksycznych z wykorzystaniem oprogramowania
ACDlabs Percepta (ver. 14.0.0, Advanced Chemistry Development, Inc. Metropolitan
Toronto, Canada). Analizie zostaly poddane pochodne tetrahydroakrydyny sprz¢zone
z kwasem 3,5-dichlorobenzoesowym [24], cyklopentachinoliny sprzezone z kwasem 6-
chloronikotynowym [27] oraz pochodne 1,3,4-tiazolorezorcynolu [17] i pochodne
pirazolu [43]. W przypadku pochodnych tetrahydroakrydyny oraz cyklopentachinoliny do
analizy ADME wraz z symulacjg wybranych dziatan toksycznych zostaty wykorzystane
eksperymentalne wartosci fizykochemiczne zwigzkoéw uzyskane metodami opisanymi
wczesnie;j.

Stabilno$¢ substancji czynnej w projektowaniu lekow

Badanie stabilnosci chemicznej substancji leczniczych lezy u podstaw procesu
projektowania lekdw. Znajomo$¢ trwato$ci substancji wystawionych na warunki stresowe
pozwala na odpowiednie przygotowanie oraz przechowywanie probek, a w pézniejszym
okresie na odpowiedni sposob formulacji postaci leku, a takze jego opakowanie i sposob
oraz czas przechowywania. [44] Ponadto pozwala na zaprojektowanie odpowiednich
procedur transportu tych substancji, co przektada si¢ w dalszej kolejnosci na rzetelnosé
wynikéw badan, a finalnie na bezpieczenstwo terapii €O jest szczegOlnie istotne
w przypadku radiofarmaceutykéw. [45] Rekomendowane metody badania stabilnosci
chemicznej nowych substancji leczniczych sg opisane w raporcie Q1A(R2) wydanego
przez Miedzynarodowa Rade do spraw Harmonizacji (ang. International Council for
Harmonisation, ICH). Raport ten jest podstawg do opracowywania raportow
rejestracyjnych lekow oraz zastosowan w przemysle farmaceutycznym. Metody w nim
przedstawione dotycza badan stabilno$ci chemicznej substancji czynnej lub produktu
leczniczego w roznym pH, w wysokich oraz niskich temperaturach, w roznych
wartosciach wilgotnosci powietrza oraz w warunkach oksydacyjnych, a takze
sprawdzenie wplywu dziatania promieniowania UV. Ponadto rekomendowane jest
badanie wptywu ochronnego rdznego rodzaju opakowan. [46]

Metody opisane w raporcie ICH niestety trudno jest wykorzysta¢ bez modyfikacji
w skali laboratoryjnej do celow badawczych z powodu dhugich okreséw pomiarowych —
3, 6 lub 9 miesiecy, acze$¢ badan nie jest niezb¢dna na etapie projektowania
I optymalizacji struktury czgsteczki. Z tego tez powodu w swojej pracy badawczej raport
QI(R2) byt podstawa do opracowania metod pozwalajagcych na szybkie zbadanie
stabilno$ci pochodnych tetrahydroakrydyny sprz¢zonych z kwasem 3-jodobenzoesowym
W roztworze bedagcym w temperaturze pokojowej bez dostgpu Swiatta, w niskim
i wysokim pH, podwyzszonej temperaturze, warunkach stresu oksydacyjnego oraz
wystawionych na dziatanie promieniowania UV. Badane probki po testach stresowych
zostaly przeanalizowane za pomoca opracowanej i zwalidowanej metody HPLC w celu
ilosciowego okreslenia stopnia rozktadu substancji. Badanie to dostarczyto cennych
informacji o wysokiej stabilnosci chemicznej badanych substancji w roztworach
niezaleznie od pH, temperatury i warunkdw stresu oksydacyjnego, ale takze o znacznej
fotolabilnosci tych pochodnych takryny (rycina 3, str. 15). [25] Uzyskane dane dotyczace
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stabilnosci chemicznej ,.zimnych” jodopochodnych takryny dostarczaja cennych
informacji o sposobie postepowania z gotowym produktem, aby zapewni¢ maksymalne
bezpieczenstwo oraz skutecznos$¢ zastosowania substancji u pacjenta.
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Rycina 3. Chromatogramy analizy probek stabilnosci 3-jodo-N-[4-(1,2,3,4-
tetrahydroakrydyno-9-ylamino)butyl]benzamidu (3b) wskazujace na znacza fotolabilnos¢
zwigzku. A — probka przechowywana w temperaturze pokojowej w ciemnosci przez 48
godzin, B — probka naswietlana promieniowaniem UV o dlugosci fali 254nm przez
8 godzin w temperaturze pokojowej. [25]

Chromatografia w analizie i preparatyce substancji leczniczych

Chromatografia jest technikg znang od 1855 roku, kiedy Runge opublikowat swoja
prace o separacji barwnikow na bibule, jednak za poczatki analizy chromatograficznej
nalezy uzna¢ prace Goppelsroedera i Schobeina z roku 1861, ktore rowniez dotyczyly
chromatografii  bibulowej jednak juz w aspekcie analitycznym. Poczatkiem
chromatografii kolumnowej natomiast uwazany jest 1893 rok kiedy Reed opublikowat
pierwsze eksperymenty z uzyciem kolumn, by cztery lata pdzniej zademonstrowac
kolumnowy rozdziat frakcji ropy naftowej. Chromatografia przechodzita ewolucje na
przestrzeni dziesiecioleci dzigki czemu znamy teraz wiele technik chromatograficznych
takich jak np. chromatografia bibutowa, kolumnowa (grawitacyjna oraz flash), planarna
(ang. Thin Layer Chromatography, TLC), wysokosprawna chromatografia cieczowa
(HPLC), gazowa (ang. Gas Chromatography, GC), chromatografia cieczowa w stanie
nadkrytycznym CO, (ang. Supercritical Fluid Chromatography, SFC). Wraz z ewolucja
technik zachodzila ewolucja metod i1 tak znamy dzi§ metody oparte na elucji
izokratycznej oraz gradientowej (liniowej lub schodkowej). Nalezy rowniez wspomnie¢
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0 rozwoju metod chromatografii cieczowej opartych na ukladzie faz normalnych, gdzie
faza ruchoma wykazuje si¢ nizsza polarnoscig od fazy stacjonarnej, lub kluczowych
z punktu widzenia nauk farmaceutycznych metodach opartych na ukladzie faz
odwroconych. [47]

HPLC w analizie leku

Wybdr pomigdzy zastosowanym rodzajem uktadu faz lub metody elucji to tylko
podstawowe mozliwosci jakie dajg wspolczesne systemy HPLC, bardzo precyzyjne
I wielofunkcyjne urzadzenia. Wielofunkcyjno$¢ tej techniki jest zapewniona przez
modularng budowe systeméw HPLC. Modyfikowalne metody podazy probek pozwalaja
na dobranie odpowiedniej objetosci nastrzyku do zakladanych celéw. Rézne $rednice
wewnetrzne oraz dlugosci kolumn pozwalaja uzyska¢ odpowiednig skalg do celow
preparatywnych lub dlugo$¢ czasu rozdzialow do licznych oznaczen analitycznych.
Mozliwo$¢ wyboru sposrdd bardzo duzej ilosci kolumn charakteryzujacych si¢ réznym
rodzajem wypetnienia pod katem modyfikacji zelu krzemionkowego pozwala dopasowac
aparature do rodzaju substancji jaka bedzie poddawana analizie. Ponadto dobor
odpowiedniego wypelnienia moze by¢ oparty na doborze odpowiedniej wielkos$ci czastek
zelu  krzemionkowego, rodzaju tych czastek (powierzchniowo-porowate lub
objetosciowo-porowate) oraz ich ksztattu (sferyczne lub coraz rzadziej spotykane
niejednorodne) co pozwala na uzyskanie lepszych wynikow w procedurach analitycznych
uzyskujac wigksza rozdzielczo$¢ 1 mniejsza szerokos¢ potowkowa pikow lub wigksza
pojemno$¢ 1 nizsze opory kolumny, co przelozy si¢ na sprawniejsze rozdzialy
preparatywne. Zastosowanie odpowiedniego rodzaju detektora pozwala na odpowiednie
uzycie réznych procedur, a czasem umozliwia analiz¢ specyficznych substancji jak jest
w przypadku analizy radiofarmaceutykdw i detektora radiometrycznego. Najczesciej
stosowane detektory spektrofotometryczne w zakresie UV/VIS z mozliwoscig regulacji
dhugoséci fali odczytu lub fluorymetryczne nadajg si¢ do ilociowego oznaczania
substancji oraz do oznaczen ilosciowo-jakosciowych w metodach poréwnawczych
z zastosowaniem odpowiednich wzorcow, a takze w detekcji pikow podczas procedur
preparatywnych. Detektory UV/VIS wyposazone w uktad fotodiody (PDA) moga
postuzy¢ do oznaczen ilosciowo-jakosciowych w metodach poréwnawczych dodatkowo
opierajac si¢ o analiz¢ widm UV. Detektor masowy sprzgzony z systemem HPLC
pozwala na uzyskanie wysokiej jako$ci widm masowych co znajduje zastosowanie
w analizach jako$ciowych i potwierdzaniu tozsamo$ci substancji. Zastosowanie
dodatkowego modutu jakim jest automatyczny kolektor frakcji pozwala na wydajne i po
odpowiedniej konfiguracji, praktycznie bezobslugowe zbieranie poszczegolnych frakcji
mieszanin w procedurach preparatywnych. [48]

Wszystkie te mozliwosci, ktére zapewnia system HPLC sprawily, ze technika ta
jest obecnie zlotym standardem w przemysle farmaceutycznym, a takze wiedzie prym
jako jedna z najczesciej stosowanych technik w analizie leku. HPLC jest wykorzystywana
na szerokg skale w laboratoriach kontroli jako$ci i dziatach technologicznych koncernow
farmaceutycznych. Miedzynarodowa Rada do spraw Harmonizacji opublikowata swoj
raport dotyczacy walidacji metody analitycznej Q2(R1) w oparciu gldwnie o technike
HPLC. [49]

W swojej pracy naukowej postuzytem si¢ raportem Q2(R1) do walidacji metody
HPLC opracowanej na potrzeby oznaczen iloSciowo-jakosciowych przy badaniu
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stabilno$ci chemicznej pochodnej tetrahydroakrydyny sprzgzonej z kwasem 3-
jodobenzoesowym. Metoda zostata opracowana i zwalidowana zgodnie z wymogami
metody badawczej opisanymi w raporcie Q2(R1). Sprawdzeniu zostala poddana
liniowo$¢ wraz z zakresem, precyzja, posrednia precyzja, doktadnos$¢, specyficznos$¢,
czuto$¢, elastyczno$¢ oraz zostaly wprowadzone testy odpowiednio$ci systemu
monitorujace kazdy rozdzial w czasie rzeczywistym. Limit detekcji oraz oznaczalnos$ci
obliczono zgodnie ze wzorami rekomendowanymi przez ICH w oparciu o analiz¢ szumu
I nachylenia krzywej wzorcowej. Metoda przeszta z powodzeniem proces walidacyjny
oraz pozwolita na uzyskanie rzetelnych wynikéw oznaczen probek pochodzacych
z badania stabilnosci chemicznej. [25]

Technika HPLC znajduje zastosowanie nie tylko w analizie jakos$ciowo-
ilosciowej. Zaleznosci fizykochemiczne bioragce udzial w mechanizmie elucji sg roéwniez
przydatne w innych badaniach. Przyktadem moze by¢ przytoczona juz wczesniej metoda
wyznaczenia parametru logarytmu P opracowana na potrzeby badan fizykochemicznych
pochodnych tetrahydoakrydyny i cyklopentachinoliny. [24, 25, 27] Na szczego6lng uwage
zashuguje fakt, ze dzieki zastosowaniu do badan pochodnych podstawionych izotopami
stabilnymi radiacyjnie badanie to pozwolito na uzyskanie warto$ci logarytmu P dla
przysztych radiofarmaceutykow.

Zastosowanie technik chromatograficznych w preparatyce Srodkow
leczniczych na przykladzie radiofarmaceutykow

Techniki chromatograficzne znajdujg obecnie zastosowanie w rutynowych
procesach produkcji substancji leczniczych. Najbardziej zaawansowane zastosowanie
tych  technik mozna  zaobserwowa¢  w dziedzinie syntezy  przeplywowe;j
radiofarmaceutykdéw. Radiofarmaceutyki to grupa substancji o szerokim zastosowaniu
w medycynie, ktora obecnie bardzo szybko si¢ rozwija. [50] Obecnie wykorzystywanych
jest wiele rodzajow pierwiastkow emitujacych czastki a, strumien elektronow, pozytonow
lub promieniowanie gamma. Ta rdéznorodno$¢ pozwala projektowaé substancje
znajdujace zastosowanie w diagnostyce réznych choréb za pomoca techniki PET lub
SPECT, ale takze w terapii chordb onkologicznych, a nawet do zastosowan
teranostycznych taczacych obie te dziedziny. [51-54] Cecha charakterystyczna
preparatow radiofarmaceutycznych jest okreslony i czesto krotki czas ich przydatnosci do
uzycia z powodu okreslonej trwatosci izotopéw promieniotworczych dobranych do
odpowiednich zastosowan. Z tego tez powodu synteza preparatow radiofarmaceutycznych
wymaga specyficznych warunkow 1 bardzo czesto krotkiego okresu czasu pomiedzy
rozpoczeciem syntezy a podaniem preparatu pacjentowi. Przyktadowo substancje
znakowane fluorem °F z powodu krotkiego czasu polowicznego rozpadu izotopu
promieniotworczego wynoszacego okoto 60 min musza by¢ produkowane w bardzo
bliskim sgsiedztwie od miejsca podania pacjentowi. [55] Jednak, preparaty
radiofarmaceutyczne bezwzglednie muszg speinia¢ wszelakie normy narzucane $srodkom
leczniczym w tym odpowiednig czystos$¢, dlatego tez ich synteza wymaga specyficznych
procedur. Bardzo czgsto wykorzystuje si¢ do tego celu technike zautomatyzowanej
syntezy przeptywowej. System ten jest wyposazony Ww seri¢ zaworow 1 pomp
pozwalajacych na precyzyjne dostosowywanie odpowiedniej ilosci substratow oraz czasu
syntezy. Ponadto jest on wyposazony w zintegrowany system HPLC z r6znymi rodzajami
detektorow pozwalajacych na analiz¢ jakosciowa oraz iloSciowa uzyskanego produktu.
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W celu oczyszczenia produktu reakcji stosuje si¢ tam kolumny chromatograficzne albo
skomplikowany uktad kolumn i rozpuszczalnikow do technik ekstrakcji z fazy stalej,
ktore takze sa oparte o techniki chromatograficzne (rycina 4, str. 18). Przyktadem
zastosowania technik chromatograficznych w syntezie radiofarmaceutykéw jest
fluoryzacja izotopem °F grupy prostetycznej stosowanej do znakowania 6-['*F]Py-
CONH-T140 bedacego inhibitorem receptora chemokinowego C-X-C typu 4 (CXCR4) na
kolumnach jonowymiennych Sep-Pak PS-HCO3 wlaczonych w system zautomatyzowanej
syntezy przeptywowej. [56]
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Rycina 4. Schemat systemu wykorzystywanego do automatycznej syntezy przeptywowej
6-['®F]Py-CONH-T140 metoda fluoryzacji na kartridzach Sep-Pak wraz ze
zintegrowanym systemem HPLC shuzacym do analizy produktu. [56]

Chromatografia typu flash w naukach farmaceutycznych

Radiofarmaceutyki, zwlaszcza te najnowsze, zwigzane sg z technikami
oczyszczania i analizy wykorzystujacymi metody chromatograficzne, co w polgczeniu
Z intensywna pracg naukowg nad kolejnymi pochodnymi takryny zainspirowato mnie do
opracowania metody optymalizujgcej rozdziaty chromatografii adsorpcyjnej typu flash
wykorzystywanej w celu oczyszczania produktow reakcji i zostalo opisane
w publikacji 2.

Chromatografia typu flash jest rozwinigciem grawitacyjnej chromatografii
kolumnowej, gdzie poza sitg grawitacji stosuje si¢ dodatkowo cisnienie, ktore przyspiesza
przeptyw fazy ruchomej. Pierwotnie ci$nienie nakladane byto za pomocg kompresora na
kolumne juz zalang odpowiednig objetoscig fazy ruchomej. Wspotczesne aparaty flash
swoja budowg przypominajg systemy HPLC, gdzie stosuje si¢ pompy i mieszalniki dzigki
czemu jest mozliwo$¢ ustawienia skladu fazy, korzystanie z elucji gradientowej
I prowadzenie rozdziatu przez dowolng ilo$¢ czasu, a takze detektory i kolektory frakcji.
Technika ta wykorzystuje rozne rodzaje oraz wymiary jednorazowych kolumn
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Z wypehieniem odpowiednim dla normalnego lub odwréconego uktadu faz. Cisnienie
odpowiednie dla tej techniki oscyluje migdzy 1-6 bar, a maksymalne ci$nienie to zwykle
do 22 bar. Chromatografia typu flash jest technikg preparatywna. Znajduje zastosowanie
w metodach oczyszczania mieszanin poreakcyjnych, atakze uzyskiwania czystych
sktadnikow ekstraktow pozyskanych z surowcow naturalnych przez co odgrywa znaczaca
role w procesie poszukiwania nowych substancji leczniczych. Jej gléwne cechy
przewazajace nad systemami HPLC w kontekscie rozdziatow preparatywnych to wigksza
pojemnos$¢ kolumn, szybsze procedury, tatwa mozliwo$¢ przewidywania czasOw retencji
(za pomocg techniki TLC) oraz nizsze koszty prowadzenia rozdzialow. [57] Zasada
dziatania chromatografii typu flash i HPLC jest taka sama. Obie techniki opierajg si¢ na
rdéznicach powinowactwa substancji badanych do fazy stacjonarnej i ruchomej. Z tego tez
powodu bardzo istotnym elementem opracowywania metody flash jest dobdr
odpowiedniego sktadu fazy ruchomej. Chromatografia typu flash bardzo czgsto jest
prowadzona w normalnym uktadzie faz w przeciwienstwie do metod HPLC stosowanych
w analizie leku, dlatego tez w tej technice kluczowa role odgrywa ,triada Snydera”,
bedaca metodologia doboru rozpuszczalnikéw do poprawnej elucji odpowiednich
sktadnikow mieszanin. [58] Powigzanie czasu retencji wyrazonego w objetosciach
kolumny ze wspoélczynnikiem retencji uzyskiwanym z rozdziatow TLC dodatkowo
utatwia dobdr odpowiedniego sktadu fazy ruchomej. [59] Znaczaca rdéznica pomigdzy
wspotczesng technikg flash a HPLC jest metoda podazy probek. HPLC wykorzystuje
automatyczng lub coraz rzadziej, manualng podaz w formie roztworéw. Chromatografia
typu flash przewiduje tak zwane mokre lub suche podanie prébki. Mokre podanie prébki
polega na naniesieniu roztworu probki o odpowiednim stezeniu 1 objgtosci dopasowane
do wymiaréw i rodzaju kolumny na jej czoto. Suche podanie probki wymaga zawieszenia
czasteczek probki na czastkach suchego zelu krzemionkowego, ktorego masa jest rowniez
dobrana do wymiaréw oraz rodzaju kolumny, a nast¢pnie za pomocg odpowiedniego
zestawu przygotowanie pre-kolumny wypelnionej wilasnie tym zelem. Kazda z tych
technik ma swoje wady oraz zalety. Mokre podanie probki jest technika szybsza
I prostszg, jednak mogaca wplywac na ksztalt pikow poprzez wptyw rozpuszczalnika do
przygotowania probki. Suche podanie probki jest technikg bardziej czasochtonng
i trudniejszg pod wzgledem wykonania. Wymaga zastosowania specjalnego zestawu do
przygotowania pre-kolumny oraz w przypadku silnie higroskopijnych substancji wymaga
do$wiadczenia operatora. Technika ta niweluje jednak catkowicie wptyw rozpuszczalnika
probki dajac wyjatkowo symetryczne piki poszczegdlnych substancji co ma znaczenie
W mieszaninach wielosktadnikowych i trudnych w rozdzieleniu. [57]

W swojej pracy naukowej opracowywalem metody rozdzialdow mieszanin
poreakcyjnych celem uzyskania czystych pochodnych tetrahydroakrydyny sprzezonych
z kwasem  3,5-dichlorobenzoesowym  [24], indometacyng [26], kwasem 2-
jodobenzoesowym, 3-jodobenzoesowym i 4-jodobenzoesowym [25]. Do$wiadczenie
zebrane podczas procedur majacych na celu uzyskanie czystych zwiazkow biologicznie
czynnych pozwolilo mi na opracowanie metody obliczania nachylenia gradientu
w rozdziatach preparatywnych technikg chromatografii typu flash dopasowanej
indywidualnie do mieszaniny poddawanej rozdzialowi w oparciu 0 dane pozyskane
z chromatogramOw TLC i sprecyzowanej na pojedynczy sktadnik tej mieszaniny (rycina
5, str. 20). Podstawa obliczeniowa metody silnie koresponduje z teorig elucji
gradientowej przedstawionej przez Jandera 1wsp. co jest dowodem rzetelnoSci
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uzyskanych danych obliczeniowych. [60, 61] Rozdziaty w ktérych zastosowano gradient
opracowany ta metoda pozwalaly na prawidlowe rozdzielenie sktadnikéw mieszanin
zachowujac symetryczny ksztalt piku niezaleznie od zastosowanej techniki podazy
probki. Ponadto metoda ta pozwala uzyskaé zawsze ten sam czas rozdzialu mierzony
W obje¢tosciach kolumny, co nie ogranicza operatora pod wzgledem skali procedury przy
jednoczesnym ulatwieniu obliczen niezbednych objgtosci odczynnikow. Metoda ta
zogniskowana jest na wykorzystaniu techniki mokrej podazy prébki i pozwala na
zminimalizowanie nieoczekiwanego wptywu rozpuszczalnika probki na ksztatt pikéw, co
usprawnia i ufatwia proces oczyszczania substancji biologicznie czynnych. Cechy
opracowanej metody optymalizacji gradientu pozwalaja na szerokie zastosowanie jej
W dziedzinie nauk farmaceutycznych. Moze by¢ ona stosowana w uzyskiwaniu czystych
substancji pochodzenia naturalnego z ekstraktow ro$linnych, a takze oczyszczania
substancji uzyskanych metodami syntetycznymi. [62] Szczegdlnym przyktadem
syntetycznych pochodnych, ktéore wymagaja szybkich oraz precyzyjnych procedur
oczyszczania sg radiofarmaceutyki. Wykorzystanie tej metody do opracowania metod
oczyszczania gotowego produktu z zastosowaniem ,.zimnych” pochodnych w celu
optymalizacji oraz odpowiedniego aparatu wyposazonego w detektor radiometryczny
pozwoli na wydajny proces uzyskiwania produktéw o czystosci chromatograficznej.
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Rycina 5. Schemat naswietlajacy mechanizm metody optymalizacji nachylenia gradientu
technikg TLC. [62]

Podsumowanie i wnioski

Badania wchodzace w sktad niniejszej pracy doktorskiej dostarczaja narzedzi
pozwalajacych na optymalizacj¢ projektowania 1 otrzymywania nowych struktur
substancji  biologicznie czynnych, w szczegdlnosci radiofarmaceutykow — dzigki
zastosowaniu strategii wykorzystania do badan ,,zimnych” analogéw tych zwigzkow.
Opracowane metody pozwalajace na szybkie i rzetelne poznanie eksperymentalnych
wlasciwosci fizykochemicznych w potaczeniu z technikami obliczeniowymi pozwala
uzyska¢ dane wskazujace struktury o najlepszych parametrach, ktore w toku badan sa
syntetyzowane w wigkszej ilo$ci 1 oczyszczane. Etap oczyszczania, ktory jest rowniez
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kluczowym elementem badan nad nowymi strukturami, zostal poddany optymalizacji
w celu dopelnienia mys$li przewodniej niniejszej pracy doktorskiej, czyli opracowania
procedur usprawniajacych proces otrzymywania nowych struktur radiofarmaceutykow.

Badania fizykochemiczne pochodnych 1,2,3,4-tetrahydroakrydyny sprzezonych
Z kwasem jodobenzoesowym posiadajacym podstawnik halogenowy w potozeniu orto,
meta lub para wykazaty $redni wzrost wartosci pK, 1 oraz spadek warto$ci pK, 2 wraz ze
zwickszeniem dlugo$ci tancucha weglowego laczacego czasteczke 1,2,3,4-
tetrahydroakrydyny z kwasem jodobenzoesowym. Miejsce podstawienia réwniez nie
pozostaje bez wplywu na wartosci pK,. Podstawienie atomu jodu w pozycji orto
powodowato $rednio najnizsze warto$ci pK, 1 i najwyzsze wartosci pK, 2, natomiast
podstawienie w utozeniu para powodowalo odwrotng tendencje. W przypadku wartosci
logarytmu P dlugo$¢ tancucha weglowego wplywata znaczaco na wzrost lipofilowosci
czasteczki, ale wykazano, ze utozenie podstawnika réwniez odgrywa istotng rolg w tym
zakresie. Lipofilowos$¢ izomeréw konstytucyjnych zawsze wzrastata w kolejnosci zgodne;j
z kolejnoscia podstawienia atomu jodu w pierScieniu aromatycznym kwasu
benzoesowego, czyli najnizsze wartosci mialy pochodne orto, anajwyzsze pochodne
para. Wyniki badan zostaly poréwnane z obliczeniowymi warto$ciami parametrow pKj 1,
pKa 2 oraz logarytmu P wygenerowanymi przez oprogramowanie ALOGPS 2.1 oraz
Marvin (ChemAxon 2018). Wyniki poréwnania wskazuja na znaczace roznice pomiedzy
wartosciami eksperymentalnymi a obliczeniowymi. Badania fizykochemiczne pozwalaja
na optymalizacj¢ struktury projektowanej czasteczki pod katem wilasciwosci
fizykochemicznych, ktére maja znaczacy wplyw na farmakokinetyke ostatecznej
struktury leku opierajac si¢ na eksperymentalnych warto§ciach parametrow
fizykochemicznych czasteczki. Dane uzyskane ztych badan moga znaczaco
zoptymalizowa¢  proces  projektowania  radiofarmaceutykdéw,  w szczegdlnosci
diagnostycznych, ktorych farmakokinetyka jest wyjatkowo istotna z punktu widzenia
zastosowania tych substancji w medycynie.

Opracowana metoda HPLC pozwolita na precyzyjne oznaczenie ilosciowe probek
pochodzacych z badania stabilnosci chemicznej 3-jodo-N-[4-(1,2,3,4-
tetrahydroakrydyno-9-amino)butylo]benzamidu. Badania wykazaly, Zze substancja jest
trwala w roztworze metanolowo-wodnym przez 24 godziny w temperaturze pokojowej
bez dostgpu $wiatta oraz jest odporna na czynniki utleniajagce. Wplyw srodowiska silnie
kwasowego lub silnie zasadowego jest niewielki na trwalo$¢ czasteczki W roztworze.
Badania wykazaly natomiast, ze czgsteczka 3-jodo-N-[4-(1,2,3,4-tetrahydroakrydyno-9-
amino)butylo]benzamidu jest silnie wrazliwa na promieniowanie UV. Rzetelnos¢
oznaczen zostala zapewniona poprzez pelng walidacje metody HPLC zgodnie
Z protokolem Q2 opublikowanym przez Migdzynarodowa Rade¢ ds. Harmonizacji.
Badania stabilnosci chemicznej pozwalaja na opracowanie procedur przechowywania
oraz transportu substancji zaréwno podstawionych stabilnym izotopem, jak i radiacyjnie
promieniotworczym izotopem juz na etapie projektowania czasteczki. Wykorzystanie
,ZImnych” radiofarmaceutykow do wyzej wymienionych badan jest dodatkowym atutem
pozwalajacym na bezpieczng prace podczas procesu optymalizacji czgsteczki.

Opracowanie strategii optymalizacji gradientu dla chromatografii typu flash za
pomoca analizy probek technika TLC pozwolito na przyspieszenie i usprawnienie
procesOw oczyszczania pochodnych 1,2,3,4-tetrahydroakrydyny. Silnie korespondujgca
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Z teorig elucji gradientowej opracowanej przez Jandera i wsp. podstawa obliczeniowa
metody pozwala na precyzyjne zaprojektowanie rozdziatu gradientowego, dzigki ktoremu
mozna uzyska¢ produkt o czystosci chromatograficznej przy jednoczesnym
zminimalizowaniu iloéci potrzebnego czasu oraz niezbg¢dnych odczynnikéw w dowolnej
skali, dzieki zastosowaniu warto$ci objetosci uzywanej kolumny do obliczen. Ponadto
metoda pozwala na wykorzystanie techniki mokrej podazy probki na czoto kolumny,
uzyskujac rozdzial o ksztattach pikéw mocno zblizonych do tych uzyskanych technika
suchej podazy probki mimo wykorzystania rozpuszczalnika probki zawierajacym znaczng
ilo$¢ silnego eluentu. Opracowana strategia optymalizacji gradientu dla chromatografii
typu flash za pomoca analizy probek technikg TLC pozwala na zminimalizowanie
niekorzystnych cech techniki mokrej podazy probki na czoto kolumny. Przyspiesza
i upraszcza ona procedure przygotowania probki, pozwala na uzyskanie powtarzalnych
i przewidywalnych czasow retencji substancji badanej, co ufatwia identyfikacje¢
odpowiednich pikdw na chromatogramie w przypadku ztozonych mieszanin oraz nie jest
ograniczona skala projektu procesu ocCzyszczania dzigki wykorzystaniu warto$ci
pojemnosci kolumny w obliczeniach. Strategia ta moze znalez¢ zastosowanie W wielu
procedurach oczyszczania nowych substancji o potencjalnym dziataniu biologicznym
Z naciskiem na opracowywanie nowych radiofarmaceutykow, ktore wymagaja szybkich
i wydajnych procedur z powodu ograniczen narzuconych przez okres potowicznego
rozpadu radionuklidow.
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1 | INTRODUCTION

The significance of physicochemical properties in drug discovery is
incontestable. The preclinical profiling of new compounds reduces
drug failures resulting from various problems in human pharmacoki-
netics during clinical trials. Defining physicochemical properties of
new potent drugs helps develop more efficient drugs and safer clini-
cal trials, and reduce expenditures (D. T. Manallack, Prankerd, Yuriev,
Oprea, & Chalmers, 2013). One of the first attempts to studying the
dependence of pharmacokinetic properties on physicochemical prop-
erties was made by Lipinski et al. who described the well-known “rule
of five.” Lipinski's rule of five implies good pharmacokinetics for a
compound if it fulfills two or more of “the following criteria: molecu-
lar weight <500, logP<5, H-bond acceptors< 10, and H-bond
donors < 5 (Lipinski, Lombardo, Dominy, & Feeney, 1997). Subse-
quently, other researchers improved the methods of evaluating the
pharmacokinetic  properties  of potent
(Meanwell, 2011). Several studies have reported that acid/base prop-
erties and the octanol/water partition coefficient are the most impor-
tant physicochemical properties for drug development. The pK, value
in determining the absorption, permeability, and

novel medicines

is crucial

Alzheimer's disease, HPLC, log P determination, method valid

Pawet Szymanski ©

Tacrine derivatives containing iodobenzoic acid were developed as a novel
multitarget-directed ligand and find potential application in the treatment of
Alzheimer's disease. The aim of this study is to perform a physicochemical profile of
this series. Experimental log P and pK, values were determined and compared with
those already calculated. The results indicated better values of the tested compounds
than the values predicted using computer software. The stability report was obtained
using the developed HPLC method. The stability assay in different environment con-
ditions provided information about the photosensitivity of these compounds and a
proper method for the storage of this series of compounds.

jon, pKz d tion, tacrine

bioavailability of the drug because the varying ability to permeate
through biological barriers depends on the charge (Gleeson, 2008).
Acid/base characteristics are also important for the estimation of
plasma protein binding and. indirectly, the volume of distribution
(F. L. Zhang, Xue, Shao, & Jia, 2012). Log P value is one of the most
important properties detenmining the distribution of drug and its
brain permeation (Clark, 2003; Gleeson, 2008). Wager et al. com-
bined both these properties to analyze ClogD;4 and proved that
compounds with ClogD; 4 values in the range of 2.0-4.0 can be con-
sidered central nervous system drugs because they can permeate the
brain and bind to brain tissue (Wager, Hou, Verhoest, &
Villalobos, 2010). Nowadays, in silico estimation of pharmacokinetic
properties of a drug using computers is invaluable in drug develop-
ment, especially if crucial input data such as pK, and log P are experi-
mentally determined.

Alzheimer's disease (AD) is a progressive neurodegenerative
disorder and is the most common neurodegenerative disease
among the eldedy. The most common symptoms of AD are mem-
ory loss, dysfunction of cognitive ability, and behavioral disorders,
which lead to deterioration in the quality of life and ultimately
death. The number of patients with AD is growing every year, and

Biomedical Chromatography. 2020;34:¢4906.
https://doi.org/10.1002/bmc.4906

wileyonlinelibrary.com/journal /bmc

€ 2020 John Wiley & Sons, Ltd. | 10f 9

28|Strona



KRECISZ €7 A

59 | WILEY: Chremataansity

it is estimated to reach 114 million by 2050 (Hamulakova
et al., 2016; C. Zhang et al., 2016é). Its diagnosis is very difficult.
Nowadays, the disease is diagnosed based on biomarkers, psycho-
logical tests, and imaging. Its pathophysiology is also complex.
Scheltens et al. published an excellent paper about AD in which
they provided information about pathophysiology, diagnosis, and
epidemiology (Scheltens et al., 2016).

Now, pharmacotherapy, which slows down the progress of AD, is
being used. In an earlier study, Skibinski et al. (Skibinski et al,, 2018)
developed a new tetrahydroacridine derivative that exhibited an
inhibitory activity against acetylcholinesterase and beta-amyloid
aggregation. Such multitarget-directed ligands offer hope for AD ther-
apy by decreasing the symptoms of the disease and making the ther-
apy simpler.

In this study, we developed assays that evaluate basic physico-
chemical properties of a series of compounds developed by (Skibifski
et al., 2018) (Figure 1). Moreover, we developed quantitative methods
with validation and stability tests for determining the most biologically
active compound in this series. UV spectrophotometric methods pro-
vided the pK}, value, one of the most important properties of a drug. It
impacts lipophilicity, solubility, protein binding, and permeability of a
drug. (David T. Manallack, 2007). LogP, one of the most relevant
lipophilicity descriptors, was studied next. It is also of paramount
importance as a p er in pharmacokinetic predictions and studies
(Mazak & Noszal, 2014). LogP values of the compounds were
obtained using HPLC, which was optimized using the results of the
pK, tests. This was due to the presence of noncharged structures in
the assay. These parameters affect the pharmacokinetic profile of a
compound.

More advanced pharmacokinetic studies require advanced quan-
titative methods; therefore, we developed a simple isocratic HPLC
method for the spectrophotometric quantification of the most biologi-
cally active compound in the series developed by Skibinski et al
(Skibinski et al., 2018). Full validation was performed according to the
ICH guidelines Q2(R1) (ICH, 2005). The method can also be used in
quality assays for identification of specific compounds among a series
of compunds or in impurities assays, and therefore it was used in sta-
bility tests. This method may also be used in future pharmacokinetic
studies involving blood samples after an appropriate sample prepara-
tion. (Sulochana, Sharma, Mullangi, & Sukumaran, 2014)

o ! o o]
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BN ' iy |
SN SN NN
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FIGURE 1 Structures and names of tested compounds

2 | MATERIALS AND METHODS
2.1 | Reagents

Potassium dihydrogen phosphate, potassium hydroxide, methanol,
potassium phosphate monobasic, and phospharic acid were purchased
from POCH (Gliwice, Poland). Triethylamine (TEA), 3-iodobenzoic acid
(3IKW), and a 0.45 um nylon filter membrane were purchased from
Sigma-Aldrich (Steinheim, Germany), HPLC-grade methanol and ace-
tonitrile were purchased from Baker (Deventer, The Netherlands).
Milli-Q® Advantage AIO with qualification 1Q/OQ was used as
demineralized water source.

2.2 | pK,assay

Potassium dihydrogen phosphate, potassium hydroxide, and methanol
were used to prepare a buffer solution. Methanol-water mixture (1:1)
was used as a dissolvent due to the weak water solubility of the test
compounds. Potassium dihydrogen phosphate (0.01 M) in methanol-
water mixture (1:1) was used as a stock buffer solution. The test
buffer solutions were prepared by titrating the stock buffer solution
with 0.1 M potassium hydroxide in methanol-water mixture (1:1). The
pH values of the test buffer solutions were set from 5.6 to 12.4 in
steps of 0.2 pH. The pH range was limited by the pK, values of potas-
sium dihydrogen phosph and tripc ium phe The pH-
meter Mettler Toledo FiveEasy with Lab pH electrode LE438 (Mettler
Toledo) was used for measurement at 23°C. Test compounds were

5 uM solutions in methanol-water (1:1) mixture.

Spectrophotometric measurement was performed in 96 well
plates using Synergy H1 microplate reader (BioTek) coupled with
Gen5 software (BioTek). The full assay of one test compound con-
sisted of 35 UV spectra measurements, one for each test buffer
solution. For the assay, in 35 wells, 180 pL of the sequent test
buffer solution and 20 uL of the tested compound solution were
added. For blanks, in 35 wells, 200 pL of the sequent test buffer
was added. The measurement was performed at 23°C; the spectra
range was 280-380nm in steps of 1nm. This spectra range was
used because of the occurrence of the absorption spectra with a
maximum at 336nm with pH 5.6, The largest variability in the
absorbance was observed at 310 and 336nm, and therefore this
wavelength range was used to perform the calculations. The method
developed by Musil et al. (2016) was used for the calculations, To
avoid the influence of detector noise, all calculations were per-
formed using ratios of 310/336 and 336/310nm. The absorbance
values obtained from 310/336 and 336/310 nm ratios were ana-
lyzed to determine the range of pH values in which the absorbance
was stable. Absorbance was considered stable when the difference
between the values obtained at two subsequent measurements was
at a minimum, Three points were determined for all test com-
pounds. The average value of the absorbance ratio was calculated
for all stable points, and these values were used in the following
function (Equation 1):
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The compounds used for calibration are listed in Table 1.
These substances were selected due to their similarity in structure
with the test compounds. Stock solutions of calibration compounds
and test compounds were 1mg/mL. The injection concentration
and the injection volume were 100 pg/mL and 7plL, respectively.
All injection samples were prepared in the mobile phase with the

The apparatus used was a Waters 600 HPLC system with a pho-

KRECISZ €T AL
TABLE 1 Compounds used to perform calibration curve
Experimental properties

Compound Log P(Hansch, Leo,

name & Hoekman, 1995) PK,

Procainamide 088 9.32 (Sangster, 1997)

HCl
" R weakest eluting power.
Tacrine 271 9.95 (Perrin, 1972)
Thymol 3.30 -

Naphthalene 3.60 -
Promazine HCI 455 9.36 (Sangster, 1997)
Promethazine 481 9.10 (Sangster, 1997)

HCl
Chlorpromazine 541 9.30 (Hansch et
HCl al., 1995)
Thioridazine 590 9.50 (The Merck Index:
HCl An Encyclopedia of
Chemicals, Drugs, and
Biologicals, 14th
ed, 2006)
5 T A—Ag v
flpH)-pH-losAb_A_. (1)

where pH is the pH value of the analyzed sample, A, is the value of
absorbance ratio of the analyzed sample, A, is the average value of
the absorbance ratio at the stable point at a lower pH, A, is the aver-
age value of the absorbance ratio at the stable point at a higher
pH. The zero point of this function was determined via the linear
regression method. The pH value corresponding to the zero point of
the function was the pK, value of the analyzed test compound.
Because of the occurrence of three stable points for all compounds,
this procedure was performed twice for both ratios to determine two
pK, values. The final pK, value of each test compound was the aver-
age of the results of the two ratios. The obtained results were com-
pared with the pK, value calculated using online software (ChemAxon
2018).

2.3 | LogP assay

Demineralized water, trimethylamine, and methanol were used to
form the mobile phase. The neutral form of the basic substances
was required to perform the assay. TEA was used to achieve pH
10 in mobile phases. The basic properties of the mobile phases did
not affect retention times of neutral compounds. TEA was dis-
solved in methanol and water to obtain two solutions of 30mM
TEA. Ten varying binary mobile phases were required to assay. The
first mobile phase contained 50% 30mM TEA methanol solution
and 50% 30mM TEA aqueous solution. Each of the next mobile
phases contained 5% more 30 mM TEA methanol solution and 5%
less 30 mM TEA aqueous solution. A mixture of 95% 30 mM TEA
methanol solution and 5% 30 mM TEA aqueous solution was used
as the last mobile phase.

todiode array detector, The detector was set at the optimum absorp-
tion wavelength for each compound. The chromatographic column
used was Xbridge C18 50 x 4.6 mm i.d., 3.5 pm (Waters, Milford, MA,
USA). Data acquisition and processing were performed using a Waters
Millennium software.

The procedure used in this assay was developed by Liang
et al. (2017). Dead time (t;) was measured using sodium nitrate in
methanol in a water 50:50 mixture (100 pg/mL) at a wavelength of
210nm. The t, value was measured five times and averaged for each
mobile phase, To prepare the calibration curve, each calibration sub-
stance was eluted by all mobile phases. All obtained retention times
(tR) are shown in Equation 2:

(2)

logk = |og('R’t°).

to

The results were used to calculate logk values for each sample and
then logk,, values by linear regression and extrapolation for each of
the calibration compounds. These results were used to generate a cal-
ibration curve.

The same procedure was used to obtain log k,, values of the test
compounds. Log P values were read from the calibration curve, Exper-
imental log P values were compared with the estimated values of log
P using online software {ChemAxon 2018).

24 | Development of the validated analytical HPLC
method

Samples of 3-iodo-N-[4-(1,2,34-tetrahydroacridin-2-ylaminojbutyl]
benzamide (3b), 9-chloro-1,2,34-tetrahydroacridin (9CI-THA), and
N1-(1,2,34-tetrahydroacridin-9-yl)butane-1,4-diamine (6C-4-NH)
were synthesized in-house. HPLC-grade methanol, acetonitrile, and
demineralized water were used, Potassium phosphate monobasic and
phosphoric acid were used to prepare the buffer solution. Isocratic
mobile phase was filtered under vacuum using a 0.45 ym nylon fiiter
membrane.

24.1 | Determination of a suitable wavelength

A PerkinElmer Lambda 25 UV/VIS spectrophotometer and UV
WINLAB version 2.85.04 software (PerkinElmer Inc., 2000] were
used to obtain the UV spectra of 3IKW, 9CI-THA, 6C-4-NH, and
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3b. All sample solutions were prepared in methanoi/aqueous 30
mM KH3PO, solution (50:50) mixture with pH 3.03.

24.2 | Chromatographic system

Analytical and validation procedures were performed using a Varian
ProStar HPLC system with an isocratic pump PS210, UV/Vis detec-
tor PS325, manual injector, and Galaxie Chromatography Data Sys-
tem software version 1.9.302.530 (Varian Inc., Palo Alto, CA, USA).
A mixture of methanol/acetonitrile/30 mM potassium dihydrogen
phosphate buffer (25:35:40) was used as the mobile phase. The
pH of the mobile phase was set at 3.03 by using 10% phosphoric
acid. All experiments were performed at room temperature (RT).
Chromatograms were recorded at 223 nm. Waters Atlantis T3 C18
(4.6 x 150 mm, particle size 5pm) with a guard cartridge (Waters)
was used as the analytical column. The flow rate was set at 1.00
mL/min,

24.3 | Analytical HPLC procedure

All stock solutions (1mg/mL) were prepared in methanol/water
(50:50) mixture. Five dilution levels (70, 85, 100, 115, and 130%) of
working solutions were prepared for 3b. A 100% dilution level was
about 0.1 mg/mL. The injection volume was 10 pL.

244 | System suitability

Internal system suitability test in Galaxy Software was used. The
acceptability criteria were <2 tailing factor (As USP) and =3000 theo-
retical plates (NTP USP).

24.5 | Method validation

The analytical method validation was carried out according to the
ICH Q2(R1) method validation guidelines. The following validation
parameters were checked: accuracy, selectivity, linearity, limit of
detection (LOD), limit of quantification (LOQ), robustness, and the
stability of 6C-4-3IKW in the diluent. Two samples, 3a and 2c, at
a concentration of 0.1 mg/mL were prepared for selectivity. Inter-
mediate precision was performed 1 week after the precision evalu-
ation. Additional stability tests were performed. The stability was
checked for five kinds of stress conditions: acid hydrolysis (0.5M
HCl at RT, 48h in the dark), base hydrolysis (0.5M NaOH at RT,
48h in the dark), oxidation (3% H,0, at RT. 48h in the dark],
thermal stress (60°C, 8 h), and UV irradiation (254 nm, 8h). A 254
nm UV lamp was used for UV irradiation. The sample was pre-
pared in a quartz cuvette and was not exposed to daylight during
UV irradiation.

3 | RESULTS AND DISCUSSION
3.1 | pK, assay

pK, assays were performed to evaluate basic physiochemical proper-
ties, which were necessary to determine the log P values of test com-
pounds. The experimental pK, results were compared with those
calculated using online software (ChemAxon 2018). The experimental
and calculated pK, values are presented in Table 2. For strong bases,
pK, values calculated by ChemAxon software were close to the
experimental pK,; values. For strong acids, the experimental pK,;
values were lower than those calculated using ChemAxon software.
The differences between experimental and predicted results may be
because of the characteristic of the obtained data. The predicted
results were obtained via an algorithm using similar input data, and
therefore all results for strong bases are the same. The results for
strong acids are also similar. A few obtained results have a pK, value
greater than 14. The experimental results indicated that the fength of
the carbon chain has an impact on the average value of pK,; and
pK,2 in groups of three derivatives with the same number of carbon
atoms in their alkyl chain. In addition, the experimental results
showed the significant role of the position of iodine in the aromatic
ring on the pK; values, which was impossible to notice in computer-
calculated results.

3.2 | LogPassay

Our procedure is a modified method developed by Chao Liang and
allows for the fast, simple, and inexpensive determination of log P. The
coefficient of determination was over 0.96 for the calibration curve.
The log P values of all test compounds were lower than 5. The results
are presented in Table 3.

The results obtained indicate a significant influence of the iodine
position in the aromatic ring on the log P value. The logP value
increases with the position number of iodine in the aromatic ring, and

TABLE 2  Experimental and computer-calculated pK, values

Experimental  Calculated (ChemAxon 2018)

Compound  pKiy  pKiz  pK; (strongbase)  pK, (strong acid)

1a 809 1182 889 13.53

2a 8.26 11.28 889 13.55

3a B8.19 11.64 B89 13.55

1b 825 1160 889 14.67

2b 810 1144 889 14.68

3b 844 1120 B89 14.69

1c 8.36 1147 889 14.79

2c 828 1150 889 1481
B.59 11.37 889 1481
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TABLE 3 Experimental and computer-calculated log P values of
test compounds
Experimental  Calculated logP  Calculated log P
Compound  log P (ChemAxon 2018) (ALOGPS 2.1)
1a 3.520 4.73 491
2a 3771 4.79 5.24
3a 3.745 5.31 572
1b 4.143 4.73 494
2b 4.509 4.79 5.34
3b 4.530 5.31 573
1c 4239 473 494
2c 4.529 479 5.35
3¢ 4.525 5.31 5.73

the largest increase is observed between position numbers 2 and
3. The most distinct differences between log P values are between
compounds with two carbon atoms in alkyl chains and compounds
with three and four carbon atoms in alkyl chains in a series of deriva-
tives with the same iodobenzoic group. Log P values of compounds
with three and four carbon atoms in alkyl chains and the same
iodobenzoic group are very similar. All log P calculations obtained
using ChemAxon or ALOGPS 2.1 were higher than the experimental
values. Values predicted by ALOGPS (Tetko et al., 2005) were even
higher than those by ChemAxon algorithm. Both predicted methods
underestimated the role of the position number of iodine in the aro-
matic ring, and they are generally based on the length of the alkyl
chain. The experimental log P values lower than 5 were optimal, as
they potentially offered improved biodistribution for the tested series
of compounds.

50f9
Chromatt:»graphy—wl LEYJ—O
3.3 | HPLC quantification and method validation
3.3.1 | Determination of a suitable wavelength

The detection wavelength was determined by obtaining the UV spec-
tra for 3IKW, 9CI-THA, 6C-4-NH2, and 3b before developing the
chromatographic methodology applied. The samples were dissolved in
methanol/aqueous 30 mM KH;PO, solution (50:50} mixture (pH =
3.03) to observe the UV spectra at the appropriate pH value. UV
scans were performed in the range of 200-400 nm. The UV spectra of
four compounds are illustrated in Figure 2.

The maximum absorbance for 3b appears at 223 nm. 6C-4-NH2,
9CI-THA, and 3IKW exhibit maximum absorbance at 246, 238, and
218nm, respectively. The response of 6C-4-NH2 and 3IKW was
twice as high as that of 3b. The response of 9CI-THA was four times
stronger than that of 3b. We chose 223 nm as an analytical wave-
length used in the HPLC quantification method and validation
procedure,

3.3.2 | Method development and validation

The working pH of the mobile phase was determined using the
experimental pK, values of 3b and the estimated pK, values from
online software (ChemAxon 2018) for 3IKW, 9CFTHA, and 6C-
4-NH2. The mobile phase was prepared at a pH in the range of
5-6 and adjusted to 3.03 with 10% phosphoric acid solution. The
binary {methanol:buffer solution) isocratic mobile phase was investi-
gated by various ratios, but acquisition length and peak shape were
unsatisfactory. The addition of acetonitrile improved these parame-
ters and led to an appropriate acquisition time, resolution, and
peak shape. The developed method can separate impurities and

SCI-THA {238nm)

6C-4-NH2 (246am)

g
Ed
FIGURE 2 UV absorption
spectra of tested compounds from
200 to 400 nm. Concentration: 02 - ITTTETRa i oo . PESETITN, e & - .
RSV B, v R PETTL I P LIS LL TP L EPSF I LA TS LSS

(0.0075 mg/mL), 6C-4-NH2 (0.015
mg/mL), and 3b (0.035 mg/mL)

Wavelength (nm)
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quantify 3b in samples. A concentration of 0.1 mg/mL was used as
the main working solution. Five levels of dilution were performed
over the range of 70-130% for the main concentration sample
(about 0.1 mg/mL) according to the ICH guidelines Q2(R1). The
resultant graph indicates that the method is linear over this range
(Figure 3).

3.3.3 | Selectivity

HPLC chromatograms were recorded for 3b, 2b, and 3a at a concen-
tration of about 0.1 mg/mL, thrice for each compound. Retention

times were obtained and used to calculate relative retention times
with respect to the main compound 3b and resolution USP factor
according to the US Pharmacopeia 32 definition (Table 4). Compound
3a had the smallest retention time, so its resolution USP factor was
calculated for compound and impurities peak according to the US
Pharmacopeia Resolution factor equation.

3.3.4 | Precision and repeatability

System precision was evaluated by calculating relative standard devia-
tion (RSD%) based on three samples taken at five concentration

oeosns FIGURE 3 Calibration curve
of 3b. Regression line is marked
by a red continuous line, The
soa0 09 linear equation and the
coefficient of determination are
e marked on plots area. The
wdiish residual sum of squares is equal
= to 1,719,694.522
5
I
2 oo
o
s
<
*
&
0MO0) -~
1000000 4
00
Q020 0000 Q020 00sa aow oos0 0100 az20 0160 0 160
Concentration (mg/ml)
TABLE 4 Selectivity results (acceptable criteria of resolution USP factor is greater than 1)
Retention times (min) Relative retention times (%) Resolution USP factor
3a 3b 2b 3a 3b 2b Impurities/3a 3a/3b 3b/2b
411 6.39 671 64 100 105 227 931 1.07
4.10 6.38 671 64 100 105 225 9.12 110
411 6.38 671 64 100 105 224 9.08 1.10
Average 411 6.38 671 64 100 105 225 917 1.09
TABLE 5 Precision and intermediate precision results
Precision Intermediate precision
Concentration level (%) Average peak area (tAU/min) sD RSD% Average peak area (HAU/min) sD RSD%
70 29024.67 13291 046 29784.77 459.31 154
85 33385.27 28119 0.84 3421557 10699 0.31
100 40050.23 505.81 126 40895.47 17458 043
115 44417.97 230.89 0.52 4422513 186.00 042
130 48 646.77 201.84 041 50444.47 38203 0.76
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levels. All RSD% values complied with the ICH proposed acceptance
criteria (no more than 2%) for precision and intermediate precision
(Table 5).

Abbreviations: RSD%, relative standard deviation; SD, standard
deviation.

Chromatography—

3b, and many theoretical plates’ USP were checked for each measure-
ment of the sample separation at a concentration of 0.1 mg/mL. The
results are presented inTable 7.

Abbreviations: ACN, acetonitrile; MeOH, methanol.

3.3.5 | Limit of detection and limit of quantification TABLE 6  Summary for recovery% of 3b
Concentration level (%) Recovery%
LoD and LoQ were calculated using an equation based on the stan- 70 99.89
dard deviation of response and slope according to the ICH o= 97'57
Q2(R1) guidelines. The standard deviation of noise was used as the Q
standard deviation of response. Noise measurement was performed 200 10202
during all HPLC separations by an integration event using Compute 115 100.74
noise in Galaxy software. The LoD and LoQ for our HPLC method 130 98.82
was 1.364 and 4.133 pg/mL, respectively.
TABLE 7  Results of robustness
3.3.6 | Accuracy (recovery%)
Value of As
The accuracy was determined by the recovery of 3b at five levels of tested 3.0? NUST: b 3‘;:;:7;
concentration (70-130%). The samples at each concentration were
measured thrice. The results are presented in Table 6. Te’f‘gf’ ature 25 7 2RI4 94T
( 35 140 737469 880
Flow rate 1.0 137 7568.74 917
337 | Robustness Lt} 15 140 603626 7.88
Organic 60 (ACN, 35%; 137 7568.74 917
The method robustness was checked by performing HPLC separation m:::‘ier in MeOH, 25%)
at varying temperatures, mobile phase compositions, and flow rate. ‘:has::(%) 70(ACN,40%; 131 592338 447
Asymmetry USP factor, resolution USP factor between peak 3b and MeOH, 30
(a)
300 00
250 00 2
200 001 l'
g 150 00! .
100 001 ()
50 00 P’ I
_,5 =%
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Min
(b}
FIGURE 4 Chromatograms
obtained from stability tests of 300 000,
compound 3b, (a) 48 h, room | H
temperature, inthe dark; (b) 8 h, s 0005 E
RT, UV (254 nm) irradiation, 200 000 § l
Impurities 1, 2, 3, and 4 are 2 150 000 3 l
unknown peaks that occurred in a | | |
pure sample as traces. “Impurity 100 000 5
UV" is a specific peak derived from 50 ODd 2% E 2
[ i
compound degradati?n product Og— rﬁ_-".,-‘"‘__._ T 3! i
created under a specific stress R 2 3 4 b ® 7" o 10 11 12 13 14 15
condition Min
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TABLE 8  Results of stability tests
Stress condition Time (h) Recovery% 3b
Stability over time (in the dark at RT) 43 100.38
Acid hydrolysis (0.5 M HC| at RT in the dark) 48 95.25
Base hydrolysis (0.5M NaOH at RT in the dark) 48 9383
Oxidation (3% H,0, at RT in the dark) 48 104.56
Thermal 60°C 8 99.72
UV (254 nm) 8 1379

3.3.8 | System suitability test

A system suitability test {SST) was prepared for all separations. The
parameters As USP<2 and NTP USP > 3000 were determined. All
separation passed SST. The average of the tailing factor for 3b separa-
tions was equal to 1.36, and the average number of theoretical plates
was equal to 7757,

34 | Stability of solutions

A standard solution with a concentration of 0.1 mg/mL was analyzed
thrice on day 1 and thrice after 48 h. The sample was stored at RT in
the dark. The standard solution was stable after 48 h because no deg-
radation products were detected and the average recovery% was
found to be 100.38%.

No relevant degradation peaks were observed for high tempera-
ture and oxidation conditions. Hydrogen peroxide reacted with meth-
anol in the sample. which caused interference in detection, but no
unknown peaks were detected barring the large solvent peak (likely
formic acid derived from the oxidation of methanol) and slightly
increased height of the baseline. This interference was unavoidable
due to the solubility of 3b. Base hydrolysis and acid hydrolysis caused
weak degradation. About 6% of the degradation products were
detected in the sample with base addition and about 5% in the sample
with acid addition. Four degradation products were detected for acid
and base hydrolysis conditions. UV irradiation caused serious degrada-
tion of 3b. The average recovery% was found to be 13.79%. In addi-
tion, two main and four secondary products of degradation were
detected (Figure 4). The results are presented in Table 8,

Abbreviation: RT, room temperature.

4 | CONCLUSIONS

The results of the physicochemical assays provided information about
the huge impact the iodine atom has on the properties of aromatic
rings. The position of iodine atoms affects pK, and log P values to a

% Peak area 3b Remarks

99.33 No degradation products formed
(total unknown less than 1%)

97.29 Some unknown degradation products formed
{total unknown about 2.5%)

97.55 Some unknown degradation products formed
(total unknown about 2.5%)

100.00 No degradation products formed

(total unknown less than 1%)

99.14 No degradation products formed
{total unknown less than 1%)

9.51 Significant degradation; six products of

degradation formed {total unknown about 90%)

greater extent than the number of carbon atoms in the carbon chain.
This may be explained by iodine's high atomic weight, large size, and
relative weak atomic bond with carbon because of small electronega-
tivity difference between it (2.66) and the carbon (2.55), as well as the
distribution of charge in aromatic rings and whole structures, but the
exact reasons warrant more advanced study (Lyday, 2000). All experi-
mental values of pK, and log P were compared with the calculated
properties using ChemAxon software. The experimental values were
always smaller than the calculated values, except the pK,, values for
which the computer algorithm-estimated values were very dose to
the experimental results. All compounds in the series have log P values
smaller than 5, which is ideal for use as a medicine due to their ability
to permeate through biological barriers.

The HPLC method was developed and completely validated
according to the ICH guidelines Q2(R1). All validation parameters, that
is. RSD < 2%, RS USP > 1, and R® > 0.99, for the calibration curve were
fulfilled. The method is linear in our range and robust. Intermediate
precision measurements provided information that confirmed the
optimal parameters for the nt of precision. The parameters
of this analytical method can therefore be the basis for further HPLC
assays on this series of compounds.

Compound 3b is stable in the dark at RT, in high temperature
{60°C), and in an oxidative environment (3% H,0,). Acidic and
basic environments cause weak hydrolysis of compounds. The
results of the stability test indicate the photosensitivity of the
most biologically active compound due to significant degradation
after 8h of UV irradiation. It can also be explained by the weak
iodine binding with carbon, After the stability test, the conclusions
can be drawn that pure active compounds should be stored in the
dark, and potential ready form of the drug should ensure no access
to light for the active compound, and medicine should be stored in
nontransparent package.

The results gathered in this study are an important addition to
the physicochemical and pharmaceutical profile of a series of tetra-
hydroacridine derivatives conjugated with iodobenzoic acid. Crucial
physicochemical properties in terms of pharmacokinetics were deter-
mined, which allow for the expansion of knowledge regarding phar-

macokinetic properties of this series of compounds. Information
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about stability, storage requir ts, and validated HPLC method will

facilitate further assays.
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Abstract

Chromatography is one of the most popular methods for the separation of compounds in modern
pharmaceutical industry and science. Despite the extensive use of the reversed phase chromatogra-
phy in analytical and preparative applications, the normal phase adsorption chromatography has a
special place in purifying post-reaction mixtures or the separation of natural extracts, especially
in wet load mode, because of simplicity and high velocity of preparation. Complex mixtures,
more difficult to separate, require gradient methods to obtain better results of separations. These
methods can be developed by external software, but the automatic methods are often not very
accurate and the negative impact of wet load application on separation quality is considerable in
them. Therefore, we present the thin-layer chromatography (TLC) gradient optimization strategy
for wet load separations to obtain repeatable results of separations for different compounds
without worrying about negative impact of wet loading on separation quality. The strategy provides
information about an elution model of desired compound, which is used to develop the gradient
method. The strategy also allows to standardize the separation length, because gradient methods
performed by the TLC gradient optimization strategy have a very similar duration time in column
volumes. The method can also be simply scaled because of using the column volume as a base
unit in calculations.

Introduction

OXFORD

Chromatography is a widely used technique in modern pharma-
ceutical industry. Despite the fact that reversed phase mode chro-
matography is the technique of choice for analytical and very often
preparative separations, the normal phase mode has several practical
advantages for preparative separations in pharmaceutical chemistry.
Narmal phase chromatography is most suitable for separation of
high hydraphobic substances, for example, medicine structures thar
are very lipophilic and are not in hydrochloride form just afrer
synthesis, Normal phase chromatography allows to simplify the
purification procedure because it is not required to extract the
results of synthesis and pretreat them to solute into a polar sol-
vent, which is suitable for reverse phase chromarography. Moreover,

© The Author(s) 2021, Published by Oxford University Press. All rights reserved, For permissions, piease email; journals.permissions@oup.com

sometimes it is nearly impossible to perform the purification pro-
cedure without creating addinional impurities because numerous
medicme structures are msoluble in water without any modifications.
In the normal phase condition, the sample can only be initally
purified by crystallization or simple extraction and injected directly
on a normal phase column in preferably a nonpolar solvent. Normal
phase chromatography is a technique of choice for natural extract
analysis and preparations (1-3). This rechnique is also applicable for
separation of small peptide compounds, but preparative reverse phase
high performance liquid chromatography (RP HPLC) or hydrophilic
interaction liquid chromarography are rechniques of choice in pep-
tide separations because of the hydrophilic character of pepride
structures {4).
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Normal phase adsorption chromatography is the oldest liquid
chromatography mode. The firse description of gradient elution
theory was presented by Snyder in 1964 (5). Jandera developed the
Snyder theory in 1974 and derived a formula of model of the gradient
elution in binary normal phase adsorption chromatography (Eq. 1).

K = kix,™ (1

Where & is a retention factor in the mixture of two solvents,
&'y is a retention factor in pure strong solvent B, xy, is the mole
fraction of the strong solvent B in the mixture and mr is a sto-
ichiometric cocfficient characterizing the number of molecules of
the strong solvent B necessary to displace one adsorbed molecule
of the eluted compound. &'\ and m are unigue for any compound.
This formula provides information about the shape of clution in
normal phase conditions and is very useful for method development
(6, 7).

Normal phase chromatography is a method where two modes
of applying the sample on the column, wet load and dry load, can
be used. Both methods have some advantages and disadvantages.
Wert loading is a very fast and simple method of sample loading,
but too large amounts of solvent can result in band broadening and
loss of resolution (8). Moreover, when a compound is barely soluble
in a weak solvent and the addition of strong solvent is needed, the
problems can be more challenging. Dry loading provides very good
separations and eliminates problems with an amount and type of
sample solvents, but the procedure of sample preparation is more
complex and longer. It can also lead to some loss of the sample
mass or even structure decomposition during drying sample/adsor-
bent mix. Samples are most commonly wet loaded on columns in
pharmaccurical chemistry, but dry load technique is irreplaceable in
some cases (9).

The TLC optimization of flash separation is a well-known and
recommended procedure to obrain successful separations and pure
chemical compounds. The calculations for the development of the
isocratic adsorption chromatography method are very simple and
based on the relationship between the retention factor (Rg) and
column volume {CV] (Eq. 2). It is also recommended by producers of
Flash chre graphy equip in their guidelimes. The i
of complex mixtures are very difficult using the simple isocratic
chromatography method because it is nor possible to determine the
solvent system in which most of the components of the mixture will
obrain Ry berween 0.1 and 0.3 with appropriate resolution, especially
if there are many components of the mixture. In this case, the
gradient method is recommended and the development of gradient
method is most commonly performed by software of apparatuses,
which are not precise in complex and difficult separations. Therefore,
the studies about the TLC optimization of gradient flash method
have been started. In this study, we present the TLC optimization
strategy to develop a gradient adsorption method in normal phase
using wert loading technique, which can be successfully used for
separations of complex mixtures including those containing alkaline
compounds, such as drug structures containing an amine moiety
or natural extracts. The strategy is based on the combination of
a gradient clution model developed by Jandera and R¢CV rela-
tionship used m the TLC optimization of isocratic method. The
strategy is also available to be applied without external commercial
software and does not require any additional equipment to be per-
formed.

P

Materials and Methods
Reagents and equipment

Methanol, chloroform, water solution of ammonia 30% (Chem-
Solve) were used as components of the mobile phase. Strong solvent
was a mixture of methanol and water solution of ammonia 30%
(10:0.5, v/v). Weak solvent was a pure chloroform. PuriFlash 430
with software version V5.0b.09 (Interchim) was used to perform all
flash separations. Interchim SIHP 4G 15U, 30U columns and SIHC
4G 50U columns were used. Varian DASI 12G module with empry
DASI columns was used for dry load separations. RV 10 Digital and
HB 10 digital (IKA} rotavap set were used to prepare a sample for dry
load. Silica gel 60 for column chromatography (Aldrich) was used for
dry load sample preparation. TLC Silica gel 60 F254 plates (Merck)
were used for the TLC optimization. UV 4 cabinet (Camag} was used
to visualize TLC plates. All TLC plate meast and caleul

were performed by GIMP 2.0 {free license) and MS Excel (Microsoft).

Methodology

The standard TLC optimization of isocratic flash method recom-
mended by the Interchim Purification Guide requires finding the
proper composition of the mobile phase to obrain Ry value of rhe
tested compound about 0.1-0.3. Ry is calculated to CV using the
formula:

1

CV=—
R¢

(2)

CV is a predicted number of column volumes required to elute
the tested compound. Flash technique is a method of separations
of mixtures; therefore, it is important to calculate the quality of
planned separation. Therefore, Rg and CV values for all components
of mixrure should be calculated and obrained ARy and ACV using
formulas:

AR¢ =Rz - Rpa (3)

ACV = CVp —CVy (4)

Where Ry and Rgy or CVj and CVp are values calculated
for particular components of mixtures. Acceptance criteria of ACV
value for possible separation is no less than 1. A bigger value of
ACV predicts an easier and better separation. The TLC optimization
should be done by wsing the same type of stationary phase, for
example silica or alumina for normal phase separations.

The first step of the TLC oprimization of the gradient wet load
flash methad is in line with the Interchim Purification Guide. The
basic optimization should be done for the most important compound
in the mixture. ACV berween the most important compound and
the nearest substances should be greater than 1. If the separation
procedure predicts wet load, the weak solvent should not be able
to elute the most important component of mixture. Analysis of
minimum five TLC plates, where the percentage amount of strong
solvent increases, should provide the information about the clution
model of mixture components (Figure 1).

TLC plates provide data about Ry and CV of the most important
compound. CV values and the percentage amount of strong solvent
should be plorted. The function formula was calculared by MS Excel
regression tools. Function CV versus percentage amount of strong
solvent shows the properties of a power function:

v =" (5)
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Figure 1. of the TLC i imization r

Where g is the percentage amount of strong solvent, x is a number
of CV, ¢p is the percentage amount of strong solvent that elutes
the compound in 1 CV in isocratic conditions, @ is an exponent
and it is always a negative number. gy and a value are unique for
any compound, The obtained formula strongly corresponds with
the Jandera model of linear elution adsorption chromatography in
the normal phase mode (Eq. 1). Our formula corresponds to the
shape of Jandera elution model (power function) and the character
of constants—k', m in the Jandera model and ¢, @ m our formula
are unique for any compound and both constants »: and @ have
to be negative numbers in both formulas. In the same time, our
formula strongly corresponds to the isocratic TLC oprimization and
the R¢/CV relationship because CV is one of the variables, The second
variable is ¢, which has a very similar relationship to g as &' to & in
the Jandera model, despite the fact that our formula does not consider
the calculation of rerention factors bur the percentage amount of
strong solvent.

The perfect percentage amount of strong solvent (gp) in the
mobile phase (for CV=4.00 and Ry=0.25) can be calculated using
the formula (5). The obtained gp value should be muldiplied by 2.5
resulting in the final percentage amount of strong solvent (¢¢) in the
gradient method to obtain a chromatographic peak about 15 CV-
20CV.

The gradient should be started from (0% of strong solvent for 2
CV, than the gradient from 0% to calculated ¢4 should be set from
CV =2 1o CV=20. If it is necessary, the ¢; value or gradient can be
extended to clute difficult substances completely,

Sample preparation

Sample dry mass was equal 1% of silica in a flash column—about
40 mg. The samples were mixtures of carbamazepme and racrine
HCI or carbamazepine and thioridazine HCL. Experiments were
performed by using the wet load and dry load techniques. The
dry mass was solved in a 200 pL mixture of chloroform/methanol

ACV,= OV CVpy

SOV = CV e CVps

compounds in pure chloroform. The dry mass was solved in a small
amount chloroform/methanol mixture, four times greater mass of
dry silica gel was added and dried using rotavap for dry load. Dry
silica with the absorbed sample was put in the empty DASI column
and prepared for separation.

Separation conditions

Three separation conditions were performed. The first one was
developed according to our methodology where ¢; was calcu-
lated for thioridazine HCl:carbamazepine (1:1) mix and tacrine
HCl:carbamazepine (1:1) mix. The second separation was an auto-
matic method for wer load performed by apparatus software. The
third separation was an automatic method for dry load performed
by apparatus software. Two detection wavelengths were set, each
one for the specific maximum absorption value of compounds in
the sample: 240 nm/285 nm for tacrine HCl:carbamazepine mix
and 265 nm/285 nm for thioridazine HCl:carbamazepine mix. The
threshold was set ar 50 mAu. The flowrate was set at 7 mI/min
according to the producer’s guidelines. Column conditioning was
performed with pure chloroform for 6 CV before cach separation,

Results

Analysis of previous collected data and development
of theoretic methodology

Analysis of preparative separations performed during work on pre-
vious studics provided a lot of chromatographic data, which were
used for the development of our methodology (10, 11), A series of
TLC separations indicated that all compounds among a series of
derivartives clute in a very similar manner. The result of analysis of
these collected data was the formula shown in Methodology section
(Eq. 5] While working on the purification of a series of homologous
tetrahydroacridine and 3,5-dichlorobenzoic acid derivatives to our
previous study (12), we developed lincar gradient methods based on

(150 pL 450 pl} for wet load, because of weak solubility of

our ¢ with work on tacrine derivatives, which allowed us

P
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Table I. The Comparison of ¢"*" with ¢p to Calculate the Multiplier Factor Allowing the Development of Reliable Separation Methods

Compound name {IUPAC} wp (%)
3,5-dichloro-N-{5-[(1,2,3 4-tetrahydroacridin-9- 15.70
yl)amino]pentyl]benzamide

3,5-dichloro-N-{6-|(1,2,3 4-tetrahydroacridin-9- 15.36
yljaminojhexyl}benzamide
3,5-dichloro-N-{7-[(1,2,3,4-tetrahydroacridin-9 14.42
yljamino}hepryl]benzamide

3,5-dichloro-N-{8-[(1,2,3 4-tetrahydroacridin-9- 13.36

yllaminojoctyl}benzamide

to obtain relatively similar separations in terms of elution time and

separation qualiry. Each separation lasted about 20 CV and starred
by 2 CV of a pure weak solvent. The next step was performing the
procedure according to our methodology and comparing calculated
values of gp with the experimental maximum gradient value of strong
solvent {g™"). The comparison was shown in Table 1.

The comparison of @** with @p indicates that @p multiplicd
by 2.5 should allow to obtain a suitable value of gg; therefore, the
mulriplier 2.5 was added as the last factor used in our TLC gradient
optimization strategy. The whole homologous series was successfully
purified using the TLC gradient optimization strategy (12).

Examination of the TLC methodology

The next step was the analysis of this strategy on different known
compounds, not belonging to the homologous series, to check
whether the method can be applied in different separation proce-
dures. Three substances were chosen (tacrine HCl, carbamazepine
and thioridazine HCl) because of their specific clution pattern
in our solvent system and weak solubility in pure chloroform of
hydrochloride form of compounds ro simulate difficult samples for
the separation using the wet load technique, Mixtures of tacrine
HCl+ carbamazepine and thioridazine HCI 4 carbamazepine were
performed (o examine our optimization strategy. The series of
TLC plates (Figure 2) for both mixtures was performed. Both

mixtures did not clute in pure chloroform. ACV between tacrine

HCI and carbamazepine is always great, and this mix simulates the
situation, in which a real post-reaction mixrure would be composed
of a few widely spread components on TLC plate. ACV between
thioridazine HCI and carbamazepine is suitable for flash separation
in this system solvent, but these compounds are very sensitive to
very small changes in the amount of strong solvent. This mix was
designed to examine the wer load impact on separation quality. The
analysis of TLC plates performed in accordance with our strategy
showed that the result was always a power function with various

values of ¢ and a. Results of five TLC plates were sufficient to

obtain a formula that can be successfully used, bur more TLC
separations can improve the accuracy of calculations. The results
of these calculations are shown in Figure 3, Both regression lines
obrained from TLC results had R? value greater than 0.95. g, was
determined experimentally according to our methodology. ¢4 for the
mixture was calculated for the compound which clutes slower, 1.c.,
tacrine HCI and thionidazine HCL. Obtamed curve for thiondazine
HCI increased significantly faster than curve for tacrine HCL, that
means thioridazine HCl is more sensitive for small changes of strong
solvent content i mobile phase than tacrine HCL. This knowledge

Rt {CV) of 7 (%) o “Plop
15.65 42.00 2.67
35.00 2.30
35.00 243
14.70 32.00 2.39
Average 2.44

Figure 2. TLC plates of separations of carbamazepine and thioridazine with
an increasing percentage amount of strong solvent. |—carbamazepine, |I—
thioridazine. Strong solvent %: A—1%; B—2%; C—4%; D—5%; E—7%.

about the clution pattern allows to develop a very precise gradient
separation,

Examination of the strategy on flash chromatography
columns

T'he second step in the examination of the strategy concerned the
procedure of performing wer load separarions on 4G silica columns
with different particle sizes (15U, 30U, 50U) and the comparison
of the results with automatic wet load method separation on 4G
30U silica column. Columns were changed and conditioned swith
chloroform for 6 CV, before cach run. All separations performed

according to TLC gradient optimization strategy were successful,
Both compounds were well separated with good resolution and
sharp peak shapes. Tacrine HCl peak was localized always abouc
CV =16+ 1.5, as the method predicted. Very light peak tailing can
be noticed on all chromatographs. 30U column separation indicates
the greatest peak tailing, but this fact may be due to the properties
of the column being used, because 15U and 50U chromatograms are
very similar (Supplementary Figures $1-53). The automatic wet load
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TLC Gradient Optimization Strategy for Wet Load Adsorption Flash Chromatography 5

Tacrine HCL
25 -
*
£ y=39,557x08
€ R?=0,9626
15 -
3
5 10 -|
§ 54
[ . . . .
0 10 20 30 a0 50 60 70
=%
@, =39.557«4052  =1888 %
v, =18.88-25 =47.22 %

Figure 3. Calculation plots of slower eluted compounds in the tested mixtures.

method also provides quite a sharp peak of tacrine HCI and high
resolution separation between mix components, but very advanced
tailing of carbamazepine peak indicates probable problems in the
separation of more complex mixtures (Supplementary Figure 54).
The same compound mix was used to examine the TLC gradient
optimization strategy in the dry load technique. In this case, the
separation was performed in the same conditions on 4G 30U silica
column, but load method was changed and the results were compared
to results of the automaric dry load method separation. Samples of
both separations were prepared according to the same procedure.
The results of both separations were satisfactory, the resolution was
acceptable and peaks were sharp. Moreover, the experimenr provided
information about unexpected decomposition of tacrine HCL Both
separation methods revealed the additional peak before tacrine HCI
peak, bur the automaric method provided a betrer resolution between
these two peaks. However, the TLC gradicnt optimization strategy
provided a better resolution between tacrine HCl and carbamazepine,
which s promising for complex mixwres (Supplementary Figures 55
and S6).

Examination of wet load impact
The last phase of the examination of the TLC gradient optimization
strategy was the study of wet load impact on separation quality. In
this case, thioridazine HCI 4 carbamazepine mix (1:1) was used as a
sample for wer load separarion. The separation was performed on 4G
30U silica column and according to the previously calculated gradient
pattern, The result revealed a small wet load impact on separation
quality. Thioridazine HCl+ carbamazepine mix (1:1) was a sample
which should be separated by the isocratic method, due to its sensi-
tivity to changes of strong solvent amount, but the gradient method
separated both components with acceptable resolution (Supplemen-
tary Figure 57). The shape of carbamazepine peak was symmetric and
sharp, but the peak of thioridazine HCI showed significant tailing
and the retention time of this substance is greater than suspected,
It may be caused due to specificity of this mixture in our solvent
system (fast clution in small amount of strong solvent); therefore,
our experimentally determined factor of the maximum gradient {2.5)
may need to be madified in gradients with low maximum percentage
of strong solvent.

Finally, the TLC gradient optimization strategy was also used in
punifying compounds after synthesis in our previous articles (12-14),

Thioridazine HCL
B4
74e
£e y =8,3005x %07
Es R?=0,9706
3.
B3
g2
1
0 : . : )
0 10 20 30 0 50 60
o
¢, =B.3005440%7  m=411%
¢ =4.11425 =10.27 %

The flash purifying procedure performed according to this method
provided pure ¢ ds, which has been confirmed by HPLC,
NMR and LC-MS analysis.

Conclusion

In this study, the methodology was examined on two mixtures of
compounds, on flash silica columns with different particle sizes and
with two different load methods, The TLC gradient optimization
strategy allows to obtain the peak of the most important compound
in CV=17.502.5 with appropriate resolution. Test results have
shown that the method can be vsed to separate complex mixtures,
such as natural extracts or post-reaction mixtures. Separation quality
is comparable between wet and dry load technique, which allows
to apply the wet load technique for sensitive compounds or sub-
stance with low solubility in pure weak solvent without worrying
about separation quality. Moreover, the gradient method allows to
obtain peaks of other components of the mixture performing single
separation and standardize the separation length withour using any
addirional licensed sofrware. The results of experiments have proven
a high correspondence to the normal phase elution theory proposed
by Jandera, which is the evidence of reliability of this optimization
strategy and which could be successfully used in separation proce-
dures in pharmaceurical science.

Supplementary data

Supplementary data are available at Jowrnal of Chromatographic
Science online.
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Tacrine HCL + Carbamazepine Mix (1:1)
Wet Load, 4G SIHP 15U column
TLC gradient optimization strategy
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Figure S1. Chromatogram of Tacrine HCl and Carbamazepine mixture using wet load method

optimized with TLC gradient optimization strategy on a 4G, 15U, SIHP flash column.

Tacrine HCL + Carbamazepine Mix (1:1)
Wet Load, 4G STHP 30U column
TLC gradient optimization strategy
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Figure S2. Chromatogram of Tacrine HCl and Carbamazepine mixture using wet load method

optimized with TLC gradient optimization strategy on a 4G, 30U, SIHP flash column.
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Tacrine HCL + Carbamazepine Mix (1:1)

Wet Load, 4G SIHC 50U column
TLC gradient optimization strategy
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Figure S3. Chromatogram of Tacrine HCI and Carbamazepine mixture using wet load method
optimized with TLC gradient optimization strategy on a 4G, 50U, SIHP flash column.

Tacrine HCL + Carbamazepine Mix (1:1)

Wet Load. 4G SIHP 30U column
Automatic Wet Load method
mAU - %
L w
250008 g ’ . 4100
2250.0 90
20000 .80
1750.0 o
1500.0 5 50
12500 N
ils0
1000.0 H
|40
750.0
500.0 a
2500 120
00 10
-250.01 : : - : > :
000cy 250cy 500cv 750cv 10.00cv 1250¢cv 1500cv 1750cv 20.00

wmm \Weak solvent smmm Strong solvent s Detection line (240 nm) s Detection line (285 nm)

Figure S4. Chromatogram of Tacrine HCl and Carbamazepine mixture using wet load method
optimized with apparatus software on a 4G, 30U, SIHP flash column.
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Figure S5. Chromatogram of Tacrine HC] and Carbamazepine mixture using dry load method
optimized with TLC gradient optimization strategy on a 4G, 30U, SIHP flash column.
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Figure S6. Chromatogram of Tacrine HCl and Carbamazepine mixture using dry load method
optimized with apparatus software on a 4G, 30U, SIHP flash column.
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ABSTRACT: Radiolabeled peptides are a relatively new, very laiwldnllod npﬂlhsmdumﬁcdiosin L
specific radiotracer group, which is still expanding. This group is ic and th fications with clinical triols
class of radiotracers is utilized in oncology, where the same

also increasingly being used in rheumatology, cardiac imaging, or

very diverse in terms of peptide size. It contains very small i é analysis.

structures containing several amino acids and whole antibodies. %‘Q] (4

structure can be used in therapy and diagnostic imaging by varying

the radionuclide. In this study, we collected new reports of

neurology. The studies collected in this review concern new therapeutic and diagnostic procedures in humans and new structures
tested on animals, We also performed an analysis of clinical trials, which concerns application of radiolabeled peptides and antibodies

Moreover, radiolabeled peptides are diverse in terms of the binding
aim and therapeutic or diagnostic applications. The majority of this
radiolabeled peptide applications in diagnosis and therapy in
oncology and other fields of medicine. Radiolabeled peptides are @

that were reported in the clinicaltrials.gov database between 2008 and 2018.

M INTRODUCTION

Peptides are one of the principal element of all known living
systems. They are responsible for many biological functions
including, but not limited to, neurotransmission, ion-channel
regulation, and regulation of cell growth, The special place in
the group of amino acid structures is occupied by antibodies,
which are characterized by exceptional selectivity and precision
of targeting with the ability to determine biological activity.
The wide-ranging applications of peptides and antibodies in
medicine are well-known. Because of its multifunctionality,
common-ness in the human body, and precise targeting to a
specific place of bonding in an organism, peptides and
antibodies were considered very promising diagnostic and
therapeutic agents or carriers of structures that fulfill these
roles. Therefore, radiolabeling of peptides and antibodies was
the natural direction for improvement of diagnostic techniques
and medical procedures.

The first radiolabeled peptide used in humans was the
somatostatin analogue '”’1-204-090 developed by Krenning et
al. in 1989, and the first radiolabeled peptide approved by
US Food and Drug Administration (FDA) was '"'In-DTPA-
octreotide ('''In-pentetreotide, '"'In-DTPA-octreotide, Oc-
treoScan). OctreoScan has been used in the diagnosis of
neuroendocrine tumors since its approval in 1994. The next
diagnostic radiolabeled peptide compound approved by the
FDA was '"In-capromab pendetide (ProstaScint) in 1996. It is

n ""'indium radiolabeled murine monoclonal antibody (7E11-
C5.3) with Prostate Specific Membrane Antigen (PSMA)
affinity, and it was used in prostate cancer patients with a high
risk of pelvic lymph node metastases. ProstaScint was the first

© 2020 The Authors. Published by
American Chemical Soclety

< ACS Publications

approved agent for use in radioimmunoscintigraphy as well as a
key milestone in the development of radioimmunotherapy
(RIT). The FDA first approved small synthetic radiolabeled
peptides for use in receptor imaging in 1997—"""Tc-Apcitide
(*™Tc-P280, AcuTect). AcuTect is a small technetium-""Tc-
labeled peetide composed of two identical cyclic peptide
monomers.” The compound binds with high affinity to the
GPII/11I, receptor on activated platelets, which in tumn
provide information about localization of thrombi anywhere in
the body." Therefore, AcuTect is used for scintigraphic
imaging of acute venous thrombosis in the lower extremities
of patients with symptoms of acute venous thrombosis. After
2000, the European Medicines Agency (EMA) approved the
next radioimmunodiagnostic agent as well as the first
radioimmunotherapeutic c¢ . “™Te-Besil b (Scin-
timun) is a murine anti-granulocyte antibody used for
radionuclide imaging for determining the location of
inflammation/infections in the peripheral bone of adults with
suspected osteomyelitis. "Y-Tbritumomab Tiuxetan (Zevalin )
is a murine IgG, antibody used in RIT of adult patients with
rituximab relapsed or refractory CD20+ follicular B-cell in non-
Hodgkin's lymphoma. The National Center For Nuclear
Research POLATOM achieved in 2014 a local Polish approval
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Figure 1. Basic structures of the most commonly BFCs used to radiolabeling peptides.

of diagnastic usage their *Tc-Human Immunoglobin (**Tec-
HIG, Techimmuna) only in Poland. This agent is used to
detect the location of inflammatory lesions and in semi-
quantitative evaluations of inflammatory activity, particularly in
the case of rheumatoid arthritis. In the past 3 years, the EMA
has approved one diagnostic and one therapeutic radiolabeled
somatostatin  analogue. POLATOM—"""T¢c-HYNIC-octreo-
tide (*™Tc-HYNIC-[n-Phe', Tyr’-octreotide]TFA, Tektreo-
tyd)—has been nationally approved in 17 European countries
in 2018. It is used in diagnosis and supports the therapy of
tumors which overexpress somatostatin receptors as in the case
of gastroenteropancreatic neuroendocrine tumors (GEP-
NET). Another GEP-NET diagnostic agent was approved in
2016. It was “Ga-edotreotide (**Ga-DOTA’-Phy'-Tyr'-
octreotide, %*Ga-DOTA-TOC, SomaKit) and is the only
approved radiolabeled peptide PET agent in Europe today.
The newest therapeutic agent approved by both the FDA and
EMA is '"Lu-oxodotreotide ('’"Lu-DOTA-Tyr*octreotate,
7Lu-DOTA-TATE, Lutathera). It is used in the therapy of
well differentiated neuroendocrine tumors.

Peptides. Radiolabeled peptides used in medicine are often
maodified variants of naturally occurring peptides, because the
natural peptides are sensitive to peptidases, which rapidly break
them down in blood and other tissues. Nowadays, it is possible
to apply two main targeting strategies: peptide—receptor
radionuclide therapy (PRRT), peptide—receptor scintigraphy
(PRS), radioimmunoimaging (RII), and radioimmunotherapy
(RIT). The first strategy is based on overexpression of various
receptors in human cancer cells, which are attractive targets for
imaging and therapy. Particularly interesting targets are
somatostatin receptors (SSTRs), gastrin-release peptide
receptors (GRPRs), ayff; integrin receptors, chemokine

receptors 4 (CXCR4), or glucagon-like peptide 1 (GLP-1)
receptors, A multiplicity of targets implies that the PRRT/PRS
strategy has a wide spectrum of applications.” The second
strategy is based on stable in vivo monoclonal antibodies
(Mabs), or fragments of Mabs as ligands.”

Methods of Labeling. All ligands listed above require the
addition of a radionuclide to achieve therapeutic or diagnostic
goals. The labeling of peptides can be performed by direct
labeling, addition of a prosthetic group, or with bifunctional
chelators (BFCs). Direct labeling is the method used to label
proteins without using intermediates such as BFCs. It can also
be reduced to a one-step labeling protocol, which is an
advantage for development of radiopharmaceutical kits and for
short-lived radionuclide labeling. An example of this procedure
is one-step direct '*F labeling by displacing a nitro group in an
arene that is activated toward nucleophilic aromatic sub-
stitution by an ortho trifluoromethyl group.” Direct labeling
technique nowadays involves mostly radioiodination and in
some cases technetium-labeling.” ' Technetium direct labeling
requires a specific structure of labeled agent coordination
sphere, for example, with thiol groups, and reducing agents like
phosphines.'' The disadvantage of this method is that it
necessitates a specific protocol for each radioligand as well as
difficulty of developing accurate protocols to obtain highly
specific products from each applied radionuclides.

Prosthetic groups are small molecules able to bind with
radionuclides in one site of the structure, and simultaneously
with a peptide at a second site. Radiolabeling peptides by using
prosthetic groups is usually a two-step protocol—incorpo-
ration of the radionuclide in the prosthetic group structure,
followed by binding the prosthetic group to peptide. Each step

can be performed according to various methods. A review
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article published by Wilbur'* provides an excellent overview of
methods for labeling proteins by radiohalogens. Prosthetic
groups allow us to label various peptides, because of the
occurrence of multiple reactive functional groups incorporated
into amino acid structures. Alcohols, amines, carboxylic acids,
and thiols may be paired with the reactive site of a prosthetic
group conjugated with a radionuclide to achieve the complete
radiolabeled peptide.*™'* A very effective method of '*F
radiolabeling peptides by using prosthetic groups is the
automated “fluorination on the Sep-Pak” method. This method
was used in production 6-'*F Fluoronicotinic acid N-
hydroxysuccinimide ester (6-['*F]SFPy) and then radio-
labeling T140 peptide—CXCR4 PET imaging ligand.'®
Another possible method for binding the prosthetic group to
a peptide is modification of the peptide to bear unnatural
bioorthogonal functional groups like an azide and then by
usinq_"click' chemistry to achieve the radiolabeled biomole-
cule.' ™" Tolmachev et al. P d a large ber of
methods for binding prosthetic groups carrying various
radionuclides to peptides in their review article.”

Despite many ad ges, direct labeling and prosthetic
groups have limits, These methods of labeling are the most
suitable for diagnostic and therapeutic radiohalogens or ''C,
gvm the reactivity of these nudlides. Radiometals, including

mTe, ¥Ga, #Cu, "Lu, "'In, or %Y, require BFCs to obtain
the best conjugation of radionuclides with peptides. The
bifunctional nature of the chelators means that they are capable
of coordinating a metal ion and can also be attached to the
peptide. Pendant labeling is the most commonly used method
of labeling peptides in the present day. There are two main
types of BFCs—cyclic BFCs and acyclic multidentate BFCs
(Figure 1), 1,4,7,10-Tetraazacylododecane-1,4,7,10-tetraacetic
acid (DOTA), 1,4,7,-triazacylononane-1,4,7-triacetic acid
(NOTA), and 2-[4,7-bis(carboxymethyl)-1,4,7-triazonan- 1-yl |-
pentanedioic acid (NODAGA) are widely used cyclic BFCs to
coordinate '"'In, */®Ga, *Cu, and *“™T¢, among others.
Moreover, the most successful '*F labeling strategy was
developed by McBride et al, which involves using an
aluminum-["*F]fluoride NOTA derivatives chelator system.'”
Cyclic BFCs are particularly interesting for scientists and
medical practioners because of their universal usage. Peptides
conjugated with cyclic BFC can be labeled by various
radionuclides which, depending on the applied radionuclide,
can provide structures used for therapeutic or diagnostic
purposes. This allows for use of the same peptide compound in
various imaging technique. Acyclic BFCs are less common than
cyclic BECs, but are still developed due to their selective high
affinity for individual radionuclides and their ability to
conjugate metal ions at room ature, which is impossibl
when using only cyclic BFCs. ' N,N’-Bis[2-hydroxy-5-
(carboxyethyl)benzyl]ethylenediamine-N,N'-diacetic acid
(HBED-CC) has high affinity to Ga* ions.”® 1,1,4,7,7-
Diethylene triaminepentaacetic acid (DTPA) is applicable in
"n, Y, and **Ga radiolabeling of thermosensitive
peptides.””**™** Desferoxamine (1-amino-6,17-dihydroxy-
7,10,18,21-tetraoxo-27-( N-acetylhydroxylamino)-6,11,17,22-
tetraazaheptaeicosane, DFQO) is originally an iron and
aluminum chelator, but DFO also complexes Ga™ ions
rapidlg“ and is one of the best *Zr carriers for labeling intact
Mabs.* 2-Hydrazinonicotinic acid (HYNIC) is a well-known
and commonly used P Tc carrier.”’*" BFCs also have some
disadvantages. BEC moieties are generally bulky, and as a result
are usually located far away from the binding region of

27

peptides to avoid steric interactions. BFCs are often placed at
the N- or C-terminus of the peptide. Often, additional spacers
are used, which increases the molecular weight of whole
structure, an adverse fact especially for small peptides.”” The
labeling can influence charge or lipophilicity of the compound,
which in turn may change its biodistribution or excretion,
particularly for small ligands. The right selection of labeling
method is therefore crucial to obtain appropriate resolution of
images, concentration in tumors cells, and excretion methods
with efficient clearance.™”

Radionuclides. The type of radionuclide used is the third
most important property of radiolabeled peptides. The
radionuclides can be used for therapeutic or diagnostic
purposes, and a small group of radionuclides may be used
for both. Examples of these include theranostic radionuclides,
"Ly, ¥Cu, and ""In.*" Diagnostic radionuclides are used in
molecular imaging modalities applied in nuclear medicine:
SPECT and PET. Because of different mechanisms of action,
each imaging method requires different radionuclides. Both
modalities require the emission of photons in the form of
radiation, which can be detected and processed into an image.
However, this radiation has to originate from positron
annihilation for PET imaging, while SPECT imaging require
radionuclides that emit a direct gamma array with approx-
imately 100-250 keV gamma energy, which is detected by
scintillation detectors. Lower gamma energy produces too
much scatter, but greater gamma energy than this range results
in poor imaging quality due to difficulty in collimating the
rays.”” SPECT has an additional advantage in that it is possible
to simultaneously image multiple radiometals emitting y rays
with different energies.’”” PET imaging requires radionuclides
which emit positrons. A single positron is formed during /'
decay. The annihilation of positrons is pivotal for this modality
of imaging, because this process generate two photons, each of
511 keV, in opposite directions. This phenomenon allows for
determination of the location of annihilation in three
dimensions by calculating the time difference between both
photons reaching the detectors. Additional simultaneously
emitted y rays from radionuclides are also filtrated, because
only two precisely opposed rays—an interesting result of
annihilation are used to image generation. The mean free path
of a positron is one of the most important properties of
radionuclides used in PET imaging. Short mean free paths
provide increased image resolution. Mean free energy emitted
from positron emission can influence on resolution; therefore,
radionuclides with small positron energy produce higher
resolution, In addition, mean free energy affects the
surrounding tissues.”’ The halflife of radionuclides is the
most significant property to be understood, independent from
the radionuclide’s purpose. Half-lives should be long enough to
allow the peptide to accumulate in the target and clear from
other compartments. Short-lived radionuclides are usually used
in imaging especially because using small peptides tends to
show fast biodistribution and clearance. Longer-lived radio-
nuclides are used in imaging with peptides with long
biodistribution and clearance and in therapy.” The most
common in radionuclides are shown in Table 1.

B NEW REPORTS OF RADIOLABELED AMINO ACID
BASED MOLECULES USED IN NUCLEAR MEDICINE

SSTR. Somatostatin receptors (SSTR) are neuroreceptors at
the cell membrane, which may be used for diagnostic and

tps/idx doiorg/10.1021 facs bioconjchem 0c00617
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Table 1. Physical Characterization of Radionuclides Used in
Radiolabeling Peptides'** ¢

mean free gamma
decay  mean free en enel
nuclide halfife mode  path (mm) (k:’\ﬂ (kew
PET imaging isotopes
g 1098 min  f° (97%) 06 250
"Br 162 h 7 (34%) 12 633.9
EC
{46%)
“Ga 677 min [ (87%) 33 84
“cu 127h 7 (17%) 07 278
I
(39%)
EC
(44%)
te 204 min g 12 386 -
(100%)
"7 33d B (23%) 13 396
EC
(77%)
b 42d 7 (23%) 09 819 603
EC
(77%)
Radiotherapeutic isotopes
Y 64 h s bX3 935
{100%)
b 8d I’s 970.8
(100%)
T 674d ‘8 07 130 208 and
(79%) 13
AL 72h a 0.06 6790
{100%)
Ac 104 a 0.06 6830
(100%)
Gamma imaging isotopes
Yn 28d EC - 171 and
{100%) 245
b | 132h EC 159
(97%)
#=Te  6h EC 140
(98%)

therapeutic purposes. Their occurrence is common in GEP
NETSs. This fact have been used for more than 20 years for
precise GEP NETs imaging and therapy by application as
SSTR analogues.”” A cohort study of North American patients
with metastatic well-differentated NETs indicate that PRRT
with SSTR analogues resulted long overall survival (over 40
months from first PRRT') and time to progression (the median
was 23.9 months).”

Recent studies in human models are often focused on
optimization and individualization of therapy. Velikyan et al.
performed a pilot study to discover the impact of peptide mass
on the binding of **Ga-DOTATOC (Figure 2) to neuro-
endocrine tumor somatostatin receptors in 9 patients with
GEP NETs in 2010. The peptide mass was considered as the
peptide mass of SSTR analogue required to occupy the natural
SSTRs in the body during the imaging process to obtain the
best image contrast and higher tumor-to-normal tissue ratio.
They were looking for the optimal unlabeled peptide mass
administrated a short time before the tracer. Their study
demonstrated that individual patient uptake of radiolabeled
ligand in tumor and normal organs exhibited peptide mass
dose dependence.” Hardiansyzh et al. investigated PET-based
treatment planning by using the physiologically based
pharmacokinetic (PBPK) model with mathematical patient
phantoms and Bayesian parameters or dynamic PET. Their
aim was to investigate the accuracy of predicting the time-
integrated activity coefficients (TIACs). TIACs are the
accumulated activities in source organs per administered
activity and are also called residence times. They proved that
“Ga-DOTATATE PET measurements could be used to
predict the therapeutic biodistribution of Y-DOTATATE
with acceptable accuracy if all available information is
integrated in PBPK."~"

""Lu-DOTATATE is also one of the most common
compounds applied in recent publications because of recent
approval of Lutathera. Researchers report possible side effects,
quality of life changes, and effects of the therapy. '"Lu-
DOTATATE as a PRRT agent may induce long-term toxicity
to the bone marrow, but a study performed on 274 GEP-NET

%Ga-DOTATATE

%Ga-DOTATOC

77 u-DOTA-JR11

Figure 2. Schemes of SSTR analogues applied in new PRRT and PRS strategies.
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patients confirms that '""Lu-DOTATATE therapy has no risk
factors for developm§ persistent hematological dysfunction in
GEP-NET patients.” Furthermore, two independent studies
confirm that """Lu-DOTATATE therapy increases the quality
of life of GEP-NET patients.""*® Hervas et al. performed a
summary of experience with '"Lu-DOTATATE. They
evaluated the biochemical response, imaging methods, toxicity,
and quality of life of treatment for 7 patients with metastatic

in practice. Nevertheless, PET-MRI is able to obtain superior
soft-tissue contrast and functional information. Furthermore,
the dynamic contrast enhanced imaging with hepatocellular
contrast agents is able to detect liver metastases. Therefore,
whole-body PET-CT and PET-MRI imaging with **Ga-
DOTANOC was compared in patients with well-differentiated
neuroendocrine tumors. The results indicate that PET-MRI is

NET. Results of this study indicate the efficacy and safety of
""Lu-DOTATATE.* Ashley et al. reported a case in which
they applied a '""Lu-DOTATATE neoadjuvant therapy before
multivisceral transplantation in patients with metastatic small
intestinal neuroendocrine neoplasm. The result of their
therapy protocol is the lack of biochemical and radloloslcal
disease recurrence over 4 years after the intervention.’” '"’Lu-
DOTATATE was also used to develop a PBPK model of '"Lu
peptide therapy of patients with NET. It can be used for
accurate calculation of biodistribution and absorbed doses of
patients during individual planning of therapy.” Zemczak et al.
studied the therapeutic effect of a mixture of "Lu and *Y
DOTATATE. 75 patients with histopathologically proven
NET G1 and G2 and after "*F-FDG PET/CT imaging were
included in the study. Results of the therapy were in line with
similar procedures with single isotope '""Lu DOTATATE, but
they discovered that **E-FDG positive panenb have higher risk
of progression in the two year follow-up.”” A similar study was
performed by Kunikowska et al. They included 103 patients
with NET G1/G2 and also applied '7Lu/*Y DOTATATE
treatment. Their results are also very promising. Moreover, the
study proved low hematological and renal toxicity."

Imaging techniques with radiolabeled SSTR llgands have
also improved. Nowadays, medicine uses PET-MRI and PET-
CT scanners to image tumors and metastasis by using f'
decay-type radionuclides, where PET-CT is a clinical routine

ble with PET-CT. In addition, the application of the
gadoxctate contrast protocol allows for detection of the liver
metastasis, but the PET-CT technique was more effective in
detecting lung lesions.””

Researchers focused on SSTRs agonists first. The most
common radiolabeled structures as DOTATOC or DOTA-
TATE are agonists, but nowadays the new points of interest
are SSTR antagonists. Despite the internalization of the
radionuclide into tumor cells, which is achievable by
application of SSTR agonists, antagonists are capable of
interacting with more binding sites. This fact may be more
important than internalization of SSTR agonists.”" " Recent
studies report on the effectiveness of use OPS201 (DOTA-
JRI11). JR11 is SSTR antagonist. Conjunction with DOTA
allows for radiolabeling with for ple "Ly, Y, and ""'In.
Nicolas et al. investigated OPS201 labeled with 'Ly, *Y, and
"n and compared it with ""Lu-DOTATATE on cell lines
and a mouse model. Their results indicate that '"Lu-OPS201
exhibits a higher tumor uptake, longer tumor residence time,
and improved tumor-to-kidney dose ratio than “"Lu-DOTA-
TATE or ®Y-OPS$201. M , they confirmed that ‘!In
should not be used as a surrogate for Y radiolabeled OPS201.
Recommendations for nephroprotective agents which may be
used in PRRT with ""Lu-OPS201 (Figure 2) are also a
valuable conclusion of this study.” A similar study was
performed by Dalm et al. They focused on usage of ''In-
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OPS201 in breast cancer imaging. This study also conﬁrmed
that OPS201 is a promising candidate for usage in medicine. **
GRPR. The gastri ing pep ptor (GRPR) is
one of the bombesin receptors and a G-protein coupled
receptor. Overexpression of GRPR was found in small cell lung
cancer for the first time. Scientist found it later in many
different tumors including breast, pancreatic, or prostate
cancer.”™® Morgat et al. studied the GRPR overexpression
in breast cancer patients. They found the GRPR over-
expression in 75.8% of 1432 tumors studied, of which 83.2%
were estrogen receptor (ER) positive. Besides the association
of GRPR overexpression and ER positivity, scientists also

found GRPR expression in metastatic lymph nodes in 94.6% of
cases with overexpressed GRPR tumor. Results led to
conclusion that GRPR targeting is good strategy for imaging
and treatment in patients with ER positive breast cancer.”
Recent studies report GRPR antagonist research in human
models. Despite the internalization in cancer cells, GRPR
agonists may cause undesirable effects after induced GRPR
activation.”® Therefore, novel GRPR antagonist peptide
radiotracers are developed. Berthold et al. developed Neo-
BOMB! and conjugated it with "’Lu, ®*Ga, and '"'In. They
performed a biologic profile resulting in all radiolabeled

=4
NeoBOMBI conjugating to GRPR-expressing cells as well as
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mouse models, and first prostate cancer lesion visualization in
human patients using “*Ga-NeoBOMBI1 and PET/CT. Results
indicate that NeoBOMBI binds to GRPR with high affinity
and with low internalization. Mouse model study provided
information about good metabolic stability in peripheral mouse
blood, high and specific uptake, and clearing from background
via the kidneys. PET/CT scans of two patients showed that
using “*Ga-NeoBOMBI provides high-contrast imaging of
pathologic 1 in h Sci intend to continue
research to investigate theranostic value of NeoBOMBI in
nuclear oncology.”

NeoBOMBI was investigated also on animal models. Two
independent teams performed studies about the theranostic
use of **Ga-NeoBOMBL in breast and prostate cancer.
Kaloudi et al. investigated **Ga-NeoBOMBI1 and *"Ga-
NeoBOMBI1 profiles on GRPR expressing T-47D cells as
well as mice bearing human T-47D xenografts. ““Ga-Neo-
BOMBI1 showed high affinity for GRPR on T-47D cell
membranes with poor internalization. Mice models provided
biodistribution data. >90% intact of dose was detected in mice
peripheral blood at 30 min post-injection. *’Ga-NeoBOMB1
localized tumor in mice bearing T-47D xenografts. Increasing
the dose of NeoBOMBI to 200 pmol reduced the unfavorably
high pancreatic uptake without change in tumor uptake.”’
Dalm et al investigated the biodistribution of *Ga-Neo-
BOMBI and '""Lu-NeoBOMBI on PC-3 xenograft BALB/c
mice. They obtained similar results, indicating a good
pharmacokinetic profile of NeoBOMBI1. The improvement of
the tumor/pancreas uptake ratio was also observed by
increasing the dose of peptide.”’ Another “*Ga labeled
GRPR antagonist RM26 (Figure 3) was compared with
GRPR agonist BBN-_,,; by using PC-3 cells and PC-3 tumor
xenografted mice. Both compounds indicated similar affinity to
GRPR, but biodistribution data obtained from in vivo studies
show a better profile for RM26. BBN,_,, demonstrated rapid
elimination after injection, high background signal, and high
level of degradation in mice serum in comparison to RM26.
Antagonists offer improved tumor to organ ratios as well as
better image results due to lower accumulation in the pancreas
and intestines.” Improved profiles of GRPR antagonists were
also confirmed by Liolios et al. They developed four ®Ga
labeled analogues of bombesin connected with HBED-CC
chelator—two agonists and two antagonists, Due to the
presence of two connectable carboxylic moieties in the
structure of HBED-CC, one of the antagonist structures was
a homedimer. All compounds were i gated by using PC-3
and T-47D cell lines to obtain information about cell-bound
radioactivity. The best results were obtained for the
homodimeric antagonist structure in both cell lines. In vivo
assays with PC-3 tumor bearing mice and uPET imaging
provided information about better quality imaging by using
antagonist structures. Despite exceptionally good results with
respect to cell bonding and imaging quality of dimeric
antagonists, the monomeric structure had a superior
pharmacokinetic profile as a result of lower AUC values for
nontarget organs and blood relative to the dimeric form.**

ayfi; Integrin Receptors. a,fi; and a,f; integrins are used
as indicators in breast cancer as they signal cell growth,
including malignancy, metastasis, and cancer induced angio-
genesis. They are overexpressed in tumor and endothelial cells
of breast cancer.”"”" Small peptide sequence Arg-Gly-Asp
(RGD) has been reported as a structure that is recognized by
integrins. Therefore, radiolabeled structures with an RGD core
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were used as radiopharmaceuticals with hi%h affinity and
selectivity for the ayf; and ayfs integrins.” The research
performed on the RGD sequence has provided many new
structures such as dimeric compounds, that offer much greater
affinity to ayf, integrins than the monomer. Ortiz et al.
developed a biokinetic model for " Tc-EDDA/HYNIC-E-
[c¢(RGDFK)], (Figure 4) from a lyophilized formulation kit.
Ethylenediamine-N,N'-diacetic acid (EDDA) was used as a
coligand in radiolabeling of HYNIC-peptides to complete the
technetium coordination sphere. In addition, the scientists
chose EDDA as a coligand because of its hydrophilic properties
that improved renal excretion and allowed it to combine in
lyophilized formulation. Scientists obtained 96 + 2% purity
after labeling, and biodistribution studies in mice showed renal
and hepatobiliary excretion. *"Tc-EDDA/HYNIC-E-[c-
(RGDIK)], has high affinity and showed highly specific uptake
to MCF?7, T47-D, and MDA-MB-231 cell lines. The imaging in
three breast cancer patients localized lesions with high
contrast. In addition, ten heathy patients took part in this
study. None of patients reported any adverse reactions after
Fn T EDDA/HYNIC-E-[¢(RGDIK)], administration. It was
observed that thyroid and kidneys were the organs which
received the highest absorbed dose, but these amount of
absorbed doses were comparable to different *"Tc radio-
pharmaceutical studies.”** Zhang et al. performed a study in
which they evaluated imaging of breast cancer and metastasis
with a dual targeting tracer %Ga-BBN-RGD PET/CT.
Twenty-two female patients with suspected breast cancer
who underwent radical mastectomy were sampled to take part
in this study. “Ga-BBN-RGD showed high tumor to organ
ratios, which in turn provided high contrast in PET/CT image.
According to Morgat et al, higher maximum standardized
uptake values were observed in patients with ER-positive
tumors because of higher overexpression of GRPR in tumor
cells. In addition, **Ga-BBN-RGD was compared with 58Ga-
BBN. Results of this comparison indicated that dual targetin;

tracer localized more pathological lesions than **Ga-BBN.*

Kazmierczak et al. investigated the **Ga-TRAP-(RGD),
(Figure 4) for in vivo monitoring of a ayf/; integrin expression
as a bi ker of anti-angiog therapy effects by using
PET/CT. They used 25 mice bearing MDA-MB-231
xenografts which were divided into two cohorts. The first
cohort was subject to imaging tests and the second to
immunohistochemistry tests. Either anti VEGF antibody
bevacizumab or a placebo was administrated for a week in
the experi | protocol. Imaging with “*Ga-TRAP-(RGD),
at the beginning and at the end of study allowed for
observation of reductions in ayf; integrin expression in
xenografts. Immunohistochemistry assays confirmed that
bevacizumab therapy caused reduction of ayf; integrin
expression, microvascular density proliferation, and increase
of tumor cell apoptosis. Therefore, °Ga-TRAP-(RGD),PET/
CT allows for monitoring of anti-angiogenic therapeutic effects
which scientists will continue to explore.

GLP-1 Receptors. Glucagon-like peptide 1 (GLP-1) is an
incretin secreted from intestinal L cells. It is able to activate
GLP-1 receptors which play a significant role in glucose
metabolism. Scientists also reported positive effects from
activation of GLP-1 receptors on decrease of pancreatic ff-cell
apoptosis and even increased differentiation of fi-cell precursor
cells in the pancreas."”* Overexpression of GLP-1 receptors
was found in a number of cancers such as gastrinomas or
insulinomas. GLP-1 receptors in insulinomas are expressed in
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the highest incidence and density among any other peptide
receptors in this type of tumor; therefore, GLP-1 receptors
offer great potential as a diagnostic target. Azad et al
investigated the GPL-1 receptors through optical and PET
imaging. They synthesized and evaluated GLP-1 log:
with a DOTA bifunctional chelator and one analogue
combined with fluorescein. Two of these analogues were
radiolabeled by “*Ga and administered to normal CD1 and
CS7BL/6 mice for biodistribution evaluation and Balb/c™/™
mice harboring insulinomas for imaging tests. The pancreatic
uptake in CD1/C57BL/6 mice observed after 30 min post
injection was low and stable. Imaging tests provide clearly
visualized tumor after 90 min post injection. Scientists
compared results of radiolabeled GLP-1 analogues with
radiolabeled exendin-3 and exendin-4. Radiolabeled GLP-1
analogues indicated faster overall clearance rate than exendin-3
and exendin-4, but also a lower tumor uptake.-"‘ Bauman et al.
had a similar goal in their study, but they investigated %8Ga and
%7r radiolabeled exendin-4. Exendin-3 and exendin-4 are
reptilian agonists of GLP-1 receptors. Exedin-4 is especially
interesting, because it is not degraded by dipeptidylpeptidase 4,
and exhibits a 10-fold-increase in affinity toward human GLP-1
receptor. Because of the low spatial resolution of SPECT
images obtained by ''In radiolabeled exendin-4 reported in
earlier studies, """ Bauman et al. developed an exendin-4
derivative gated to desfer (DFO). Utilization of
DFO allowed for radiolabeling of one derivative by both ®Ga
and ¥Zr radionuclides. PET imaging results indicate that
[Lys"(AHX-DFO-**Ga)NH, Jexendin-4 developed by Bauman
et al. on nude mice bearing RIN-mSF xenografts is a promising
candidate for clinical translation. A comparison of results with
[Lys®(AHX-DTPA-"""In)NH,Jexendin-4 showed that novel
radiotracers exhibit comparable or even superior targeting of
GLP-1 receptors.”® Antwi et al. used “*Ga-DOTA-exendin-4 to
localize benign insulinoma lesions in 52 human patients by
PET/CT. They compared imaging results with '*‘In-DOTA-
exendin-4 SPECT/CT and MRI. The highest values of
accuracy, impact for surgery planning, and percentage reading
agreement were obtained for PET/CT imaging.” " Parihar ct al.
reported a case study which used the same radiolabeled tracer
on a 31-year-old patient to localize pathological lesions on the
pancreas. The patient suffered from gradually increasing
lethargy and multiple episodes of dizziness. Biochemical
examinations raised suspicions of insulinoma. PET/CT
imaging with **Ga-DOTA-exendin-4 allowed for identification
of localized lesions and surgical intervention. The patient
underwent surgical enucleation, after which he ex_gerienced an
uneventful and complete postoperative recovery.

The GLP-1 receptor is also a target for imaging of /J cells of
intact pancreatic islets in monitoring type Il diabetes or
transplanted islets in monitoring type 1 diabetes therapy.
Mikkola et al. performed a study measuring stability, affinity,
biodistribution, and PET imaging quality of ®Cu and %Ga
labeled [Nle',Lys*(Ahx-NODAGA)NH, ]-exendin-4 in rats.
Results indicate better image properties for **Cu labeled tracer,
but high radiation doses observed in the kidneys may be the
limitation of application of this structure in the future.”” Li et
al. evaluated **Ga-DO3A-VS-Cys*’-exendin-4 as a tracer for
imaging h transplanted islets in the mouse liver. They
chose the liver as it offers the best target to background
contrast. Additional examinations confirmed the number and
function of transplanted islets, and the imaging tests provided
information about high contrast in images. Biodistribution

32

tests revealed that the uptake in livers with transplanted islets
was 6-fold higher than in the livers of mock transplanted mice.
Scientists are working on the application of “Ga-DO3A-VS-
Cys*"-exendin-4 in PET quantification of human islet mass and
function in clinical applications.”’

Wang et al. focused on the presence of GLP-1 receptors in
the brain, and examined the influences of age on GLP-1
receptors expression using NOTA-MAL-Cys*-exendin-4
radiolabeled with aluminum “F fluoride and uPET imaging.
uPET imaging provided data about the variable uptake of '*F-
AIF-NOTA-MAL-Cys**-exendin-4 with respect to regions of
the brain. They compared images of nine aged and nine
normal rat brains and concluded that the expression of GLP-1
receptors in rat brains decreased with age. Researchers noted
the differences in uptake, based on rat ages and regions of
brain. They justified this by the fact that variable distribution
depended on both brain region as well as and differential
expression of GLP-1 receptors in each rat. Therefore, they
predicted unique '"F-AIF-NOTA-MAL-Cys*-exendin-4 up-
take patterns for different neurological diseases. Biodistribution
studies indicated that "*F-AIF-NOTA-MAL-Cys'""-exendin-4 is
primarily excreted from the renal system due to high uptake in
kidneys. The second organ indicating significantly increased
higher uptake relative to others was the pancreas. Scientists
noted also that this method required further work in part
because a small group of rats was used in this study to obtain
reliable results, the yield of radiotracer was also not
satisfactory, and kidney uptake was too high, which may
cause renal damage.”'

CXCR4. The chemokine receptor 4 (CXCR4) is widely
expressed throughout the human body G protein-coupled
receptor. Together with chemokine CXCLI12, which is
produced mainly in the bone marrow, lymph nodes, lung,
heart, thymus, and liver, CXCR4 forms a CXCLI12-CXCR4
signaling axis." This pathway is involved in the homeostasis of
the adult hematopoietic system and adequate response of the
immune system.”" CXCR4 has also been found to be involved
in a numerous diseases: HIV-1 infection,”" rheumatoid
arthritis,” atherosclerosis,”® chronic inflammation,” and
even neurodegenerative diseases.”® In oncology, CXCR4
plays a pivotal role in tumor development and metastasis,
which has been proven for breast, prostate, lung, colorectal
cancer, or primary brain tumors such as glioblastoma.”’
Therefore, CXCR4 is an attractive target for imaging and
therapeutic purposes.

Nowadays, two r peptide imaging molecules,
which are CXCR#4 ligands, were already tested on human
patients—**Ga-Pentixafor and **Ga-NOTA-NFB. “*Ga-Pentix-
afor is an FC-131 based cyclic pentapeptide radiolabeled with
DOTA chelator conjugated with amino acid structure via 4-
(aminomethyl) benzoic acid.*” In 2015, Wester et al. for the
first time investigated the effectiveness of the imaging
properties of this agent in patients with lymphoproliferative
diseases. “*Ga-Pentixafor bound with high affinity and
selectivity to human CXCR4. PET scan with this agent
provided images with good specificity and contrast. Dosimetry
studies have provided data with even better properties than
®Ga-DOTATOC or “Ga-DOTATATE for absorbed doses in
organs. **Ga-Pentixafor also showed very good pharmacoki-
netic profile and fast clearance kinetics.”™ Similar results and
conclusions were obtained by Breun et al, who investigated
the use of PET/CT “Ga-Pentixafor scan in patients with
vestibular schwannomas.”’ The second mentioned agent was
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%Ga-NOTA-NFB. “Ga-NOTA-NFB is a derivative of 14-
amino-acid peptide, CXCR# inhibitor—T140. Peptide struc-
ture was modified by changing the binding site of the disulfide
bridge and conjugating NOTA chel for radionuclide
labeling. Wang et al. investigated lhis agent in healthy
volunteers and patients with glioma. **Ga-NOTA-NFB was
safe and well-tolerated, and it displayed a rapid activity
clearance from blood circulation. Imaging studies proved to be
more sensitive glioma detecting results than "*F-FDG PET/
CT. Unfortunately, the clearance pattern of %%Ga-NOTA-NFB
exhibited very high splenic and liver uptake, which challenged
the application of #Ga-NOTA-NFB PET/CT in high contrast
clinical imaging of CXCR4 expression.”” Despite moderate
results of ®*Ga-NOTA-NFB, other modifications to the T140
derivatives are under development.'*”*

There are also other radiolabeled amino acid structures
under develc:gment that are able to imaging CXCR4. Li et al.
reported a **Cu radiolabeled modified ubiquitin molecule.
Ubiquitin is a small regulatory protein and natural CXCR4
ligand. Li et al. modified ubiquitin structure by addition a C-
terminal GGCGG sequence and functionalized the whole
structure with trans-cyclooctane (TCO) moiety via thiol-
maleimide click reaction. The obtained structure (UbCG4-
TCO) was **Cu-radiolabeled through TCO/tetrazine-based
Diels—Alder click reaction. The obtained molecule was **Cu-
Chb-1K1P-UBCG4. The molecule was investigated as imaging
agent on mice with 4T1 breast cancer xenografts. The results
indicate good quality of imaging 4TI cells with low
backgrounds. Dosimetry studies results indicate relatively low
accumulation in normal tissues and organs.

CXCR4 is also a good therapeutic and theranostic aim. The
therapeutic peptide CXCR4 agent is Pentixather (3-iodo-n-
Tyr'-Pentixafor). This Pentixafor derivative was labeled by
'""Lu and investigated on Daudi-lymphoma veering SCID mice
and patients with multiple myeloma by Schottelius ct al. Tests
results on mice and patients indicated very promising CXCR4
targeting characteristics (total cellular tracer uptake is
improved compared to “*Ga-Pentifaxor, but internalization at
time point >15 min was lower than reference) and suitable
pharmacokinetic profile (rapidly cleared from stomach,
intestines, and kidneys, but slow excretion from the liver,
which can be controlled by coinjection of an excess of
unlabeled competitor). The dose-limiting organ for '""Lu-
Pentixather agent are kidneys.”* Lau et al. reported a
theranostic pair %8Ga/""Lu-BLOL. BLO1 is a modified
derivative of LY2510924 (cyclic peptide, CXCR4 inhibitor)
by conjugating DOTA chelator with lysine residue at the C
terminus of peptide. Because of its structure, BLO1 can be
radiolabeled by **Ga as well as '7'Lu; therefore, it was a very
promising candidate to develop a pair of theranostic agents.
Ga/"Lu-BLO1 was investigated on mice bearing Daudi
Burkitt’s lymphoma xenografts. PET/CT scan shows signifi-
cant radioactivity in the tumor, liver, kidneys, and bladder.
Image contrast was improved at 2 h post injection. Tumor
uptake also increased with continued clearance from nontarget
tissues. The uptake of '“Lu-BLO1 was the highest in tumor,
urinary bladder, liver, spleen, and skeleton The spleen may be
the dose-limiting organ for PRRT.”

Other PRRT and PRS Mechanisms. The imaging and
therapy strategies described above are the most commonly
applied in the present day, but scientists are still searching for
new peptide tracers or targets which may provide unique
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insights on certain diseases or provide better results for
modern diagnostic methods and therapies. Zoghi et al.
reported the new peptide tracer for PET imaging of
gonadotropin-releasing hormone receptors (GnRH-R). These
receptors are localized in normal and human cancer tissues
including breast cancer. In addition, it was observed that
GnRH-R are localized to a h:& _percentage of estrogen
receptor-negative breast cancers. It is also known that
GnRH-R a omsls show an antiproliferative effect on breast
cancer cells.” All this data was purposed for developing **Ga-
DOTA-triptorelin by Zoghi et al. as a novel radiolabeled
peptide tracer in breast cancer diagnostic. They obtained 99%
HPLC purity of the radiolabeled product after the full
synthesis protocol. The biodistribution tests on normal rats
provided data showing significant uptake in the kidney,
stomach, and testicles, as well as fast kidney clearance.
Furthermore, tests with T41 tumor-bearing mice provide
information about significant tumor uptake 1 h after injection
with a high value of tumor—blood and tumor—muscle ratios
(28 and >50, respecmrely) Another, less common radio-
targeting strategy, is urokinase-type plasminogen receptors
(uPARs) imaging. uPAR is a cell membrane protein
responsible for proteolysis, but it also activates many
intracellular signaling pathways, including proliferation through
cooperation with transmembrane receptors. uPAR expression
is limited in normal tissues, but uPAR overexpression was
detected in cancer tissues, for example, in urinary bladder
cancer and breast cancer. Moreover, it was reported that high
uPAR expression is associated with cancer invasion and
metastases. Therefore, uPAR is considered a biomarker for
aggressive di and poor prognoses.'”"'"" Skovsgaard et al.
are working on the development of radioligands based on
peptide uPAR antagonist AE105 for PET xmagmg They
reported the results of phase 1 clinical trial of **Ga-NOTA-
AE103, where they investigated its safety and biodistribution in
normal tissues, as well as its uptake in tumor lesions. Ten
patients with breast, prostate, and urinary bladder cancer took
part in the trial. No patient experienced adverse events or
clinically detectable pharmacologic effects due to adminis-
tration of ®Ga-NOTA-AE103. Results indicated high in vivo
stability, fast clearance from tissues, and primarily renal
excretion of the radioligand. Image tests provided images
with satisfactory contrast and allowed for identification of
primary tumors and metastases. The most promising results
were obtained for breast cancer patients, where the
administration of ““Ga-NOTA-AE105 provided an image of
localization of metastatic axillary lymph nodes, which has not
been previously detected by preoperative workup with
ultrasound, fine-needle aspiration, and contrast-enhanced CT.
However, the scientist reported the failure of **Ga-NOTA-
AE105 PET in imaging liver metastasis in a patient with
di ted urinary bladder cancer.'”

RIT and RIl Strategy. Targeting radionuclides using
monoclonal antibodies (Mabs) has been well studied in the
literature. Identification of the acceptable antigen and selection
of the proper MAB are paramount for obtaining successful
therapies or diagnostic results. Antigens should be highly
expressed in the targeted tissue, but not in other tissues, as this
may affect the quality of imaging or therapy. In addition, they
should be localized on the cell surface for accessibility to
circulating Mabs. The properly selected antibody should be
highly specific for the target antigen, while uptake in other
tissues or cross activity with nonspecific antigens should be
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low, because of the probablhty of occurrence of toxicity or
excessively fast clearance.'"

Nowadays there are a few kinds of Mabs used in medicine
and a few methods of Mabs classification. In this review, we
want to mention origin structure-type classification and include
some information about production of these Mabs. The first
type is murine Mabs produced by hybridoma cell lines. These
are intact whole murine Mabs. It is the oldest and very widely
used Mabs production technique. Names of these Mabs have
several specific endings, eg, —omab for mice antibodies,
—emab for hamster antibodies, or —amab for rat antibodies,
which makes these types of antibodies easy to recognize in
praxis.'”" The second type are whole murine recombinant
Mabs or Mabs fragments produced by cloning the genetic
material responsible for expression of specific Mab fragments,
creating a recombinant DNA chain, and using it in, for
example, in yeast display or Phage display system technology to
obtain a specific product. In addition, the recombinant
Mabs can be basically divided into three subtypes. First
subtype are chimeric Mabs. These are constructed mostly from
human proteins (usually heavy chains, sometimes with light
chain fragments) and murine proteins (light chains or only
variable regions of light chains). All chimeric Mabs names
ended in —ximab. The second subtype are humanized Mabs,
where only the hypervariable region of human antibody has
murine origin. These antibodies show reduced immunogenic-
ity, because of reducing the human anti-mouse antibody
production effect. Names of humanized Mabs end in
—zumab."”™ The third subtype are human Mabs, which are
constructed only from human proteins. Human Mabs are
better tolerated by patients, and they eliminate the human anti-
mouse antibody production effect. This type can be produced
by recombinant techniques or by transgenic mice (specific
modification of hybridoma cell lines technique). Human Mabs
can be recognized by the —umab ending in the agent name.'

By analyzing recently reported studies, it is evident that
scientists are focused on improving of immuno-PET technique
in human therapy. This technique allows for the utilization of
high specificity Mabs with the high sensitivity and resolution
offered by PET imaging to perform noninvasive quantification
of Mab uptake in normal and tumor tissues for therapy
development. For example, it may be applied for the selection
of targeted therapies or to choose the appropriate dose of
radioi rtherapy. Radiolabeling with positron emitting
nuclides of therapeutic antitumor affibodies allows us to
achieve theranostic goals such as the evaluation of responses to
therapy."""""” ImmunoPET was utilized for evaluation of the
impact of preloading with unlabeled ritusimab on *'Zr/®Y-
rituximab radioimmunotherapy of CD20+ B-cell lymphoma.
This study provided information about the impairment of
radioconjugate tumor targeting in the majority of patients,
which suggests the reconsideration and further evaluation of
the preloading strategy in rituximab or *"Y-ibritumomab
tiuxetan therapy.' " Pitalua-Cortez et al. successfully identified
the overexpression of human epidermal growth factor receptor
2 (HER2) in lung metastases in a 43-year-old breast cancer
patient by using immunoPET technique with *Ga radiolabeled
trastuzumab. They compared the obtained image results with
¥F-FDG imaging. In conclusion, they confirmed that *Ga-
trastuzumab provides information as a specific metastasis
biomarker, but the higher uptake of '*F-FDG and significant
background activity of the liver and heart were caused by fast
imaging after injection, because of the usage of a short-life

radionuclide, are the reasons for research continuation,
Nevertheless, scientists pointed out that conjugation of Mabs
with long-life radionuclides, which together have the capacity
to improve image quality, may provide an excessively high
radiation dose for the patient, because of slow blood clearance
and the long residence time of Mabs.''" One of the solutions
to the biodistribution problem presented in the study
performed by Pitalua-Cortez et al. is the modification of the
peptide structure. Honarvar et al. developed a nonapeptide A9
derived from the trastuzumab-Fab portion, radiolabeled it with
""In by using bifunctional chelator DTPA, and studied its
affinity to HER2-expressing BT474 cells as well as biodis-
tribution in NMRI mice. Binding to HER2-expressing cells
study provided information about two interactions of '''In-
DTPA-A9 with HER2, specific for HER2 and nonspecific to
characteristics for similar peptide structures. The biodistribu-
tion profile was also promising due to the substance’s rapid
clearance from blood and insignificant binding to any
tissues.' "

Another solution to solve pharmacokinetic problems was
proposed by Xu et al. They modified a cysteinylated ZHER,, 545
anti-HER2 affibody with a hydrophilic linker and labeled it by
the ""FAINOTA method. Affibodies are a small size
engineered scaffold protein binders (~6.5 kDa), originally
based on the protein A domain. They are characterized by high
affinity and very fast clearance of unbound molecules via the
kidneys, because of their small size. A new tracer was
developed named '*FAI-NOTA-MAL-MZHER;,,. uPET
imaging probes on mice provide very high image quality as
confirmed by biodistribution studies. Results indicated rapid
localization to HER2-positive tumors, quick elimination from
blood and normal tissues, and low accumulation in liver or
bones. '"FAI-NOTA-MAL-MZHER,.;;, was excreted mainly
through the kidney, and as a result, kidneys are the major dose-
limiting organ. Scientists pointed out that renal protection
could be used in future studies, and they declared an active
investigation into the possible effects of these compounds.'"”
Tolmachev et al. met with a different problem with renal
excretion. They evaluated anti-HER2 affibody ZHER,,
conjugated with NOTA and NODAGA chelators and
radiolabeled with “*Cu. These were compared with “*Ga-
NODAGA-ZHER,, to obtain information about which
radionuclide is more favorable in immunoPET imaging of
HER2-expressed tumors in mice. Results from biodistribution
evaluation provided evidence of renal redistribution of the
radiotracer. The renal uptake was reduced 6 and 24 h post
injection and radioactivity increased in blood, lung, liver,
spleen, and intestines at the same time. This resulted in a
decrease of the tumor to organ ratio. In conclusion, Tolmachev
et al. suggested avoiding the combination of radiocopper and
NOTA/NODAGA amldo derivatives with proteins displaying
high renal reabsorption.' " Sandberg et al. investigated a novel
affibody, ABY-025, conjugated with *Ga and '''In, ABY-025 is
an affibody capable of identifying HER2 expression in breast
cancer metastases. The radiolabeled molecule has successfully
passed the first and second phases of clinical trials. In their
study, Sandberg et al. successfully performed an intraimage
normalization usu‘:& tumor to reference tissue ratio by
administration of *Ga-ABY-025 to 16 patients and '"'In-
ABY-025 to 7 patients with prediagnosed HER2 positive/
negative metastasized breast cancer and PET/CT or SPECT/
CT scan, respecﬁvely.""
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Figure §. Schemes of PSMA derivatives applied in new diagnostic strategies.

The RIT or RII strategy is often associated with cancer, but
not always. "Tc-labeled murine anti-human CD4 IgG1-Fab
fragment were investigated by Steinhoff in patients with active
synovitis due to rheumatoid arthritis to evaluate this
compound as a potential marker of inflammatory activity.
Study confirmed that scmhgraphy with *"Tc-anti-CD4-Fab is
a promising technique.'’

Recent immunoPET reports relate also to a new target—
programed death-ligand 1 (PD-L1). It is an immune
checkpoint in the negative regulation of T cells. Over-
expression of PD-L1 was found in a varicty of cancers and it
is upregulated by tumors in the presence of infiltrating
lymphocytes. Antibody blockage of PD-L1 was utilized to
design therapeutic antibodies like the FDA-approved pem-
brolizumab, ipilimumab, and nivolumab. Mayer et al.
developed four PD-L1 ligands radiolabeled with ®Cu and
two radiolabeled with “°Ga. They used a small high-affinity
consensus (HAC) PD1 peptide and its aglycosylated derivative
(HACA) as a scaffold to design their radiotracers. They also
evaluated the influence of chelators in their study. They used
DOTA and NOTA chelators to conjugate the radionuclides in
various structures. Results from immunoPET indicated that
aglycolyzation was the most prominent design affecting tracer
uptake, specificity, and clearance. *Cu-NOTA-HACA-PD1
was an agent that visualized human PD-L1 expression as the
most accurate in tumor bearing mice. “*Ga-DOTA-HACA-
PD! and “Ga-NOTA-HACA-PD! also exhibited a very
promising tumor to background ratio 1 h post injection."’

Therapeutic application of radiolabeled antibodies has also
been reported in recent literature. J591 is an murine Mab that
has affinity to prostate-specific membrane antigen (PSMA) and
has the property of internalization once bound to PSMA.
PSMA is one of the most recognizable targets for management
of castration-resistant prostate cancer (CRPC), and J591 was
investigated for this application. Niaz at al. gathered the
published clinical trials results of *7Lu-J$91 in the treatment of
CRPC. '7Lu-J591 application has shown promising results.

The agent targeted tumor accurately, gave biochemical and
radiographical response, and increased overall survival among
CRPC patients. Authors indicated that ongoing studies of
1""Lu-J591 focus on improving the therapeutic index because
of myelosuppression due ""Lu-J591 application.'"

Other Radiotargeting Strategies. There are a number of
strategies that cannot be assigned to PRRT or RIS, which are
very widespread and are the mainstream in modern nuclear
medicine science. The most popular technique in this division
is prostate-specific brane antigen (PSMA) imaging. PSMA
is an integral membrane glycosylated metalloenzyme, and it is
also known as gl carboxypeptidase II. It was found on
the apical brane of the epitheli lining the prostatic
ducts in the heathy prostate, but it is also expressed in kidneys,
liver, colon, and the nervous system. PSMA is of interest to the
field of nuclear medicine because of its overexpression on
prostate cancer cells. In addition, PSMA levels correlate well
with the Gleason score, which makes PSMA a phenomenal
target for ndenhfymg and monitoring the progression of
prostate cancer.”’ Other tumors like gliomas or breast cancer
are able to express PSMA also, and PSMA is then an
angiogenesis marker.'"”

At present, the most common method for targeting PSMA is
administration of the radiolabeled small urea-linked diamino
acid ligand—the PSMA inhibitors (iPSMA). iPSMA may be
radiolabeled with various radionuclides. Santos-Cuevas et al.
evaluated the biokinetics of the conjugated iPSMA with " T¢
by using the HYNIC/EDDA method as a SPECT or SPECT/
CT, SPECT/MRI imaging agent in prostate cancer patients.
They obtained high-resolution images of tumor and metastases
through the use of SPECT/CT imaging, due to the high
FnTe-EDDA/HYNIC-iPSMA (Figure 5) uptake in the
prostate cancer tissue and metastases. Biokinetic studies on
healthy volunteers confirmed the useful of this compound
in human patients due to high patient tolerance after
administration and a similar profile to the previously examined
FreiPSMA compounds. In addition, Pme e EDDA/HYNIC-
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iPSMA showed fast blood clearance and urinary excretion.
Therefore, the scientists were able to perform the prostate
cancer gland imaging 3 h after administration."*" Advanced
research on human patients was performed with “/Ga-iPSMA-
HBED-CC (Figure 5), also known as ®Ga-PSMA11. Schmidt-
Hegemann et al. performed a retrospective study of 129
prostate cancer patients in which ®*Ga-iPSMA-HBED-CC was
used to visualize neoplastic lesions. Their aim was to define a
pattern of positive lesion detection by using “Ga-iPSMA-
HBED-CC PET/CT imaging. A few potential influencing
factors were evaluated, and it was found that the level of
prostate specific antigen in blood before PSMA—PET scan was
significantly correlated with positive detection of lesions.'*’
%Ga-iPSMA-HBED-CC is also considered as a potentially
useful radiotracer in visualization of breast cancer metastasis,
because of the reported PSMA expression on human solid
tumors.'”* Minamimoto et al. compared the effectiveness of
visualizing pathological lesions by PET/MRI and PET/CT
with ®*Ga-RM (GRPR antagonist) and *Ga-iPSMA-HBED-
CC, respectively, in patients with biochemically recurrent
prostate cancer. Both radiotracers showed characteristic
physiological uptake to specific organs. Uptake outside the
expected physiologic biodistribution indicated a difference
between agents. Administration of each agent allowed
visualization of some lesions in bone marrow, retroperitoneal
lymph nodes, mediastinal lymph nodes, seminal vesicle, and
subclavian lymph nodes. However, ®Ga-RM2 uptake was low
in the pelvic lymph node and vas deferens, where “*Ga-iPSMA-
HBED-CC uptake was significantly higher. This phenomenon
occurred twice in the same patients. Researchers also found
lesions where “*Ga-iPSMA-HBED-CC uptake was low in
comparison to %%Ga-RM2. In conclusion, studies by
Minamimoto et al. indicate the need for advanced performance
studies to understand the heterogeneous expression of PSMA
and GRPRs in different types of prostate cancer.'* In addition
to many studies with “Ga-iPSMA-HBED-CC, the new
radiolabeled iPSMA structures are reported. Liu et al. reported
the synthesis and preclinical evaluation of ®*Ga-PSMA-BCH
for prostate cancer imaging. It is a NOTA conjugated iPSMA
structure and showed high affinity to 22Rvl tumor cells
expressing PSMA. Bouvet et al. evaluated the influence of
prosthetic groups containing **F on tumor uptake in PSMA
targeting. They investigated three new iPSMA structures
conjugated with succinimidyl-4-[**F]fluorobenzoate (**F-
SFB), 4-["*Flfluorobenzaldehyde (**F-FBA), and 2-deoxy-2-
["*F]fluoro-p-glucose (**F-FDG) prosthetic groups. In vitro
and in vivo studies indicated the iPSMA structure conjugated
with ""F-SFB prosthetic group as the most potent agent in
future PSMA—PET imaging research.'”" iPSMA are also in
interest of therapeutic applications. '""Lu-iPSMA was reported
as the beta emitting agent used in prostate cancer therapy and
a good alternative to '""Lu-J591, which is still being
investigated and improved.'*® *Ac-iPSMA is new approach
because of the usage of the alpha emitter. Alpha particles have
greater destructive power against malignant cells than beta
particles. Azorin-Vega et al. compared the effectiveness of
"Lu-iPSMA and *Ac-iPSMA in a bone microenvironment
model. Their studies proved that ***Ac-iPSMA produced doses
to prostate cancer calls almost 3 orders of magnitude greater
than '""Lu-iPSMA. Moreover, they indicated that **Ac-iPSMA
could be the best option for treatment of the bone metastases
in prostate cancer because of very high doses of radiation to
prostate cancer cells in bone metastases.'*

Another mechanism of tumor targeting was reported by
Ahmadpour et al. They used a small synthetic tumor cell-
binding peptide FROP-1 primarily reported by Zitzmann et
al."”” FROP-1 has an ability to bind specifically to MCF-7
breast tumor; therefore, Ahmadpour et al. conjugated FROP-1
peptide with HYNIC structure and radiolabeled it with *"Tc
by using tricine and EDDA as a coligand. Planar gamma
imaging in MCF-7 female tumor-bearing nude mice was
acquired at 15 min after the administration of *"Tc-HYNIC-
FROP. Tumors were clearly localized by SPECT imaging at 15
post injection also. Biodistribution studies indicated rapid
blood clearance and renal excretion. Therefore, scientists
observed a high radiation dose in kidneys and urinary bladder
and found that radiolabeled FROP derivatives needed further
studies in order to improve in vivo tumor targeting.”‘q

B CLINICAL TRIAL ANALYSIS

For the purposes of this publication, a review of clinical trials
on the use of new radiolabeled peptide structures in therapy or
diagnostics was performed. The review refers to studies
reported on www.clinicaltrials.gov in the period from 2008
to November 31, 2018, and it includes 146 trials involving the
use of radiolabeled peptide structures in medicine. The
complete list of analyzed clinical trials is presented in Table
S1. Among them, 28 had the status of terminated, withdrawn,
or unknown. Out of the S0 trials completed, three trials
concerned phase 3 of clinical trials. They were the safety and
efficacy study of '''In pentetreotide in high doses in treatment
of neuroendocrine tumors (NCT00442533), the comparison
of rituximab versus tositumomab and '"*'I tositumomab in
patients with relapsed follicular nonhodgkins lymphoma
(NCT00268983), and a study on the impact of adding ™Y
ibritumomab tiuxetan to BEAM chemotherapy and autologous
stem-cell transplantation in patients with aggressive lymphoma
(NCT00491491). Other completed trials concerned phase 1
and phase 2, and included 23 and 24 trials, respectively. A
significant majority of the trials concerned the RIT strategy
(86.00%) and pretargeted RIT strategy (8.00%) where
bispecific antibodies are used. Only one completed clinical
trial was performed for diagnostic purposes, and this was phase
2 of a clinical trial study on the use *Ga-DOTA-RM2 PET/
MRI in diagnostic imaging in patients with prostate cancer
(NCT02440308). Seventeen active clinical trials were found.
No active phase 3 trials were found; however, one phase 0 of a
clinical trial was reported. This was the pilot clinical trial study
on the use ®Tc¢ HYNIC/Tricine Interleukin-2 in SPECT
imaging in patients with stage IV skin melanoma
(NCT01789827). This study also was the only active clinical
trial performed for diagnostic purposes. In this group of trials,
RIT (76.47%) and pretargeted RIT (11.76%) were also the
most often studied strategy of therapy. Forty-seven clinical
trials have a recruiting status, of which five trials concerned
phase 3 clinical trials. The goal of the diagnostic phase 3 trial
was to determine the effectiveness of PET/MRI imaging in
detection of prostate cancer cells with “®“Ga DOTA-RM2 in
patients with negative CT scan and elevated prostate-specific
antigen levels after surgical treatment or radiation
(NCT02624518). Two phase 3 clinical trials concerned
PRRT strategy. They were studies of the efficacy and safety
of use '""Lu-DOTATOC in patients with inoperable,
progressive, somatostatin receptor-positive GEP-NET
(NCT03049189) and studies of the use of '''In pentetreo-
tide-based adjuvant therapy in patients with digestive neuro-
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endocrine tumors after complete surgical resection of liver
metastases (NCT02465112). The last two phase 3 clinical
trials with a recruiting status concerned RIT strategy. Those
were studies on the use of intracerebroventricular treatment
with "*'I omburtamab in children with diagnosed neuro-
blastoma and central nervous system/leptomeningeal meta-
stases (NCT03275402) and studies of the comparison of ™Y
ibritumomab tiuxetan RIT to autologous stem cell trans-
plantation in patients with relapsed or refracted follicular
lymphoma (NCT01827605). One pilot phase 0 clinical trial
was reported as a trial at a recruitment stage. It concerned
evaluation of the use *'Cu anticarcinoembryonic (CEA)
antigen monoclonal antibody M5A in PET imaging of CEA
positive cancer (NCT02293954). Clinical trials with a
recruiting status mainly concerned treatment procedures;
only ten trials were reported as studies with a diagnostic
primary purpose. RIT strategy was also the most common
strategy of studies in this group of trials (51.06%); however,
PRRT was the second most frequently reported treatment
strategy (34.04%). Four trials were reported as clinical trials in
a prerecruitment stage. One of them was a phase 3 diagnostic
clinical trial, where the examination of the performance of the
LightPath Imaging System combined with “*Ga DOTA-RM2
as PET tracer was planned (NCT03731026). A two-phase
diagnostic clinical trial involving studies of ®“Ga DOTA-TATE
as PET/MRI tracer of hepatocellular carcinoma
(NCTO03648073) was also identified as a trial in a prerecruit-
ment stage. Graphical summary of clinical trial analysis is
shown in Figure 6.

B SUMMARY

In conclusion, the most actively studied therapy with
radiolabeled peptides in the period from 2008 to November
31, 2018 was radioimmunotherapy. The majority of completed
and active clinical trials performed in that period were aimed at

application of radiolabeled antibodies. New clinical trials that
will commence soon or in which the recruitment process will
begin are also concerned with radiolabeled antibodies.
Nevertheless, the number of studies with somatostatin and
bombesin analogues has increased. It is noteworthy that these
new phase 3 clinical trials were more than complete and active,
which brings hope for new radiolabeled peptide agents in
modern therapy and diagnosis.
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Status Type Strategy  Phase  Name of Compound  Combined with Disease Number of Clinical Trial
Complete Diagnmtic  GRPR 2 63GA DOTA-RM2 PETMRI Scan Prostate Cucinoma NCTO2440508
Complete Treatment  PRIT 1 1770y IMP-255 + T T IMP-2558 (saging | Calocectal Neoplasms. NCTOOROOSH0
BsMAb TF2
Complele Treatmyent  PRIT 1 177Lu IMP-288 - L1110 IMP-288 (umagiag) Small Cell Lung Capcer. CEA-cxpeessizg Noa Small NCTUI221675
BsMADb TF2 Cell Lung Carcinoma (NSCLC)
Complete Treatment  PRIT 2 I3 diDTPA + BsMAB - Thyroid Neoplasims NCTOOLTS06
Antif iDTPA
Complete Treatment  PRIT 2 1770u IMP-288 + 11110 TMP.288 (imaging) Smull Cell Lung Carcer, CEA-expressing Noa Small NCTOI221675
BsMAb TF2 Cell Lung Carcinoma (NSCLC)
Complene Trestment  PRRT 2 T pemieireoticd - Newrsendocrine Tumors NCTOOH2533
Complete Treatment  PRRT 3 111 pemtelretice Neursendocrine Tamors NCTI0442533
Complere Treatment  RIT ] 1310358 Mab Bevacizumab, Rlgrastim Neurcblastoms NCTOO450827
Complete Trestment  RIT I 1311 BES MAD - Multeple Myshima NCTOIZ9620M4
Compleie Trestmient  RIT 1 1311 chTNT-I/B Mab = Gliobkstomss Mulldorme NCTUOSR301
Complelc Treatment  RIT 1 1311 FIGSIP - Cancer NCTO1240720
Complete Treatment RIT 1 1311 M i Noer-Hodghin Lymploma NCTUOT77 114
Huxetan
Complete Tremment  RIT I 1311 Tositumamab - Fallicular Lynsphoma NCTUO31$751
Complete Trestment RIT 1 1311 Tostarsamab. udarabine phosphake Extrunodul Marginal Zone B-oell Lympbons of NCTOOHotL
Muscasasxsaciated Lymphoid Tissue, Nodal Marginal
Zone B-cell Lymphoma, Recurrent Adult Burkitt
Lymipheoma, Recurrent Adult Diffuse Largs Cell
Lymphamu, Recurrent Adult Diffuse Mised Cell
Lymphom, Recument Adult Diffuse Small Cleaved Cell
Lymphom, Recurrent Adult lmmmobhmc Large Cell
Lymplons, Recusrent Adult Lymphoblast
Lymphoms. Recument Grade | Follicular Ly )'lllnlumm
Racueront Grado 2 Follicatar Lymphoena, R
Grade 3 Follsealar Lympboma, Recurrent Mantke c:u
Lymplvomss. Reenrrent Marganal Zone Lymphoma,
Splenic Murginal Zone Lymphomu, Wakkenstrm
Macroglobalnema
Complete Trostmen  RIT 1 1301 Tositursnmah - Noa-Hodgkin Lymphams NCTIO992758
Complets Treatment  RIT 1 1311 Tesimmamah - Hodgkin's Disease NCTI0L84874
Complete Treatment RIT I 212P TCMC- Lrastuzialy Breast Neoplusms, Pentuncal Neoplasins, Oy NCTUI384253
Trasuznmah Neoplasnss, Puncreatic Neoplasms, Stomach N«q\m«m

‘Table S1. The list of clinical trials used to clinical trials analysis. (part 1)
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Status Type Strategy  Phase  Name of Compound  Combined with Disease Number of Clinical Trial
Camplete Tretment  RIT 2 13 pewidde. Becell Lymphwma NCTOOS77629
munm cylnnblnt n!nxmnmn
Tomplete  Treatment RIT 2 1311 Towitamomab . oo Hodghin Lymphoms NCTTO996996
Compleie Tresmen RIT 2 131 Tosimrmamat Hodzhin's Disease NCTUGRAR 7Y
Complete Treatmenl  RIT 2 LA Tosiamamat Noo-Hodgkin Lymphoma NCTOIST 300
Complete Trestmenl  RIT 2 L3I Tositummmab Mauntle Celk Lymptom NCTOO992992
Complere Treasmis RIT 2 BOY Iheituminah altogensic hematopietic cell Noa-Hodgkin Lymphoms NCTUOMIZTST
tixesan Iransplantation
Complen: Trestment RIT 2 90Y Thritumomah ZREAM (Zevalin, BONLU. Diffuse Lorge B Cell Lymyphoma NCTIO0AR9 169
Luxetan Etoposade, Aracytine, Melphalan}
therapy. Ritusimab, allogeneic
hematopoktic cell transplanzation
Complere Trealment  RIT 2 SOY Mhritamomah - Mantle Cell Lymphoma NCTO0S 14475
Huxetan
Complete Treasment  RIT 2 20y , Rituxi 111l Adeit Non-Hodgkin Lymphoma, Extranodal Margsnal NCTUL 38880
Huxetan llmmmennh (llllﬂﬂl (SPECT Zone Lymphama of Mocsa-Associated Lymphosd
Imaging) Tissue, Nodal Marginal Zone Ly mphoms, Recarrent
Adult Diffuse Lasge Cell Lymphoma, Recurrent Graie |
Folliculsr Lymphoma, Recurrent Grade 2 Folliculur
Lymphonss. Recwrent Grade 3 Follscular Lymgphoms,
Recurrent Mastle Cell Lymphoma, Recurrent Marginal
Zowe Lymphoma, Recurent Smull Lymphocytic
Lymphomsa. Splenic Marginal Zone Lymphoma.
Waldenstrom Macsoglobuline:
Complete Tresiment RIT 2 S0Y Ihritammmmal Becell Lymphwima NCTIXI76 384
tiuxetan
Camplete Trestment  RIT 2 SOV Ihritumomah nxima, cumastine, cytambine.  Lymphoma NCTIORS30
tiuxetan ctopeside, melphalan, ASCT
Complele  Tresmen RIT 2 BOY fhrtumomah . Noa-Hadgkin Lympbama NCTOIRGSN1S
tinxetan
Compleie  Trestment | RIT 3BV Thrtumamah Tt imah, claposile. Busin, Non Hadgkin | ympbarms NCTOG3 36843
ruxetan cyclophasphamide
Complere Trestment  RIT i 50V Thritumomah filgmstinn, cyckiphasphamade, Lymphoma NCTI0562978
tuxetan cloposide, A
Complete Treatmest RIT 3 Y90 ArtiCEA Mah Gemitahine HOY, Paoridine Tiver Metastases. Recument Calon Cancer, Recurrent NCTO0AA57 10
<TB4.66 Rectal Cancer, Stage IV Colon Cancer, Stage IV Rectal
Cancer
Compleie  Treatment  RIT 3 1311 Tositumomab Rituximab NoaHodgkin Lympbor NCTUO268983
Table S1. The list of clinical trials used to clinical trials analysis. (part 3)
Status Type Strategy  Phase  Name of Compound  Combined with Disease Number of Clinical Trial
Complete Trestment  RIT I B9Zr AMG2H PET Scan Advanced Gastrainestinal Cancer NCTU2760199
Coanplete Treatment  RIT 1 SAY DOTA MSA innetzcan HCL, Leucovorin Ca, Recurrent Colon Cancer, Recurrent Rectal Canver, Stage NCTD1205022
AntiCEA MAh Fluororesil, Bevavinumab 1V Colon Cancer, Stage 1V Rectal Cancer
Compleie Trestmen  RIT I SOV Thoirumomah ullogensac hemmoparenic vell Now-Haodgkin Lympbana NCTINM2757
tiuxetan teansplantaticn
Complets Treament  RIT 1 SOy Multiphe Myckimia snd Plasma Cell Neoplasm NCTUO4T7815
tuxetan ant\mm, 1111 ibritumamab
tisxetan evaling
Complete Treatmesnt  RIT 1 SAY Theitumomah Agatolimod Na, Rituximab. 11T1a - Adult Non-Hodgkin Lyiophoma, Extrusodal Marginol NCTIXH 3RS0
tiuxetan ihritumaeenah tixeean (SPECT Zone Lymphama of Muocosa-Asseciated [ymphnid
iwaging) Tissue, Nodal Marginal Zone Ly mphoma, Recarrsot
Adudt Diffuse Lazge Cell Lymphisma, Recurrent Grute 1
R\I\mnl- Lymphoma, Recurrent Grade 2 Follicular
Lymphama, Recument Grade 3 Follicular Lymphoma,
Recnnrnl Mastle Cell Lymphoma, Recurrem Marginal
Zowe Lymphama, Recurvent Small Lymphocytic
Lymphoma. Splensc Marginal Zane Lymphoma,
Waldenstrom Mucroglobulinemia
Compleie Treatment  RIT I SOY Ihritumomab = B-cell Lymphooa NCTUOT61 384
txetan
Complets Treatmen RIT T 6aY Mtummmah Tilgrustion, cyckiphoslamale, Tymplomna NCTIS397%
tuxetan ctopeside, ASCT
Complene Tresment RIT I SOY Phritumomah iy, darahine, Tympboma, leucemin NCTUOMETST
tuxetan eychphosphumide ASCT
Complete Trestment  RIT 1 SOV Fhrtumomash rituximah, flodarahine, Tymphama, leucemin NCTOOMETST
tiuxetan cyclophosphamile ASCT
Compleie Treatmend  RIT [ Y90 ArtiCEA Mab alter Radwotberapy amd Lung Cancer NCTOO738452
CTBA 66 Chemiherapy
Camplete Treamicnl  RIT 1 Y90 AntCEA Mab Geancitahine HC). Flsoridine Liver Motastuses, Reewnent Colon Cancer, Recunent NCTIO6457 10
CIRAN6 Reet) Cancer. Sty IV Cobon Cimcer, Stage IV Recul
Cancer.
Complete  Treatment  RIT 2 1310 hINT-1/B Mab - Gliobastoma Multifonme NCTOO77716
Complete Treatment  RIT 2 131EF16SIP - Cancer NCTOI240720
Compleie Treatment RIT r] 1311 Rodretumah Whoke Briond Rixlianon Therupy  irain Metustases Fram Solid Tumers NCTO1125085
Coamplete Treastment - RIT 2 1311 Rudretumaby External Beam Radiotherapy and  Noo Small Cell Lung Cancer NCTO1I25085
cheenotherapy
Compleie  Trestment  RIT PR A Lymphona NCTO900
ptassium wadide

Table S1., The list of ¢linical trials used to clinical trals analysis. (part 2)
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Status Type Strategy  Phase  Name of Compound  Combined with Disease Number of Clinical Trial
Complete Treatment  RIT 3 BOY Thritumomah BEAM Theraqy Non-Tedgkin Lymphama NCTOO491491
Huxetan
Active Diagnossic  Other o Hom Te-HYNIC-1L2 SPECT Stage IV Skin Melanoma NCTOITRI82T
Adtive Treamen  PRIT I SOV IMP-288 + BsMAD 111 In IMP-288 (imagiag) Menstane Colorectal Cancer NCTIZYMAR22
™2
Active Treatment  PRIT 2 SOV IMP-288 + BMAD  HHHn IMP-28S (imaging | Metastute Calorectal Cancer NCTI2MR22
™2
Active Treatment  PRRT 1 177Ls DOTA-TATE - Neuroendoctine Tamors, Gastro Enfero Pancreans NCTURT36500
Neuroendocrine Tamors
Active Trestment RIT 2 1131 3R MAb Cisphatins, lonmustine, Viecistine B and Centnd Nervous System Tumoes NCTUO58370
sulfate, radiotherapy
Active Trestment RIT 1 1311 BCS Mab cyclopbosphiamule, Nudarsbine Acute Myeloid Leukemis Arisng From Previous NCTDOSRGS16
phsphate, tacsolimis Myclodysplastic Syndrome. Adult Acute Lymphobiistic
myvophenolate mofen| Leukemia in Remissaon, Adult Acure Myeloid Leukeanis
in Remission, CEH45-Positive Neoplastic Cells Present,
Chianic Myclomonocytic Leukeria, Previously Treated
Myclodysplastic Syndrome, Refracsory Anemin With
Excess Blasts, Refractary Anemia With Ring
Sideroblists, Refractory Cytopenia With Multifincage
Dysplusia, Refruetory Cylopenia With Maltifineig:
Dysplusiz and Ring Siderohlasts
Active Trestment RIT 1 17TLu CHX-A™DTPA-  MVT-SK7Y (HuMuh-SBE) Pancreats: Carciona, Tumoes Thal Express CA 19-9 NCTUR X389
HuMabSB1 (MVT-1075)
Astive Treatmonl - RIT 1 1770 1591 Mab - Prootate Caneer NCT0S3S668
Active Treament  RIT I SOY Duclizanmab Autostem cell trnsplane, BEAM  Hodgkin Diseise, Hodgkin Lymphoma NCTOI46831 |
therapy, 1111n Doclizumab
(maging)
Table S1. The list of clinical trials used to clinical trials analysis. (part 4)
Status Type Strategy  Phase  Name of Compound  Combined with Disease Number of Clinical Trial
Active Treatment  RIT 2 1311 BOS Mab Muidasahine, cyclosporine, Adult Acute Myeloid Leakemia With 11623 (MLL| NCTO0119366
mycophenolate mofetl Absormalilees, Adult Acute Myeloxd Leukens With
DeliSgh, Adult Acute Myeloid Leukermia With
Iov(16)p13:9422), Adult Acute Myeloid Leukemia Witls
1517542291 2) Adult Acute Myeloid Leukemis Witls
6 16)p13:0220 Adult Acute Myeloid Leukemia With
H8:211022,g22), Chilelhood Myelodysplissic
Syndromes, Chrons: Myedomonocytie Leukemia,
ly Treated M, lassic §
Recurrent Adwlt Acate Mycloid Leakemia, Recurrent
Chikdhoad Acute Myeloid Lesikemia, Refractary
Anemin With Excess Rlsts, Refractory Anemin With
Excess Blasts in Transformation. Refractiey Anemia
With Ringed Siderohlasts, Refractory Cytopesin With
Mulnlineage Dysplasia, Secondary Acute Myeloid
Leukemia, Seconduny Myelodysplastic Syndromes.
Active Treatment  RIT 2 131 aoposice Anaplastie Large Ceil Lymphoma, Citaneows B-cell NCTOO073918
Noe-Hodgkin Lymphoima, Exsanodal Marginal Zone B-
cell Lynphoma of Mucosa-associmsd Lymphosd Tissue,
Nocul Marginal Zooe B-cell Lymphoma, Recument
Adult Burkiit Lymphoms. Recurneen Adult Diffuse
Large Cell Lymphema. Recurrent Adult Diffuse Mized
Cell Lymphoma, Recarrem Adult Diffuse Small Cleaved
Cell Lymphoma, Recurrent Adule lmmunoblastic Large
Cell Lymphoma, Recutrent Adule Lymphoblastic
Lymphoma, Recumrent Grade 1 Follsculur Ly mphoema,
Recurrent Grade 2 Follscular Ly mphoma, Recurrent
Girade 3 Follsular Lympboma, Recurrent Mantk Cell
Lymphoma. Recurrent Marginal Zone Lymphoma.
Splense Marginal Zone Lymphoma, Waldonstrim
Macroglobalinemin
Adtive Tresment RIT 2 SOY Ducliaanaby Auto stean cell runsplune, BEAM  Hodzhin Desesse, Hodgkan Lyngphons NCTOM6R51 |
therupy. 1110 Dacliamab
(maging)
Active Trestment RIT 7 sy i Feoposide,  Lympboma NCTC0732408
Huxetas Cytarabine, Crsplinin, Rituximab,
1111 Ihrinamomab uxetan
Active Treatment RIT 2 Wy i Lymplhen NCTOO29051 1
huxetan nituximah, dexamethascne
Active Treatment  RIT 2 SOY Thotumomah Bendamustine, Rituximib Tollicular Lymphoma NCTOI234766
Huxetan
Active Treatment RIT 2 S0Y Ihntumomah riuximah, fludarabice phosphare,  Graft Versus Host Disease, Lenkenma, Lymphoma NCTUS 77287
tiuxetan melphalan. sirolimus, tacrolimus,
ASCT

Table S1. The list of clinical trials used to clinical trials nnalysi-s. (part 5)
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Status Type Strategy  Phase  Name of Compound  Combined with Disease Number of Clinical Trial
Actine Treatment RIT T SOV hritmomah Lasbopotin allz, lgrastim, Lymphona NCTU0055222
Huxetn rituximab, cyclophosphiomsde,
doxarabicane HCL preduisone,
vincristine Sulphate. 111
Recruiting Diagnastic  GRPR 2 63GA DOTARM2 PET/MRI Scan Prostute Adenecarcinoma NCT2624518
Reeruiting Diagnostic GRPR 2 63Ga NeoBOMB1 PET Scan Breast Cancer, Prostate Cuncer, Colarectal Cancer, Nom  NCTO3724253
Smal] Cell Lung Carcer, Small Cell Lung Cancer
Reerniting Diagnosic  GRPR 2 GIGA RM2 PET/CT Sean Prostate Cancer NCT2559115
Recruiting Diagnimtic GRPR i ESGA DOTA-RM2 PETMRI Scan Prostate Adenocucinona NCTUZ624518
Recruiting Diagnostic  Other 1 SoTc-Annexin V-128 SPECT Endocanditss, Thrombosis NCTO245%613
Reeruning Dlagnimale  Oiher 2 SoniTe-Annexin V-128 SPECT Endocantins, Throanbosis NCTUZ45%0 13
Recrinnng Diagnostic  PRRT 2 63Ga Suorcotude PEIT Scan Gastro-Entecopancreatic Neuroendocnine Tumors NCTOE220217
trizoxetin
Reeruiting Disgnosie  RIT [ Cu i anii-CEA MAb PET Saan Breost Cancer, Colon Cascer. Extrubepanic Bile Duct NCT2293954
MSA TV Cuncer, Gallblsddee Cancer. Gastraingestinal Cancer,
Liver and tntrabepatic Biiary Tract Cancer, Lung
Cancer, Metasuitic Cancer, Pancreatic Cancer. Rectil
Cuncer, Thyrd Gland Medullary Carcions.
Unspecitied Adult Sedid Tumor, Pasocol Specilic
Recruiting Diagnintic  RIT 1 ROZr Bevacizamab PET.CT Scun y Arterial H i i i NCTUR166306
Pulmonary Anierial Hypertension
Reeruiting Diagoosic  RIT 2 RUZs Bevacizamab PET-CT Seun Pul y Anetial H Bxcecise Awsociated NCTUG 166306
Pulmonary Anerisl Hypenension
Recruiting  Treatment  Other 1 177Lu PP-FIIN B Meidultary Thymid Cancer NCTU2088645
Recruiting Treatment  PRRT 1 17TLe DOTA-EB-TATE - Neurvendocnne Tamors. NCTUOMS682
Recruiting Trestment  PRRT [} 177Le DOTA EB TATE Neurnendocrine Tamors NCTOR78358
Recruiting  Treatment  PRRT I 177Lu DOTA-TATE Neuroendocrine Tumors NCTI3478358
Recruiting  Treatment  PRRT I 212Ph DOTAMTATE - Neuroendocrine Tamors NCTIR4662 16
Recruiting Treatment  PRRT I SUY BOTA-TOC B8GA DOTATOC PET Scan Neuroendocrine Tamors NCTU3197112
Recruising— Trewment  PRRT I S0Y DOTA-TOC 1311 MIBG Malignant N i Tumiw, Ho Secreting  NCTU3044977
Neuroetsdocrine Tumor Guastroimestinal
Recrniting  Tresmest - PRRT 2 177Lu DOTA-TATE - Carcinom. Neuroendocnne NCTUIS76771
Recruiting  Treatmenl  PRRT 2 1770u DOTA-TATE - Newrvendocrine Tamors NCTO322029
Recruiting  Treatment  PRRT 2 17701 DOTA-TATE - Neurcendocrine Tamors NCTU2) 25474
Table S1. The list of clinical trials used to clinical trals analysis. (part 6)
Status Type Strategy  Phase  Name of Compound  Combined with Disease Number of Clinical Trial
Recruiting Trestment  PRRT 2 1770Lu DOTA-TATE Neurmendocrine Tamors NCTU2754297
Carcinoid Tumoe
Carciors, Neureendocrine
Recruiting — Treaomom  PRRT 2 177Lu DOTA-TATE Neurpendocrine Tamors NCTU24R%01M4
Recriting Treatmenl  PRRT 2 177Ls DOTA-TOC Sunitinih Pancreae Neurcendocrine Carcinom NCTO2230176
Recnuting Treatment  PRRT 2 SOY DOTA TOC B8Ga DOTA-TATE 6%Ga DOTA- Tumons, NCTO3272712
TOC Pet Scan Medulloblastoma
Reeruiting, Tresmest  PRRT 3 111 peaitetreotick Digesuve Nevroeodocrine Tumors, Metabolsc NCTI2463112
Radwtherapy. Resection, Liver Metastases
Recruiting  Trestmenl  PRRT 3 177Lu DOTA-TOC Evervliman Neurnendocrine Tumors NCTO304918%
Reemiting  Treatment  RIT I 1241 8HO Mab - Bram CancerBrain Stem Glioma NCTO1S02917
Recruiting Treatment  RIT 1 1311 BHY Mab Brax and Central Nervons System Tumoes. NCTUO089245
Neuroblstoma, Sascon
Recruiting Treatment  RIT 1 1311 [-8HY MAL Pentoncal Cancer NCTO1099634
Recruiting Treatment  RIT I 177Lu likotomab - Non-Hodgkin Lymphaoma. Follicular Lymphoma NCTOI96171
Recrutting  Trestment  RIT T 177Lu liktamab Diffuse Large B.Cell Lymphoms NCTU2658958
Recruiting Treatment RIT | 177Lu likoamab Non Hodgkin Lympboms NCTO2657447
Recruiting  Trestment  RIT I 1770u likotomah Noo-Hodgkin Lymphama NCTU2657447
Reerulting Trestmomt RIT 1 1770 likotamssh Noo-Hodghin Lympheoras, Follicutar Lywphoma NCTOIT61 71
Recruiting Trestment RIT I 177Lu Loty - Diffuse Large B-cell Lymphonia NCTUZ658968
Reemiting  Trestment RIT I 211ALBCR-B10 cyclosporine. Mndarbine Acute Lympheblastie Lauskeimia in Remission, Acute NCTO3 1 28034
AntiCINS MAD phosphate, mycophenalate motetil,  Myelowd Leukemia Arising From Previous
sirolimus Myelodysplastic Syndmme. Acure Mychold Lenkemia in
Remission, CD45-Positive Neoplustic Cells Presen
Chiranic: ytic Loukemia, Myelodysplasti
Syndrome With Excess Blasts, Recarrent Adult Acute
Myelaid Leukemia, Refractory Adult Acute
Lymphablastic Leakemia
Restuiting Trestment RIT 1 227Th Epratuzvusib = NoerHodghin Lymphoma NCTUZSBiS78
Reeruting Tresmont  RIT 1 HOY AntiCDo6 Mab. - Acute Leukactn, Chiroor Leokaemia, Myckin, NCTUIS2L611
Lymphsoms
Recruiting Trestmen RIT 1 90Y DOTA-biotin + Asfti- Autologous Hematopoictic St Burkitt Lympheana, CD20-Positive Neoplastie Cells NCTUZ483000
€20 BYEY scfv- Cell Trunsplantation, carsting,  Present, Diffwe Lange B-Cell Lymphbomi, ndolent
Strepravidin Fusivn clearng sgent, e ide. Noa-Hadgkin Lympboms, Mantle Cell Lymphoma,
peoscin melphadan, 11116 DOTA-biotin Recurvent B-Cell Non-Hodghin Lymphoos, Refractory

(Imaging]

Marurs B-Cell Noo-Hodgkin Lymphomi

Table S1. The list of clinical trials used to clinical trials analysis. (part 6)

70|Strona



Status Type Strategy  Phase  Name of Compound  Combined with Disease Number of Clinical Trial
Recruiting  Treatment  RIT 2 1311 oonburtamab NS NCTUE275402
Metastises
Recruiting  Trestment RIT 2 (770 likwamah B Noo-Thodgkin Lymphem, Follicnlar Lymphons NCTOI96171
Recruiting  Tresmem  RIT F] 1770 kowomsh Now-Hodgkin Lymphon, Follicubar Lymphoma NCTOINAITI
Reenilting — Trestment  RIT 2 211A1BCS-BI0 cychospanine, Nadambine Acute Lymphoblastic Leskenua in Remission, Acuie NCTU3 28034
AtiCINS MAD phosphate, mycophenolare motenl,  Myeloid Leukeann Arising From Previous
strolimus Myclodysplastic Syndrome. Acile Myelold Leukemia m
Remissiom, CO45-Positive Neoplasiic Cells Presen,
Chironie My e Leukemin, Myelodysphastis
Syndrome With Excess Rlasts, Recarrent Adult Acute
Myeloid Leukemin, Refractory It Acate
Lymphoblastic Leukemia
Recruting Trestment  RIT F HOY ArtiCD60 Mab - Acute Levkaemin, Chroess Leukaemia, Mychoma, NCTO1S21811
Lymiphons
Recruting  Trestment  RIT P say P ASCT.  Post-Tramsplant Lymphoprolitenative Disorder, NCTOT34472
tuxeran mycephenolate mofetil, uximab,  Recurrent Adull Diffuse Large Cell Lymphom,
1111s ibeimomab tiuxetane Recurrent B-Cell Noa-Hodgkin Lymphoma, Recurnent
(Imaging) Burkitt Lymphosma, Refractory B-Cell Non-Hudgkin
Lymplxoma. Refractory Burkitt Lymphoma, Refractory
Diffuse Lange B-Cell Lymploama
Reeruting Trestmem  RIT 3 1311 vahunsmab NS 1 NCTUR275302
Metastuses
Recruiting  Trestment  RIT 3 90 Mritumomah BEAM therapy Relapsed Follicular Lymphoma NCTOIR27605
tiuxetan
Not Yot Diagnosic  GRPR 3 BIGA RM2 LightPath (68Gu RM2 procluct). Breast Cances. NCTOAT31026
Reeruiting PELCT
Nt Yet Disgnostic  PRRT 1 68Ga DOTATATE PETMRI Sean Heputocellular Carcinons. NCTO3HI8073
Recruiting
Not Yet Duagnostic  PRRT 2 63Ga DOTA-TATE PETMRI Scan Hepatocellular Carcmon NCTO3H48073
Recruiting
Nol Yet Dusgnostic PRRT 2 630 Satorcotde PET Scan Breast Cancer NCTU3697551
Rectuiting Ineoxelin
Not Yet Trestment  Other 1 17TLu PP-FILIN Socubitril Medullary Thymid Cancer NCTO3647657
Recruiting
Terminited  Trestmeat  PRIT I SOV IMP-288 + BaMAR Metastane Colonectal Canver NCTO1272402
T2
Tomimmed  Tresment  PRRT T WY DOTATOC Diffuse Large B Cell and Manile Coll Lymphomas NCTI48SS12
Tomummed  Tremmest  RIT 1 1311 Risdretumiaty Externl Beun Ractiotherupy aid — Nowo Sl Cell Lung Cancer NCTOLI24812
chemiherapy
Table S1. The list of clinical trials used to clinical trials analysis, (part 7)
Status Type Strategy  Phase  Name of Compound  Combined with Disease Number of Clinical Trial
Terminted  Treatment RIT I 1311 Radretumah - Patiens with cancer NCTDI242943
Teminsed  Trestment  RIT ! 1311 Tenatamonmiahy - Breast Neoplasm, Head and Neck Neophasm, Skin NCTO2602067
Neoplasta, Respiranory Tract Neoplasim, Urogenital
Neoplasin, Digestive Sysem Neoplasm, Pancreatic
Neoplasim, Conpective and S0 Tissue Neoplasal,
Lympheonm, Non-Hodgkin
Terminated  Treatment  RIT 1 SOV Epramzumah Veltwumah Faollicular Lymphoma NCTO1147393
Tetraxeean
Terminated  Treatment  RIT 2 1311 Tosimmamah mctholexate Follicular Lynsphoma NCTO1389076
Teominaed  Treatmat  RIT 2 SOY Eprataziiat Veltwumuly Follicular Lysphowms NCTULI47393
Tetrxstan
Terminsted  Treatmenl  RIT 2 By Hiln liuxetan Muliiple Mycdoma NCTOIX77hS
tuxetan (Zevalin) (lmaging|
Teomimmed  Trestment  RIT 2 SOY Ihotumonab Rituximah Pramary Ceatral Nervous System Noa-Hodgkin NCTO197 262
Huxetan Lymphus
Terminaied  Treatment  RIT 3 SOV b i, ctoposide, e Diffuse Lurge B-Cell Lymphoaia NCTO2366663
Buxetan melphatan. ASCT, ituximab
Terminied  Trestmest  RIT E 7 BOY Ihritamomab Comparison WY Mrilamanah Follicular Lynphomu NCTO1662102
Liuxctan Liuxclan vs retusinmab
Withdrwn  Treatmont PRRT 2 SOV DOTA-TOC 685G DXOTA-TOC Pet Scan Tamors. NCTUA01 2387
Meiuliohtaswmy
Wilkdrown ~ Treatment  PRRT 3 177Lu DOTATATE 177La DOTA-TATE vs, INFalfa  Gastro-intestinal Newsoendocnne Tumons NCTOI1860742
Withdrawn Trestmen RIT I 90Y DOTA<pratuzumab  Busulfan, Fludsabine, allogenic Lymphocyte B CD22 Positive Acuss Lymphoblastic NCTRS 7194
stem cell transplantation Leukemia
Withdrown  Trestment RIT 2 50V DOT: Cl i W CD22+ RelapsedRefractory B-ALL NCTU2R44530
Unknawn Diagnosic  GRPR 1 68Ga NOTA-BBN-RGD  PET/CT Scun Breast Cancer NCTI2T4901%
Unknawn Diagnostic GRPR 1 68Ga NOTA-BBN-RGD  PET/CT Scan Hreast Cancer NCTO2747200
Unkiwn Diagnosiic  PRIT 1 1318 AICENARIHSG  Scinygraphy Cotocectal Cancer NCTOOR93523
BsMAb T2F
Unkiswin Diagnostic  PRRT 1 6302 DOTA-TATE PET Scan Neurcendocnine Carcinona NCTDIE79%657
Unkrsown Diagnostic  RIT 2 W Te EP-1645 SPECTNCT Carotid Stenosss NCTOOMM254
Unkrawn Treatmem  PRRT 2 1770u DOTA-TATE Neuroendocrine Tamors NCTOI237457
Unkoown Treatment  RIT 1 SOY Epraturamaty Acute Lymphoblastic Leskemma NCTOI354257
Unkiawi Treatment RIT I SOY Epratuzumaty Veltwunab Non-Hodgkin's Lymphoma. Diffuse Large Bcell NCTUHOLSEL
Tetraxeran Lymphona
Unhoowi Treameal  RIT H 311 Rirxbamaly - Relapsed of Refrocwsy Diffuse Large B Cell Lymphonsa  NCTO1676558

Table S1. The list of clinical trials used to clinical tials analysis. (part 8)
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Status Type Strategy  Phase  Name of Compound  Combined with Disease Number of Clinical Trial
Unkuawn Treatment  RIT 2 1310 Rituximab Relapsed or Refraciony Marginal Zone B-cell NCTOIO7S4M
Lymiphyonst
Unkoown Trestmeat  RIT 2 S0Y Epratuzimad - Acute Lympheblastic Levkenin NCTU13S54457
Unkoawn Treatment  RIT 2 SOY Ihritumomah Riwximah Folliculas Lyephoma NCTUI929
uxetan

Table S1. The list of clinical trials used to clinical tnals analysis, (part 9)
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Streszczenie

Medycyna nuklearna jest obecnie jednym z najprezniej rozwijajacych sie
kierunkow medycznych. Efektem tego stanu rzeczy jest silny rozwdj badan nad nowymi
radiofarmaceutykami, co byto inspiracjg do badan prezentowanych w pracy doktorskiej.

Celem przedstawionej pracy doktorskiej bylo zebranie informacji na temat
obecnego stanu wiedzy o0 najnowszych radiofarmaceutykach, opracowanie metod
pozwalajacych na uzyskanie danych o parametrach fizykochemicznych i stabilnosci
substancji biologicznie czynnych pochodnych 1,2,3,4-tetrahydroakrydyny bedacych
nosnikami ,,zimnych” izotopdw atomow wykorzystywanych w medycynie nuklearnej,
atakze usprawnienie procesu projektowania oraz otrzymywania nowych substancji
leczniczych wykorzystujacych techniki chromatograficzne, ktéore w przysztosci
z powodzeniem  mozna  bedzie  zastosowa¢  w badaniach nad  nowymi
radiofarmaceutykami.

Wyniki badan dostarczyly informacji o wlasciwosciach fizykochemicznych
jodopochodnych 1,2,3,4-tetrahydroakrydyny bedacych ,,zimnymi” radiofarmaceutykami.
Opracowane pochodne zawieraly w swojej strukturze atom jodu, ktory domyslnie
zostanie zastgpiony izotopem promieniotworczym. Uzyskane dane dotyczyly migdzy
innymi wartosci logarytmu P oraz pKa dla 2-jodo-N-[4-(1,2,3,4-tetrahydroakrydyno-9-
amino)butylo]benzamidu, 3-jodo-N-[4-(1,2,3,4-tetrahydroakrydyno-9-
amino)butylo]benzamidu i 4-jodo-N-[4-(1,2,3,4-tetrahydroakrydyno-9-
amino)butylo]benzamidu. Pozwolily one na oceng wptywu potozenia podstawnika (atomu
jodu) w pierScieniu aromatycznym na kluczowe pod wzgledem farmakokinetyki
wilasciwosci  fizykochemiczne zwigzku. 3-jodo-N-[4-(1,2,3,4-tetrahydroakrydyno-9-
amino)butylo]benzamid zostat poddany rowniez badaniu stabilno$ci chemicznej. Probki
zostaty analizowane z uzyciem techniki HPLC. Przy uzyciu tej metody dokonano petne;j
walidacji zgodnie z raportem Q2 wydanym przez Migdzynarodowa Rade ds.
Harmonizacji. Wyniki badan dostarczyly cennych informacji o fotolabilno$ci uktadu, co
pozwolito na opracowanie prawidtowego sposobu przechowywania i transportu badanych
analogow tego zwigzku. Kluczowym elementem opracowywania nowych substancji
leczniczych jest ich prawidlowe oczyszczenie po procesie syntezy. Dlatego proces ten
zostal poddany optymalizacji, ktorej wynikiem bylo opracowanie strategii optymalizacji
rozdziatu chromatografii typu FLASH z wykorzystaniem techniki TLC. Koncepcja ta
pozwala na precyzyjne ustalenie warunkow rozdziatu gradientowego majacego na celu
eliminacje niekorzystnych efektow zastosowania techniki mokrej podazy probki oraz
uzyskiwania czystych frakcji badanego zwigzku w okreslonym czasie retencji bez
wzgledu na skale procedury. Opracowana strategia w znaczacy sposOb usprawnia
I przyspiesza proces oczyszczania substancji biologicznie czynnych co ma znaczenie
w procesie oczyszczania radiofarmaceutykow, ktore z uwagi na specyficzny czas
polowicznego rozpadu izotopéw promieniotworczych wymagaja szybkich, powtarzalnych
i wydajnych procedur.
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Abstract

Nuclear medicine and imaging are currently one of the most dynamically
developing directions in medical sciences. The outcome is the strong development of
research on new radiopharmaceuticals, which was the inspiration for the research
presented in this dissertation.

The aim of this dissertation was to collect information on the current state of
knowledge about the latest radiopharmaceuticals, to develop methods to obtain data on
the physicochemical parameters and stability of biologically active 1,2,3,4-
tetrahydroacridine derivatives that are carriers of non-radioactive isotopes of elements
used in nuclear imaging, as well as streamlining the process of designing and obtaining
new medicinal substances using chromatographic techniques, which in the future can be
successfully applied in research on new radiopharmaceuticals.

The study results provided information on the physicochemical properties of
1,2,3,4-tetrahydroacridine iodine derivatives, which are "cold" radiopharmaceuticals. The
developed derivatives contained in their structure the iodine element, which will be
finally replaced by a radioactive isotope. The obtained data concerned log P and pKa
values for 2-iodo-N-[4-(1,2,3,4-tetrahydroacridine-9-amino)butyl]benzamide, 3-iodo-N-
[4-(1,2,3,4-tetrahydroacridine-9-amino)butyl]  benzamide and 4-iodo-N-[4-(1,2,3,4-
tetrahydroacridine-9-amino)butyl]benzamide, which allowed to assess the effect of iodine
substituent placement in the aromatic ring on the crucial physicochemical properties of
the compound in terms of pharmacokinetics. 3-iodo-N-[4-(1,2,3,4-tetrahydroacridine-9-
amino)butyl]benzamide was also subjected to a chemical stability test. The samples were
analyzed by HPLC using a fully validated method according to report Q2 issued by the
International Council for Harmonization. The results of the research provided valuable
information on the photolabile of the structure, and allowed for the development of the
proper method of storage and transport of the tested analogues of this compound. One of
the most important element in the development of new medicinal substances is their
correct purification after the synthesis process. This process was optimized, the result of
which was the development of a TLC optimization strategy for the separation of FLASH
chromatography. This strategy allows for precise determination of the gradient separation
conditions, which is aimed at eliminating the unfavorable effects of wet load technique
and obtaining pure fractions of the tested compound within a specified retention time,
regardless of the scale of the procedure. The developed strategy significantly improves
and accelerates the purification process of biologically active substances, which is
important in the purification process of radiopharmaceuticals, which, due to the specific
half-life of radioactive isotopes, require fast, repeatable and efficient procedures.
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