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Summary

In nuclear medicine, radionuclides are used to image and treat several diseases, includ-
ing cancer. Either freely or coupled to a tumor-targeting molecule, y and f* emitting
radionuclides are successfully used for SPECT (single-photon emission computed to-
mography) and PET (positron emission tomography) imaging, while f~, a and Auger
emitters are applied in radionuclide therapy. All radionuclides used in nuclear medicine
have comparably short half-lives in the range of minutes to days. Therefore, these ra-
dionuclides don’t occur naturally, but are generally produced by irradiation of a target
material with e.g. neutrons or protons. These irradiations cause nuclear transformation
of a stable isotope into a short-lived radioisotope of either the same or a different ele-
ment than the target material. After the production of the radionuclides, they need to
be chemically separated from their target material, but this is only possible if a different
element was produced. One example of this process is the proton irradiation of enriched
Zn-68, causing the following reaction:

68Zn(p, n)68Ga

in which a neutron in the nucleus of Zn-68 is replaced by a proton, resulting in
the radionuclide Ga-68. The main goal of this thesis is to develop chemical separa-
tion methods based on solvent extraction (or liquid-liquid extraction) to separate med-
ical radionuclides from their respective irradiated targets. During solvent extraction,
two immiscible solutions, an aqueous radionuclide-containing solution and an organic
chelator-containing solution, are brought in contact with each other. At the interface
of these two solutions a complex between the radionuclide and the chelator is formed,
which is subsequently extracted into the organic solution due to its hydrophobic na-
ture. As a second step, the chelator-radionuclide complex is broken by adding a different
acidic or basic aqueous solution, which releases the radionuclide back into an aqueous
solution. Because irradiated targets are highly radioactive and need to be handled in hot
cells, automation of the separation method is preferred, or even necessary. However, au-
tomation of solvent extraction is difficult to achieve. Therefore, microfluidic devices are
currently of high interest for the automation of solvent extraction. Multiple different de-
vices including membrane-separators and microfluidic chips were studied in this thesis
and tested for their applicability to separate radionuclides.
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In Chapter 2, a method was developed for the above-mentioned separation of Ga-
68 from Zn-68, using a membrane-separator. By applying the chelator N-benzoyl-N-
phenylhydroxilamine (BPHA) a very high extraction efficiency of Ga-68 from Zn(NOs),
was achieved. Back-extraction was successful in 6 M HCl using the same method. It was
also found that the total amount of Zn contamination in the final Ga-68 containing so-
lution is below 3 ppm. However, when applying this method to an irradiated Zn(NOs),
liquid target, the membrane degraded due to the high radiolysis in the solutions, prov-
ing the necessity of microfluidic devices without membranes or further research on im-
provements of radiation stability of organic/aqueous-separation membranes.

Next, a step was made towards microfluidic chips. In Chapter 3 a commercial glass
microfluidic chip was used for the separation of Cu-isotopes from a Zn(NO3), target.
From all tested chelators, dithizone has shown the highest potential for the extraction
of Cu from acidic solutions, achieving extraction efficiencies of over 90 % with the Zn
co-extraction remaining below 3 %. Next it was found that back-extraction of Cu into
dilute HCI solution is only successful for higher Cu concentrations. When only a Cu-
64 radiotracer was used, back-extraction fails, showing the stability of this Cu-dithizone
complex. When the extraction was moved from a batch approach to a glass microfluidic
chip, it became clear, that the current commercially available glass microfluidic YY-chips
fail to achieve a sufficient phase separation of the aqueous and organic phases used for
the solvent extraction. This phase separation is crucial for the successful application of
microfluidic solvent extraction for the separation of medical radionuclides.

Next, PDMS microfluidic chips were utilized for the extraction of Ac-225 from Ra, as
well as the chemically similar separations of La from Ba, Y from Sr and Sc from Ca (Chap-
ter 4). The chelator D2EHPA proved very successful in the separation of these elements
within extremely short contact times of under 2 seconds. This was the first time reaching
maximum extraction efficiencies (as determined by batch experiments) in a microfluidic
chip. Additionally, because of the unique geometry of the self-made PDMS chips with
metal oxide nano-layer coating of the microchannel, a near perfectly organic/aqueous
phase separation was achieved. This study provides a proof-of-concept for the future
application of microfluidic chips for the automation of solvent extraction for the separa-
tion of medical radionuclides.

To better understand the chemical processes that occur during microfluidic solvent
extraction and to optimize future experiments, numerical models can be designed. How-
ever, these models need to be fed with certain information, including diffusion coeffi-
cients of the radionuclide, but this data is often lacking, also due to the difficulty of pre-
cise diffusion measurement. Therefore, Chapter 5 deals with the application of microflu-
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idic chips for the determination of diffusion coefficients. It was found that microfluidic
devices are useful in estimating diffusion coefficients, even of compounds with very low
concentrations in the pico-molar range (such as Ga-68 radiotracer). However, varying
flow rates show large differences in diffusion coefficients. An exponential trend was ob-
served when plotting the measured apparent diffusion coefficients against the contact
time, making it necessary to determine the diffusion coefficient over a larger range of
flowrates, to observe the plateau from which the actual diffusion coefficient can be de-
termined.

In the following Chapter 6 it was found that solvent extraction can lead to contam-
inations of the used chelator in the aqueous solutions that are obtained after the back-
extraction. Apart from potential toxicity, prohibiting the use of these solutions for pa-
tients, chelator contaminations can potentially interfere with the labelling of radionu-
clides to pharmaceuticals, and therefore prevent their use. In this chapter, after confir-
mation of the presence of chelator contamination, a microfluidic ion-exchange column
(containing AG 1-X8 resin) was studied for the clean-up of collected solutions after mi-
crofluidic solvent extraction of Ga-68 (as done in Chapter 2). This ion-exchange micro-
column was able to eliminate organic contamination, as well as reduce the acidity and
volume of the final solution.

The final Chapter 7 explores an alternative application of chelators, in the form of a
chelator-impregnated resin. While chelator-impregnated resins are easy to produce and
have been studied extensively in the literature, their common issue of low chemical sta-
bility has prevented their use in the separation of medical radionuclides. A case study
was conducted using the chelator D2EHPA for the separation of Ac-225 from Ra, as was
studied before in chapter 4 by microfluidic solvent extraction. Using PDMS as the solid
support resulted in a high chemical stability, as well as a very fast adsorption of Ac-225,
proving the potential of PDMS-based chelator-impregnated resins.

Overall, in this thesis, tremendous improvements were achieved towards the au-
tomation of solvent extraction for future application in the separation of medical ra-
dionuclides from their targets. Using nano-layer coated PDMS microfluidic chips has
the ability to achieve perfect phase separation. Multiple solvent extraction methods were
developed, showing the versatility of this approach. Further improvements in combin-
ing all necessary steps into a single microfluidic device will enable the use of solvent
extraction for the separation of medical radionuclide, even under the stringent purity
requirements of radiopharmaceutical production.






Samenvatting

In de nucleaire geneeskunde worden radionucliden gebruikt om verschillende ziekten,
waaronder kanker, in beeld te brengen en te behandelen. Hiervoor worden, onder an-
dere, tumor specifieke moleculen gebruikt, die gekoppeld worden aan diagnostische ra-
dionucliden (welke vervallen onder uitzending van Y~ en f*-straling) voor medische
beeldvorming middels SPECT (single-photon emission computed tomography ) en PET
(positron emission tomography), of aan 7, a en Auger -elektron emitterende radionu-
cliden welke worden toegepast voor radionuclidentherapie. Alle radionucliden die in de
nucleaire geneeskunde worden gebruikt, hebben vergelijkbaar korte halfwaardetijden
van minuten tot dagen. Daar deze radionucliden niet voorkomen in de natuur, moeten
ze specifiek geproduceerd worden door een targetmateriaal te bestralen met bijvoor-
beeld neutronen of protonen. Deze bestralingen veroorzaken nucleaire transformaties
van stabiel isotopen naar radio-isotopen van hetzelfde of een ander element als het tar-
getmateriaal. Na de productie moeten de radionucliden chemisch gescheiden worden
van hun targetmateriaal. Dit is echter alleen mogelijk wanneer er een ander element is
geproduceerd. Een voorbeeld van dit proces is de protonenbestraling van verrijkt Zn-68,
via de volgende reactie:
68Zn(p, n%Ga

Hierbij wordt een neutron in de kern van Zn-68 vervangen door een proton, wat resul-
teert in het radionuclide Ga-68. Het voornaamste doel van dit proefschrift is het ont-
wikkelen van chemische scheidingsmethoden gebaseerd op vloeistof-vloeistof extrac-
tie om medische radionucliden te scheiden van hun respectievelijke bestraalde targets.
Tijdens vloeistof-vloeistof extractie worden twee niet-mengbare oplossingen, een wa-
terige oplossing die radionucliden bevat en een organische oplossing die chelators be-
vat, met elkaar in contact gebracht. Op het grensvlak van deze twee oplossingen wordt
een complex gevormd tussen het radionuclide en de chelator, dat door zijn hydrofobe
aard in de organische oplossing wordt geéxtraheerd. Als tweede stap wordt het chelator-
radionuclidecomplex verbroken door een andere zure of basische waterige oplossing
toe te voegen, waardoor de radionuclide vrijkomt in de waterige oplossing. Omdat be-
straalde targets zeer radioactief zijn en scheidingsprocedures zodoende in een hotcel
moeten plaatsvinden, heeft automatisering van de scheidingsmethode de voorkeur, en
is vaak zelfs noodzakelijk. Automatisering van de vloeistof-vloeistof extractie is echter
moeilijk te realiseren,daarom is er momenteel grote belangstelling voor de mogelijkhe-
den die microfluidische apparaten hier bieden. In dit proefschrift worden verschillende

ix
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apparaten, waaronder membraanscheiders en microfluidische chips, onderzocht en ge-
test op hun toepasbaarheid voor het scheiden van radionucliden.

In Hoofdstuk 2 is een methode ontwikkeld voor de bovengenoemde scheiding van
Ga-68 van Zn-68 targets met behulp van een membraan-scheider. Door gebruik te ma-
ken van de chelator N-benzoyl-N-fenylhydroxilamine (BPHA) werd een zeer hoge schei-
dingsefficientie (%) tussen Ga-68 en Zn(NO3), bereikt. Terugextractie van het Ga-68 in
een waterige oplossing was succesvol in 6 M HCl met dezelfde methode. Er is ook aange-
toond dat de totale hoeveelheid Zn-verontreiniging in de uiteindelijke Ga-68-bevattende
oplossing minder dan 3 ppm bedraagt. Wanneer deze methode echter werd toegepast
op een bestraald Zn(NOs), vloeistoftarget ging het membraan achteruit als gevolg van
de hoge radiolysegraad in de oplossing, wat de noodzaak aantoont van microfluiidische
apparaten zonder membranen danwel verder onderzoek naar verbeteringen van de stra-
lingsstabiliteit van dergelijke scheidingsmembranen.

Na het membraanscheideronderzoek werd de eerste stap gezet richting microfluiidi-
sche chips. In Hoofdstuk 3 werden commerciele glazen microfluidische chips gebruikt
voor de scheiding van Cu-isotopen van Zn(NOs), targetoplossingen. Van alle geteste
chelators heeft dithizone de hoogste extractie efficiéntie laten zien voor Cu uit zure op-
lossingen, waarbij een efficientie van meer dan 90 % werd bereikt. De co-extractie van
Zn bleef ook hier onder de 3 %. Vervolgens werd gevonden dat de terugextractie van Cu
in een verdunde HCl-oplossing alleen succesvol is bij hogere Cu-concentraties. Wan-
neer enkel een Cu-64 radiotracer werd gebruikt mislukte de terugextractie, wat de hoge
chemische stabiliteit van dit Cu-dithizone complex aantoont. Toen de extractie van een
batchbenadering naar een glazen microfluidische chip overging, werd duidelijk dat de
huidige commercieel verkrijgbare glazen microfluidische YY-chips er niet in slagen om
voldoende scheiding te bereiken van de waterige en organische fasen. Deze faseschei-
ding is cruciaal voor de succesvolle toepassing van microfluidische vloeistof-vloeistof
extractie voor de scheiding van medische radionucliden.

Vervolgens werden PDMS microfluidische chips gebruikt voor de extractie van Ac-
225 uit Ra targets, evenals voor de chemisch vergelijkbare scheidingen van La van Ba
targets, Y van Sr targets en Sc van Ca targets (Hoofdstuk 4). De chelator D2EHPA bleek
zeer succesvol in het scheiden van deze elementen binnen extreem korte contacttij-
den van minder dan 2 seconden. Dit was de eerste keer dat de maximale extractie ef-
ficiéntie (zoals bepaald tijdens de batchexperimenten) werd bereikt in een microfluidi-
sche chip. Bovendien werd vanwege de unieke geometrie van de zelfgemaakte PDMS-
chips met metaaloxide-nanolaagcoating van het microkanaal een vrijwel perfect orga-
nische/waterige fasescheiding bereikt. Deze studie is een proof-of-concept voor de toe-
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komstige toepassing van microfluidische chips voor de automatisering van oplosmidde-
lextractie voor de scheiding van medische radionucliden.

Numerieke modellen kunnen van grote waarde zijn om de chemische processen die
plaatsvinden tijdens de extractie van microfluidische oplosmiddelen beter te begrijpen
en toekomstige experimenten te optimaliseren. Deze modellen hebben echter bepaalde
experimentele informatie nodig, waaronder diffusiecoefficienten van de radionucliden.
Dergelijke gegevens ontbreken vaak, onder andere vanwege de moeilijkheid van nauw-
keurige diffusiemetingen. Daarom behandelt Hoofdstuk 5 de mogelijke toepassingen
van microfluidische chips voor de bepaling van diffusiecoefficienten. Er werd gevonden
dat microfluidische apparaten nuttig zijn bij het bepalen van diffusiecoefficienten, zelfs
van verbindingen met zeer lage concentraties in het pico-molaire bereik (zoals de Ga-68
radiotracer). Varierende stroomsnelheden in de chips lieten echter grote verschillen in
diffusiecoefficienten zien. Er werd een exponentiele trend waargenomen bij het uitzet-
ten van de gemeten schijnbare diffusiecoefficienten tegen de contact tijd. Hierdoor werd
het noodzakelijk om de diffusiecoefficient over een groter bereik aan stroomsnelheden
te bepalen, om zodoende het plateau te observeren waarvan de werkelijke diffusiecoef-
ficient kon worden bepaald.

In het volgende Hoofdstuk 6 werd gevonden dat vloeistof-vloeistof extractie kan lei-
den tot verontreinigingen van de gebruikte chelator in de waterige oplossingen die re-
sulteren uit de terugextractie. Afgezien van de potentiele toxiciteit, waardoor de radio-
nucliden in deze oplossingen niet kunnen worden toegepast bij patienten, kunnen deze
chelator verontreinigingen mogelijk ook de binding van de radionuclide aan het farma-
ceutische molecuul verstoren. In dit hoofdstuk werd, na bevestiging van de aanwezig-
heid van chelatorverontreinigingen, een microfluidische ionenuitwisselingskolom be-
studeerd voor het schoonmaken van de oplossingen geproduceerd na microfluidische
vloeistof-vloeistof extractie van Ga-68 (zoals gedaan in Hoofdstuk 2). Deze microkolom
kon niet alleen de aanwezige organische verontreiniging elimineren, maar ook de zuur-
graad en het volume van de uiteindelijke oplossing verminderen.

Het laatste hoofdstuk 7 onderzoekt een alternatieve toepassing van chelators, in de
vorm van een met chelator geimpregneerde hars . Hoewel harsen geimpregneerd met
chelators relatief gemakkelijk te produceren zijn en uitgebreid in de literatuur zijn be-
studeerd, is hun toepassing voor de scheiding van medische radionucliden tot nu toe
gelimiteerd door hun zeer slechte chemische stabiliteit. We hebben een case study uitge-
voerd met behulp van de chelator D2EHPA voor de scheiding van Ac-225 van Ra targets,
zoals eerder in hoofdstuk 4 werd onderzocht door middel van microfluidische vloeistof-
vloeistof extractie. Door PDMS als te impregnerende hars te gebruiken, konden een hoge
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chemische stabiliteit en zeer snelle adsorptie van Ac-225 worden bereikt. Deze studie
heeft de mogelijkheden van het gebruik van PDMS als chelator geimpregneerde hars be-
wezen.

Over het geheel genomen heeft dit proefschrift enorme verbeteringen laten zien in
de mogelijke automatisering van de vloeistof-vloeistof extractie voor toekomstig gebruik
bij de scheiding van medische radionucliden van hun targets. Het gebruik van met na-
nolagen gecoate PDMS-microfluidische chips heeft het vermogen om een perfecte fase-
scheiding te bereiken. Er zijn meerdere vloeistof-vloeistof extractiemethoden ontwik-
keld, wat de veelzijdigheid van deze aanpak aantoont. Verdere verbeteringen bij het
combineren van alle noodzakelijke stappen in een enkel microfluidisch apparaat zullen
het gebruik van vloeistof-vloeistof extractie voor de scheiding van medische radionucli-
den mogelijk maken, zelfs onder de strenge zuiverheidseisen van radiofarmaceutische
productie.



Zusammenfassung

In der Nuklearmedizin werden Radionuklide zur Bildgebung und Behandlung verschie-
dener Krankheiten, einschlieflich Krebs, eingesetzt. Es werden y und f* emittierende
Radionuklide erfolgreich fiir die SPECT- (Einzelphotonen-Emissions-Computertomogra-
phie) und PET-Bildgebung (Positronen-Emissions-Tomographie) eingesetzt, wahrend 8~
, a und Auger-emmitierende Nuklide fiir Radionuklidtherapie eingesetzt werden. Unab-
héngig davon, welcher Zerfallsmodus fiir das Verfahren erforderlich ist, haben alle in der
Nuklearmedizin verwendeten Radionuklide vergleichsweise kurze Halbwertszeiten im
Bereich von Minuten bis Tagen. Daher werden diese Nuklide gezielt durch Bestrahlung
eines bestimmten Targets (also eines bestimmten, meist angereicherten Ausgangsmate-
rials), mit z.B. Neutronen oder Protonen, produziert. Diese Bestrahlungen bewirken eine
nukleare Umwandlung eines stabilen Isotops in ein kurzlebiges Radioisotop, entweder
desselben oder eines anderen Elementes als das Target. Nach der Produktion der Ra-
dionuklide miissen diese chemisch von ihrem Target getrennt werden, was jedoch nur
moglich ist, wenn ein anderes Element produziert wurde. Ein Beispiel fiir diesen Pro-
zess ist die Protonenbestrahlung von angereichertem Zn-68, was die folgende Reaktion
hervorruft:
68Zn(p, n%Ga

Dabei wird ein Neutron im Kern von Zn-68 durch ein Proton ersetzt, wodurch das Ra-
dionuklid Ga-68 entsteht.

Das Hauptziel dieser Doktorarbeit ist die Entwicklung chemischer Trennmethoden
auf Basis der fliissig-fliissig Extraktion, um medizinische Radionuklide von ihren jeweili-
gen bestrahlten Targets zu trennen. Bei der fliissig-fliissig Extraktion werden zwei nicht-
mischbare Losungen, eine wissrige radionuklidhaltige Losung und eine organische L6-
sung, miteinander in Kontakt gebracht. An der Kontaktzone dieser zwei Losungen ent-
steht ein Komplex zwischen dem Radionuklid und einem organischen Molekiil (einem
Chelator). Aufgrund seines hydrophoben Charakters wird der Komplex daraufthin in
die organische Losung extrahiert. Als ndchstes wird der Chelator-Radionuklid-Komplex
durch Zugabe einer anderen sauren oder basischen Losung aufgebrochen, was das Ra-
dionuklid wieder in eine wissrige Losung freisetzt. Da bestrahlte Targets stark radioak-
tiv sind und in speziellen Einrichtungen (heilen Zellen) gehandhabt werden miissen,
ist eine Automatisierung der Trennmethode wiinschenswert oder sogar notwendig. Ei-
ne Automatisierung der fliissig-fliissig Extraktion ist jedoch schwierig. Fiir diesen Zweck
sind mikrofluidische Verfahren derzeit von groBem Interesse. In dieser Arbeit werden

xiii
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mehrere verschiedene mikrofluidische Instrumente untersucht, darunter Membranse-
paratoren und mikrofluidische Chips, und auf ihre Anwendbarkeit zur Trennung hoch-
radioaktiver Nuklide getestet.

In Kapitel 2 wurde eine Methode zur oben erwidhnten Trennung von Ga-68 von Zn-
68 entwickelt. In dieser ersten Studie wurde ein Membranseparator verwendet. Durch
die Verwendung des Chelators N-Benzoyl-N-phenylhydroxilamin wurde eine sehr hohe
Trennung von Ga-68 und Zn(NOs3), erreicht. Die Riickextraktion war mit der gleichen
Methode in 6 M HCl erfolgreich. Es wurde auBerdem festgestellt, dass die Gesamtmen-
ge der Zink Verunreinigung in der endgiiltigen Ga-68-haltigen Losung unter erforderli-
chen Grenzwerten liegt. Bei der Anwendung dieser Methode auf ein bestrahltes fliissiges
Zn(NOg3),-Target kam es jedoch zu einer Zersetzung der Membran aufgrund der starken
Radiolyse in den Losungen, was die Notwendigkeit mikrofluidischer Geridte ohne Mem-
branen voraussetzt oder weitere Forschung zur Verbesserungen der Strahlungsresistenz
von organischen/wissrigen Trennmembranen.

In Kapitel 3 wurden kommerzielle mikrofluidische Glaschips fiir die Trennung von
Cu-Isotopen von Zn(NQOj3),-Targets verwendet. Von allen hierfiir getesteten Chelatoren
zeigte Dithizon das hochste Potenzial fiir die Extraktion von Cu aus sauren Losungen
und erreichte Extraktionseffizienzen von iiber 90 % bei einer Zn-Koextraktion, die unter
3 % blieb. Als nichstes wurde festgestellt, dass die Riickextraktion von Cu in verdiinnte
HCI-Losung nur bei hoheren Cu-Konzentrationen erfolgreich ist. Wenn nur ein Cu-64-
Radiotracer verwendet wurde, schlug die Riickextraktion fehl, was die Stabilitdt dieses
Cu-Dithizon-Komplexes unterstreicht. Nach dem Umstieg von einem "Batch"-Ansatz
auf einen mikrofluidischen Glaschip wurde deutlich, dass die derzeit im Handel erhéltli-
chen mikrofluidischen YY-Glaschips keine ausreichende Phasentrennung der fiir die L6-
sungsmittelextraktion verwendeten wéssrigen und organischen Phasen erreichen. Die-
se Phasentrennung ist entscheidend fiir den erfolgreichen Einsatz der mikrofluidischen
Losungsmittelextraktion zur Trennung medizinischer Radionuklide, weshalb kommer-
zielle Glaschips hierfiir nicht geeignet sind.

Als nichstes wurden PDMS-Mikrofluidchips fiir die Trennung von Ac-225 und Radi-
um sowie fiir die chemisch dhnlichen Trennungen Lanthan von Barium, Yttrium von
Strontium und Scandium von Calcium verwendet (Kapitel 4). Der Chelator D2EHPA
erwies sich bei der Trennung dieser Elemente innerhalb extrem kurzer Kontaktzeiten
von unter 2 Sekunden als sehr erfolgreich. Dies war das erste Mal, dass maximale Ex-
traktionseffizienzen (wie sie durch Batch-Experimente bestimmt werden konnten) in ei-
nem Mikrofluidchip erreicht wurden. Dariiber hinaus wurde aufgrund der einzigartigen
Geometrie der selbst hergestellten PDMS Chips mit Metalloxid-Nanobeschichtung des
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Mikrokanals eine nahezu perfekte organische/wissrige Phasentrennung erreicht. Diese
Studie ist ein proof-of-concept fiir die zukiinftige Anwendung von Mikrofluidchips zur
Automatisierung der fliissig-fliissig Extraktion zur Trennung medizinischer Radionukli-
de.

Um die chemischen Prozesse, die bei der mikrofluidischen fliissig-fliissig Extrakti-
on ablaufen, besser zu verstehen und zukiinftige Experimente zu optimieren, kénnen
numerische Modelle verwendet werden. Allerdings sind fiir diese Modelle bestimm-
te Informationen, einschlie@lich Diffusionskoeffizienten des Radionuklids, notwendig.
Diese Daten fehlen jedoch hiufig, aufgrund der Schwierigkeit einer prazisen Diffusions-
messung. Daher befasst sich Kapitel 5 mit den méglichen Anwendungen mikrofluidi-
scher Chips zur Bestimmung von Diffusionskoeffizienten. Es wurde festgestellt, dass der
mikrofluidische Ansatz zur Bestimmung von Diffusionskoeffizienten niitzlich ist, selbst
bei Stoffen mit sehr geringen Konzentrationen im pico-molaren Bereich (wie Ga-68-
Radiotracer). Unterschiedliche Durchflussraten der Losungen im mikrofluidischen Chip
zeigen jedoch grof3e Variationen in den gemessenen Diffusionskoeffizienten. Beim Plot-
ten der gemessenen scheinbaren Diffusionskoeffizienten gegen die Kontaktzeit wurde
ein exponentieller Trend beobachtet. Daher ist es erforderlich, scheinbare Diffusions-
koeffizienten iiber einen gréBeren Bereich von Durchflussraten zu beobachten, um den
tatsdchlichen Diffusionskoeffizienten aus den Scheinbaren bestimmen zu kénnen.

Im folgenden Kapitel 6 wurde festgestellt, dass die fliissig-fliissig Extraktion zu Ver-
unreinigungen mit dem verwendeten Chelatoren in den resultierenden wéssrigen Lo-
sungen fithren kann. Abgesehen von der potenziellen Toxizitdt der Chelatoren, die die
Verwendung der Losungen bei Patienten verbietet, konnen diese Chelatorkontaminatio-
nen moglicherweise die Komplexierung des Radionuklids mit pharmazeutischen Kom-
ponenten beeintrachtigen und daher deren Verwendung verhindern. In diesem Kapi-
tel wurde nach Bestitigung des Vorhandenseins von Chelatorkontaminationen ein mi-
krofluidisches Ionenaustauschverfahren entwickelt, zur Reinigung der Lésungen nach
der mikrofluidischen fliissig-fliissig Extraktion von Ga-68 (wie in Kapitel 2 durchgefiihrt).
Diese Ionenaustausch-Mikrosdule war in der Lage, organische Verunreinigungen zu be-
seitigen, sowie den Sduregehalt und das Volumen der Endlosung zu reduzieren.

Im letzten Kapitel 7 wird eine alternative Anwendung von Chelatoren in Form eines
mit Chelatoren impréignierten Harzes untersucht. Obwohl mit Chelatoren imprégnier-
te Harze einfach herzustellen sind und ausfiihrlich in der Literatur untersucht wurden,
verhinderte die geringe chemischen Stabilitdt ihre Verwendung bei der Trennung medi-
zinischer Radionuklide. Es wurde eine Fallstudie mit dem Chelator D2EHPA zur Tren-
nung von Ac-225 von Ra durchgefiihrt, wie bereits in Kapitel 4 durch mikrofluidische
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fliissig-fliissig Extraktion. Durch die Verwendung von PDMS als Basismaterial konnte
eine hohe chemische Stabilitdt des Harzes, sowie eine sehr schnelle Adsorption von Ac-
225 erreicht werden, was das Potenzial von mit Chelatoren imprégnierten Harzen auf
PDMS-Basis unter Beweis stellt.

Insgesamt wurden in dieser Arbeit enorme Fortschritte bei der Automatisierung der
fliissig-fliissig Extraktion erzielt, fiir den zukiinftigen Einsatz bei der Trennung medizini-
scher Radionuklide von ihren Targets. Durch die Verwendung nanobeschichteter PDMS-
Mikrofluidchips kann eine nahezu perfekte Phasentrennung erreicht werden. Es wurden
mehrere Methoden zur fliissig-fliissig Extraktion entwickelt, was die Vielseitigkeit dieses
Ansatzes zeigt. Weitere Verbesserungen bei der Kombination aller notwendigen Schrit-
te in einem einzigen Mikrofluidgerdt werden den Einsatz der fliissig-fliissig Extraktion
zur Trennung medizinischer Radionuklide ermdoglichen, selbst unter den strengen Rein-
heitsanforderungen bei der Produktion von Radiopharmazeutika.
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4 1. Introduction

1.1. Nuclear Medicine

Nuclear medicine is a rapidly growing field that uses radioactive substances for the di-
agnosis or treatment of various diseases, including cancer [1]. Currently, over 50 million
nuclear medicine procedures are performed world wide every year with an expected an-
nual market growth rate of 12.8% until 2030 [1], thanks to advances in hybrid imaging
systems, targeted radiopharmaceuticals and artificial intelligence in nuclear imaging [2].
Around 90% of the procedures including radionuclides are for diagnostic purposes [1],
but a steady increase in therapeutic applications of radionuclides can be observed and
is expected to further increase in the future [3]. For nuclear imaging either SPECT (Sin-
gle Photon Emission Computerized Tomography) or PET (Positron-Emission Tomogra-
phy) is used [4], currently often combined with CT or MRI to enable better diagnosis of
various diseases or visualization of soft tissue [5, 6]. SPECT imaging is the current ma-
jor scanning technology utilizing y emitters as the radiotracer (see Fig. 1.1). The most
commonly applied radionuclide for this is Tc-99m in 85% of all nuclear imaging proce-
dures [1], thanks to its availability through Mo-99/Tc-99m generators. In comparison,
PET imaging uses positron-emitting radionuclides, that can be produced in medical cy-
clotrons of which over 1300 exist worldwide [7]. After a positron is emitted, it promptly
combines with a nearby electron, resulting in the simultaneous emission of two 511 keV
Y rays in opposite directions (see Fig. 1.1), a process called annihilation. These are de-
tected by a PET camera and allow for a non-invasive diagnosis. PET’s most important
radionuclides are F-18 and Ga-68 [8], mostly used for the diagnosis of cancer, but also
in cardiac and brain imaging [9]. Therapeutic approaches in nuclear medicine include
brachytherapy and targeted radionuclide therapy [1]. Especially targeted radionuclide
therapy is rapidly expanding, due to less invasiveness and side effects compared to other
traditional therapeutic approaches like surgery or chemotherapy. [10]. In many nuclear
diagnostic and therapeutic procedures, the radionuclide is linked to a tumor-type spe-

Detector

[TT]

——
Collimator

’
’
y

Figure 1.1: Schematic representation of a) SPECT imaging, utilizing collimators that only allow for near per-
pendicular y rays to hit the detector, enabling spacial reconstruction, and b) PET imaging with a ring detector,
measuring y rays, produced by positron annihilation (from [11]).



1.1. Nuclear Medicine 5

(Diagnostic or
Therapeutic)

Linker Molecule

Cancer Cell
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Figure 1.2: Illustration of radiopharmaceuticals, showing the combination of a radionuclide over a linker and
a binding molecule with a tumor-type specific targeting vector (or targeting molecule), that specifically binds
to a target molecule of a cancer cell (from [14]).

cific targeting vector (which includes antibodies, peptides, and small molecules) [10].
Major improvements in precision medicine, especially for the diagnosis and treatment
of cancer, have been achieved since the enhanced development of tumor-type specific
targeting vectors [10]. Those targeting vectors, when labelled with e.g. therapeutic -
emitting radionuclides, can deliver very localized high radiation doses, reducing the ra-
diation dose to healthy surrounding tissue and improving the therapeutic efficacy (see
Fig 1.2).

Currently three radiopharmaceuticals for targeted radionuclide therapy have been
approved by the Food and Drug Administration (FDA), namely >?>Ra-dichloride (Xofigo®)
against metastatic castration-resistant prostate cancer with bone metastases, 1771,u-DOTA-
TATE (LUTATHERA®) against somatostatin receptor-positive neuroendocrine tumours
and '*'I-iobguane (AZEDRA®) against metastatic pheochromocytoma or paraganglioma
[12]. New developments in the field of targeted radionuclide therapy include the use of
a-emitters, such as Bi-213 or Ac-225, thanks to great therapeutic effects of 225A¢-PSMA-
617 against metastatic prostate cancer during clinical trials [13].

The combination of imaging and therapy, known as theranostic, is also of increas-
ing interest [15]. Ideally, one radionuclide has both therapeutic f~ as well as diagnostic
Y emission, as in the case of Cu-67, which decays with a half-live 2.58 days by g~ (562
keV) and y-emission (93 keV and 185 keV) [16]. But also a combination of a diagnostic
and a therapeutic radionuclide (potentially of the same element or elemental group) is
also possible, allowing for personalized precision medicine and the ability to determine
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radiation doses for the patient from the imaging analogue [17].

1.2. Production of medical radionuclides

Since radionuclides used for medical applications usually have a short half-live in the
range of hours to days, they do not occur naturally but have to be produced on-demand.
Multiple different production methods have been studied and applied for the produc-
tion of medical radionuclides, including the direct production in nuclear reactors, cy-
clotrons and linear accelerators, although some of the most used isotopes in clinical ap-
plications are eluted from generators [18]. These generators contain a long-lived mother
nuclide on an adsorbent material (mostly produced in nuclear reactors), that decays to
the desired medical radionuclide, which can be selectively eluted from the generator
(see Fig. 1.3). The most famous and often used generator to date is the Mo-99/Tc-99m
generator, followed by the Ge-68/Ga-68 generator [19]. Major advantages of generators
are that they can be handled on site in a clinical environment, on demand, without the
need for highly expensive and complex equipment [19]. Even though these generators
have a shelf-life (the time frame in which a generator can be eluted efficiently until the
radioactivity of the mother isotope is too low) of a few weeks to months, and they can be
eluted up to several times per day, they still show several disadvantages.

One major issue in the case of Mo0-99/Tc-99m generators, is that the production of
Mo-99 is limited to currently seven nuclear reactors worldwide, accompanied with the
production of large amounts of nuclear waste, and reduced yields due to the proliferation-
related reduction of highly enriched uranium (HEU) to low enriched uranium (LEU) [21].
Another disadvantage of generators include the potential breakthrough of the long-lived

[e—— Evacuated Vial

Eluting Solvent

Eluted Daughter

Air Vent Activity

Glass Cylinder

Parent + Daughter
Activity

Lead Shield
Adsorbent

Filter

Figure 1.3: Schematic figure of a radionuclide generator, showing how the eluting solvent is passed through
the adsorbent-containing column, to elute the daughter activity (from [20]).
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Figure 1.4: Schematic figure of a cyclotron, showing the spiral acceleration of protons between two magnets
and a target at the exit beam (from [20]).

mother nuclides in the elution [22].

Nuclear reactors are also used for the direct production of medical radionuclides via
neutron activation. Examples include Ho-166, produced by neutron irradiation of Ho-
165 microspheres and used for radioembolization therapy against liver cancer [23] and
Lu-177 against e.g. neuroendocrine tumors [24], produced either directly by neutron
activation of Lu-176 or indirectly by neutron activation of Yb-176, resulting in Yb-177
which decays to Lu-177 [25].

Another possibility to produce radionuclides is using particle accelerators, for exam-
ple a cyclotron [18, 26, 27]. A cyclotron accelerates charged particles with a strong mag-
netic field and irradiates a specific target placed at the exit of the beam (see Fig. 1.4). As
an example, Ga-68 can be produced by irradiation of Zn-68 with protons, inducing the
587n(p,n)%8Ga nuclear reaction [28-30] in which a neutron is replaced by a proton in the
nucleus of the target. The target material can be either liquid or solid. While irradiation
of solid targets is usually preferred due to a significantly higher yield, it is accompanied

Target

R Solid target - . ~ ————
material g Irradiation Dissolution Purification
preparation preparetion

Target

material Irradiation Purification

preparation

Figure 1.5: Different processing steps of solid and liquid cyclotron targets.




8 1. Introduction

by time-consuming pre- and post-irradiation preparation steps (see Fig. 1.5). The use
of liquid targets promises to be a convenient, cost-efficient and fast alternative and is,
therefore, of increasing interest [29-31].

1.3. Chemical separation methods

The most frequently used chemical separation method for the purification of medical
radionuclides is ion-exchange chromatography. For this, a column is filled with an ion-
exchange resin, which separates ions based on their charge. These ion-exchange resins
generally consist of a polymer coupled to charged functional groups, either anions or
cations (for cation-exchange or anion-exchange, respectively) [32]. This separation tech-
nique is well established, but also exhibits several disadvantages when used for medical
radionuclides, such as (I) large amounts of resin needed, resulting in large amounts of
chemical and solid waste (II) large elution volumes, necessitating further concentration
steps, (III) slow processing, significantly reducing the final radioactivity, or (IV) low radi-
ation stability, resulting in radiolysis-related degradation products that require multiple
washing steps [33]. As an alternative purification method, solvent extraction is increas-
ingly studied for the processing of medical radionuclides. Due to its significance for this
PhD thesis it is described in detail below.

1.3.1. Solvent extraction

During solvent extraction (also called liquid-liquid extraction) two immiscible solutions
are brought in contact to each other, and ions are extracted from one phase to the other
based on solubility differences. Mostly, the two phases are an aqueous and an organic
phase, but also aqueous two-phase systems [34], super critical fluids [35] and ionic lig-
uids [36] are applied. The extraction is often accomplished or enhanced by the use of
selective chelators, that form hydrophobic complexes with the desired metal ions, that
are then extracted into an organic solution. Chelation describes the complex formation
of a metal ion with a ligand via coordinate bonds. Only polydentate ligands, forming
a complex by two or more bonds, are described as chelating ligands, chelating agents
or simply chelators. They have a higher affinity for the metal ion than a monodentate
ligand, with just one bond, and, therefore, also form more stable complexes.

Batch extractions are usually done in separatory funnels for larger amounts, or vials
for smaller amounts, as shown in Fig. 1.6. The two phases are mixed by static mixers
or vortex mixers. The mixing creates droplets that increase the surface-to-volume ratio
of the two phases. With decreasing droplet size, the surface-to-volume ratio increases,
leading to increased extraction. After the selective extraction of the radionuclide from
the aqueous solution to the organic solution another step is necessary to release the ra-
dionuclide from the chelator and to enable radiopharmaceutical labelling. This process
is called back-extraction and is typically done with strong acids or bases, depending on
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Figure 1.6: Schematic image of the batch solvent extraction and back-extraction process. First the radionu-
clide is extracted into the organic phase, followed by pipetting of the organic phase into a new vial. For the
back-extraction an acidic aqueous solution is added to the organic phase, breaking the chelator-complex and
releasing the radionuclide into the aqueous solution, followed again by pipetting of the aqueous solution to a
new vial for measurements.

the used extraction system, that are able to break the chelation complex and release the
metal ion back into an aqueous solution. Hydrochloric acid (HC) is usually preferred
for medical radionuclides, since most following radiopharmaceutical labelling processes
are executed from HCI solutions [19, 37, 38]. Back-extraction is performed in a similar
way. The organic phase is pipetted in a new vial together with the back-extracting agent,
an acidic or basic aqueous solution. The solutions are then mixed again. After the sec-
ond mixing step, the radionuclide is back in an aqueous solution and can be pipetted
out of the vial separately for further use (see Fig 1.6).

This approach is straight-forward and was already pioneered in 1942 during the Man-
hattan project and since has large industrial applications in hydro-metallurgy [39] and
recycling in the nuclear fuel cycle [40], and also medical applications for e.g. heavy metal
detoxification [41]. However, its use for the extraction of medical radionuclides from ir-
radiated target is a novel approach and to date not regularly used, mainly due to the
difficulty in automation of the separation of the aqueous and organic solution. For this
purpose, microfluidic systems are studied, aiming to enable future use of solvent extrac-
tion in medical radionuclide separation.

1.4. Microfluidics

Microfluidics describe the behavior of fluids at sub-millimeter scale, in which surface

forces dominate over inertial forces [42]. The Reynolds number (Re), which is the ratio

of inertial forces to viscous forces (Eq. 1.1), describes the internal movement of a fluid.
_inertial forces density=velocity+length

e=— = - (1.1
viscous forces visocity
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Figure 1.7: Different flow regimes that can be achieved in microfluidics, from [47]

In microfluidics the Reynolds number is so low (below approximately 2000), that laminar
flow is expected, and mass transport will be limited mainly by diffusion to the interface
[42, 43]. Advantages of microfluidic extraction are the high surface-to-volume ratio and
a known effective contact surface, which enables the quantification of extraction kinet-
ics and interfacial mass transfer [44]. A stable flow with a steady flow rate will also lead
to more uniform reaction conditions and, thus, reliable and reproducible results. Dif-
ferent flow regimes can be described in microfluidics as shown in Fig 1.7. After the two
immiscible fluids are brought in contact with each other they can exhibit either a paral-
lel, annular, slug or droplet flow [45]. Slug flow has the highest surface-to-volume ratio
due to internal circulation of slugs leading to an increase in mass transfer [46] and is,
therefore, often preferred in industrial applications [47]. Parallel or annular flow give
the opportunity to precisely calculate mass transfer rate coefficients due to the known
surface-to-volume ratio [44, 48]. Which flow regime will be present is not only deter-
mined by the flow rate and channel size, but also by the microfluidic set-up. The most
prominent ones are microfluidic chips or membrane separators and are described in
detail in the following paragraph.

1.5. Microfluidic solvent extraction

Even though the first uses of micro devices were described in the 1940s, most advance-
ments only began at the end of the 20th century after the introduction of the first Total
Analysis System (TAS), in which sample transport, any necessary chemical reactions,
chromatographic separations and detection could proceed automatically [49]. This im-
provement increased the interest of other fields of microfluidics drastically [42]. While
a plethora of different microfluidic devices exists to date, due to the relevance for this
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Figure 1.8: Interface instabilities in microfluidic parallel flow. A) Kevin-Helmholtz (KH) instability leading to
perturbation and interface rupture due to velocity differences. B) Pressure imbalance at the interface leading
to intrusion and surface rupture (from [43]).

dissertation only microfluidic chips and membrane separators are described below.

Microfluidic chips are devices with micro-channels that have been molded or pat-
terned into a specific material. The two most commonly used materials for the produc-
tion of microfluidic chips are glass and polydimethylsiloxane (PDMS). PDMS is an inex-
pensive elastomer, that is simple and cost-efficient to produce, resistant to highly acidic
or basic solutions and easy to prototype [50]. One disadvantage of PDMS is the possible
absorption of small molecules and sensitivity to several organic solvents [50, 51]. While
glass chips do not have the same issues, they are more difficult to prototype and far more
expensive in production, limiting their applicability to single-use applications such as
GMP production of medical radionuclides. Therefore, PDMS is the preferred material
for multiple microfluidic devices [50].

Microfluidic chips, as used in this thesis, have an active operation way, which in-
cludes the active manipulation of the aqueous and organic solutions by, e.g., syringe
pumps, as opposed to passive operation, that makes use of capillary forces, gravity or
vacuum [52]. The use of microfluidic chips for solvent extraction began in 2000 when
Sato et al. delivered the proof-of-concept with two immiscible fluids in a YY-junction
microchannel [53]. Since then, YY-chips are of increasing interest, but to date, they still
exhibit several drawbacks that limit their use in solvent extraction.

One major difficulty in operating a microfluidic YY-chip is to maintain a stable in-
terface and, thus, a stable parallel flow. Figure 1.8 shows two main reasons for interface
rupture, namely different flow rates causing Kevin-Helmholtz (KH) instability of the flow,
and pressure imbalance at the interface leading to interface rupture [43]. Both lead to
imperfect phase separation, with either organic or aqueous leakage (see Fig. 1.9). There-
fore, YY-microfluidic chips have not been successfully used for the separation of medical
radionuclides, yet.
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Figure 1.9: Schematic image of different flow patterns. a) complete phase separation. b) aqueous leakage in
the organic outlet. c) organic leakage in the aqueous outlet. (Modified after [54])

An alternative to microfluidic chips are membrane separators. When using a mem-
brane separator, it is possible to avoid the issue of imperfect phase separation that usu-
ally occurs in commercial microfluidic YY-chips. A commercial microfluidic membrane
separator and the one used in this project is the Zaiput Membrane Separator (Fig. 1.10).
This separator allows for an easy and sufficient separation of the organic and aqueous
phases in solvent extraction experiments. Additionally, the flow regime prominent in the
tubing connected to the inlet of the membrane separator is slug flow. Slug flow exhibits
the highest surface-to-volume ratio, due to internal circulation, and, thus, has the poten-
tial for very high extraction efficiencies. When the two phases enter the membrane sep-
arator, one phase will be the wetting phase, depending on the membrane (hydrophilic
or hydrophobic). When a hydrophobic membrane is used, the organic phase will be
the wetting phase and fill the pores of the membrane, while the aqueous phase will be
repelled. An internal pressure controller provides a perfect pressure differential for the
wetting phase to pass the membrane without forcing the non-wetting phase to rupture

M Aqueous Phase (Non-wetting)

Organic Phase (Wetting)

Membrane for separation High precision Pressure Controller

Figure 1.10: Left: Zaiput membrane separator, indicating the separation of two immiscible fluids (red and
colorless). Right: Schematic image of the inside of a membrane separator, showing the separation of two
immiscible fluid (blue = aqueous; purple = organic), by a hydrophobic membrane [55].
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Figure 1.11: lllustration of automated solvent extraction, showing all production steps from 1) the preparation
of the necessary solutions, over 2) cyclotron irradiation of the target solution, followed by microfluidic 3) sol-
vent extraction and 4) back-extraction and finally 5) radiopharmaceutical processing.

the membrane. The separator can maintain a constant pressure differential even when
different flow rates are applied. Because the membrane separator makes use of wettabil-
ity differences of the fluids, even two fluids with the same density can be separated [55].

Due to the promising application and the easy handling of membrane separators,
initial studies have been done on their application for the separation of medical radionu-
clides from irradiated targets. Pederson et al. studied the separation of Ti-45 from ScCls
in 12 M HCl solution as well as the separation of Ga-68 from a ZnCl, in HCl solutions, and
successfully extracted up to 95.7 + 2.0 % of Ga-68 [56]. However, as ZnCl, solutions have
shown to be unsuitable for irradiation in cyclotrons, due to a rapid pressure increase
[57], the study of the separation of Ga-68 from Zn(NO3), in HNOj3 solutions is required
for use with liquid targets. Recently, Chakravarty et al [58] published a study about mi-
crofluidic solvent extraction of Cu-64 from Zn, using a T-junction microfluidic mixer and
subsequent phase separation with a hydrophobic phase separation paper. While the ex-
traction was successful and yielded Cu-64 extraction efficiencies of >85 %, their final
collected solution consisted of 25 mL 7 M HCI and H,O; that necessitates drying of the
highly radioactive solution before labeling to pharmaceuticals is possible.

While promising proof-of-concept studies exist, detailed consideration of solution
compositions (liquid target, as well as final collected solutions), metal and chelator con-
taminations are still lacking. Additionally, the radiation resistance of those membranes
needs to be evaluated, since they are typically made from PTFE, which is known to be-
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come brittle upon irradiation [59]. Furthermore, membrane-based microfluidic devices
are costly and hence, not applicable for the GMP production of medical radionuclides,
that often necessitates single-use equipment [60]. Therefore, the focus in this project lies
on the improvement and use of microfluidic chips.

Overall, a microfluidic extraction set-up gives the opportunity for not only the au-
tomation of solvent extraction of the produced radionuclide, but also enables direct tar-
get recycling of liquid targets, potentially creating a continuous cyclotron irradiation of
the target solution [56] as illustrated in Fig. 1.11.
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Scope and outline of the thesis

The aim of this thesis is to develop methods for microfluidic solvent extraction of several
medical radionuclides of interest. The separation of the nuclides Ga-68, Cu-64, Sc-46, Y-
90, La-140 and Ac-225 from their respective targets was studied in batch and later trans-
lated to different microfluidic devices, including a membrane separator as well as glass
and PDMS microfluidic chips. The effect of extracting chelator contamination on radio-
pharmaceutical labelling was investigated as well. Furthermore, the use of microfluidic
chips for the determination of diffusion coefficients was studied. Finally, an alternative
application of chelators was shown in the form of chelators-impregnated PDMS. The
outline of this thesis is given below:

Chapter 2 describes the development of a separation method for Ga-68 from Zn(NOs3),
liquid targets using the batch approach and comparing it to membrane-based microflu-
idic solvent extraction.

Chapter 3 focuses on the separation of Cu radionuclides from a Zn(NOs), target solu-
tion. A method was developed using dithizone as a selective chelator and microfluidic
extraction was studied with a commercial glass microfluidic chip.

Chapter 4 shows the microfluidic extraction of Ac-225 with D2EHPA as chelator, using a
nano-layer coated PDMS microfluidic chip.

Chapter 5 assesses the applicability of microfluidic chips for the determination of diffu-
sion constants.

Chapter 6 deals with the influence of chelator contamination after solvent extraction on
the labelling of radionuclides to pharmaceuticals. A microcolumn was studied for the

purification of the Ga-68 solution, obtained after solvent.

Chapter 7 presents an alternative method of chelator-based radionuclide separation
from target solutions, namely chelator-impregnated polydimethylsiloxane (PDMS) beads.

Chapter 8 gives a general conclusion and outlook based on the chapters above.
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The radionuclide Ga-68 is commonly used in nuclear medicine, specifically in positron
emission tomography (PET). Recently, the interest in producing Ga-68 by cyclotron irra-
diation of Zn-68 nitrate liquid targets is increasing [1-3]. However, current purification
methods of Ga-68 from the target solution consist of long multi-step procedures, thus,
leading to a significant loss of activity through natural decay, while often consuming large
amounts of chemicals. To eventually allow switching from batch to continuous produc-
tion, conventional batch extraction and membrane-based microfluidic extraction were
compared. In both approaches, Ga-68 was extracted using N-benzoyl-N-phenylhydroxyl-
amine in chloroform as the organic extracting phase. Extraction efficiencies of up to 99.5
% + 0.6 % were achieved within 10 minutes, using the batch approach. Back-extraction
of Ga-68 into 2 M HCI was accomplished within 1 minute with efficiencies of up to 94.5
% + 0.6 %. Membrane-based microfluidic extraction achieved 99.2 % + 0.3 % extraction
efficiency and 95.8 % + 0.8 % back-extraction efficiency into 6 M HCl. When executed on a
solution irradiated with a 13 MeV cyclotron at TRIUME Canada, comparable efficiencies
0f 97.0 % + 0.4 % were achieved. Zn contamination in the back-extracted Ga-68 solution
was found to be below 3 ppm. Microfluidic solvent extraction is a promising method in
the production of Ga-68 achieving high efficiencies in a short amount of time, potentially
allowing for direct target recycling.

The content of this chapter has been published in: Trapp, S., Lammers, T., Engudar, G., Hoehr, C., Denkova,
A.G., Paulssen, E. and de Kruijff, R.M., 2023. Membrane-based microfluidic solvent extraction of Ga-68 from
aqueous Zn solutions: towards an automated cyclotron production loop. EENMMI radiopharm. chem. 8(9)
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Figure 2.1: Graphical abstract showing the steps of liquid target preparation, irradiation and subsequent sol-
vent extraction and back-extraction with the potential of direct target recycling (created with BioRender.com).

2.1. Introduction

The use of Ga-68-labelled radiopharmaceuticals has become increasingly popular in nu-
clear medicine over the last two decades. Ga-68 has ideal decay characteristics for high
quality PET imaging, such as a positron yield of 89.1 % and an average beta energy of
836 keV [4] while the short half-life of 67.71 minutes minimizes the total dose to the pa-
tient and medical personnel. Since its radiolabelling chemistry is well understood, it
can easily be applied in a variety of radiopharmaceuticals [5-7]. Recently, a new Ga-68
prostate-specific membrane antigen ligand (°3Ga-PSMA-11) for PET imaging of metas-
tasized prostate cancer was approved by US Food & Drug Administration [8], which can
detect significantly more prostate lesions than the previously used '®F-fluciclovine [9].
Furthermore, Ga-68 labelled fibroblasts activation protein inhibitors (FAPI) showed re-
markable results in PET imaging of up to 30 different tumor types [10]. Currently, over
500 clinical trials are using Ga-68 as a diagnostic agent [11] showing that the applica-
tions of Ga-68 in nuclear medicine are steadily expanding. An increase in demand in
Ga-68 can therefore be expected.

To date, Ga-68 is mostly produced by Ge-68/Ga-68 generators, due to their easy han-
dling and accessibility for hospitals without an irradiation infrastructure [6, 12]. But sev-
eral limitations of these generators, such as the high costs, an increasing shortage in the
target material to produce Ge-68, the limited amounts of Ga-68 that can be eluted from



2.1. Introduction 25

a generator in a day [12-14], as well as the high amounts of radioactive Ge-68 waste after
the shelf-life of a generator is reached, result in the necessity to investigate other Ga-68
production routes. Proton irradiation of Zn-68 could significantly amplify the produc-
tion of Ga-68 by the %8Zn(p,n)®¥Ga reaction [15]. Several studies on the cyclotron pro-
duction of Ga-68 from solid and liquid Zn targets exist to date [2, 3, 16-19]. Although
the irradiation of liquid targets results in lower production yields compared to solid tar-
gets, they benefit from reduced target preparation steps pre and post irradiation, while
still producing higher activities than generators. Most commercial Ge-68/Ga-68 gener-
ators produce a maximum of 1.85 GBq per elution, although this has recently increased
with the development of a Ge-68/Ga-68 generator producing up to 3.7 GBq per elution
[20]. These generators can only be eluted between one to three times per working day,
dependent on the generator, loaded Ge-68 radioactivity, and the generators age [15]. In
comparison, Alves et al [17] reported a yield of 6 GBq Ga-68 after a 45 minute irradiation
of a Zn-68 liquid target with a 12.9 MeV medical cyclotron and a beam current of 45 pA,
which can be up scaled to produce up to 40 GBq per irradiation by increasing the con-
centration of Zn-68 in the liquid target. Therefore, a single irradiation of a Zn-68 liquid
target could produce a more than 10-times higher yield than the best currently available
generators, making it a worthy alternative for hospitals that have a medical cyclotron (up
to 12 MeV [21]) infrastructure available. But at the same time, current extraction meth-
ods of Ga-68 from the target solution after irradiation are multi-step procedures that can
lead to a significant loss of activity due to natural decay and do not enable direct recy-
cling of the costly, enriched target material.

Current literature on Ga-68 production using liquid targets focus mostly on the pu-
rification of Ga-68 using a combination of anion and cation exchange resins. As a first
step cation exchange resins are used (e.g., hydroxamate, DOWEX 50W-X8, AG-50W-X8)
to trap Ga-68 and wash most Zn-68. Enriched Zn-68 must be recovered and processed
from the washing solutions before it can be reused for irradiation. Next, Ga-68 is eluted
from the first column in large volumes of highly concentrated HCI solutions and loaded
onto an anion exchange resin (e.g., Biorad 1X8, AG-1X-8, DGA, TK200) from which Ga-
68 can be eluted in 0.1 M HCI or water, depending on the resin [2, 3, 16, 17, 22]. These
methods usually lead to a purified Ga-68 in 30-60 minutes with yields between 78 % and
90 %. Microfluidic solvent extraction presents a very attractive, fast alternative to col-
umn chromatography [23] for the separation of Ga-68 from the target solution, with an
efficient two-step procedure that potentially enables extraction automation and direct
target recycling. In this approach, the target solution is not changed after irradiation (e.g.
change of acid concentration), and can therefore potentially be directly recycled without
any further processing steps as shown in Fig 2.1. While several studies exist on microflu-
idic solvent extraction on other medical radionuclides [24-26], Pedersen et al. [27] were
the first to develop a microfluidic solvent extraction method to separate Ga-68 from a
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ZnCl, in HCl target solution. However, the rate of radiolysis of water in HCl-based target
solutions is known to lead to rapid pressure increase upon cyclotron irradiation, poten-
tially forcing the abortion of irradiations [16]. It can also lead to strong corrosion of the
Havar®© foil used in the liquid target body [28]. Hence, irradiation of zinc liquid targets
focuses almost exclusively on Zn(NO3); in dilute HNOj3 target solutions [1-3, 17, 22, 28]
due to the ability of nitrates to scavenge free radicals produced during the irradiation
of water, thereby reducing the target pressure [29]. Zhuravlev et al. [30] took the first
steps in the development of a membrane-based microfluidic solvent extraction of Ga-
68 from zinc nitrate solutions using an arylamino phosphonate leading to an extraction
efficiency of 80 % in flow. However, this compound is not commercially available and
was newly synthesized for their approach. In this chapter, a highly efficient microfluidic
solvent extraction method for the selective extraction of Ga-68 from zinc nitrate liquid
target solutions is presented, using a commercially available chelator, therefore avoiding
the need for complex synthesis. Batch experiments are conducted to determine equilib-
rium extraction efficiencies for different concentrations of potential target solutions, fol-
lowed by microfluidic experiments including a proof-of-principle run with a irradiated
target solution.

2.2. Methods and Materials

2.2.1. Materials and analytical methods

N-benzoyl-N-phenylhydroxylamine (BPHA; CAS: 304-88-1) and zinc nitrate hexahydrate
(Zn(NO3)2- 6 H2,0) were purchased from ACROS ORGANICS (VWR, Amsterdam, the Ne-
therlands), nitric acid (HNO3), hydrochloric acid (HCI) and chloroform and were pur-
chased from Sigma Aldrich (Merck Sigma, Zwijndrecht, the Netherlands). An Eckert &
Ziegler IGG100 GMP Ge-68/Ga-68-generator was generously supplied by Erasmus MC,
the Netherlands. %9™Zn was produced by neutron irradiation of 6 mg "3Zn foil at the
Hoge Onderwijs Reactor (HOR) of the Reactor Institute Delft (the Netherlands). After
subsequent cooling for 10 hours, the foil was dissolved in 0.1 mL 8 M HNO3 and diluted
to 10 mL with distilled water. Microfluidic extractions were executed with a SEP-10 mem-
brane separator with hydrophobic membranes (pore size: 0.45 um) from Zaiput Flow
Technologies (Waltham, Massachusetts, USA). AL-1000 Programmable Syringe pumps
(941-371-1003) were purchased from World Precision Instruments Inc. and used to de-
liver solutions to the membrane separator via PTFE tubing (100 cm length, 0.03 inch
inner diameter). A slug flow was achieved by using a Microfluidic Y Connector PEEK
from IDEX Health & Science (Oak Harbor, Washington, USA). The Vortex-Genie 2 used
for batch extractions was purchased from Scientific Industries, Inc (Bohemia, New York,
USA). Metal contaminations were measured with an Inductively Coupled Plasma-Optical
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Emission Spectrometer (ICP-OES) Optima 8000 from Perkin Elmer (Groningen, the Ne-
therlands). The Wallac Wizard2 3” 2480 Automatic Gamma Counter from Perkin Elmer
(Groningen, The Netherlands) was used for gamma-radiation measurements.

2.2.2. Experimental Methods

Batch Extraction

To optimize the Ga-68 extraction, aqueous solution concentrations ranging from 1-5 M
natzn(NOs), in 0.01-1M HNO3 were tested according to reported target concentrations
in the literature [1, 2, 17, 22]. 10-15 kBq of Ga-68 from a Ge-68/Ga-68 generator was
added to each aqueous solution to trace Ga extraction and 3-5 kBq Zn-69m was added to
trace Zn-coextraction. BPHA was chosen as the extractant due to its capability to extract
Ga®* from highly acidic media and known kinetics of the Ga-BPHA complex [31-33]. The
organic solution used consisted of 0.2 M BPHA in chloroform. Additionally, dithizone
was selected as an extractant to selectively extract Cu contaminations from the target
solution. Conventional batch extraction experiments were executed in Eppendorf vials
with a 1:1 volumetric ratio of aqueous and organic phase with volumes of 0.5 mL each.
The Eppendorf vials were shaken with the Vortex for 10 minutes or 1 minute with BPHA
or dithizone, respectively, to ensure extraction equilibrium was reached. Afterwards, the
organic phase was separated by pipetting. The Ga-68 and Zn-69m radioactivity in the
aqueous solution before extraction (Astart) and organic phase after extraction (Agrganic)
was measured with the Wallac Wizard2 3” 2480 Automatic Gamma Counter and cor-
rected for decay. The extraction efficiencies (EE%) were calculated according to:

Aorganic

EE% = *100% (2.1)

start
To evaluate back-extraction of Ga-68 from the organic phase into an aqueous phase, dif-
ferent concentrations of 0.1 M to 6 M HCl were added to the organic phase, again with
a 1:1 volumetric ratio. The Ga-68 activity of the HCI solutions was measured separately
after back-extraction (Agc)) and back-extraction efficiencies (BEE%) were calculated ac-
cording to:

A
NG 100% 2.2)

organic

EE% =

Each extraction experiment was executed in triplicate and errors are given as one stan-
dard deviation of the mean. Since Fe, Cu, Ni, Co and Mn are often found as non-isotopic
impurities after cyclotron irradiation of [68Zn]Zn(NO3), solutions [3] their co-extrac-
tion in the developed extraction system was investigated, following the same procedure.
Therefore, 0.1 mM non-radioactive Fe(IlI), Cu, Ni, Co and Mn were added to the zinc
solution. Their co-extraction was measure by ICP-OES.
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Microfluidic Solvent Extraction

To achieve complete phase separation after the extraction, a membrane-based separa-
tion device (Zaiput Membrane Separator [34]) was used. Solvent extraction was exe-
cuted in microfluidic PTFE tubing of 100 cm length and an inner diameter of 0.03 inch.
The tubing was connected to two syringes, containing the aqueous and organic solu-
tions (Fig 2.2). A constant flow of the aqueous and organic solutions was achieved using
syringe pumps and a slug flow was created with a microfluidic Y-connector, to increase
the surface-to-volume ratio of the aqueous and organic solution, maximizing extrac-
tion. All microfluidic solvent extraction experiments were performed at a 1:1 volumetric
ratio with a flow rate of 40 pL/min. The radioactivity of Ga-68 was again measured with
the Wallac Wizard2 3” 2480 Automatic Gamma Counter in the aqueous (Aaqueous) and
organic solution (Aorganic) after the extraction. Extraction efficiencies (EE%) were calcu-

lated according to:
Aorganic

EE% = *100% 2.3)

Aorganic + Aaqueous
Additionally, back-extraction was investigated in the microfluidic set-up with 2 and 6 M
HCl and varying flow rates from 50 — 150 uL/min. Back-extraction efficiency (BEE%) was
calculated according to:

_ Agcl
BEE% = * 100% (2.4)
Aorganic + AHCI)

with Apc = Ga-68 activity in the aqueous HCl solution after back-extraction and Agrganic
= Ga-68 activity in the organic solution after back-extraction. Solutions used for back-
extraction were collected to determine Zn, Cu, Ni, Co, Fe and Mn contamination by ICP-
OES. All experiments were executed in triplicate and errors are given as standard devia-
tions of the mean. All measured activities were corrected for decay.

Cyclotron Targetry and Irradiation

Three irradiations on 2 M "3Zn(NO3), - 6 H,O solutions in 0.01 M HNO3 were executed
on TRIUMF’s TR13 cyclotron, a 13 MeV self-shielded, negative hydrogen ion cyclotron.
This target concentration was selected due to its common use in literature [2, 3, 16-18]
as well as extraction performance. The target solutions were irradiated in a siphon-style
niobium body target with an internal expansion chamber as described by Hoehr et al.
[35] and Lowis et al. [36]. The target chamber has a volume of 1.48 mL and is separated
from the cyclotron vacuum by a double foil window with a water-cooling jacket on the
back and a helium jet cooling on the front site of the target. Due to the two foils (25 ym
thick aluminium foil outside of target and 38 um HAVAR® foil inside of target) the proton
beam gets degraded to 12 MeV. Before the start of the irradiation the internal expansion
chamber was pressurized to 200 psi. A 10 pA beam of protons was applied for 30 minutes
(n = 3). After irradiation and unloading, 5 mL of radioactive solution were obtained. 2.5
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Figure 2.2: Microfluidic solvent extraction set-up using a Zaiput Sep-10 membrane separator. The droplet flow
is created by fluidic y-connector.

mL were loaded into a syringe and microfluidic extractions were executed as described
above with a flow rate of 40 uL/min. The extraction efficiency of Ga-68 was calculated
according to Eq. 2.4 by using the 1077.34 keV identification peak.

2.3. Results

2.3.1. Batch extraction

Batch extraction of different concentrations of target solutions, ranging from 1 - 5 M
Zn(NOs), in 0.01 — 1 M HNOs, were performed to investigate optimal target concen-
trations to achieve highest extraction efficiencies for Ga-68. 5 M Zn(NOs), solutions all
showed maximum extraction efficiencies of over 99.3 %. However, a trend of decreasing
extraction efficiencies can be observed with increasing HNO3 concentrations for lower
Zn(NOs), concentrations (Fig. 2.3a). Extraction efficiencies in the solutions containing
1 M Zn(NOs); range from 99.5 % + 1.2 % to 55.5 % + 0.6 % in 0.01 M and 1 M HNOs,
respectively. Increasing the contact time to up to 60 minutes did not increase extrac-
tion efficiencies (Fig. 2.3b), indicating that the results in Fig. 2.3a represent equilibrium.
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Table 2.1: Extraction efficiencies for different metals using BPHA (5 min contact time) and dithizone (1 min
contact time) from 2 M Zn(NO3), in 0.01 M HNOj3. Fe(III), Cu, Mn, Co and Ni ions were added to the Zn(NO3)»
solution at concentrations of 0.1 mM. Uncertainty is given as the standard deviation of the mean (n=3).

BPHA Dithizone
7n [%] 0.09 + 0.06 0.31+0.19
Ga [%] 99.6 +0.3 0.03 £ 0.02
Fe [%] 99.45 + 0.03 9.3+3.0
Cu [%] 99.3+0.4 99.91 +0.06

Mn [%] 0.8+0.3 3.3+2.3
Co [%] 41+16 51+1.5
Ni [%] 19+1.2 73+1.9

Therefore, lower HNO3 concentrations of 0.01 M HNOj3 are beneficial to achieve high-
est possible extraction efficiencies of over 99 % for all studied Zn(NOj3), concentrations.
Zinc co-extraction was measured to be 0.09 % + 0.06 % from a 2 M Zn(NO3), solution in
0.01 M HNOs. Back-extraction efficiencies of 94.5 % + 0.6 % could be achieved within 1
minute by using 2 M HCI as back-extracting agent. Higher HCI concentrations achieve
similar results, while lower HCI concentrations lead to decreasing back-extraction effi-
ciencies (Fig. 2.3c). Increasing the contact time for longer than 1 minute does not in-
crease the back-extraction efficiency (Fig. 2.3d) indicating equilibrium could be reached
within such a short time.

Co-extraction of other metal impurities

Co-extraction of non-isotopic metal impurities from a 2 M natzy (NOj3), solution in 0.01
M HNOj; into BPHA and dithizone was investigated in batch (Tab. 1). Cu and Fe are co-
extracted by BPHA with 99.3 + 0.4 % and 99.45 + 0.03 % efficiency, respectively, using a
contact time of 5 min. Mn, Co and Ni are not extracted in significant amounts by BPHA
(< 5%). Using 10 mM dithizone in chloroform, Cu impurities could be extracted from
the target solution within 1 min of vortexing with an efficiency of 99.91 % + 0.06 % with-
out co-extracting Ga-68, giving the opportunity to extract ! Cu which is simultaneously
produced by proton irradiation of ®Zn [37, 38]. All other tested impurities showed very
little to no extraction using dithizone (< 10 %).

Metal contamination in final solutions

Metal contamination in the back-extracted 2 M and 6 M HCI solutions after batch ex-
traction from 2 M "Zn(NO3), in 0.01 M HNO3 was measured by ICP-OES (Fig 2.4). All
measured metal contaminations, including Cu, Ni, Co, Fe, Mn were below 0.5 ppm with
Mn being below the detection limit (<10 ppb).
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Figure 2.3: a) Extraction efficiencies for batch extraction of Ga-68 from various Zn(NO3)2 solutions in HNO3
for a contact time of 10 minutes. b) Extraction efficiencies over time for batch extraction of Ga-68 from 1 M
Zn(NO3)2 in 0.01 and 1 M HNOs. c) Back-extraction efficiencies for batch extraction of Ga-68 into different HCI
concentrations within. 1 minute contact time. d) Back-extraction efficiencies over time for back-extraction of
Ga-68 into 2 M HCL. Error bars represent the standard deviation of the mean.
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2.3.2. Microfluidic extraction

Microfluidic extraction experiments were performed with varying Zn(NO3), and HNO3
concentrations (Fig. 2.5). The results show a decreasing extraction efficiency with in-
creasing Zn(NOs), concentrations (Fig. 2.5a). While 1 M Zn(NO3), resulted in an effi-
ciency of 99.2% + 0.3%, the 4 M Zn(NO3), solution only showed an efficiency of 88.2%
+ 6.9% when the same flow rate of 40 uL/min was applied. Increasing the HNO3 con-
centration significantly impacted the extraction efficiency (Fig. 2.5b), decreasing it, for
instance, for 2 M Zn(NOs3), from 97.9 % + 0.6 % in 0.01 M HNOs3 to 41.2 % + 4.5 % and
9.5% +1.8%in 0.1 M and 1 M HNO3, respectively. Back-extraction exhibits a significant
difference when comparing 2 M and 6 M HCI as back-extraction solutions. While 6 M
HCI consistently showed efficiencies exceeding 94 % for varying flow rates between 50
and 150 pL/min, 2 M HCl achieved only 60.5 % + 2.0 % decreasing to 31.5 % + 1.8 %, for
50 and 150 pL/min, respectively (Fig. 2.5¢). Zn contaminations did not exceed 3 ppm for
all tested target solutions concentrations (Fig 2.5d), conforming to IAEA TecDoc stan-
dards [38]. To estimate the contamination according to the European Pharmacopoeia
[37], where a maximum of 10 pg/GBq is allowed, the results were compared to a produc-
tion of Ga-68 from enriched Zn-68 by Alves et al. [17]. They irradiated a 2.2 M Zn(NO3)»
solution, which resulted in an Ga-68 activity of 25 GBq at EOB. Taking 2 hour of decay
into consideration for processing of the target solution and production of radiopharma-
ceuticals, while considering a Zn contamination of 3 ppm after the presented separation
methods, the resulting contamination would equal to 2.5 ug/GBq. While this is just a
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Figure 2.5: a) Extraction efficiencies for microfluidic extraction of Ga-68 from various Zn(NO3); solutions in
0.01 M HNOs3. The flow rate was 40 uL/min for both solutions. b) Extraction efficiencies for microfluidic
extraction of Ga-68 from 2 M Zn(NO3)> solutions with varying HNO3 concentrations. The flow rate was 40
pL/min. c) Back-extraction efficiencies for microfluidic back-extraction of Ga-68 into 2 and 6 M HCI with
varying flow rates. d) Zn contamination in final HCl solutions after back-extraction. Error bars represent the
standard deviation of the mean (n=3).

approximation and results highly depend on irradiation parameters and target concen-
trations [2], the results look promising to fulfill the European Pharmacopoeia standards
[37]. Additionally, a microfluidic extraction was performed on a cyclotron irradiated 2 M
Zn(NOs3), solution in 0.01 M HNOg as described in 2.3.2. Extraction efficiencies 0f 97.0 %
+ 0.4 % (n=3) were obtained and are within uncertainty identical to the results observed
with low activity solutions of 97.9 % + 0.6 %. However, it was observed that the mem-
branes used in these experiments were sensitive to radiolysis and started to break down
after being in contact with a target solution containing between 500-600 MBq of Ga-68
for more than 20 minutes.
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2.4. Discussion

2.4.1. Extraction behavior

During cyclotron irradiation of liquid targets high amounts of gases can be produced,
leading to a drastic pressure increase inside the target body. Adding HNOs to Zn target
solutions can reduce the pressure build up by scavenging free radicals. Several differ-
ent HNO3 target solution concentrations have been used successfully in the literature
[2]. Therefore, multiple HNO3 concentrations (0.01 - 1 M) in the target solutions were
studied. These target solutions have a pH between -1.3 and 1.7, which is generally not
preferred for solvent extraction purposes. Most conventional extractants only efficiently
extract ions at higher pH ( > pH 2) [39-44] or from highly acidic chloride solutions that
will lead to the formation of chloride species [45-48]. However, in the solutions tested
in this study, the dominant species is Ga** with minor amounts of Ga(OH)?* (calculated
with CHEAQS Next software [49]). Therefore, most commercial extractants are not appli-
cable. BPHA on the other hand has the ability to bind to Ga®* and Ga(OH)?* according
to reactions in equations 2.5 and 2.6 (adapted from [33] with L representing the ligand
BPHA and M the metal Ga), making it a suitable extractant for extracting Ga-68 from
Zn(NO3), liquid targets.

HL+M* — MHL* (2.5)

HL+ MOH* - ML* + H,O (2.6)

In the presented experiments, a clear effect of the amount of H* ions in the solu-
tion can be observed, indicating that lower acid concentration in the target solution
(0.01-0.1 M HNOs3) are generally preferable to achieve the highest equilibrium extrac-
tion efficiency in the shortest contact time. Intramolecular hydrogen bonding was pro-
posed as a reason for this reduction in extraction efficiencies [33]. However, increas-
ing the Zn(NO3), concentrations in the target solutions leads to an increase in Ga-68
extraction efficiency even when higher acid concentrations are used, probably due to
the ‘salting-out effect’. This effect describes the positive effect of salt concentration on
the partition coefficient and the separation factor of the extractant during the extraction
process, consequently improving the extraction efficiency of Ga-68. The high effective-
ness of Zn(NO3s), as a salting-out agent in solvent extraction has been described before
[50]. It could also be observed that higher levels of radioactivity, and the corresponding
increase in radiolysis of the target solution after cyclotron irradiation, did not affect the
extraction. Most likely the BPHA has sufficient radiation resistance to withstand break-
down during the short contact time, enabling Ga-68 extraction with the same efficiency
as at low levels of radioactivity. The membrane on the other hand, seemed to be affected
by the radiation dose and the corresponding radiolysis resulting in the formation of rad-
icals in the target solution as well as the chloroform solution (SEM images of irradiated
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membranes are included in the Supplements). Therefore, future research about the radi-
ation stability of the membrane is necessary in order to ensure a continuous separation
of radioactive nuclides.

Zhuravlev et al. [30] reported a maximum of 89.6 % EE in batch, and 80 % EE in
membrane separator experiments from a 1 M Zn(NOs) in 0.01 M HNO3. They used a
comparable set-up for the phase separation utilizing slug flow in a 100 cm long tubing
with 0.03 inch inner diameter connected to the Zaiput membrane separator for subse-
quent phase separation, but the flowrates used in their study where approximately 6
times faster at 250 pL/min. An additional mixing step was also included in their set-up
with simultaneous heating of the solution to 50 °C. In comparison, the results from our
study show maximum EEs as high as 99.9 % in batch, and 99.2 % * 0.3 % in membrane
separator experiments for the same zinc nitrate solution at room temperature without
additional mixing, but with a slower flowrate of 40 pL/min. Finally, the measured zinc
concentration in the back-extracted solutions in our study was below 3 ppm, while Zhu-
ravlev et al. [30] reported 11 ppm in their study, which exceeds regulations of maximum
10 ppm, posed by the International Atomic Energy Agency TecDoc Quality Control on
the Production of Radiopharmaceuticals [38]. Our results present a robust, highly effi-
cient strategy for the rapid extraction of Ga-68 from cyclotron-irradiated Zn(NO3s), liquid
target solutions, based on an commercially available chelator allowing for quick imple-
mentation in Ga-68-producing cyclotron facilities.

2.4.2. Applicability in clinical setting

The developed method could increase the production of Ga-68 in the future significantly.
The total purification time after cyclotron irradiation can be as fast as 10 minutes if ap-
plied to a module of multiple microfluidic devices, since one device only has a through-
put of 40 pL./min it would take significantly longer otherwise. This method can increase
the amount of extracted Ga-68 by almost 25 % compared to other purification methods,
for the same irradiation time while potentially allowing for direct target recycling and
re-irradiation. With just a single irradiation, produced activities could be 10-fold higher
compared to an elution of the best currently available Ge-68/Ga-68 generator. The recy-
clability of the target solution after the extraction could lead to more irradiations per day,
potentially increasing Ga-68 production tremendously. However, before this method can
be readily used in clinical settings, some issues have to be overcome. Since the radioly-
sis in the target solution after irradiation leads to damage in the membrane used for the
separation, and to the best of our knowledge no membrane for this specific set-up exists
that might have higher radiation stability, further development should focus on a differ-
ent microfluidic set-up without a radiation-sensitive membrane or on the improvement
of the stability of the membranes.
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2.5. Conclusion

A new two-step microfluidic extraction method for the efficient extraction of Ga-68 from
liquid target solutions was developed. By using BPHA in chloroform as the extracting
phase, extraction efficiencies of over 99 % and back-extraction efficiencies of up to 95 %
could be achieved, leading to a total Ga-68 recovery of up to 94 % within 5-15 minutes.
Best results were achieved when 0.01 M HNOj3 was used as the target solution, while only
co-extracting 0.09 % + 0.06 % Zn. This method presents a very promising new approach
to selectively extract Ga-68 from [68Zn]Zn(NO3), liquid targets, which significantly de-
creases the time required for Ga-68 extraction, and subsequently increasing production
yield, while potentially allowing for direct target recycling.
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Supplementory Information

A membrane used in the present study (hydrophobic PTFE membranes with a poresize
of 0.45 um) was irradiated in Co-60 chamber with a total dose of 1 MGy, while submerged
in water. Afterwards, the membrane was imaged with a SEM JSM-IT100. It was observed
that the PTFE-based membrane becomes brittle during irradiation . Subsequently, the
fibers of the membrane can break, as can be seen in Fig 2.6. This will ultimately lead
to a failure of the membrane, making the membranes unsuitable for highly radioactive

substances.
irradiated with 1 MGy not irradiated

% :\‘ V
\ ‘5,

SED 10.0kVWD11mmP.C.40 HV  x3,500
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Figure 2.6: SEM images of irradiated (left) and non-irradiated membrane (right). The radiation dose by Co-60
was 1 MGy. This caused the PTFE of the membranes to become brittle, resulting in the breakage of the fibers
as can be seen in the left images, ultimately leading to a failure of the membrane.
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Microfluidic solvent extraction of
Curadionuclides from Zn

Several Cu isotopes can be used in nuclear medicine, such as Cu-61, Cu-64 and Cu-67.
Production of these isotopes is mostly done by irradiation of Zn targets in both nuclear
reactors and accelerators. Given the generally short half-lives and high activities associ-
ated with radionuclide production, fast, automatable separation strategies are warranted.
While current separation methods are mainly based ion exchange chromatography, this
chapter studies the solvent extraction of Cu-64 from Zn(NO3), in dilute HNOj3 solutions
and explores the use of a commercial YY-junction glass microfluidic chip. Several extract-
ing agents were compared for their efficiency and selectivity to extract Cu. In conventional
batch extraction, using dithizone as the extracting agent, efficiencies of up to 97% + 3%
for Cu were achieved within 1 minute of contact time. Microfluidic solvent extraction
achieved up to 62 % within a contact time of 15 seconds. However, perfect separation
could not be achieved with the applied commercial glass microfluidic chip.

Parts of this chapter have been published in: Trapp S, Lammers T, Paulssen E, de Kruijf R. Rapid, automated
radionuclide separation with high yield—towards microfluidic solvent extraction for Cu-61,64,67 production.
In: European research reactor conference 2023 proceedings. Antwerp; 2023. p. 177-84
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3.1. Introduction

Nuclear medicine is seeing a large increase in the development of novel radiopharma-
ceuticals, following the success of, amongst other, 1"/ Lu-based therapeutic agents for the
treatment of a variety of metastasized tumours including neuroendocrine and prostate
cancer [1, 2]. Many new beta- and gamma-emitters are currently being investigated as
candidates for the development of novel radiotheranostics. So-called ‘matched pairs’
of radioisotopes, which consist of diagnostic as well as therapeutic radionuclides of the
same element, provide an attractive alternative to currently used radioisotopes. Cu ra-
dioisotopes represent one of these emerging matched pairs of radionuclides, with two
positron-emitting diagnostic isotopes, Cu-61 and Cu-64, and the therapeutic Cu-67. Of
these, Cu-64 (t1/2=12.7 h) is already well-established in the clinic [3], and the shorter
half-life of Cu-61 (t1,2=3.33 h) makes it a suitable substitute to Ga-68 [4]. The thera-
peutic Cu-67 is a beta-emitter with a 2.6 day half-life, and although its low availability
has limited research into Cu-67 based therapeutic agents in the past, recent commer-
cial availability is expected to lead to rapid development of new Cu-67-based radiophar-
maceuticals [5]. Possible production pathways for high specific activity Cu-64 include
neutron irradiation of enriched Zn-64 targets or charged particle irradiation of enriched
Zn or Ni targets [6], including both solid and liquid target approaches. Cu-61 can be
produced from enriched Zn, Co or Ni targets following cyclotron irradiation [4]. Finally,
Cu-67 can be produced in a nuclear reactor using enriched Zn-67 targets, from enriched
Zn or Ni targets using charged particle induced reactions or following photonuclear ac-
tivation of enriched Zn-68 targets [7]. Commonly, the produced Cu radionuclide is then
purified from the bulk target material using a series of ion exchange resins, although ap-
proaches using solvent extraction or sublimation-based separation [8] have also been
reported [6, 7, 9]. However, these approaches suffer from several drawbacks, including
relatively long processing times (> 1h to > 1 day [8]) and inherent difficulties concerning
automation of the extraction procedures in hot cells. Given the relatively short half-lives
of the Cu isotopes of interest, fast separation strategies are required to prevent unnec-
essary loss of activity. In this study, a fast separation technique was developed based on
liquid-liquid extraction, which is capable of selective isolation of Cu from bulk Zn target
materials.

3.2. Methods and Materials

Zinc nitrate hexahydrate (Zn(NOs3)2-6H20) and copper nitrate (Cu(NOj3),-6H20) were
purchased from ACROS ORGANICS (VWR, Amsterdam, the Netherlands). Nitric acid
(HNO3), hydrochloric acid (HCI), chloroform, acetylacetone (AA), tri-n-butyl phosphate
(TBP) and salicylaldoxime (SA) were purchased from Sigma Aldrich (Merck Sigma, Zwi-
jndrecht, the Netherlands). Dithizone, thenoyltrifluoroacetone (TTFA) and di-(2-ethyl-
hexyl)phosphoric acid (D2EHPA) were purchased from VWR International BV (Amster-
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AN

Figure 3.1: Microfluidic setup used for the experiments. a) A aqueous syringe pump, B organic syringe pump,
C aqueous syringe, D: organic syringe, E microscope, F microfluidic device, G collection vials. b) A aqueous
inlet, B organic inlet, C aqueous outlet, D organic outlet, E microfluidic chip, F aluminium hull.

dam, the Netherlands). LIX984N was generously supplied by BASF (Ludwigshafen, Ger-
many).

Batch experiments were executed by adding equal amounts of aqueous and organic
phases to Eppendorf vials, vortexing the solution (Vortex Genie 2 from Scientific Indus-
tries) and separating the two phases afterwards by pipetting. Unless stated otherwise,
these experiments have been carried out with a 1 M HNOs solution containing 1 M
Zn(NOs)2 and 0.1 M Cu(NO3),, and an organic solution containing 0.2 M chelating agent
in chloroform. Microfluidic experiments were performed by connecting two syringes
containing the aqueous and organic solution, respectively, to the microfluidic chip via
PEEK tubing (0.5 mm o.d. 0.26 mm i.d.) (see Fig. 3.1 for set-up). The microfluidic glass
chip was purchased from the Institute of Microchemical Technologies Co. (IMT), and
contained a YY junction microchannel, with 46 ym x 160 um x 12 cm dimensions, a 6
pm guide, and a Y splitter (ICC-DY15G) on a chip holder (ICH-01K). Programmable sy-
ringe pumps (AL-1000 from World Precision Instruments Inc.) were used to deliver the
solutions from the syringes to the microfluidic chip with a constant flow. An inverted mi-
croscope at 250 times magnification was employed for observing the flow behaviour of
solutions in the microchannel. 13 mm syringe filters with 0.2 um PTFE membrane (VWR
International BV, Amsterdam, the Netherlands) were used to filter the solutions before
introducing them to the microchannel to avoid clogging. In microfluidic experiments,
the aqueous flow rate was fixed to 10 yL/min and only the organic flow rate was varied
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to assess the effect of the (aqueous) residence time on the extraction behaviour. The
aqueous phase consisted of a 1 M HNOj3 solution containing 3.9 M Zn(NO3), and 1 mM
Cu(NOs3)2 and the organic phase was 10 mM dithizone in chloroform or pure LIX984N.
Metal concentrations in the initial and final solutions for batch and microfluidic experi-
ments were measured with an ICP-OES Optima 8000 from Perkin Elmer (Groningen, The
Netherlands). The extraction efficiencies (EE(%)) of Cu shown in study were calculated
according to:

[Culag,initial — [Cu]
EE(%) = aq,initial aq,final

* 100% (3.1)
[Culag,initial

where [Culaginitial and [Culag final represent the concentration of Cu ions in the initial
aqueous HNOs solution, and the aqueous solution after solvent extraction, respectively.
All experiments were performed in triplicate, and reported errors represent one standard
deviation of the mean.

3.3. Results and discussion

3.3.1. Batch extractions

First, seven different extraction agents were screened on their suitability for the selective
extraction of Cu from Zn solutions (Fig. 3.2). Unless stated otherwise, these experiments
have been carried out with a 1 M Zn(NOs3),, 0.1 M Cu(NOj3), solution in different dilute
HNO3 concentrations and 0.2 M chelating agent in the organic solution. Large differ-
ences were observed in the ability of the different extraction agents to extract Cu, with
the chelators AA, D2EHPA and TBP failing to extract Cu at all pH levels. On the other
hand, dithizone, LIX984N, SA and TTFA did extract Cu, with dithizone extracting up to
97 + 3 % at pH 0. Three of the chelators, LIX984N, SA and TTFA showed an increasing
Cu EE(%) for increasing pH. This can be explained by the abundance of H* ions in the
solutions, hindering the complex formation of Cu with the extracting agents at decreas-
ing pHs and subsequently lead to lower EE(%). This phenomenon has been typically
observed in the literature [10-12].

Dithizone on the other hand displayed a decreasing Cu EE(%) with increasing pH
(Fig. 3.2). Increasing Zn co-extraction with increasing pH for dithizone extractions might
explain the decrease of EE(%) for Cu, however, due to large uncertainties in the results of
the Zn co-extraction, no clear conclusions can be drawn. These occurred due to the fact
that highly concentrated solutions were measured by ICP-OES, which necessitate strong
dilution, inevitably leading to high uncertainties, and could be mitigated in future work
using radiotracers. Generally, relatively low Zn co-extraction was observed for all extrac-
tion agents except for SA (Fig. 3.2). After assessing the feasibility of the different ex-
tracting agents for the selective extraction of Cu from Zn target solutions, dithizone and
LIX984N were selected as the most promising candidates. Next, the concentrations of
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Figure 3.2: EE % of non-radioactive Cu (top) and Zn (bottom) for various chelating agents and pH values with
1 min vortexing time. All extractions were carried out with a 1 M HNO3 solution containing 1 M Zn(NO3)2
and 0.1 M Cu(NO3)2, and 0.2 M chelating agent in chloroform as organic phase, except for dithizone and SA.
These were carried out with an aqueous solution containing 0.1 M Zn(NO3)2 and 0.01 M Cu(NO3)2, and 0.02 M

chelating agent in chloroform as the organic phase. Reported uncertainties represent one standard deviation
of the mean (n=3).

the selected extracting agents were optimized, as shown in Figs. 3.3 and 3.4 for dithizone
and LIX984N, respectively. In the subsequent experiments, the Zn(NO3), concentration
in the aqueous solutions was increased to 3.9 M to better represent possible future tar-
get solutions [4]. It can be concluded that increasing the concentration of the extracting
agent has a significant impact on the effectiveness of the extractions, where higher con-
centrations lead to higher EE(%) for both extracting agents. An EE(%) 0f90.3 + 1.1 % was
achieved for Cu extraction using 10 mM dithizone and 1 min vortexing time. Further
increasing the dithizone concentration did not significantly increase the EE(%). Highest
EE(%) for LIX984N were observed when left undiluted (160 mM), achieving a maximum
0f93.4 £ 0.5 % within 1 min of vortexing time. These concentrations were therefore used
in the following microfluidic experiments.
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Figure 3.3: EE(%) of Cu and Zn for various dithizone concentrations and 1 min vortexing time. All extractions

were carried out with a 1 M HNO3 solution containing 3.9 M Zn(NO3)2 and 1 mM Cu(NO3); and. Dithizone
was dissolved in chloroform. Reported uncertainties represent one standard deviation of the mean (n=3).
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Figure 3.4: EE(%) of Cu and Zn for various LIX984N concentrations and 1 min vortexing time. All extractions
were carried out with a 1 M HNOj3 solution containing 3.9 M Zn(NO3)2 and 1 mM Cu(NO3)2. LIX984N was di-

luted with chloroform. 160 mM corresponds to pure LIX984N. Reported uncertainties represent one standard
deviation of the mean (n=3).
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Figure 3.5: BEE(%) of Cu-64 at trace levels and 1 uM Cu into differnt HCI concentrations with 10 min vortex
time. Reported uncertainties represent one standard deviation of the mean (n=3).

3.3.2. Microfluidic extractions

After establishing optimal extraction conditions in the batch approach, microfluidic ex-
tractions were performed in a YY-junction microfluidic chip. First, a stable, stratified
flow had to be established. As reported in the literature [13], this YY-junction chip con-
sistently fails to achieve a perfect phase separation. Depending on the flow rate ratios ei-
ther aqueous, organic, or even simultaneous leakage was observed, as shown in Fig. 3.6
for both dithizone and LIX984N. The flow rates used were 9.1, 4.6, 2.3 and 1.5 yL/min,
which corresponds to residence times of 2.5, 5.0, 10 and 15 s, respectively. To minimize
the leakage, the ratio of organic vs aqueous flow rates was 5.2:1 for dithizone, and 1.7:1
for LIX984N due to its higher viscosity (see Fig. 3.7 for aqueous leakage in microfluidic

chip).
B Aqueous leakage
a) 3 Simultaneous leakage
mm Organic leakage
5.0 5.1 5.2 5.3 54 5.5 5.6 5.7 5.8 5.9 6.0

Hmm Aqueous leakage
1 Simultaneous leakage

= No stable flow
——
1.5 2.0 2.5 3.0 3.5 4.0 4.5
Qo /Dy

Figure 3.6: Outlet stability at the outlet Y-junction of the microfluidic chip with stratified flow. Aqueous phase
is a 1 M HNO3 solution containing 3.9 M Zn(NO3)2 and 1 mM Cu(NO3)2 and the organic phase is a) 10 mM
dithizone in chloroform and b) pure LIX984N. Flow rate of the aqueous phase was set at 10 yL/min. The axis
shows the flow rate ratio, which is the organic flow rate ®q divided by the aqueous flow rate ®,.




50 3. Microfluidic solvent extraction of Cu radionuclides from Zn

Figure 3.7: Aqueous leakage at the outlet of the microfluidic chip. Top phase is the organic phase bottom phase
is the aqueous solution.

Both LIX984N and dithizone only achieved between 40 - 50 % EE (%) within the longest
possible contact time of 15 seconds. Additionally, because these parallel flow microflu-
idic chips are currently not able to achieve perfect phase separation [13], the results pre-
sented in Fig. 3.8 should be regarded as a proof-of-principle, for final application further
chip optimization will be required. Furthermore, while it might be implicitly assumed
that the Cu concentration in the aqueous phase is uniform, this is not expected to be the
case in these microfluidic chips. Solvent extraction in laminar flow leads to a concentra-
tion gradient within the aqueous phase due to the extraction at the interface. Therefore,
it is expected that the Cu concentration in the aqueous phase is lowest at the interface.
This means that under the presented operating conditions, with minimal aqueous leak-
age, the aqueous part with the lowest Cu concentration is leaking. Since only the aque-

100
B L x984N
[ Dithizone
80 -
60 -

Extraction Efficiency [%]

40
20 -
o . .
25 5 75 10 12.5 15
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Figure 3.8: EE(%) of Cu in the microfluidic device for dithizone and LIX984N. The aqueous phase isa 1 M HNO3
solution containing 3.9 M Zn(NO3)2 and 1 mM Cu(NO3)2, and the organic phase is pure LIX984N (grey) or 10
mM dithizone in chloroform (blue). Reported uncertainties represent one standard deviation of the mean
(n=3).
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ous phase is analyzed, the results might slightly underestimate the real EE(%). This un-
derestimation of the EE(%) is expected to be more pronounced for extractions with the
LIX984N solution in flow, as there was a slight aqueous flow observed surrounding the
organic solution, thus increasing the amount of aqueous leakage in the organic outlet
channel. This can be explained by the fact that LIX984N works as a surfactant, changing
the contact angle between the aqueous and organic solution, leaving the aqueous solu-
tion preferred in contact to the glass. Furthermore, a much lower EE(%) of Cu was found
using the microfluidic chips, plateauing out at approximately 40 % (Fig. 3.8), compared
to the batch experiments (with EE(%) up to 90 + 5 %). Longer contact times would be
needed to further increase the EE(%) in flow, which the microfluidic setup in this study
did not allow for. A different type of microfluidic chip that allows for longer contact times
and perfect phase separation, preventing both aqueous and organic leakage, would need
to be developed to fully characterize this system and allowing for its implementation for
radionuclide separation.

3.4. Conclusion

The presented study focused on the development of a solvent extraction system to sep-
arate Cu from Zn targets, suitable for automation the separation using microfluidic sol-
vent extraction. Extraction efficiencies up to 97 + 3 % and 90 + 5 % for dithizone and
LIX984N, respectively, were found within 1 min contact time in batch experiments. While
dithizone and LIX984N were both still able to extract Cu from Zn solutions in flow, ob-
served EE(%) were significantly lower than the batch extractions, only reaching around
45%. Longer contact times are needed to increase the EE(%) in flow. Unfortunately, the
experimental setup did not allow for further optimization of the EE(%), as the chip ge-
ometry could not achieve longer contact times. However, the batch experiments leave
us confident that EE(%) exceeding 90% can be obtained with longer microfluidic chips.
Future work, therefore, includes optimizing the chip geometry such that longer contact
times and a perfect phase separation can be realized. Overall, this study presents very
promising first steps, that when optimized will pose an interesting alternative to tradi-
tional column separation, allowing for a continuous radionuclide production.
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With the rise of polydimethylsiloxane (PDMS) microfluidic chips, solvent extraction pro-
cesses can take place in a simple and reproducible chip platform continuously and au-
tomatically. Furthermore, the microfluidic chips can be coated with metal-oxide nano-
layers, increasing their resistance against the employed organic solvents. Such chips were
fabricated and demonstrated a parallel flow at a considerably large range of flow rates
using the aqueous and organic solutions commonly used in medical radionuclide ex-
traction. In the following case study for the separation of Ac-225 from radium with the
chelator di(2-ethylhexyl)phosphoric acid (D2EHPA), a remarkable extraction efficiency of
97.1 % + 1.5 % was reached within 1.8 seconds of contact time, while maintaining a near
perfect phase separation of the aqueous and organic solutions. This method will enable
the automation of solvent extraction and faster target recycling, and serves, therefore, as a
proof-of-concept for the applicability of microfluidic chip solvent extraction of (medical)
radionuclides.

Parts of this chapter have been published in: Trapp, S., Santoso, A., Hounat, Y., Paulssen, E., van Ommen, J.R.,
van Steijn, V., de Kruijff, R., (2024) Solvent extraction of Ac-225 in nano-layer coated, solvent resistant PDMS
microfluidics. Scientific Reports 14, 29988. https://doi.org/10.1038/s41598-024-81177-5
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4.1. Introduction

In nuclear medicine, radionuclides are utilized for imaging and treatment of various dis-
eases [1]. Despite numerous existing potential radionuclides, only a handful reach clini-
cal use, partly due to their limited availability [2, 3]. Increasing the global supply requires
a production system that is not only fast and efficient, but also continuous and automat-
able, incorporating the necessary steps to separate the produced radionuclide from its
initial target material [2, 4]. Solvent extraction, among other methods, offers a simple,
selective, and efficient means of separation [5]. By bringing an aqueous solution that
contains the product radionuclide as well as its target material in contact with an im-
miscible organic solution that contains a chelator, the chelator selectively binds to the
product radionuclide [5, 6]. As a result, the product radionuclide gets extracted into the
organic solution, while the valuable target material stays in the aqueous solution, poten-
tially ready to be recycled. To prepare the product radionuclide for further use, it needs
to be transferred to a fresh aqueous solution, which is possible through a simple second
(back-) extraction step. Microfluidic devices offer precise control over two-phase flows
and their interfaces, enabling the design of a continuous and potentially automatable
extraction system [7-12]. With short diffusion paths, these devices consistently achieve
high extraction efficiencies for many radionuclides [9].

Polydimethylsiloxane (PDMS), among the most used materials for microfluidic de-
vices stands out as it (1) allows rapid prototyping through a simple molding technique
[13], (2) has a high radiation resistance as opposed to commercial membranes used for
radionuclide separation [14], and (3) resists solution with extreme pH used in the (back-)
extraction step for the separation of medical radionuclides [15-17]. Furthermore, PDMS
has also been used in medical industries, easily complying with regulatory demands
[15]. The only downside is that it swells and deforms when it comes in contact with
organic solutions commonly used for extraction [18]. To overcome this issue, direct con-
tact between the organic solution and the PDMS microfluidic chip must be prevented.
Recently, a simple approach was developed to coat the channels of PDMS chips with
metal oxide nano-layers using atomic layer deposition (ALD) [17]. These nano-layers
are grown by alternatingly flowing the two gaseous ALD reactants through the chips, a
metal precursor and an oxidizing agent, with a purge of inert gas in between. The num-
ber of repeats allows high control over the layer thickness and its properties due to the
self-limiting nature of the ALD reactions [19]. This invention now opens the door to de-
velop a PDMS-based microfluidic system for radionuclide solvent extraction.

In this chapter, a PDMS-based microfluidic radionuclide extraction system is pre-
sented, in which the PDMS is rendered inert against the use of organic solutions through
a silicon oxide nano-layer deposited by means of ALD. Besides the nano-layer, a second
important feature of the microfluidic chip is the difference in height between the chan-
nels for the organic phase containing the chelator and the aqueous phase containing the
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Figure 4.1: Tllustration of continuous two-phase liquid-liquid extraction of radionuclides in a PDMS-based
microfluidic chip, with the product radionuclide and its target supplied in the aqueous phase and the chelator
in the organic phase. The silicon oxide nano-layer coated on the walls using atomic layer deposition renders
the wall inert against the organic phase. The difference in height between the side where aqueous phase and
the organic phase flow ensures pinning of the interface, ensuring stable parallel flow. The wavy wall near the
exit pins the interface as well, ensuring perfect phase separation.

product radionuclide and its target material (see Fig. 4.1). The height difference ensures
pinning of the interface [20], securing stable parallel flow, even at the lowest flow rates.
A third important feature is the wavy-wall near the exit, securing that the interface re-
mains pinned, achieving perfect phase separation. As a proof of concept, a case study
was done for the separation of Ac-225 from radium, using di-2-ethylhexylphosphoric
acid (D2EHPA) as the chelator, after initial experiments on the separation of La-140 from
barium as substitutes. Ac-225 is a medical radionuclide, currently researched for tar-
geted alpha therapy, showing very promising clinical results [21-23]. However, so far,
the global supply of Ac-225 is severely limited and does not meet the predicted clini-
cal demand [3]. Therefore, many efforts are made to produce Ac-225 via a plethora of
different production routes [24], including the irradiation of Ra-226 [3, 25-27]. The pre-
sented case study showcases a fast, continuous, and efficient process using microfluidic
solvent extraction, with the potential for establishing an automated purification system
for medical radionuclides.

4.2. Methods and Materials

4.2.1. Microfluidic device

Working principle of the microfluidic device design

Two key requirements for continuous two-phase flow extraction are that the two phases
(1) flow stably side by side through the main channel, without breaking up into slugs,
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and (2) leave the device separately via the two dedicated outlet channels. To accommo-
date these requirements, the geometry often used in solvent extraction was adapted [5],
namely a simple straight channel (500 pym wide and 11.6 mm long in our work) with a
Y-junction for the introduction of the two phases and another Y-junction for their exit.
Two important geometries were added to pin the interface throughout the device: a ver-
tical guiding structure in the form of a step height [20, 28] and a lateral guiding structure
in the form of a wavy wall at the outlet junction (see Fig. 4.1). The position of the step
height in the main channel is determined by the estimated interface position of the two
fluids. Assuming two-dimensional flow and considering continuity of velocity and shear
stress, the interface position is a function of the viscosity ratio and the flow rate ratio
[29-31]. In this study, the viscosities of the fluids used for the radionuclide separations
are of a comparable order of magnitude. Additionally, extraction is done at comparable
flow rates. Therefore, the step height is placed in the middle of the main channel to ac-
count for most of the used operating conditions. The channel for the aqueous phase was
100 um deep, while the channel for the organic phase was 50 um deep. This difference
was based on preliminary experiments, in which it was found that this step height was
enough to guide the two phases without compromising the contact area too much.

Ideally, pinning of the interface near the outlet occurs at the outlet junction point.
In case of unpinning, the wavy wall at the end provides a new pinning point, similar to
the pinning in pillar-based or array-based microfluidic devices [32, 33]. This wavy wall
comprises of half-circles (diameter of 5 um) pattern starting from the outlet junction
point and extends for 1 cm into each outlet channel. The joining points between two
half-circles facilitate the new pinning of the interface, lowering the risk of phase con-
tamination from one side of the channel to the other.

Microfluidic device fabrication

The microfluidic devices were fabricated using soft lithography [34]. In short, a 4-inch
silicon wafer was spin-coated at 2000 rpm for 30 seconds with a negative photoresist
(SU8-2050, Kayaku Advanced Materials, Inc.) and soft-baked at 100°C for 15 minutes.
The thickness of this first layer of photoresist was 50 um as determined by a profilometer
(DektakXT 2, Bruker, Billerica, US). Instead of transferring the two-dimensional channel
design to the coated wafer by exposing it through a patterned mask as commonly done
in soft lithography, the design made in AutoCAD 2023 (Autodesk) was directly written on
the coated wafer with a tabletop LaserWriter (umLA, Heidelberg Instruments, Germany;
raster scan with 1 pm laser beam at 365 nm), using an exposure dose of 300 mJ/cm?.
The patterned wafer was then post-exposure-baked at 100°C for 5 minutes. To obtain
the step height, a second 50 pum thick layer of SU8-2050 photoresist was spin-coated on
top of the post-exposure-baked wafer. After aligning the design of the second layer to
the design of the first layer using the embedded inspection camera of the LaserWriter,
the second layer was written. The wafer was then post-exposure-baked at 100°C for
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5 minutes. After this second post-exposure-bake, the fully patterned wafer was devel-
oped using propylene glycol monomethyl ether acetate (Sigma-Aldrich, 99.5 %), washed
with isopropyl alcohol (Sigma-Aldrich, 70 %), and hard-baked at 200°C for 20 minutes.
Before its first use, the patterned wafer was silanized by exposing it to 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (Sigma-Aldrich, 95 %) vapour in a vacuum desiccator for
one hour to prevent polydimethylsiloxane (PDMS) from sticking to the wafer.

The microfluidic devices were made from PDMS. They were prepared by mixing poly-
mer elastomer and curing agent (Sylgard 184 Elastomer Kit, Dow Corning Comp.) in a
mass ratio of 5:1. After degassing the mixture in a vacuum desiccator, it was poured over
the patterned wafer in a glass 5-inch Petri dish and cured at 150°C for at least 2 hours
[17]. The cured PDMS was then gently removed from the patterned wafer and cut to
size. The inlets and outlets were subsequently punched using a 1.5 mm biopsy puncher.
The chips were cleaned with ethanol (Sigma-Aldrich, 70 %) and dried using compressed
air, before being bonded on a glass slide spin-coated with a 20 um thick layer of PDMS
(2000 rpm for 2 minutes, Laurell WS-650Mz-23NPPB) after oxygen plasma treatment for
140 seconds at 0.2-0.4 mbar (Harrick, PDC-002). The microfluidic devices were stored at
70°C for at least 12 hours before further modification to allow the PDMS to recover to its
hydrophobic state.

Atmospheric pressure atomic layer deposition in microfluidic devices

To coat a thin layer of silicon oxide on the inner walls of the microfluidic channels in
order to render the walls inert against the solvents used in the extraction experiments,
a home-built atomic layer deposition setup was used [17, 35, 36]. In-channel growth of
a layer of silicon oxide was achieved by sequentially flowing gas phase ALD precursors
through the microchannels as described in our recent work [37]. In short, silicon tetra-
chloride (Alfa Aesar) was used as the metal precursor, while ozonated air (Sander Certi-
zon) combined with deionized water was used as the oxygen precursor. A gas flow rate
of 0.2 L/min was used, with the metal precursor flowing for 10 seconds and the oxygen
precursor for 30 seconds, with nitrogen purges for 100 seconds in between. Each mi-
crofluidic channel was coated with 25 of such ALD cycles (i.e., the described sequence
was repeated 25 times), carried out at 60°C.

Stability of parallel two-phase flow in bare and ALD-treated PDMS microfluidic de-
vices

The stability of the two-phase flow was studied over a wide range of flow rates (0.1-150
pL/min) of the aqueous and organic solutions. As model liquids, a 1 M nitric acid (HNO3,
65 %, Merck Sigma) solution was used as the aqueous phase and chloroform (CHCls,
Merck Sigma) as the organic phase. The viscosity of 1 M HNOs at 20°C is estimated
to be 0.99 mPa.s (measured using a VWR falling ball viscometer, comparable with re-
ported values in the literature[38]). The viscosity of chloroform at 20°C as provided by
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the supplier is 0.57 mPa.s. To estimate the interfacial tension between 1 M HNO3 and
chloroform, pendant drop tensiometry (Kruss easydrop) was conducted by forming a
10 pL chloroform droplet (Worthington number was ~1[39]) in a cuvette filled with 1 M
HNOs. Using the Young-Laplace equation, the interfacial tension was calculated to be
31.6 mN/m, comparable to reported values in the literature [40].

The liquids were loaded in separate 5 mL syringes (Beckton-Dickinson, Discardit II)
with a plastic plunger. The syringes were connected to the inlets of the microfluidic de-
vice with polytetrafluorethylene (PTFE) tubing (outer diameter 1.6 mm, inner diameter
0.5 mm, length 300 mm, Diba, 008T16-050-200) and the liquids were driven into the de-
vice using individual syringe pumps (Harvard Apparatus Pump 11 Pico Elite Plus). The
aqueous phase was injected at the inlet leading to the deeper part of the main channel,
while the organic phase was injected at the inlet leading to the shallower part. Snap-
shots of the flow were taken using a camera (ImagingSource DFK33UX273) through an
LWD plan phase 10X lens on a microscope (Euromex Oxion Inverso PLPH).

To rationalize the flow stability experiments, the outcome was compared against an
available simple theoretical model [41]. In short, the transition between stable and un-
stable parallel flow is expected when the difference in organic and aqueous phase pres-
sure drop over the length of the main channel due to viscous flow exceeds the difference
in organic and aqueous phase pressure due to interfacial forces, known as the Laplace
pressure jump. At the onset of this transition, small perturbations in the flow, for exam-
ple due to the step motor of a syringe pump [42-44] lead to unpinning of the interface
at the step height. The Laplace pressure jump (AP gpiace) can be estimated using the
following expression [28]

2ysin (6 —90°)
APLzzpluce = —d ) (4.1)
where y represents the interfacial tension between two liquids, 6 represents the solid-
liquid-liquid contact angle, and d represents the height between the ceiling of the main
channel and the step (i.e., 50 um in our work). A simple estimate of the pressure drop

over the channel (APF) in both the aqueous and the organic phase is obtained through
the pressure drop of a single phase flow in a rectangular channel [28, 30, 45], i.e.,

120nL
(1-0.6308) dw’

APp= (4.2)

where Q represents the flow rate of the considered phase, 7 represents the dynamic
viscosity of the considered phase, L represents the length of the main channel, and d and
w represent the height and width of considered phase (approximated as 100 um x 250
pum for the aqueous phase and 50 pm x 250 pm for the organic phase. The transitions
between stable and unstable parallel flow is estimated as
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|APF,aqueous - APF,organic| = APLaplace- (4.3

4.2.2. Radionuclide separation experiments

Radiotracer production and radioactivity measurements

Initial experiments were focused on the separation of La-140 from Ba(NOj3), in Milli-Q.
The radiotracers Ba-139 and La-140 were produced by neutron irradiation of BaO and
Lay O3 (Merck Sigma), respectively, at the Hoge Onderwijs Reactor (HOR) of the TU Delft
Reactor Institute (the Netherlands) with a thermal neutron flux of 4.69 -10'6 s"'m™2 for
3 hours. They were subsequently dissolved in 1 M HNOs, dried down, and redissolved in
ultrapure water (Milli-Q; Merck Milli-Q Advantage A10). Ac-225 was supplied in 0.05 M
HCI by Eckert & Ziegler, and Ra-223 was supplied as ??*RaCl, (Xofigo) by GE Health-
care (Leiderdorp, the Netherlands). Ba-139, La-140, and Ra-223 were measured directly
with the Wallac Wizard2 3” 2480 Automatic Gamma Counter (Perkin Elmer). Ac-225 was
measured indirectly at equilibrium (> 30 minutes after experiments) through its daugh-
ter Fr-221, emitting 218 keV y-rays. Additional experiments for the separation of Sc-46
from Ca(NO3);, and Y-90 from Sr(NOs), are presented as Supplementary Information.

Solution preparation

The aqueous solutions used in the solvent extraction experiments were prepared by dis-
solution of different amounts of Ba(NOs3), (Merck Sigma) in Milli-Q water and subse-
quent addition of radiotracers. Note that for the separation of Ac-225 from Ra-223, rather
than using 0.1 M Ra(NO3), as the (target) solution, a 0.1 M Ba(NO3), was used. This is
justified by the chemical similarities of Ra and Ba, making it an often used substitute
[46, 47]. The organic solution used in the solvent extraction experiments contains the
chelator di-2-ethylhexylphosphoric acid (D2EHPA, reagent grade < 98 %; Merck Sigma)
and was prepared as a 10 %v/v D2EHPA in chloroform (Merck Sigma) solution.

Batch solvent extraction experiments

Batch extraction experiments were performed to determine the equilibrium extraction
efficiency, which is the highest possible extraction efficiency that can be obtained in
the continuous-flow microfluidic experiments for a given combination of solutions and
chelator. Next to these (forward) extraction experiments, also back-extraction experi-
ments were performed to determine the optimal conditions, i.e., the lowest HCI concen-
tration required for maximum back-extraction.

The batch forward extraction experiments were done in Eppendorf vials at a 1:1 vol-
umetric ratio, with 0.5 mL of the aqueous and 0.5 mL of the organic solution. The vials
containing both solutions were shaken on a Vortex-Genie 2 mixer (Scientific Industries,
Inc.) for 1 minute at the highest speed setting, to reach equilibrium. Afterwards, the solu-
tions were separated by pipetting and the radioactivity of both solutions was measured
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in order to determine the extraction efficiency. The extraction efficiency of the batch
experiments (EE%pq¢ch) Was defined as the radioactivity of the organic solution after ex-
traction (Aqrg,out) relative to the radioactivity of the aqueous solution before extraction

(Aag,in), i.€.,
Aorg,out

EE%patch = x 100%. (4.4)

aq,in
The extraction efficiency was determined for the ‘produced’ radionuclide as well as for
the target material.

The batch back-extraction experiments were performed in a similar manner, to re-
lease the ‘produced’ radionuclide from the organic solutions into an aqueous solution
for further use in radiopharmaceutical production. The organic solution obtained af-
ter forward extraction containing the complexed radionuclide was brought into contact
with an aqueous HCI (Merck Sigma) solution. The organic and aqueous solution were
pipetted into a vial at equal volumes, shaken on the Vortex mixer for 5 minutes, and sub-
sequently separated by pipetting. Different HCl concentrations were tested to determine
the lowest HCI concentration necessary. The back-extraction efficiency (BEE%patch) Was

defined as the radioactivity in the resulting aqueous HCI solution (A ) relative to

HCl,ou
the total radioactivity of the HCl and the organic solution (Ancj,out + Aorgout), i-€.,

A
BEE%pgieh, = ——DC0Ut 1 100%. (4.5)

AHCl,out + Aorg,out

All batch experiments were done in triplicate and errors in the obtained values of the
extraction and back-extraction efficiency were given as one standard deviation of the
mean.

Microfluidic continuous-flow solvent extraction experiments

Microfluidic extraction experiments were performed in ALD-treated PDMS microfluidic
chips. The aqueous, radionuclide-containing Ba(NOj3), solution and the D2EHPA/CHCl3
organic solution were loaded into 2.5 mL syringes, which were loaded on two sepa-
rate syringe pumps (AL-1000 Programmable Syringe pumps 941-371-1003, World Pre-
cision Instruments, Inc.) and connected to the chips using PTFE tubing (outer diameter
1.6 mm, inner diameter 0.5 mm, length 200 mm). The extraction efficiency was studied
for different contact times between the two phases in the microfluidic chips. The contact
times were adjusted by varying the total volumetric flow rate of the two solutions, while
keeping the ratio of flow rates at 1:1. The contact time ¢ was calculated as ¢ = L/ v, with
the length L of the main channel being equal to 11.63 mm and the average velocity v
estimated from the sum of the volumetric flow rates (Qaq + Qorg) Over the cross-sectional
channel area (S), i.e., v = (Qaq + Qorg)/ S, with S equal to the sum area of both rectangu-
lar channel parts (deeper and shallower). At the outlet of the chip the organic solution,
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enriched in the ‘produced’ radionuclide with radioactivity Agrgout, and the aqueous so-
lution, depleted in the ‘produced’ radionuclide with radioactivity Aaqgout, were collected
separately and measured for their radioactivity to determine the extraction efficiency
(EE%continuous) determined as

A
EE%continuous = __ Tosout x 100%. (4.6)

Aaq, out + AOl‘g, out

Microfluidic back-extraction experiments were performed by injecting the organic
solutions containing the ‘produced’ radionuclide and different aqueous HCI solutions
through microfluidic chips for varying contact times. The aqueous solution with ra-
dioactivity Apc,our and the organic solution with radioactivity Aorgout Were collected at
the outlets and the continuous back-extraction efficiency (BEE%continuous) Was deter-
mined as

A
BEE%continous = _ Hdowt 100%. 4.7)

Aorg,out + AHCl,out

All microfluidic experiments were done in triplicate and errors in the obtained extraction
and back-extraction efficiency were given as one standard deviation of the mean.

4.3. Results and discussion

4.3.1. Stability of parallel two-phase flow in bare and ALD-treated PDMS
microfluidic devices

Figure 4.2 a) shows the three possible flow profiles taking place in the ALD-treated PDMS
microfluidic chip when using 1 M HNOs as the aqueous phase and CHCI3 as the organic
phase: stable parallel flow with the interface pinned at the step height, unstable parallel
with the interface not pinned at the step height, and break-up of the parallel flow into
slugs. A map of these flow profiles shows that stable parallel flow with a pinned inter-
face (filled squares) is obtained for a relatively wide range of flow rate combinations (see
Fig. 4.2 b)). This window of stable operation is much larger than in microfluidic chips
without the guiding structure [29-31], especially at a low flow rate, indicating the im-
portance of the guiding structure. For the larger flow rates studied in this work, parallel
flow is still observed, but with the interface not pinned to the step height over the full
length of the microchannel (open squares). For this flow profile, occasional break-up
of the unpinned interface into slugs was observed. For the highest flow rate ratios, the
unpinned interface breaks-up downstream the Y-junction and slug flow (red circles) was
observed. The transition between parallel flow with (partly) pinned interface (squares)
and slug flow, represented by the solid lines, is reasonably well captured by the simple
model (Eq. 4.1 - 4.3).

For reference, an attemp was made to perform the same measurements in a bare (un-
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Figure 4.2: a) Optical microscopy photos taken in an ALD-treated PDMS microfluidic chip, illustrating the
three types of two-phase flow observed at different combinations of the flow rate of the aqueous and organic
solution. The solution in the upper and lower half of the channel is 1 M HNO3 and CHCIl3, respectively. b)
Flow map of 1 M HNO3 and CHClI3 inside ALD-treated PDMS microfluidic chips (n=3). The stars correspond
to the photos shown in a). The lines represent the calculated transition between stable and unstable parallel
flow using Eq. 4.1 - 4.3. c¢) Flow map of 1 M HNO3 and CHClI3 inside a bare (untreated) microfluidic chip (n=1).

treated) microfluidic chip. As expected, during these experiments, many chips leaked
due to the swelling and deformation of PDMS under exposure to organic solvents [48].
The employed CHCIl; induces matrix swelling inside the microfluidic channel, estimated
ataround 1.39 (Iength swelling ratio [18]). Swelling also reduces the channel space, lead-
ing to an undefined flow profile. While the experiments in ALD-treated chips were repro-
ducible, strong variations from experiment to experiment were observed in untreated
chips. An example experiment in a single untreated chip is shown in Fig. 4.2 ¢), illustrat-
ing the importance of the silicon oxide nano-layer of the ALD-treated chip to increases
the organic solvent resistance of PDMS by preventing direct contact between the organic
solvent and PDMS, as further detailed in earlier works [17, 37].

4.3.2. Batch solvent extraction

Batch extraction of La-140 (simulated ‘produced’ radionuclide) from Ba (simulated tar-
get material) and of Ac-225 from Ra-223 (in 0.1 M Ba(NOs3),) showed high extraction
efficiencies (> 98 %) for all tested solutions (see Fig. 4.3 a)). With a mixing time of (less
than) 1 minute, the complexation of D2EHPA is considered very fast. Simultaneously,
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co-extraction of the target material into the organic phase remained low in all solu-
tions: below 2 % for Ba-139 and below 0.3 % for Ra-223. However, it should be noted
that the aqueous solution did not consist purely of Ra, but a Ra-223 tracer dissolved
in a 0.1 M Ba(NOs), solution (commonly written as [**>Ra]Ba(NOs),). Because of the
chemical similarities of group 2 and 3 elements, additional extraction experiments were
conducted for the separation of Y from Sr and Sc from Ca, which can be found in the
Supplementary Information. All the extractions also show considerably high efficiency
(> 80 %), as expected.

Back-extraction experiments show back-extraction efficiencies over 98 % for both
La-140 and Ac-225 (as well as for Ba-139 and Ra-223) when using 0.1 M HCI (see Fig. 4.3
b)). These efficiencies decrease with decreasing HCI concentration. When using 0.01 M
HCI as back-extraction solution, the back-extraction efficiency is significantly higher for
Ac-225 compared to La-140. These results indicate a higher complex stability of '*°La-
D2EHPA over ?>Ac-D2EHPA. The complex stability is dependent on the electronegativ-
ity and the ionic size and therefore, on the charge density, resulting in a lower complex
stability for the larger Ac. This trend of decreasing complex stability with decreasing
charge density is often found in chelate complexation [49] and was shown for La and
Ac before [50]. The back-extraction results, including the results shown in the Supple-
mentary Information for the separation of Y from Sr and Sc from Ca, are in line with this
trend.

4.3.3. Microfluidic continuous-flow solvent extraction

The batch experiments were instrumental in determining the maximum achievable ex-
traction efficiency with the continuous-flow microfluidic experiments. The insights gath-
ered from the batch experiments were used to design and perform the microfluidic (for-
ward) extraction experiments with (target) solution concentrations of 0.1 M Ba(NOs),
and 1 uM Ba(NOs), in Milli-Q for La-140 and 0.1 M Ba(NO3), for Ac-225. Additionally, the
back-extraction experiments were designed and performed with HCl solutions with con-
centrations higher than 0.1 M. For La-140 extraction from the 0.1 M and 1 uM Ba(NO3),
solutions, the extraction efficiency for the longest contact time (1.7 seconds) was 97.44 %
+ 0.71 % and 99.01 % + 0.22 %, respectively (see Fig. 4.3c)). For Ac-225 extraction from
the 0.1 M Ba(NOs3), solution, a comparable extraction efficiency of 97.2 % + 1.5 % was
obtained for the same contact time (see Fig. 4.3 €)).

The speed of extraction is slightly influenced by the target concentration, as seen
from the two curves in Fig. 4.3 ¢), which are different in target concentration by 5 or-
ders of magnitude. The salting-out-effect, usually increasing extraction efficiency and
separation because of a higher ionic strength of the solution, only has a minor influ-
ence on the results. A comparison of the curves in Fig. 4.3 ¢) and e) suggests that the
speed of extraction is insensitive to the radionuclide concentration, which is six orders
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Figure 4.3: a) Batch extraction of Ba-139, La-140, Ac-225, and Ra-223 for varying target concentrations. b)
Batch back-extraction of Ba-139, La-140, Ac-225, and Ra-223 for varying HCI concentrations. ¢) Microfluidic
extraction of La-140 from two different Ba(NO3)2 solutions for varying contact times. d) Microfluidic back-
extraction of La-140 into different HCI solutions for varying contact times. e) Microfluidic extraction of Ac-225
from 0.1 M Ba(NO3)» solutions for varying contact times. f) Microfluidic back-extraction of Ac-225 into differ-
ent HCl solutions for varying contact times. All experiments were done in triplicate and error bars represent
the standard deviation of the mean.
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of magnitude higher for La-140 than for Ac-225. Usually, the metal concentration (both
radionuclide and target) plays a major role during the extraction in a microfluidic device
because the concentration drives the diffusive flux [51]. The results indicate that the
concentration of the radiometal that is to be extracted does not have a large influence
on the extraction when using D2EHPA. Others have shown before that the D2EHPA con-
centration and its reaction kinetics have the highest influence on the extraction speed
[52, 53]. Based on the molecular structure of D2EHPA illustrated in Fig. 4.4 a), Sun et al.
(2021) [54] proposed that D2EHPA first transfers into the aqueous phase where it forms
a complex with the product radionuclide, which subsequently transfers into the organic
phase (see Fig. 4.4 b), shortening the diffusion distance of the radiometal. These steps,
including the electrostatic pull of D2EHPA towards the metal ions[55], influence the ex-
traction speed. While the full set of Ac-225 extraction experiments was performed with
fixed radionuclide and target concentrations, it can be expected based on the aforemen-
tioned reasons that the Ba (or Ra) target concentration and the Ac-225 concentration
have no major influence on Ac-225 extraction.

The back-extraction efficiency of La-140 into 0.1 M, 1 M, and 4 M HCI solutions ex-
ceeded 99 % within 1.7 seconds of contact time (see Fig. 4.3 d)). The back-extraction effi-
ciency of Ac-225 with the same contact time is considerably lower, i.e., 80.16 % + 0.77 %
and 39.9 % + 6.2 % for extraction into 4 M and 0.1 M HCI solutions, respectively (see
Fig. 4.3f)). While the speed of back-extraction depends on the used HCI concentration,
the extraction efficiency plateaus within 1.7 seconds for all three used HCI concentra-
tions for La-140. For Ac-225, the plateau is not visible within 1.7 seconds. A comparison
of the La-140 and Ac-225 back-extraction experiments for the same HCI concentrations
suggests that the concentration of the radionuclide/D2EHPA complex has a higher in-
fluence on the back-extraction speed compared to the speed of the (forward) extraction.
This implies that diffusion plays a more prominent role in back-extraction. Addition-
ally, the now-neutral charge of the complex does not offer the ability of electrostatic pull
of the complex near the interface. Therefore, the movement to the interface is slower.
An increase in the back-extraction efficiency of Ac-225 could likely be accomplished by
increasing the HCl concentration or increasing the contact time.

Overall, excellent extraction and back-extraction efficiencies can be achieved with
the developed microfluidic solvent extraction method for both La-140 (97.44 % + 0.71
% and 99.86 % + 0.12 %, respectively) and Ac-225 (97.2 % + 1.5 % and 80.16 % + 0.77 %,
respectively). Ac-225 currently receives enormous attention for its potential in targeted
alpha therapy. Other commonly used methods for the separation of Ac-225 include the
use of ion-exchange column chromatography [3, 56, 57], microfluidic ion-exchange [58],
or solvent impregnated resins [59]. While achieving comparable results for the total re-
covery (the combination of extraction and back-extraction efficiency) of Ac-225, the de-
veloped microfluidic solvent extraction method exceeds the above-mentioned methods
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Figure 4.4: a) Structure of D2EHPA. b) Illustration of the extraction mechanism proposed by Sun et al.[54]
showing that D2EHPA transfers into the aqueous phase where it forms a complex with the product radionu-
clide, which subsequently transfers into the organic phase.

in terms of minimizing chemical volumes [56, 57, 59], reducing the acidity of the final
solution [56, 58, 59], or lowering processing time [58, 59].

Thus, the developed microfluidic solvent extraction of Ac-225 presents a promis-
ing alternative to conventional separation methods. The newly developed nano-layer
coated PDMS microfluidic chip with a step-height and wavy outlet geometry solves the
issue of insufficient phase separation and unstable parallel flow in microfluidic chips,
and enables the future use and automation of solvent extraction for the separation of
medical radionuclides.

4.4. Conclusion

A microfluidic PDMS-based chip was developed for fast, continuous, and efficient sol-
vent extraction of radionuclides. To overcome the general issue that PDMS is incompat-
ible with common organic solvents used in solvent extraction experiments, the recently
developed atomic layer deposition method was used to deposit a layer of silicon oxide on
the inside of the microchannels, rendering them inert. Two key features incorporated in
the microfluidic chip, a difference in height in the channel for the organic and aqueous
phase and a wavy wall near the exit, proved essential to obtain a stable parallel flow and
a near-perfect separation of the phases at the exit. With the newly designed microfluidic
chip and using the chelator D2EHPA in chloroform as the organic solution, a high extrac-
tion efficiency of 97.2 % + 1.5 % of Ac-225 was accomplished in less than 1.8 seconds of
contact time, while only co-extracting a maximum of 0.293 % + 0.034 % of Ra, according
to batch experiments. Back-extraction can be achieved in 0.1 M HCI, where increasing
the contact time or the HCI concentration was found to speed up the back-extraction
process. The presented proof-of-concept showcases the potential of microfluidic chips,
for fast, continuous, and potentially automatable liquid-liquid extraction for the separa-
tion of medical radionuclides.
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Supplementary Information

Because of the chemical similarities of group 2 and group 3 elements, additional extrac-
tion experiments were conducted for the separation of Sc-46 from Ca(NOs3), and Y-90
from Sr(NO3), solutions. The radionuclides Ca-45, Sc-46, Sr-85, and Y-90 were produced
by neutron irradiation of [**Ca]CaO (Neonest AB, Sweden), Sc;03 (ACROS ORGANICS;
VWR, Amsterdam, the Netherlands), SrO, and Y»03, respectively, at the Hoger Onder-
wijs Reactor (HOR) of the TU Delft | Reactor Institute (the Netherlands). [*4Ca]Ca0
and SrO were irradiated with a thermal neutron flux of 4.24 -10'7 s'm™ for 10 days
and 1 day, respectively. Sc,O3 was irradiated with a thermal neutron flux of 4.69 -10'6
s''m for 5 hours, and Y»03 was irradiated with a thermal neutron flux of 4.69 -10'6
s''m2 for 3 hours. The irradiated [**Ca]CaO and Sr were subsequently dissolved in dilute
HNOg, dried down, and redissolved in ultrapure water. Ca-45 and Y-90 were measured
with a Liquid Scintillation Counter (tri-carb 2750TR/LL, Packard). Sc-46 and Sr-85 were
measured directly with the Wallac Wizard2 3” 2480 Automatic Gamma Counter (Perkin
Elmer).

The aqueous solutions used in the solvent extraction experiments were prepared
by dissolution of different amounts of Ca(NOs), and Sr(NOs3), (Merck Sigma, Zwijn-
drecht, the Netherlands) in Milli-Q and subsequent addition of above mentioned radio-
tracers. Both batch and microfluidic extraction were performed as described in the main
manuscript. The results of all batch and microfluidic extration experiments are shown
in Fig. S5. The batch extraction of Sc-46 from 1 M Ca(NOs); resulted in a very good
separation, with over 99 % extraction of Sc-46 and below 1 % of Ca-45 co-extraction.
However, results differed tremendously for the 1 mM and 1 uM Ca(NOs)» solution. Here,
the Ca co-extraction increased up to 80 %, while the Sc-46 extraction decreased to 70 %.
Back-extraction of Sc-46 was unsuccessful for every tested HCI solution, and therefore
no microfluidic back-extraction of Sc-46 was done. The extraction of Y-90 from Sr(NOs3),
yielded successful efficiencies of over 95 % for all three Sr(NO3), solutions while the Sr-
89 co-extraction remained below 2 %. Back-extraction of Y-90 could be achieved with
efficiencies over 99 % into HCI concentrations above 0.1 M HCI. Microfluidic extraction
of 10 uM [*6Sc]Sc was achieved with maximum efficiencies as shown during batch ex-
traction in 1.8 seconds of contact time. Microfluidic extraction of 100 uM [*°Y]Y resulted
in efficiencies 0f 99 % in approximately 1 second of contact time from 1 pM Sr(NO3), and
in around 0.3 seconds from 1 M Sr(NO3),. Microfluidic back-extraction of Y-90 however
was slower and resulted in around 90 % back-extraction efficiency into 4 M HCl within
1.2 seconds and only 60 % into 1 M HCl within 1.8 seconds of contact time.
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Figure S5: a) Batch extraction of Ca-45, Sc-46, Sr-89, and Y-90 for varying target concentrations. b) Batch
back-extraction of Sc-46 and Y-90 for varying HCl concentrations. c¢) Microfluidic extraction of Sc-46 from
two different Ca(NO3)2 in MQ solutions for varying contact times. d) Microfluidic extraction of Y-90 from two
different Sr(NO3), in MQ solutions for varying contact times. e) Microfluidic back-extraction of Y-90 into dif-
ferent HCI solutions for varying contact times. All experiments were done in triplicate and error bars represent
the standard deviation of the mean.
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The diffusion coefficient is a characteristic physical constant of a compound under given
hydrodynamic conditions. They are needed, amongst others, for numerical modeling of
mass transfer, which can be used to understand chemical processes or optimize experi-
mental set-ups, such as microfluidic solvent extraction of medical radionuclides. Multiple
microfluidic chips were utilized to develop a method for the determination of diffusion co-
efficients at various flow rates/contact times. After validating the method with methylene
blue and rhodamine-6G, the diffusion coefficient of Ga>* in a 2 M Zn(NO3), solution was
determined. The diffusion coefficients were determined by measuring the outlet concen-
trations after parallel flow in microfluidic chips. The results showed a trend of increasing
diffusion coefficients with increasing flowrates and an exponential trend with increasing
contact times. An exponential decay function was fitted to determine the diffusion co-
efficients of rhodamine-6G and Ga>* from the measured apparent diffusion coefficients,
resulting in values of 4.47 + 0.21 - 1071 m?/s and 2.78 + 0.09 - 10°1% m?/s, respectively. This
method showed the feasibility of using microfluidic chips for the determination of diffu-
sion coefficients of (medical) radionuclides, that can be used amongst others for numerical
models optimizing the separation of radionuclides from their targets.

7
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5.1. Introduction

The diffusion coefficient (D) is an important physical constant describing the relation
between the molar flux (/) and the concentration gradient of a compound or species
(%), which can appear in gases, liquids as well as solids in the absence of bulk move-
ment. It is given by:
J= —D@ (5.1
dx
The concept of diffusion was first described by Adolf Fick in 1855 in liquid solutions [1]
and is therefore known as Fick’s Law of diffusion. Nowadays, it is a fundamentally ap-
plied concept essential for the numeric modeling of a vast variety of applications, such
as semiconductors, nuclear materials, plasma physics and transport phenomena, to
name a few. There are multiple methods to determine the diffusion coefficient of a com-
pound mainly consisting of estimations done by empirical correlation equations com-
bined with experimental methods. One of the most used empirical correlation equa-
tions is the Stokes-Einstein equation, which specifically applies to a solute consisting of
spherical particles, and is valid typically when these spherical molecules are dissolved
in a solvent consisting of smaller size molecules compared to the solute [2]. Many em-
pirical correlation relations for estimating liquid phase diffusion coefficients have been
derived from it. The Stokes-Einstein equation is given by:
kpT

D= (5.2)
6mury

where D is the diffusion coefficient in m?s!, kp, the Boltzmann constant in J/K, T the
temperature in K, u the dynamic viscosity in Pa- s and rj, the hydrodynamic radius of
the solute. In the context of microfluidic solvent extraction of medical radionuclides,
the diffusion coefficient is a necessary parameter to model the mass transfer of the ra-
dionuclide in microfluidic chips [3, 4]. Modeling of this mass transfer in a microfluidic
chip can aid in optimizing the chip geometry and improve the extraction efficiency. Un-
fortunately, diffusion data is often lacking, partially due to the complexity and time de-
mand of available techniques for diffusion coefficient measurements, as well as the diffi-
culty when concentrations are very low, limiting inter-molecular interactions that drive
diffusion. A plethora of methods have been described over time [5] to determine dif-
fusion coefficients of compounds in aqueous solution, including Taylor dispersion [6],
dynamic light scattering [7], fluorescent correlation spectroscopy [8] or electrochemical
techniques [9]. They all have pros and cons depending on the specific compound, con-
centration of the compound, volume of the solution, measurability of the compound,
cost and time constraints. The development of microfluidic devices and lab-on-a-chip
technology promised an improvement in available methods to measure diffusion coef-
ficients of hard-to-measure compounds [10].
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The two main experimental approaches to determine diffusion in a microfluidic de-
vice are static or dynamic. In a static set-up, a long channel is used where all solvents
are stationary (no flow), because of which only diffusion can occur. Dynamic diffusion
experiments rely on contacting two co-flowing streams of different composition in a
microchannel and on the observation of mass transfer between them. Due to the low
Reynolds number in microfluidic chips (which describes the ratio between inertial and
viscous forces), the flow is exclusively laminar and the only mass transfer mechanisms
are convection along the laminar flow direction and perpendicular diffusion. Therefore,
stream wise diffusion can be neglected [11]. The numerical approach to this type of
pressure-driven, dynamic diffusion studies include the use of the convection-diffusion
equation (Eq. 5.3), where the transient term described the evolution of the concentra-
tion C in time, the convective term describes the rate of change in C due to bulk motion,
the diffusive term accounts for molecular transport of the species C and the source term
describes any creation/destruction of the species.

apC
—gf + V- (puC) =V-(DVO)+ S
Tran@rﬁerm Convection term Diffusion term Sourgg term
(5.3)

Previous work has demonstrated the potential of this microfluidic diffusion mea-
surement principle focusing on the detection of fluorescent dyes [12]. Several studies
have used microfluidic devices for the determination of diffusion coefficients in a dy-
namic setting (as opposed to static diffusion measurements), including T-, H-, an Y-
geometries [12-16]. In most studies, (fluorescent) dyes or pH indicators were used, to
measure the diffusion by optical detection inside the microchannel, which is not feasi-
ble for the measurement of the diffusion of radiotracers. While several of those studies
work under comparable conditions, including the application of syringe pumps and col-
lection of the co-flowing solutions at the outlets, the effect of different flowrates is often
neglected [12, 14]. It was also found that dynamic diffusion measurements often result
in overestimation of the diffusion coefficient [10], which is discussed to be due to the
friction between the solute and the channel wall. In this chapter the aim is to investigate
diffusion coefficient of Ga-68 for the later application in numerical models of microflu-
idic solvent extraction. First, this approach was validated by determining the diffusion
coefficients of methylene blue and rhodamine-6G, which are known from literature.

5.2. Methods and Materials

5.2.1. Materials and analytical methods

Gallium nitrate hydrate (Ga(NOs)s - xH,0) and zinc nitrate hexahydrate (Zn(NO3),- 6
H,0) were purchased from Acros Organics (VWR, Amsterdam, the Netherlands), ni-
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Figure 5.1: Dimension of microfluidic chips. a) Chip 1 Micronit glass chip with v-shaped channel. b) Chip 2
glass chip with w-shaped channel. ¢) Chip 3 IMT glass chip with rectangular channel. d) Chip 4 PDMS chip
with rectangular channel, made in-house.

C

tric acid (HNOs3) and rhodamine-6G (CAS: 989-38-8) were purchased from Merck Sigma
(Zwijndrecht, the Netherlands), and methylene blue was obtained from J.T. Baker Chem-
icals B.V. (CAS: 7220-79-3; VWR, Amsterdam, the Netherlands). The radiotracer Ga-68
that was used in the experiments was eluted from an Eckert & Ziegler IGG100 GMP Ge-
68/Ga-68-generator (generously supplied by Erasmus MC, the Netherlands). AL-1000
Programmable Syringe pumps (941-371-1003) were purchased from World Precision In-
struments Inc. The Wallac Wizard2 3” 2480 Automatic Gamma Counter from Perkin
Elmer (Groningen, The Netherlands) was used for radioactivity measurements of Ga-68.
Rhodamine-6G and methylene blue concentrations were measured with a UV-6300PC
Spectrophotometer. Ga speciation was calculated using CHEAQS (Verweij Wi. CHEAQS
Next (0.2.1.8)). Viscosity measurements were done using a capillary viscometer (SI An-
alytics Type 509 04) at room temperature. Microfluidic diffusion studies were executed
with four different microfluidic YY-chips. The dimensions of the chips are shown in Fig.
5.1. Chip 1 was a commercial glass YY-chip from Micronit, with a triangular channel.
Chip 2 was a commercial glass YY-chip with a w-shaped channel. Chip 3 was a commer-
cial glass chip from IMT with a rectangular channel, and Chip 4 was a PDMS-based chip
made in-house with a rectangular channel. The PDMS chips were fabricated by mixing
PDMS elastomer and its curing agent with a mass ratio of 10:1 and pouring the mixture
onto a 4-inch silicon wafer with a microcolumn pattern. The pattern was printed on the
silicon wafer using soft lithography technique. Microscope images showing the channel
roughness, were done on a Motic AE2000 optical microscope (Fig. 5.2).
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c)

Figure 5.2: Microscope images of microchannels a) Chip 1, b) Chip 2 and c) Chip 4, showing the roughness of
the channel walls.

5.2.2. Microfluidic diffusion experiments

The experimental setup consisted of two syringe pumps, a microfluidic device (as de-
scribed above) and collection vials. A digital microscope allowed for direct observation
of diffusion in the microchannel. A schematic overview of the set-up can be seen in Fig.
5.3. Two syringes were connected to the chip via flexible tubing. One syringe held the so-
lution containing the compound of which the diffusion coefficient was to be determined,
e.g. Ga-68, methylene blue or rhodamine-6G, while the second syringe contained the so-
lution without the compound, which was ultrapure water in case of methylene blue and
rhodamine-6G, and 2 M Zn(NOs3), in 10 mM HNOj in the case of Ga-68. The syringes
were placed in their respective flow rate configurable syringe pumps, and the tubes were
connected to the inlets of the microfluidic channel. Because of the concentration gra-
dient of the two co-flowing solutions, the compound diffused into the parallel flowing
solution (see Fig. 5.4). Subsequently, the solutions were collected at the outlets in sam-
ple vials and the concentrations of rhodamine-6G, methylene blue and Ga-68 were mea-
sured in both solutions. All experiments were executed at room temperature (approxi-
mately 21°C) in triplicate. Uncertainties are given as one standard deviation of the mean.

Figure 5.3: Schematic images of diffusion experiment set-up, including syringe pumps, the microfluidic chip,
the optical microscope and the collection vials.
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Figure 5.4: Schematic images of diffusion in a parallel flow YY-microfluidic chip. The blue side represents the
compound that diffuses along the width of the channel.

5.2.3. Determination of diffusion coefficients
The apparent diffusion coefficients (Dgpp) were estimated numerically from the outlet
concentrations obtained in the experiments using a finite difference model for mass
transfer [13, 17] based on the convection-diffusion equation (Eq. 5.3).

Additionally, contact times (#) were estimated according to Eq. 5.4.
_ volume of the microchannel [mm?]

t[s]

* 60 5.4

flow rate [uL/min] (5:4)
Finally, the measured apparent diffusion coefficients were plotted against the contact
time and an exponential decay function was fitted to the data to determine the final
diffusion coefficient (D) for rhodamine-6G and Ga-68, from the asymptote.

Validation of the numerical model
A finite difference model for mass transfer (based on the convection-diffusion equation)
was developed to determine diffusion coefficients from the measured outlet concentra-
tions [13, 17]. An analytical Poiseuille flow profile was used to feed the finite difference
model corresponding to the flow rates used in the experiments. A no-slip boundary con-
dition was applied at the channel walls. A no-penetration boundary condition was ap-
plied (see Fig. 5.5), which ensures that there is no diffusion through the channel wall.
Concentrations of the solute at the outlets of the microchannel were subsequently
obtained by integrating over the concentration profile at this particular location. The
diffusion coefficient was then altered step by step until the numerically obtained con-
centrations at the outlets matched the experimentally observed concentrations to within
0.1 %.
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Figure 5.5: Visualization of implemented boundary conditions for mass transfer in microfluidic channels. At
the inlets a sharp step function is defined, to simulate an assumed uniform distribution of solute flowing in
from the top inlet into the microchannel. This step function is expected to diffuse into similar profiles as
represented by the graph with the dashed line on the right.

The numerical approach was then tested for grid independence. Simulations for the
grid refinement were done for chip 2 and 3. The ratio for the amount of grid points in the
X- and Y-direction was chosen as X:Y=5:1 with the X-direction being along the length of
the microfluidic channel and the Y-direction being its width.

5.3. Results
5.3.1. Model validation

Before the model could be used to determine the diffusion coefficients the grid inde-
pendence was evaluated. Simulations on two different channels (chip 2 and 3) show
similar results with a converging trend as the amount of grid points increases. In both
cases, at 500 nodes in the X-direction (N,), the value of the concentration at the lower
concentration outlet is within 0.5% of the value it would have with 1000-nodes in the X-
direction (Cyx/C1000). The grid spacing with 500 nodes in the X-direction is therefore
deemed sufficiently accurate (see Fig. 5.6). Additionally, visualization of the computed
mass transfer and corresponding outlet concentration profile are shown in Fig. 5.7.
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Figure 5.6: a) Grid refinement with 5:1 ratio for straight channel (chip 3). b) Grid refinement with 5:1 ratio for
serpentine channel (chip 2).
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Figure 5.7: a) Visualization of the computed mass transfer in the microfluidic channel. The dotted circle on
the left indicates the inlets, and the full circle on the right illustrates concentration distribution at the outlets,

shown in b). b) Developed concentration profile at the outlets, as numerically computed by the methods
presented in this study.

5.3.2. Diffusion coefficients

First, the apparent diffusion coefficient (D,pp) of methylene blue was determined using
chips 1 and 2. A significant difference in the measured D,pp can be observed between
the two chips with different length, as well as between the two tested flow rates within
one chip. It varied between 8.3+ 0.3-1071%m?/s and 13.6 + 0.1-10"'°m?/s in chip 1 and
between 12.1+0.4-10"m?/sand 12.7+0.1-1071%m?/s in chip 2.

To determine the D,p;, of rhodamine-6G, chips 3 and 4 were compared and varying
flow rates were applied. The results are shown in Fig. 5.8 b). It can be seen again, that for
both chips that were used, the Dap;, increases with increasing flow rates and as a result,
varies significantly, between 2.8 +0.1-107'%m?/sand 11.4 + 1.6 - 10~ 19m?/s.

It becomes clear that different flow rates have a large impact on the D,pp, indepen-
dent of the chip thatis used. Results for the measurement of the Dy, of Ga-68 are shown

in Fig 5.9. Here, two different Ga concentrations were compared, using only chip 3. In
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Figure 5.8: a) Methylene blue diffusion coefficient results for various flow rates (n=3) with Chip 1 and 2. b)
Rhodamine-6G diffusion coefficient results for various flow rates (n=3) with Chip 3 and 4.
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Figure 5.9: a) Dapp results of Ga using only Ga-68 tracer in a 2 M Zn(NOg3)3 in 0.01 M HNOg3 solution (chip 3)
b) Dapp results of of Ga using 1 mM [68Ga] Ga(NO3)2 ina2 M Zn(NO3)2 in 0.01 M HNOj3 solution (chip 3).

Fig 5.9 a) only a Ga-68 radiotracer was added to the solution, resulting in a total Ga con-
centration in the femtomolar range. Usually, measuring the diffusion of compounds
with concentrations in the pico- to femtomolar range becomes increasingly challeng-
ing, due to the very low inter-molecular forces that drive diffusion [16]. It was found
that in the presented microfluidic set-up, diffusion coefficient results for Ga-68 tracer
where comparable to the results of 1 mM Ga. However, the uncertainties were higher
due to the above mentioned effect of low inter-molecular forces. Between both cases,
no significant difference in the Ga speciation in the solution was observed (see Tab. 5.1).
Therefore, the effect of different species on the diffusion can be neglected. The results
prove the possibility of measuring diffusion coefficients for radiotracers.

To determine the actual diffusion coefficient D of rhodamine-6G and Ga from the
measured Dapp, the data was plotted against the contact time instead of the flow rate,
resulting in an exponential trend. After fitting an exponential decay equation to the data,
the asymptote of the exponential fit gives the actual diffusion coefficient (D) of 4.48 +
0.21-107'19m?/s for rhodamine-6G in water (with an R-square of 0.84) and 2.78 + 0.09 -
10719512/ s for Gain a 2 M Zn solution (with an R-square of 0.93).

Table 5.1: Ga speciation in Zn(NO3)2 in 0.01 M HNO3 for 1 mM and 1 pM Ga, as given by CHEAQS.

Speciation ‘ % for 1 mM Ga | % for 1 pM Ga
free Ga3* 98.06 98.51
Ga(OH)?* 1.49 1.49

Gay(OH),** 0.45 -
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Figure 5.10: a) Rhodamine-6G diffusion coefficients against contact time including exponential fit. b) Ga3*
diffusion coefficients against contact time including exponential fit.

5.4. Discussion

Compared to literature values for the diffusion coefficient of methylene blue, the pre-
sented results of 8.3 +0.3-107'%m?/s and 13.6 +0.1-107'°m? /s both resulted in higher
diffusion coefficients then previously reported. MiloZic et al. applied similar methods,
using a microfluidic chip and measuring the outlet concentration, and reported a dif-
fusion coefficient of 4.6-107°m2/s [13]. Others have found the diffusion coefficient of
methylene blue to range between 2.6 and 7.6 - 10~'°m?/s by employing voltammetric
methods [18, 19]. Compared to the above-mentioned literature values for the diffusion
of methylene blue, the results in the presented study significantly overestimate the diffu-
sion coefficient. When looking at the results for the diffusion of rhodamine-6G, if purely
considering the flow rate specific Dapp, there is a trend of increasing diffusion coeffi-
cients with increasing flow rate. After plotting the results against the contact time and
fitting an exponential function to it, a diffusion coefficient of 4.48+0.21-10"19m?2/s could
be determined, falling within reported literature values, that vary between 4.0 and 4.6
1071 m?/s [10, 16, 20, 21]. The same was done for the diffusion of gallium, specifically
in a 2 M Zn(NOs), in 0.01 M HNOj solution, resulting in a D of 2.78 +0.09- 10~ 1m?/s.
Ga diffusion coefficient values in literature are up to one order of magnitude higher, be-
tween 8.4 and 30.6 -107'%m? /s [22], indicating that the increased viscosity of the highly
concentrated zinc solution (see Fig 5.12 in Supplementary Information) reduces the dif-
fusion rate. Irrespective of the chip design and diffusing compound, increasing diffusion
coefficients with increasing flow rates were found. This trend has also been observed in
other studies, e.g. for the determination of the diffusion coefficient of [7“Lu]Lu-DOTA-
TATE [23] or bromocresol green sodium salt [17] using microfluidic chips. Schaap (2017)
also found a trend of increasing diffusion coefficients with increasing flow rate by mea-
suring outlet concentrations [23], while Binda et al (2022) applied a very long chip and
measured the diffusion at different places throughout the chip to show the results for dif-
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ferent contact times [17]. Their results similarly show the trend of increasing diffusion
coefficients with decreasing contact time, indicating that not the flow rate directly, but
the contact time is the major influencing factor.

Another potential reason for the increasing diffusion coefficients with increasing flow
rates might be friction between the solution and the channel walls. Increasing flow rates
cause increased friction to the channel wall and as a result increases disturbance in the
flow [24, 25]. Culbertson et al. (2002) compared multiple static and dynamic microflu-
idic methods to determine diffusion coefficients and found that dynamic studies result
in significantly larger (11%) measured diffusion coefficients compared to static experi-
ments, which is argued to be caused mainly by friction in the dynamic studies [10]. This
effect corresponds to our observation in Fig 5.8 a). While the D,pp as determined using
chip 2 only differed slightly between the two flowrates, the results from chip 1 showed
a much more significant difference. Chip 1 has the highest roughness compared to all
other chips (as can be seen in Fig. 5.2), so the difference in measured diffusion coef-
ficients between different flow-rates should be the greatest according to the reasoning
above. Chips 3 and 4, however are produced similarly and have a comparable rough-
ness, so there the increase/slope should be similar.

The main argument found in literature explaining this effect of overestimated Dapp
during pressure-driven diffusion measurements, is the so-called butterfly effect (as es-
tablished by [26]). Ismagilov et al. (2000) found, that in the initial stages in a microfluidic
channel, the diffusion is faster closer to the channel wall compared to the center (see Fig.
5.11), which is caused by the parabolic velocity profile of the solution (Poiseuille flow).
This leads to a secondary concentration gradient in the vertical direction, that equili-
brates along the length of the channel. Therefore, if the contact time is too low, this but-
terfly effect will result in an overestimation of the measured diffusion coefficients. This
explains why this effect of overestimated diffusion coefficients not only appears when
the outlet concentrations are measured, but also when point measurements where exe-
cuted along the channel length as done by Binda et al [17]. It is therefore of high impor-
tance to determine the diffusion coefficient at varying contact times, to avoid overesti-
mation due to the butterfly effect.

Our detailed investigations have given us valuable insights on the feasibility of mea-
suring diffusion coefficients with microfluidic chips. To get best possible results, sev-
eral experimental set-up designs should be considered. First, microfluidic chips with
only minor roughness should be used. Herefore, either polymer based chips as used in
this study (PDMS), or HF-eched glass chips would be optimal. Using a pressure pump
instead of a syringe pump can lead a more steady flow with less pressure fluctuations
as shown by Zeng et al. 2015 [28], potentially reducing the uncertainties on the esti-
mated diffusion coefficient. It is additionally advised to filter the solutions before use,
to avoid particle accumulations causing undesirable disturbance in the chip. Finally,
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Figure 5.11: From Kamholz et al. (2001) [27]. The shape of the interface in a microfluidic channel during
diffusion study is shown. The diffusive compound is shown in grey and the original interface is demonstrated
by the dotted line.

the methods of increasing the contact time and fitting the data with an exponential fit
to determine the diffusion coefficient was successful. Varying contact times also aid in
observing when the D plateaus out, i.e. when the minimum contact time necessary for
determining the actual diffusion coefficient is reached, without overestimation due to
the butterfly effect.

In Chapter 2 a droplet-based microfluidic solvent extraction method was described
to separate Ga-68 from a Zn(NO3); in 0.01 M HNOs. A 1 m long microfluidic tube (with
an inner diameter of 0.03 inch) was necessary to extract 99.2 % + 0.3 % of Ga-68 at a flow
rate of 40 uL/min, corresponding to a residence time of over 5 minutes. Considering the
results presented in this study, it can be concluded that the diffusion of Ga-68 is not the
limiting factor of the extraction speed, but the speed of complex-formation at the solvent
interface.

Overall, these results show that it is not only possible to measure the diffusion coef-
ficient with a microfluidic chip under optimal conditions, but that they can also aid in
understanding underlying chemical processes during solvent extraction and hence, aid
in optimizing separation processes.

5.5. Conclusion

Microfluidic chips have been used successfully to determine the diffusion of rhodamine-
6G in water and Ga3* in a 2 M Zn(NOs), solution, resulting in diffusion coefficients of
4.47+0.21-1071° m?/s and 2.78+0.09-107'° m?/s, respectively. It was demonstrated that
it is necessary to measure the apparent diffusion coefficients over varying contact times
to determine the actual diffusion coefficient of the compound. A decreasing exponen-
tial trend with increasing contact times was found, from which the diffusion coefficient
was determined by fitting an exponential decay function to it. These results show that
it is possible to measure the diffusion coefficient with a microfluidic chip under optimal
conditions. They can therefore be used to optimize future experiments to determine dif-
fusion coefficient of medical radionuclides and hence aid in optimizing their separation
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from the target material, as well as aid in understanding underlying chemical processes

during solvent extraction.
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Supplementary Information

Viscosity measurements

Viscosities of varying Zn(NO3), solutions in 0.01 M HNOj3 are plotted against Ga diffu-
sion coefficients (determined at a set flow-rate and therefore unoptimized) in varying
Zn(NOs3), solutions in 0.01 M HNO3s, showing the strong influence of viscosity on diffu-
sion.
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Figure 5.12: a) Dynamic viscosities of varying Zn(NO3)» solutions in 0.01 M HNO3. b) Dynamic viscosities of
varying Zn(NO3), solutions in 0.01 M HNO3 against diffusion coefficient of Ga**
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Production of medical radionuclides such as Ga-68, Cu-64 or Ac-225 are usually done by
irradiation of enriched target materials in cyclotrons or nuclear reactors. After irradia-
tion, the radionuclide needs to be separated from its target. While this is mostly done by
ion-exchange chromatography, an emerging method includes the use of (microfluidic) sol-
vent extraction. However, it has not been studied to which extent the chelators and organic
solvents used during solvent extraction contaminate the final radionuclide-containing so-
lution, and how this might impact subsequent radiolabelling applications. In this study,
the contamination of the chelators N-benzoyl-N-phenylhydroxilamine (BPHA), dithizone
(DIZ) and di(2-ethylhexyl)phosphoric acid (D2EHPA) after solvent extraction of Ga-68,
Cu-64 and Ac-225 was investigated, and a microcolumn purification method is proposed.
It was found that BPHA and DIZ contaminations can significantly interfere with DOTA-
labelling. The applied microcolumn purification method eliminated the BPHA contami-
nation from the Ga-68 solution completely, while simultaneously drastically reducing the
total volume and acidity of the solution. It is therefore a promising purification method
that can be included in an automated microfluidic solvent extraction procedure.
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6.1. Introduction

Because of an ever increasing demand in medical radionuclides, radiochemists are ex-
tensively researching different ways to produce a large range of medical radionuclides
[1, 2]. Different separation and purification methods are studied to optimize yield, au-
tomation and recyclability, including ion-exchange, solvent extraction, co-precipitation,
electrochemical separation, as well as combinations of them [3].

One promising way to purify radionuclides is by microfluidic solvent extraction [4-
7]. This method is not only interesting due to the very high selectivity of chelators, it
also potentially allows for easier or direct target recycling and enables automation of
solvent extraction [4]. While several studies have been published investigating the effi-
ciency and selectivity of this separation process, to the best of our knowledge no studies
have considered the possible organic contamination of the extracting chelator in the fi-
nal solution after back-extraction, or their potential interference during labelling of the
radionuclide to pharmaceuticals. The presence of organic contaminations after solvent
extraction might therefore necessitates further purification steps.

Since high purity is needed for the manufacturing of radiopharmaceuticals, produc-
tion and separation of the radionuclide needs to comply to good manufacturing pro-
cesses (GMP). The official requirements include a high radiochemical and radionuclidic
purity, meaning that no other isotopes of the medical radionuclide and chemically dif-
ferent radionuclides are present, as well as the chemical purity (including metal-, buffer-
and other chemical impurities) [8, 9].

In many cases, even after initial chemical separation methods based on ion-exchange
or extraction chromatography, additional purification and/or concentration steps are
necessary before radiolabelling. Examples for this include the production of radiolan-
thanides such as Lu-177 or Tb-161 after irradiation of Yb and Gd targets, respectively.
The separation of Lu-177 from its Yb target and Tb-161 from its Gd target using a TK221
extraction chromatographic resin column (Triskem) results in elution volumes of several
tens to hundreds of milliliters [10]. The concentration of the solution volume is usually
achieved by either additional anion-exchange resin columns or open tabletop drying of
the solution [11]. Especially the open drying of highly radioactive solutions is undesir-
able and further complicates automation of the separation and labelling process. An-
other example where additional purification/concentration is necessary is the produc-
tion of Ga-68 via %8Ge/%Ga generators. Here, elution of Ga-68 is typically achieved in
4-7 mL, followed by additional purification/concentration using cation-exchange resin
columns [12-14].

While metal impurities in the final solutions have been studied before in this thesis
(chapters 2 and 4), as well as in the literature [7, 15], organic contaminations caused by
the solvent extraction process are typically neglected.

In earlier studies (Chapters 2, 3 and 4) microfluidic solvent extraction was investi-
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gated for the extraction of Ga-68, Cu-64 and Ac-225 using the chelators BPHA, DIZ and
D2EHPA, respectively. This study aims to investigate organic contamination in obtained
solutions after these solvent extractions, to which extend they influence radiolabelling,
and suggests a microcolumn-based method to further purify these solutions. The pre-
sented microcolumn purification method can also be extended to purification and con-
centration of solutions collected during different separation methods then solvent ex-
traction.

6.2. Methods and Materials

6.2.1. Organic contamination detection

To determine the presence of chelator contaminations, solutions obtained after back-
extraction were analyzed by ultraviolet-visible spectroscopy (UV-Vis) using a UV-6300PC
Double Beam Spectrophotometer. Back-extractions were done according to methods
described in earlier chapters (2, 3 and 4). However, the initial extraction step was skipped
to avoid interferences with co-extracted metal ions during UV measurements. There-
fore, no metals were present to back-extract, but the same experimental procedure was
followed. The 'back-extractions’ were done from three different chelator solutions due
to their use in chapters 2, 3 and 4, namely (I) 0.2 M N-benzoyl-N-phenylhydroxylamine
(BPHA; VWR International; CAS 304-88-1) in chloroform and back-extraction into 6 M
HC], (IT) 0.01 M dithizone (DIZ; VWR International; CAS 60-10-6) in chloroform and
back-extraction into 8 M HCl and (I1I) 10 v/v% di-2-ethylhexylphosphoric acid (D2EHPA,
reagent grade < 98 %; Merck Sigma) in chloroform and back-extraction into 0.1 M HCIL.
The contact time during the back-extraction was 10 minutes. The obtained aqueous
solutions were first measured by UV-Vis and afterwards slowly dried, redissolved in ul-
trapure water (MQ; Merck Milli-Q Advantage A10) and measured again, to compare the
spectra and determine potential chloroform contamination. Analyses were done in quartz
cuvettes over a wavelength range of 200 - 700 nm.

6.2.2. DOTA radiolabelling

The chelator dodecane tetraacetic acid (DOTA; CAS 60239-18-1) was chosen for radio-
labelling studies with Ga-68, Cu-64 and Ac-225, due its frequent application in radio-
pharmaceuticals [16]. Ga-68 was eluted from an Eckert & Ziegler IGG100 Ge-68/Ga-68-
generator (generously supplied by Erasmus MC) and Ac-225 was supplied by Eckert &
Ziegler. Cu-64 was produced at the Hoger Onderwijs Reactor (HOR) in Delft (the Nether-
lands) by neutron activation of a Zn metal foil with a thermal neutron flux of 3.5 x 10'3
s'm for 5 hours. After irradiation the Zn foil was dissolved in 8 M HCI and Cu-64 was
separated from the solutions using a DOWEX 2x8 200/400 mesh resin (Merck). After
pre-conditioning of the column, Cu-64 was adsorbed to the column and subsequently
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eluted in 1 M HCl. To obtain chelator-contaminated solutions, extractions and back-
extractions of Ga-68, Cu-64 and Ac-225 were executed as described in chapters 2, 3 and
4, respectively. The labelling of the radionuclides to DOTA was performed in a solution
consisting of 120 pL acetic acid buffer (pH 4.2), 25 pL 0.42 mM DOTA in MQ and 10-
30 kBq of Ga-68, Cu-64 or Ac-225, either obtained from the extraction process or used
directly from the source (therefore without potential organic contaminants). The solu-
tions were equilibrated in a thermoshaker for 15 minutes, at 90 °C and 300 rpm. Labeling
efficiencies were determined by instant-thin layer chromatography (iTLC). Herefore, in-
stant thin layer chromatography strips (iTLC-SG Agilent) were applied, using acetonitrile
5% v/v (CAS 75-05-08; Central warehouse L&M) as the mobile phase. After the (labelled)
radionuclide solutions were pipetted onto the strip, they were left to dry for 30 minutes,
before being submerged 1cm into acetonitrile 5% v/v. The mobile phase was left to run
for 5 minutes and the strips were dried afterwards for another 30 minutes before mea-
surements. During this chromatography step, the DOTA-labelled radionuclide were sep-
arated from the unlabelled radionuclides on the strip. To determine the radiolabelling
efficiency, the strips were cut in half and both the top (Ayp) and bottom (Aporrom) of
the strip were measured separately for their radioactivity with the Wallac Wizard 2480
automatic gamma counter (Perkin Elmer). The DOTA labelling efficiency (LE%) was cal-
culated as follows:

Atop

LE% = * 100% (6.1)

Apottom + Atop

While Ga-68 and Cu-64 were measured directly, Ac-225 was measured indirectly with its
daughter Fr-221 after >30 minutes of equilibration.

6.2.3. Phosphor imaging

For visual representation of the labelled and unlabelled Ga-68 activity, the iTLC strips
were imaged with a Typhoon Trio+ phosphor imager (Amersham GE) and images were
analyzed with ImageQuant TL. The screen of the phosphor imager was exposed to the
iTLC strips for 10 minutes, and subsequently placed into the phosphor imager. The
phosphor images of the iTLC strips were taken with a pixel size of 50 microns.

6.2.4. Microcolumn purification

For the specific case of Ga-68 with BPHA contamination, a purification method was de-
veloped consisting of an ion-exchange resin-based microcolumn. The microcolumn was
fabricated by mixing PDMS elastomer and its curing agent with a mass ratio of 10:1 and
pouring the mixture onto a 4-inch silicon wafer with a microcolumn pattern. The pattern
was printed on the silicon wafer using a soft lithography technique. Two microcolumns
were made with differing width of 2 mm and 5 mm, both 3 cm long and 0.1 mm high.
The ion-exchange resin AG 1-X8 (Bio-Rad) was preconditioned in 6 M HCI and loaded
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Figure 6.1: Left: Image of 2 mm wide column containing 8 mg of AG 1-X8 resin. Right: Microscopic images of
5 mm wide microcolumn containing AG 1-X8 resin.

into the microcolumn with a syringe via flexible tubing until filled, resulting in a content
of approximately 8 mg in the 2 mm wide column and 21 mg in the 5 mm wide column.
A picture of the 2 mm wide column as well as a microscope image of the 5 mm wide
column are shown in Fig 6.1. The Ga-68 solution was obtained in 6 M HCI from batch
back-extractions as described earlier, and the total Ga concentration was adjusted by
addition of Ga(NOs), to be at 1 pM to simulate a realistic concentration of several GBq
Ga-68. The 5 mL solution was loaded into a syringe, and connected to the microcolumn
via flexible tubing. An AL-1000 Programmable Syringe Pump (941-371-1003; World Pre-
cision Instruments Inc.) was used to push the solution through the microcolumn at a set
flow rate. The radioactivity of the solution was measured before (A;,;s;4;) and after ad-
sorption (Agfer) of Ga-68 to the microcolumn and adsorption efficiencies (AE%) were
calculated as:

AE% = (1- 21 ) 1 00% 6.2)

initial

These experiments were done in triplicate and uncertainties are given as one standard

deviation of the mean.

After adsorption of Ga-68 to the microcolumn, elution was done into MQ. The so-
lution was collected in small fractions (of 50 pL in the 5mm wide column and approxi-
mately 20 pL in the 2mm wide column) to evaluate the elution profile, and thus deter-
mine the minimum amount of solution necessary for complete elution. Additionally,
the above-mentioned steps were repeated with a 6 M HCI solution obtained from the
back-extraction process with BPHA and chloroform but without Ga-68, to investigate
the MQ solutions eluted from the microcolumn for any residual BPHA contamination.
Measurements of the BPHA contamination in the 6 M HCl solution and the obtained MQ
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solutions were done by UV-Vis spectroscopy as described above. To further investigate
the potential reduction of common metal contaminants Zn, Fe and Cu during the mi-
crocolumn purification experiments, a 2.5 mL solution containing 5 mg/L Zn, Fe and Cu
in 6 M HCl was pushed through the column and eluted into 250 uL. MQ. The metal con-
centrations before adsorption (C;,;;i4;) and after elution (Cgjyti0,) Were measured by
inductively coupled plasma optical emission spectroscopy (ICP-OES; Optima 8000 from
Perkin Elmer) and the total recovery (R%) was calculated as shown below:

Celution)

R%=(1- *100% (6.3)

initial

6.3. Results and Discussion

6.3.1. Organic contamination detection

To determine the presence of chloroform, BPHA, DIZ or D2EHPA in the aqueous solu-
tions, UV-Vis measurement were first done on solutions obtained after the back-extrac-
tion process. Fig. 6.2 displays the measured spectra of the solutions collected after back-
extraction, showing contaminations with a) BPHA, b) DIZ and c) D2EHPA, before and af-
ter being dried to evaporate the chloroform contamination. The most prominent peaks
can be seen in the spectra of BPHA. It has been reported that BPHA is soluble in water
at levels detectable by UV-Vis [17], and its presence was therefore expected in the so-
lutions. After evaporation the peak representative for BPHA [17] can be seen at around
270 nm. The significant difference in the spectra before evaporation is due to the pres-
ence of chloroform contaminations and the resulting interaction between chloroform
and BPHA.

The spectrum obtained for DIZ shows a peak at 250 nm which is not in line with liter-
ature reports of DIZ spectra (having peaks at around 445 nm and 590 nm [18]). This peak
likely represents an oxidation product of dithizone as shown by [19]. Since DIZ is known
to have a low temperature and photostability [20], the concentration decreases during
open tabletop heating, resulting in a lower concentration in the measurement after dry-
ing. D2EHPA is not present as a contamination in a concentration within the detection
range of the UV-Vis spectrophotometer (<1 ppm), although this of course does not fully
exclude its presence. The spectra of the DIZ and D2EHPA solutions before drying also
indicate minor chloroform contaminations, due to the steep absorbance at wavelength
between 200 and 230 nm [21]. From these measurements it can be concluded that some
chelators contaminate the aqueous solution after back-extraction, a fact that has not
been discussed in the literature yet [7].
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Figure 6.2: UV-VIS spectra showing the presence or absence of contaminations after back-extraction by a)
BPHA, b) DIZ and c) D2EHPA, before (light blue) and after (dark blue) evaporation (and re-dissolution) to
show the difference with and without chloroform contamination.

6.3.2. DOTA radiolabelling

From the previous experiments it was clear that BPHA and DIZ chelators, as well as chlo-
roform, contaminate the aqueous solution during back-extraction to varying degrees.
The potential interference of chelator contamination was therefore investigated during
the labelling of the radionuclides Ga-68, Cu-64 and Ac-225 to DOTA. The results (Fig 6.3)
indicate that BPHA interferes with the labelling of Ga-68 to DOTA. Interference of DIZ
during Cu-64 radiolabelling to DOTA can be assumed from the results. For Ac-225, no
significant difference can be seen during the radiolabelling to DOTA, indicating that no
interfering D2EHPA contamination was present, which was expected based on the UV-
Vis results shown in Fig. 6.2 c). While the radiolabelling of Ga-68 to DOTA vyielded a
LE% 0f99.58 + 0.70 % in absence of BPHA contamination, in its presence the LE% drops
significantly dependent on the amount of BPHA contamination. Phosphor imaging of

[ reference solution without DOTA
radiolabelling

7 [ DOTA radiolabelling

- DOTA labelling, in presence of
extraction chelator contamination

100

80

Radiolabelling efficiency [%]

Ga-68 (BPHA) Cu-64 (DIZ) Ac-225 (D2EHPA)

Figure 6.3: Labelling efficiencies of Ga-68, Cu-64 and Ac-225 to DOTA in the presence and absence of contam-
ination by extraction chelators BPHA, DIZ and D2EHPA, respectively.
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Figure 6.4: a) iTLC strips showing the effect of BPHA contamination during radiolabelling of DOTA. Labelling
was executed with DOTA in the absence and presence of varying concentrations of BPHA, as shown by the
UV-Vis spectra in b).

the iTLC strips and corresponding UV-Vis spectra (Fig. 6.4) indicate the correlation be-
tween differing labelling efficiencies and concentration of BPHA contamination. Cu-64
radiolabelling to DOTA also show the interference of contamination. The reference solu-
tion without DOTA but with DIZ contamination shows a labelling efficiency of 21 + 10 %,
showing that the 4Cu-DIZ complex moves on the iTLC strip in the same way 5*Cu-DOTA
does. The DOTA labelling without DIZ contamination resulted in 22.1 + 5.5 %. When re-
peated with presence of DIZ contamination the LE% increased to 48 + 13 %, which did
not show an improvement of DOTA labelling, but the presence of DIZ labelled Cu-64.
Since the DOTA concentration in the solution was high enough to exceed radionuclide
concentrations by several orders of magnitude, metallic contaminations can not be the
cause of the drop in labelling efficiencies (usually nanomolar DOTA concentrations are
sufficient to account for interfering metal contaminations [22, 23]). The results during
labelling in the presence of BPHA and DIZ contamination showcase the potential inter-
ference of chelator contaminations obtained after solvent extraction during radiophar-
maceutical labelling.

6.3.3. Microcolumn purification

To prevent chelator contamination from interfering with radiolabelling, an additional
clean-up step of the collected solution after solvent extraction is essential. For this pu-
rification a microcolumn-based clean-up method is presented that can be integrated in
an automated solvent extraction procedure.

As a case study, the purification of a Ga-68 in 6 M HCl solution after solvent extraction
with BPHA in chloroform is further discussed in detail. First, two different microcolumn
sizes were packed with AG 1-X8 ion-exchange resin, as shown in Fig. 6.5 a). Adsorption
efficiencies of over 98 % were achieved with both microcolumns using flowrates of 20
and 50 pL/min. Only at 100 pL/min a decrease in adsorption efficiency to 90.59 + 0.48 %
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Figure 6.5: a) Adsorption efficiency of Ga-68 from 6 M HCI at varying flowrates in two different microcolumn
widths. b) UV-Vis spectra of 6 M HCI solution before loading of the microcolumn and MQ elution from the
microcolumn afterwards, showing no BPHA contamination.

was observed in the 2 mm wide column. Elution of Ga-68 was accomplished into MQ
and elution profiles are shown in Fig. 6.6. From both microcolumns, around 98 % of
Ga-68 could be eluted. However different volumes of MQ were needed, namely 90 pL
and 150 pL for the 5 mm wide column and the 2 mm wide column, respectively. Fig. 6.5
b) shows the UV-Vis absorption spectra of the 6 M HCl solution before the microcolumn
purification step, exhibiting a significant amount of BPHA contamination, as well as a
MQ solution obtained after elution from the microcolumn, with no indication of residual
BPHA contamination. These spectra indicate the ability of the microcolumn to purify
solutions from chelator and chloroform contaminations.

Additionally, a significant reduction of acidity (from 6 M HCIl to MQ) and volume
(from 5 mL to below 150 pL) could be achieved during the microcolumn purification.
This is particularly important as small volumes and specific pH are needed for radio-
pharmaceutical labelling. The elution in MQ allows for easy buffering to obtain the nec-
essary pH [12].

Furthermore, the distribution of Zn, Fe and Cu contamination was measured, due
to their frequent occurrence in irradiated targets [24, 25]. Of special interest was the
radionuclide Cu-61, which can be co-produced during irradiation of Zn-68 for the pro-
duction of Ga-68 [25]. The total recovery of Zn, Fe and Cu after adsorption and elu-
tion was found to be 97.6 + 3.5 %, 77.9 + 3.8 % and 5.8 + 0.9 %, respectively, showing
that especially Cu contamination (including Cu-61) can be reduced significantly by al-
most 95 %. Finally, a DOTA labelling experiment was repeated with the purified Ga-
68, as described above, which resulted in a radiolabelling efficiency of 98.3 % + 1.8 %.
This showcases again the successful elimination of the BPHA contamination by the mi-
crocolumn purification method. After production of Ga-68 by either elution from a
58Ge/®8Ga generator or after irradation of Zn-68 in a cyclotron with subsequent sepa-
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with 21 mg of AG 1-X8 resin and b) a 2 mm wide microcolumn with 8 mg of AG 1-X8 resin. The total eluted Ga-
68 percentage was determined as the ratio of Ga-68 activity in the elution fractions vs. the total added Ga-68
activity.

ration of Ga-68 via cation-exchange, an extra purification/concentration step is often
necessary, as done in this chapter. Elution from a generator usually results in volumes
of 4 to 7 mL [12, 13]. The most commonly used approach for this step includes the use
of cation-exchange columns with subsequent elution of Ga-68 in a solution containing
high amounts of acetone [12-14, 26]. Rosch et al. obtained 97% of Ga-68 in 400 pL in a
97.6% acetone/0.05 M HCl solution [14] using a cation exchange micro-chromatography
column filled with 50 mg of AG 50W-X8 resin (BioRad). Even if Ga-68 was produced via
cyclotron irradiation with subsequent separation by cation exchange columns, it is of-
ten further purified and concentrated using the same method by Zhernosekov et al. [12]
as described above, including the use of an acetone/HCI solution [27]. The presented
microcolumn purification method therefore presents a successful alternative to exist-
ing purification/concentration methods, while avoiding the use of organic solvent for
elutions and resulting in an even smaller elution volume. These results show that the
method is not only useful for the integration into a solvent extraction procedure, but also
as a purification step for Ga-68 solutions obtained from other production and separation
routes, such as generator elutions and cation exchange after cyclotron production.

6.4. Conclusion

It was shown that solvent extraction of medical radionuclides can result in contamina-
tion of the used chelators in the collected solutions that are further to be used for ra-
diolabeling of pharmaceuticals. Specifically the chelators BPHA and DIZ were found
to cause a contamination that have shown to interfere with subsequent DOTA radiola-
belling. Implementation of microcolumn purification step using the AG 1-X8 resin, the
BPHA contamination was eliminated, the total acidity of the solution reduced from 6 M
HCI to MQ), the volume reduced from 5 mL to less then 150 pL, and Cu contamination
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reduced by almost 95 %. This microcolumn purification method is extremely promising

also for other separation methods that result in high volumes or acidities, to circumvent

the necessity of drying down the highly radioactive solutions.
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Chelator-impregnated PDMS
beads for the separation of
medical radionuclides

Chelator-impregnated resins have been studied earlier for the chemical separation of el-
ements in aqueous solutions, but issues with their chemical stability have limited their
use in the separation of (medical) radionuclides from their respective irradiated targets.
In this study, polydimethylsiloxane (PDMS)-based chelator-impregnated beads were de-
veloped that showed a high chemical stability against leaching. Several different chela-
tors, namely N-benzoyl-N-phenylhydroxilamine (BPHA) di-2-ethylhexylphosphoric acid
(D2EHPA) and dithizone (DIZ) were tested. After impregnation of the PDMS beads with
D2EHPA, an in-flow separation study with various radionuclides (Y-90, La-140, and Ac-
225) was conducted. The D2EHPA-impregnated beads achieved high adsorption efficien-
cies 0f 99.89 % + 0.14 %, 99.50 % + 0.10 %, and 98.51 % + 0.25 %, for Y-90, La-140, and
Ac-225, respectively, while co-adsorption of minor amounts (< 3 %) of the target materials
(S1, Ba, and Ra respectively) were obtained. These results, together with the high chemical
stability of the PDMS-based resin, highlight the potential of chelator-impregnated resins
in the rapidly growing field of (medical) radionuclide production.

The content of this chapter has been patented in Patent Nr 2037212 and published in:

Santoso, A., Trapp, S., Blommestein, 1., Saedya, S, de Kruijff, RM, van Steijn, V., van Ommen, JR., 2025. Chelator-
impregnated polydimethylsiloxane beads for the separation of medically relevant radionuclides. Separation
and Purification Technology 354 (3), 128865.
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7.1. Introduction

In the field of nuclear medicine, antibodies, peptides, or small molecules labelled with
radionuclides are used for nuclear imaging of a malignancy, or for the delivery of a ther-
apeutic radiation dose to a specific tumor site while minimizing the dose to surrounding
healthy tissue [1, 2]. For decades, just a few radionuclides have been used in clinical
settings, including the positron (%) emitters Ga-68 and F-18 for positron emission to-
mography (PET) (3, 4], the gamma (y) emitter Tc-99m for single-photon emission com-
puted tomography (SPECT) [4], and the alpha (a) emitter Ra-223 for the treatment of
bone metastases [5]. With technological advancements in targetry and irradiation fa-
cilities, increasing numbers of radionuclides are researched for their potential use in
nuclear medicine to maximize worldwide capacity and availability of medical radionu-
clides [1, 2, 6]. Yet, few make it to clinical applications [1, 2, 6, 7].

One of the biggest challenges in realizing the full potential of these radionuclides
lies in the production steps and the availability of the enriched target material needed
for the production [7]. Most medical radionuclides are produced by irradiation of costly,
enriched target materials, either as solid or liquid targets. After irradiation, the produced
radionuclide is separated from its respective target and the target material is recovered
to be re-used. This separation should be performed quickly, especially in the case of
short-lived radionuclides (e.g., Ga-68 with a half-life of #,, = 67.71 minutes). The sep-
aration should also result in a high chemical and radio chemical purity [8] for further
use in radiopharmaceutical production. Moreover, concerns about good manufacturing
practices (GMP), radiation safety, and cost necessitate a simple, automatable separation
process [9, 10].

The most common method for the chemical separation of a product radionuclide
from its target is ion-exchange chromatography [11]. In ion-exchange chromatogra-
phy, the separation of the radionuclide from its target material is commonly done by
flowing an aqueous solution containing the product radionuclide and target material
through a resin-packed column. The resin consists of a solid support with covalently
bound functional (charged) groups. The functional groups act as a binding site, often
adsorbing both the radionuclide and the target material. Hereafter, selective elution of
the radionuclide, the target, and possible contaminants from the resin is done by sub-
sequently flowing aqueous solutions with a different pH through the column. This also
necessitates multiple processing steps to recycle the expensive enriched target material
[12-16].

As an alternative to traditional ion-exchange resins, chelator-impregnated resins have
been studied. In this approach, a chelator or extracting agent is impregnated onto poly-
mer-based resin beads that act as the solid support [17]. Chelators can have a high selec-
tivity towards the product radionuclide over its target material, forming stable coordina-
tion bonds [18]. Due to this high selectivity, a lower amount of resin, and, subsequently,
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Figure 7.1: Ilustration of the fabrication of chelator-impregnated PDMS beads (left) and their use in separating
a product radionuclide of interest from its target material (right). Cured PDMS foam sheets are immersed in
a chelator-containing chloroform solution before being vacuum-dried and mechanically ground into beads.
The chelator-impregnated PDMS beads are loaded into a flow column, through which liquid containing the
product radionuclide of interest and its target is flown. The radionuclide selectively binds to the chelator on the
beads, resulting in a separated target solution leaving the column. The radionuclide is subsequently collected
by flowing an eluting solution with a specific pH through the column.

lower volumes of chemicals are needed [19]. Additionally, chelator-impregnated resins
possibly allow for direct recycling of the target when a liquid target is used [19], because
the target is not adsorbed on the resin. Despite the potential advantages of chelator-
impregnated resins, the chemical stability of the resins remains an issue. When in con-
tact with acidic solutions, the chelator can be leached [20]. Consequently, the resins are
no longer usable, the expensive target solution can no longer be recycled directly, and
the chemical purity of the radionuclide solution decreases, posing issues with GMP pro-
duction. To overcome this, a highly stable combination of support material, chelator,
and impregnating method with selective adsorption towards the product radionuclide
needs to be found [21].

This chapter presents the synthesis and application of chelator-impregnated poly-
dimethylsiloxane (PDMS) beads with high selectivity towards the radionuclide of inter-
est and a high chemical stability against leaching, for the separation of selected medi-
cal radionuclides, as illustrated in Fig. 7.1. Unique when compared with other support-
ing materials used for chelator-impregnated resins, PDMS has a high resistance against
acids, but swells upon contact with common organic solvents in which most chelators
can be dissolved [22]. This allows the incorporation of a chelator inside the PDMS, be-
fore the PDMS shrinks back upon removal of the organic solvent [23], both physically
trapping the chelator and hydrophobically binding it to the surface. This improves the
chemical stability of the chelator-impregnated resin and subsequently prevents leach-
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ing of the chelator, a known problem in the applications of chelator-impregnated resins
[21, 24]. Making use of this feature, PDMS beads were impregnated with three different
chelators: di-2-ethylhexylphospho-ric acid (D2EHPA), dithizone (DTZ), and N-benzoyl-
N-phenylhydroxylamine (BPHA) all dissolved in chloroform. The selection of the chela-
tors was made due to their demonstrated applicability for the separation of the medical
radionuclides Ac-225, Cu-64 [25, 26], and Ga-68 [27], respectively.

Subsequently, a case study was conducted using D2EHPA-impregnated PDMS beads
for the separation of yttrium and lanthanum (both possessing medically interesting ra-
dionuclides such as the §* emitting Y-86 and La-132 [28, 29]) from their respective stron-
tium and barium targets, as well as actinium from radium, motivated by the increasing
attention for the use of Ac-225 in targeted alpha therapy [30, 31].

7.2. Methods and Materials

7.2.1. Fabrication of chelator-impregnated PDMS beads

PDMS beads were fabricated by suspending the PDMS elastomer (dimethylsiloxane, Syl-
gard 184 Elastomer Kit, Dow Corning) in water with a mass ratio of 1:5. The suspension
was then mixed with a vortex mixer (Vortex Genie 2, Scientific Industries) for 10 minutes
before a PDMS curing agent (methyl hydrosilane, Dow Corning) was added with a mass
ratio of 1:2 to the elastomer. The mixture was then remixed with the vortex mixer for an-
other 2 minutes before slowly being poured into a beaker containing 10 times as much
water by weight at 100 °C. After pouring, an opaque solid foam-like sheet formed on the
surface of the boiling water. This PDMS foam sheet was taken out and cured in an oven
at 200 °C for at least 10 hours.

Impregnation of the cured PDMS foam sheet with a chelator was done by immers-
ing the sheet in a chloroform solution containing the dissolved chelator at a concen-
tration ranging from 0.01 M to 0.75 M, depending on the solubility of the chelator used
and its common practice [32-34]. Three different chelators were studied: N-benzoyl-N-
phenylhydroxylamine (BPHA, > 98%, VWR), di-2-ethylhexylphosphoric acid (D2EHPA,
> 98%, Merck Sigma), and 1-anilino-3-phenyliminothiourea (dithizone, DTZ, > 98%,
Merck Sigma). After immersion for 10 hours at 25 °C and atmospheric pressure in a con-
tainer open to the atmosphere of a fume hood, the remaining chloroform was removed
by placing the container in a vacuum desiccator (~ 10-2 mbar) for 30 minutes.

Chelator-impregnated PDMS beads were obtained by grinding the chelator-impreg-
nated PDMS foam sheets in an electric coffee mill grinder (PCKSW 1021 N) for 5 minutes.
Initial tests on bare PDMS beads were performed to determine the influence of the op-
erating parameters of the grinder on the diameter of the beads (see Fig. 7.9). With the
chosen operating parameters, the median diameter of the chelator-impregnated beads
was 0.4 £0.1 mm.
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7.2.2. Characterization of the PDMS beads

To characterize the diameter of the PDMS beads, brightfield images of the beads were
recorded using a camera (ImagingSource DFK33UX273) mounted on an optical micro-
scope (Oxion Inverso) through a 4x Plan Phase LWD Infinity Corrected IOS objective. The
obtained images were processed using Image]J software [35]. From the two-dimensional
images, the median diameter of the beads was determined using Martin’s diameter. Mar-
tin’s diameter is defined as the maximum measured distance between opposite sides of
the non-spherical beads and was measured transverse to the beads on a line that bisects
the projected area [36]. The median diameter of the beads was obtained by measuring
Martin’s diameter of 100 beads. The PDMS bead diameter was used to obtain a conser-
vative estimate of the available surface area of the PDMS beads. The impregnation of the
chelators was characterized using attenuated total reflection Fourier-transform infrared
spectroscopy (ATR-FTIR, Thermo Nicolet NEXUS) with a wavelength range of 4000 to
500 cm™!. To observe the surface structure of the chelator-impregnated PDMS beads,
field emission scanning electron microscopy was conducted (FE-SEM, Hitachi Regulus
SU8230) at a beam current of 1 pA and electron energy of 3-5 keV.

To approximate the mass of the impregnated chelators in the PDMS beads, a ther-
mogravimetric analysis (TGA, METTLER TOLEDO SF/1100) was performed by heating
the beads to 800 °C at a rate of 10 °C min~! under nitrogen (100 mL min~!). Since PDMS
starts degrading at temperature above 320 °C [37], while the chelators degrade at lower
temperatures (200 °C to 300 °C for BPHA [38], 120 °C to 270 °C for D2EHPA [34, 39], and
150 °C to 250 °C for DTZ [40]), the weight difference at 310 °C was used to approximate
the chelator mass [39, 41]. To gain insights on the impregnation mechanism, X-ray pho-
toelectron spectroscopy (XPS, ThermoFisher Scientific Nexsa) was performed using an
XPS spectrometer equipped with a monochromatic Al Ka radiation source and a pass
energy of 30 eV for the survey scan. Since the XPS beam source and detector are placed
at an angle, the XPS reading on particles with random shapes and relatively large sizes
can be less reliable. Therefore, the XPS measurements were conducted on a flat layer
of PDMS, spin-coated on a silicon wafer [42], and immersed in the chelator-containing
chloroform solution, following the method described before. A depth profiling was then
conducted by etching the surface using Ar* ions (2 keV with a raster size of 1 mm) while
the differential charging was compensated using a flood gun. CASA-XPS software was
used to post-process the XPS peak profiles, where the spectra were charge-corrected
with the adventitious carbon peak at 284.8 eV.

7.2.3. Chemical stability test of chelator-impregnated PDMS beads

The stability of the impregnated beads was tested in pure Milli-Q water and the follow-
ing acidic solutions: 1 M HCl, 12 M HCI (ACS reagent 37%, Merck Sigma), and 1 M HNOj3;
(65%, Merck Sigma). To this end, 0.5 g of the chelator-impregnated PDMS beads were
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submersed in 5 mL of the acidic solution in a 15 mL Falcon tube, which was contin-
uously shaken (IKA Vibrax VX-2) for short (5 minutes) and long (8 hours) immersion
times. The beads were subsequently washed with pure Milli-Q water before being char-
acterized using XPS. In addition, all immersion solutions were characterized using an
ultraviolet-visible spectrophotometer (UV-Vis, NanoDrop 2000/2000c) with a wide scan
reading (300 - 800 nm). As a reference, the stability of chelator-impregnated silicon (IV)
oxide powder (Silica, 99.5%, Millipore, 0.063 -0.200 mm) was tested as well, where the
powder was impregnated with the chelators following a similar methodology to the im-
pregnation of PDMS beads. The chelator-impregnated silica powder was subsequently
immersed in the same acidic solutions. Once the powder was separated, the immersion
liquid was characterized using UV-Vis. Since the concentration of the chelators leached
from the silica powder was higher than the concentration from the PDMS beads, the im-
mersion liquid was diluted 1000 times before being measured with UV-Vis. Please note
that the concentration of the leached BPHA and DTZ from silica powder after dilution
was within the detection limit of the UV-Vis. However, the leached D2EHPA was in the
liquid phase at room temperature. Due to its relatively high concentration, the leached
D2EHPA from silica powder was highly dispersed in the immersion liquid, resulting in
an opaque liquid. This high opacity reduced the reliability of UV-Vis measurement,
even after being diluted 10° times. Therefore, to quantify the leached D2EHPA from
the chelator-impregnated silica powder reliably, the opaque D2EHPA immersion liquid
was left in the fume hood for 24 hours to partition. After 24 hours, two liquid phases
separated and a clear boundary between the two phases was observed. The top liquid
was decanted and the bottom liquid was weighed, indicating the mass of the leached
D2EHPA.

To evaluate the interaction between the chelator and the PDMS responsible for the
chemical stability (i.e., minimal leaching), the extended Derjaguin-Landau-Verwey-Over-
beek theory (EDLVO) was used [43-49]. More specifically, the Gibbs free energy was de-
termined as an indicator of the interaction strength between the chelator and the PDMS.
The details of the calculation can be found in Supplementary Information.

7.2.4. Radiotracer production and radioactivity measurements

The radiotracers Y-90, La-140, and Cu-64 were produced by neutron irradiation of Y03,
Lap 03 (Merck Sigma), and Zn-foil, respectively, at the Hoger Onderwijs Reactor (HOR)
of the TU Delft Reactor Institute, the Netherlands. The Zn-foil was irradiated at a ther-
mal neutron flux of 4.24-10'7 m™2s! for 6 hours, and subsequently, dissolved in 8 M
nitric acid (HNOs), slowly dried down on a heating plate, and redissolved in Milli-Q wa-
ter. Y,03, and La,O3 were irradiated at a thermal neutron flux of 4.69-10'® m=2s! for
3 hours and subsequently, dissolved in 1 M HNOj3 solution, slowly dried down on a heat-
ing plate, and redissolved in Milli-Q water. The radiotracer Ga-68 was eluted from an
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Eckert & Ziegler IGG100 GMP Ge-68/Ga-68 generator (generously supplied by Erasmus
MC, the Netherlands) in 0.1 M HCL. The radiotracer Ac-225 was supplied by Eckert &
Ziegler and Ra-223 was supplied by GE Healthcare. Radioactivity measurements of the
radiotracers were performed as follows: The Wallac Wizard2 3” 2480 Automatic Gamma
Counter from Perkin Elmer (Groningen, the Netherlands) was used for gamma-radiation
measurements of Cu-64, Ga-68, La-140, and Ra-223, while the beta-emitting Y-90 was
measured with a Liquid Scintillation Counter (tri-carb 2750TR/LL, Packard). Ac-225 was
measured indirectly at equilibrium (> 30 minutes after experiments) with its y-emitting
daughter Fr-221 (12 = 4.9 minutes).

7.2.5. Separation of radionuclides with chelator-impregnated PDMS
beads

Sorption capacity

To measure the sorption capacity of chelator-impregnated PDMS beads for different
radionuclide-chelator combinations, 10 mg of the impregnated beads was submerged
in 1 mL aqueous solutions with known concentration of Y (1 uM), La (1 uM), Cu (1 nM),
or Ga (1 nM). The corresponding radioactive tracers Y-90, La-140, Cu-64, and Ga-68 were
added to their respective solutions at concentrations between 1 - 10 kBq/mL. For Y and
La, PDMS beads impregnated with the chelator D2EHPA were selected. For Cu and Ga,
DTZ and BPHA were chosen, respectively, due to their use in prior studies on microflu-
idic solvent extraction of Cu-64 [25, 26] and Ga-68 [27]. The solutions containing Y and
Lahad a pH of 6, the Cu solution had a pH of 0, and the Ga solution had a pH of 2, accord-
ing to the optimal pH for the extraction with these chelators, as determined by solvent
extraction experiments [25-27]. The vials containing the aqueous solutions and PDMS
beads were put on a Vortex-Genie 2 (Scientific Industries, Inc) at the highest speed for
1 hour to ensure equilibrium was reached. Afterwards, the aqueous solutions were pipet-
ted out of the vials, avoiding the PDMS beads. The concentration of Y, La, Cu, and Ga in
the aqueous solutions was determined by measuring the radioactivity A of their corre-
sponding radiotracers, which are representative of the total concentrations. The sorp-
tion capacity was calculated by subtracting the measured amount of Y-90, La-140, Cu-
64, or Ga-68 after the adsorption (1,q, depleted) from the initial amount (72,4, initia), and
dividing the adsorbed amount by the mass of the chelator-impregnated PDMS beads

(Mpeads), i.€.,

. .. Mol Naq, initial [mol] - Nagq, depleted [mol]
Sorption capacity [—] =
g Mbeads (8]

Experiments were done in triplicate and errors are given as one standard deviation of the

(7.1)

mean.
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Figure 7.2: Chromatography columns with chelator-impregnated PDMS beads used for the separation of ra-
dionuclides from their target. D2EHPA-impregnated PDMS beads in a column with an inner diameter of 1.5
mm used for the in-flow separation of Y and La (top; loading 20 mg) and in a column with an inner diameter
of 0.5 mm used for the in-flow separation of Ac-225 (bottom; loading 5 mg).

In-flow separation

To test the in-flow separation of Y from Sr and La from Ba, 20 mg of D2EHPA-impregna-
ted PDMS beads were loaded into a tubing with a diameter of 1.5 mm (Fig. 7.2, top). The
solutions consisted of 1 M Sr(NO3), with 100 uM [*°Y]Y(NO3), or 0.1 M Ba(NO3), with
10 uM ['*9La]La(NO3),, dissolved in Milli-Q water (nomenclature adapted from [50]).
For the Ac-225 separation from [?23Ra]Ba(NOQ3)2, only 5 mg of D2EHPA-impregna-ted
PDMS beads were loaded into a tubing with a diameter of 0.5 mm (Fig. 7.2, bottom),
because of the significantly lower Ac-225 concentration in the solution (in the picomo-
lar range, compared to the micromolar range for Y and La). The solution consisted of
0.1 M Ba(NO3), with 10 kBq/mL Ac-225 and 10 kBq/mL of Ra-223. These model solu-
tions were used for the experiments to collect results, upon which future experiments
with irradiated targets can be designed. The aqueous solutions containing the radionu-
clides were filled into syringes and pushed through the column by a syringe pump (AL-
1000 Programmable Syringe pump 941-371-1003 from World Precision Instruments Inc.)
at various flow rates in the range of 0.1 - 6 mL/min. The adsorption efficiency (AE)
was defined as the relative difference in measured radioactivity before (Ajpjia1) and af-
ter (Aafeer adsorption) the in-flow separation, i.e.,

Aafter adsorption

AE [%] =(1- x 100%. (7.2)

Ainitial
After the adsorption, the radionuclide of interest needs to be eluted from the beads into
another aqueous solution. Herefore, different HCI concentrations were tested, ranging
from 0.1 M to 4 M H(], to see if a difference in acidity leads to a difference in elution
speed. The flow rate was kept at 0.1 mL/min. 100 pL fractions were collected consec-
utively and their radioactivity was measured as described above. Co-adsorption of Sr,
Ba, and Ra-223, from 1 M Sr(NOs), for Sr, and 0.1 M Ba(NOs), for Ba and Ra-223, was
also studied in-flow using the above procedure and the adsorption efficiency was deter-
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mined according to Eq. 7.2. Of note, for Sr and Ba, instead of the ratio of the radioac-
tivities, the ratio of the concentrations before and after the in-flow separation was used,
as measured by inductively coupled plasma mass spectrometry (ICP-MS, Perkin Elmer,
NexION 2000). For the separation of Ac-225 from Ra-223 a separation factor (S) was cal-
culated additionally, for the results at the optimal flowrate of 0.3 mL/min, according to
Eq 7.3, where D is defined as the ratio of the adsorbed and not adsorbed radioactivity.

_ Dpc

S =
Dga

(7.3)

The co-adsorption of the potential metal contaminants Ni, Fe, Cu, Zn, Pb, Al, and
Ca to the D2EHPA-impregnated PDMS beads was studied as well. These contamina-
tions are commonly found in irradiated targets [51]. They are essential to study, since
one important parameter for the use of the already separated radionuclides is the spe-
cific activity, which is the radioactivity per unit mass. A solution consisting of 100 pg/L
of each metal contaminant was flown through the column as described above. A flow
rate of 0.3 mL/min was applied, which was identified as the optimal flow rate for Ac-
225 adsorption, as explained later. The initial concentrations and concentrations after
the adsorption, as well as the elution into 0.1 M HCI (in which Ac-225 is collected), were
measured by ICP-MS and the AE was calculated as described above. The total recovery
of the contaminants was calculated as

Celution

Total recovery [%] = ——— x 100%, (7.4)
Cinitial
where cepution is the measured concentration of the contaminant in the elution and cjpjtial
is the initial concentration of the contaminant in the solution during the in-flow sepa-
ration. All experiments were executed in triplicate and errors are given as one standard
deviation of the mean.

7.3. Result and Discussion

7.3.1. PDMS beads impregnated with three different chelators

Fig. 7.3 shows the FTIR spectra of bare PDMS beads and PDMS beads impregnated with
three different chelators. These spectra confirm the presence of the chelators on the
impregnated beads, evident from peaks in the spectra specific to the specific bonds in
the molecular structure of the different chelators. For BPHA, its presence is confirmed
by the peak on the wavelength of 1622 cm™! associated with the C=0 bond of BPHA
and on the wavelength of 3171 cm™! associated with the O-H bond [49] (see Fig. 7.3
(a)). For D2EHPA, its presence is confirmed by the peak on 1230 cm™! corresponding
to the P=0 bond of D2EHPA and by extra stretching in the 3000 - 2900 cm™~! region (see
Fig. 7.3 (b)). Although DTZ is harder to observe than the other two chelators as most of its
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Figure 7.3: FTIR spectra of bare PDMS beads and PDMS beads impregnated with the chelators BPHA (a),
D2EHPA (b), and DTZ (c), along with their corresponding chemical structure. The spectra of bare PDMS beads
are in red, the spectra of the impregnated PDMS beads are in grey, and the peaks characteristic for the chelators
are highlighted in the green boxes. The FTIR of the pure chelators can be found in the literature [34, 49, 52].
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characteristic peaks overlap with the peaks of PDMS, the presence of DTZ was confirmed
by the peaks in the 3000 - 2900 cm™! region (see Fig. 7.3 (c)).

Since the final application of the chelator-impregnated PDMS beads is to adsorb ra-
dionuclides, the chelators are preferably located at the outer surface, where most of the
adsorption takes place. While FTIR spectra indicate the presence of the characteristic
peaks corresponding to the chemical groups of the chelators, its penetration depth is rel-
atively high (in um range), and it does not reveal where the chelators are present. There-
fore, additional FE-SEM and XPS measurements were done, showing that the surface
morphology changes with the impregnation (see Fig. 7.11). More specifically, particle-
like structures can be seen on the surface of the PDMS beads impregnated with BPHA
and DTZ, while a smoothening-like effect is observed on the surface of the PDMS beads
impregnated with D2EHPA. This difference may arise from the fact that D2EHPA is in
liquid form at room temperature, while DPHA and DTZ are in powder form, resulting
in crystallites on the PDMS surface after evaporation of the chloroform. Furthermore,
the XPS survey spectra show the presence of characteristic atomic peaks on the first few
nanometers of the surface of the samples: a nitrogen peak on the PDMS impregnated
with BPHA, a phosphorus peak on the PDMS impregnated with D2EHPA, and a nitrogen
peak, and a sulfur peak on the PDMS impregnated with DTZ (see Fig. 7.10). The XPS
survey scans on the surface thus agree with the visual FE-SEM inspections, which indi-
cates that the chelators may be present on the surface of the PDMS beads. Interestingly,
the depth profiling of the samples shows the characteristics peaks even after etching of
400 seconds (see Fig. 7.10). This indicates infiltration of the chelators inside the PDMS
beads.
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Figure 7.4: Quantification of the amount of chelator impregnated in the PDMS beads using thermogravimetry.
Thermogravimetry of PDMS beads impregnated with (a) BPHA, (b) D2EHPA, and (c) DTZ at various concen-
trations of these chelators in chloroform.

This infiltration is explained by the entrapment of the chelators in the matrix of
PDMS during the chloroform swelling process [53]. This swelling process hence is im-
portant, increasing the loading capacity of the chelators in the PDMS beads.

To investigate further whether the chelators are chemically or physically sorbed, the
XPS survey scans of Si2p are resolved. The Si2p peaks are chosen as they are exclu-
sive peaks present in PDMS beads and not in the chelators. Fig. 7.12 shows the scan
of Si2p where both bare PDMS and PDMS impregnated with three different chelators
have comparable peaks, indicating no chemical changes in the Si atomic bond. This
result implies the absence of a chemical interaction between the chelators and the Si
atoms of the PDMS beads. Additionally, XPS survey scans of C1S were conducted and re-
solved. In Fig. 7.12, extra peaks are visible in the C1s scans (at 288.1 eV) of the chelators-
impregnated PDMS beads when compared with the Cls scans of bare PDMS beads.
These peaks correspond to the presence of C-O bonds in the samples. However, this
C-0 bond is typically present in BPHA, D2EHPA, and DTZ. Thus, to infer the presence
of chemical interaction between PDMS beads and the chelators from this bond is diffi-
cult. Furthermore, most Cls peaks (as well as the O1s peaks) also experience broadening
and shifts, common occurrences in non-conductive samples such as PDMS beads. The
broadening and the shifts of the peaks make the inferring of the resolve less reliable.
From the resolves of Si2p, it is arguable that the impregnation process, as indicated by
other works [20, 54], is a physisorption process, with a swelling-induced transport of
chelators into the matrix of the PDMS beads.

Since the maximum sorption capacity is limited by the amount of chelators present,
it is important to quantify the amount of impregnated chelators on the PDMS beads.
This amount can be determined based on thermogravimetry. The mass of the beads was
measured at temperatures increasing from 25 °C to 800 °C and the mass of the samples
impregnated with the three types of chelators was calculated at various concentrations
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relative to the initial mass of the samples at 100 °C. Following the common practice of
assuming that the mass decline between 25 °C and 100 °C is due to sample dehydration,
the mass difference between bare PDMS beads and impregnated PDMS beads at 310 °C
was considered, where bare PDMS starts decreasing in mass, as an approximation of the
total mass of the impregnated chelators. For BPHA-impregnated PDMS beads, the mass
difference increases from 1.8 % + 0.1 % for PDMS beads impregnated with 0.10 M BPHA
in chloroformto 3.7 % + 0.1 % and 9.7 % + 0.2 % for PDMS beads impregnated with 0.25 M
and 0.75 M BPHA in chloroform, respectively (see Fig. 7.4(a)). This indicates an increas-
ing BPHA amount impregnated in the PDMS beads as the available BPHA in chloroform
increases. Since the solubility of BPHA in chloroform is around 155 g L™! (equivalent to
0.72 M [32]), it can be assumed that the impregnated BPHA amount does not increase
further. This hypothesis is supported by the TGA results of DTZ-impregnated PDMS
beads where the beads impregnated with 0.01 M DTZ in chloroform show a mass differ-
ence of 1.4 % + 0.1 %, while the beads impregnated with DTZ solutions of 0.10 M and
0.25 M, above their saturation concentration (solubility of DTZ is 17 g L™! or 0.075 M in
chloroform [33]) show no significant difference in their mass difference (7.4 % + 1.0 %,
and 8.9 % + 1.7 %, respectively) (see Fig. 7.4(c)). For D2EHPA, liquid at room temper-
ature, a similar trend of increasing mass difference between PDMS beads impregnated
with 0.10 M and 0.25 M D2EHPA in chloroform is observed, from 21.0 % + 0.9 % to 30.9 %
+ 1.1 % (see Fig. 7.4(b)). The difference does not significantly increase when the beads
are impregnated with 0.75 M (31.3 % + 1.2 %), indicating the maximum capacity of the
PDMS matrix in accommodating D2EHPA.

To confirm this hypothesis about PDMS matrix capacity, an additional swelling test
was conducted. The bare PDMS bead samples were submersed in chloroform for 10 hours,
resulting in a volumetric increase of 16.0 % + 2.2 % and a mass increase of 23.4 % +
3.1 %. This PDMS volumetric increase due to swelling corresponds well with the mass
increase, as the density of chloroform is 1.489 g mL™!, indicating the filling of the PDMS
matrix with chloroform. However, a similar calculation was applied to 0.25 M D2EHPA-
impregnated PDMS beads samples, the expected mass increase (15.6%, the density of
D2EHPA is 0.976 g mL!) due to D2EHPA impregnation is lower than the measured mass
decrease by TGA (30.9 % + 1.1 %). This difference could happen due to the adsorption
of D2EHPA on the surface of the PDMS beads. To resolve this, the surface adsorption
effect was reduced by immersing a PDMS block with a lower surface-to-volume ratio
(1cmx1cmx 1 cm)in a similar chloroform solution containing 0.25 M D2EHPA. Next,
TGA measurements were conducted on the cut samples to approximate the amount of
the impregnated D2EHPA. The result shows a much lower mass decrease (15.8%) com-
pared to the bead samples. This measured mass decrease is closer to the calculated mass
increase due to swelling.

From both tests, it can be assumed that the total impregnated chelator amount is the
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sum of the amount of D2EHPA accommodated inside the PDMS matrix and the amount
of D2EHPA located on the surface. This result also emphasizes the importance of the
PDMS beads’ diameter, where a smaller diameter leads to an increase in surface area
and subsequently an increase in the impregnation amount. While this study focuses on
a fabrication method using simple kitchen equipment, there have been many studies on
increasing the surface area of PDMS beads (e.g., PDMS beads with a median diameter of
1 ym obtained using droplet microfluidics [55] or porous PDMS using template mould-
ing [56]). Fig. 7.4 also implies that the chelator-impregnated PDMS beads are stable at
temperatures below 120 °C.

7.3.2. Chemical stability of the chelator-impregnated PDMS beads

A known problem in the applications of chelator-impregnated resins is the low chemical
stability, leading to leaching of the impregnated chelator over time, causing contamina-
tion during elution [21, 24]. To assess the chemical stability of the chelator-impregnated
PDMS beads, the beads were immersed in three solutions of different acidity: Milli-Q
water, 1 M HC], and 12 M HCI. For D2EHPA-impregnated PDMS beads, the XPS spectra
obtained after washing and drying are shown in Fig. 7.5(a). P2p peaks are observed in all
samples, indicating the presence of D2EHPA in all the samples. Furthermore, the phos-
phorus atom remains in a phosphate form (at 134 eV) with no significant chemical state
change even after washing it with 12 M HCI. The Cl2p spectra show no chlorine sorbed
into the PDMS beads, reducing the possibility of contamination during the separation of
the radionuclides.

Complementing the XPS results, Fig. 7.5(b) shows the UV-Vis spectra of the immer-
sion solutions. Pure D2EHPA (100% (v/v)) shows a peak at 274 nm [57], while no peaks
are observed in all liquid samples after 5 minutes of immersion, indicating at least no
detectable D2EHPA. The liquids remain visibly clear and no fluid separation after 24
hours is observed. On the other hand, the immersing liquid from D2EHPA-impregnated
silica powder is opaque and cloudy, indicating the presence of dispersed D2EHPA. Af-
ter decanting, these impregnated silica samples show a D2EHPA release of 220 mg/g +
13 mg/g, 45 mg/g+ 11 mg/g, and 52 mg/g + 12 mg/g in Milli-Q water, 1 M HC], and 12 M
HCI, respectively.

When the stability of the D2EHPA-impregnated PDMS beads is challenged by im-
mersing them in both 1 M HCI and 12 M HCI for a longer period (8 hours), as well as
in a different acid (1 M HNOj3), no indication of leached D2EHPA can be found, aside
from the samples immersed for 8 hours in 12 M HCI (see Fig. 7.5(b)). The stability
tests were also done for BPHA-impregnated PDMS beads and DTZ-impregnated PDMS
beads along with BPHA- and DTZ-impregnated silica powder. As expected, all BPHA-
impregnated PDMS samples (washed and non-washed) show the presence of N1s peaks
in the XPS spectra, while no BPHA-indicative peaks are found in the immersing liquids
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Figure 7.5: Chemical stability of D2EHPA-impregnated PDMS beads against leaching measured with XPS and
UV-Vis. (a) XPS P2p scan and CI2p scan of D2EHPA-impregnated PDMS beads before and after 5 minutes of
immersion in solutions of different acidity (b) the corresponding UV-Vis spectra of the immersion solutions.

around 200 nm (indicating the N-phenylhydroxamide group [58]) in the UV-Vis spec-
tra, (see Fig. 7.13(a) and (c), respectively). The difference in the shape of the N1s peaks
in the XPS spectra of non-washed BPHA-impregnated PDMS samples is due to proto-
nation of BPHA, as reported in previous work [59]. Similar behavior is observed for all
DTZ-impregnated PDMS samples, with the presence of N1s XPS peaks for washed and
non-washed beads, while no peaks are found in the immersing liquids around 450 nm
and 618 nm (indicative for DTZ [60]) (see Fig. 7.13(b) and (d), respectively). In contrast,
all immersion liquids of the impregnated silica powder samples show intense peaks in
the UV-Vis spectra (see Fig. 7.13(e) and (f)). Please note, that in Fig. 7.13(f), the peaks
shifted due to possible oxidization of DTZ [60].

To understand the reason behind the stability of the impregnated chelator on PDMS
beads, the interactions between the chelator and PDMS in an aqueous medium was
studied using the extended Derjaguin-Landau-Verwey-Overbeek (EDLVO) theory [46,
61]. The Gibbs free energy was determined using this theory, complemented by a series
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Figure 7.6: Approximation of hydrophobic interaction between PDMS beads and chelators. (a) The average
measured static contact angle of non-polar liquid diiodomethane and polar liquid formamide and water on
various substrates (the error bars represent 1 standard deviation from the average) and (b) Gibbs free energy
calculated for estimating the interaction strength using the extended Derjaguin-Landau-Verwey-Overbeek ap-
proach.

of contact angle measurements. This indicates the presence (or absence) of hydropho-
bic interactions, a common interaction found in polymeric materials, where a nega-
tive Gibbs free energy indicates the presence of hydrophobic interactions [45, 47, 62].
Fig. 7.6(a) shows the measured contact angle of three different liquids on PDMS and the
three different chelators. Additionally, reference measurements were performed on sil-
ica. Our reported contact angle values for PDMS and silica are comparable with previous
works [63-66]. Fig. 7.6(b) shows the subsequently calculated Gibbs free energy. The in-
teraction between PDMS and all three chelators shows a negative Gibbs free energy, in-
dicating the presence of hydrophobic interaction. This is consistent with previous works
on PDMS [67-69]. From Fig. 7.6(b), most of the negative Gibbs free energy for the PDMS-
chelator combinations is contributed by the acid-base interaction (ranging from -20 kT
to -60 kT), while the Lifshiftz-van der Waals interaction contributes much less (~-1 kT).
This suggests that the resulting hydrophobic interaction is due to hydration repulsion
towards the chelators instead of a direct attraction force of PDMS [70, 71]. Furthermore,
while the interaction between PDMS and D2EHPA, and PDMS and DTZ show compa-
rable negative values, the interaction between PDMS and BPHA shows a less negative
Gibbs free energy, implying a relatively weaker hydrophobic interaction. This result is
in line with the theoretical use of the octanol-water partition coefficient (K,,,) of the
chelators to predict the sorption behavior (and sorption strength) of the chelators [72]
on hydrophobic material. A positive K,,, indicates a partition preference of the chela-
tors in octanol (as opposed to water), with higher K, indicating a higher octanol parti-
tion, and subsequently stronger hydrophobic interaction. Previous works indicate Ky,
of 4 for D2EHPA [73], 3-4 for DTZ [74] and 2-3 for BPHA [75]. In sharp contrast to the
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Table 7.1: Sorption capacity of PDMS beads with different chelators, specific for yttrium (Y), lanthanum (La),
copper (Cu), and gallium (Ga) (n=3).

Chelator | Element | Sorption Capacity

D2EHPA Y 2.75+0.53mg/g
D2EHPA La 4.03+0.41 mg/g
DTZ Cu 4.0+1.1ng/g

BPHA Ga 0.329 +0.092 ng/g

interaction between the chelators and PDMS, all interactions between the chelators and
silica show a positive Gibbs free energy, explaining the high release of the chelators when
immersed in an aqueous medium (Fig. 7.13). However, this approach neglects a plausi-
ble complementary phenomenon where the chelator molecules are physically trapped
in the PDMS matrix and therefore become immobile. While this complimentary effect is
not incorporated, the comparison to the silica samples already shows that chelators are
more strongly bound to PDMS beads than to silica powders.

7.3.3. Sorption capacity of PDMS beads with different chelators

Table 7.1 shows the measured sorption capacity of D2EHPA-, DTZ-, and BPHA-impreg-

nated PDMS beads, for Y, La, Cu, and Ga, respectively. The results show a much higher

sorption capacity of the D2EHPA-impregnated PDMS beads over the DTZ- and BPHA-

impregnated PDMS beads. More specifically, the D2EHPA-impregnated PDMS beads

have a six orders of magnitude higher sorption capacity towards Y and La than the DTZ-

impregnated PDMS beads have towards Cu, and a seven orders of magnitude higher

sorption capacity than the BPHA-impregnated PDMS beads have towards Ga. This proves
again the significantly higher integration of D2EHPA into the PDMS compared to BPHA

and DTZ, with the underlying reasons discussed in the previous section.

In comparison to other commercial ion-exchange resins, the D2EHPA-impregnated
beads show a lower sorption capacity. For example, the Dowex 50W-X8 resin has a sorp-
tion capacity towards rare earth elements between 191 and 294 mg/g [76], Ln resin has
a sorption capacity of 30.67 mg/g for Eu [77], the Amberlite IR120H (AIR120H) resin has
a sorption capacity of 8.2 mg/g for Ce [78], and HDEHP-loaded microcapsules (impreg-
nated) have a sorption capacity of 58.07 mg/g for Eu [77]. Since the primary focus of
this study is on the development of a selective and stable resin, optimizing the sorption
capacity for the chelator-impregnated beads is outside the scope of the present work. It
can be expected that higher sorption capacities can be obtained, for example by opti-
mization of the diameter and the porosity of the beads for example as shown by [79] and
[55].
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7.3.4. In-flow separation with D2EHPA-impregnated PDMS beads

Given the high chemical stability and the higher sorption capacities of the D2EHPA-
impregnated PDMS beads for Y and La, in-flow separation and elution studies were done
using a chromatography column with these combinations of chelator and radionuclides.
For the separation of La from its Ba target, an aqueous solution consisting of 10 yM La
(and a La-140 radiotracer with 0.1 M Ba(NOs),) was prepared and injected the mixture
at various flow rates in the column to study the influence of the residence time on the
adsorption efficiency. For the separation of Y from its Sr target, an aqueous solution con-
taining 100 uM Y (and a Y-90 radiotracer) and 1 M Sr(NOs), was prepared, and injected
in the column.

For the lowest range of flow rates studied, it can be observed that both Y and La were
adsorbed to the D2EHPA-impregnated PDMS beads with an almost 100 % adsorption
efficiency (see Fig. 7.7(a)). For increasing flow rates, i.e., decreasing residence times, the
adsorption efficiency declines. A notable decline can be observed for flow rates above
1 mL/min and 4.5 mL/min for Y and La, respectively. Apart from this difference in onset,
a clear difference in slope is visible. While the adsorption efficiency already decreases
from 99.89 % =+ 0.14 % at 1 mL/min to 77.5 % + 1.8 % at 2.6 mL/min for Y, it only de-
creases from 99.50 % + 0.12 % at 4.5 mL/min to 91.1 % + 1.4 % at 6 mL/min for La.
The difference in onset and slope might be explained by (I) the concentration of Y being
ten times higher than the concentration of La in their respective solutions and (II) the
smaller ionic radius of Y.

For the application of the chelator-impregnated PDMS beads in the field of nuclear
medicine, it is not only important that the adsorption efficiency of the radionuclide of
interest is close to 100 %, but also that the adsorption efficiency of the corresponding
target is as low as possible. Therefore, the co-adsorption of the Ba and Sr target solutions
was studied at the largest flow rates that still result in high adsorption efficiencies of La
and Y. Ba co-adsorption was measured to be 1.28 % + 0.45 % at a flow rate of 4 mL/min
and Sr co-adsorption was 1.24 % + 0.57 % at a flow rate of 1 mL/min. From these results,
the co-adsorption of the corresponding target material is low, showing a promising ap-
plication in the clinical field. Elution of Y and La from the D2EHPA-impregnated PDMS
beads was studied for elution solutions of different acidity. The elution of Y is incom-
plete after 1 mL at only 65 %, while the elution of La is about 85 % in the first 1 mL (see
Fig. 7.7b) and c)). This difference in behavior might be due to the higher concentration
of Y, necessitating higher volumes to increase the total eluted fraction. The acidity of the
solutions does not significantly influence the elution profiles. Additionally, the smaller
ionic size of Y leads to a more stable complex with D2EHPA. This trend of increasing
complex stability with increasing charge density (i.e., decreasing ionic radius) is often
found in chelate complexation [80] and was shown before for lanthanide and actinide
complexes [81], making it more difficult to fully elute in small volumes.
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Figure 7.7: Chromatography column separation and elution with D2EHPA-impregnated PDMS beads for Y
and La. (a) In-flow separation of 10 uM [140La] La and 100 uM [QOY]Y from their respective target solutions of
0.1 M Ba(NO3)2 and 1 M Sr(NO3)2 (n=3). (b) Elution profile of ?°Y]Y into 4 M and 1 M HCl at a flow rate of
0.1 mL/min (n=1). (c) Elution profile of [140La]La into 4 M, 1 M and 0.1 M HCI at a flow rate of 0.1 mL/min
(n=1).

A radionuclide that currently receives increasing attention for its potential in tar-
geted alpha therapy is Ac-225. For this reason, the in-flow separation Ac-225 from its
target Ra-223 was investigated with subsequent elution in a chromatography column
loaded with D2EHPA-impregnated PDMS beads. Since the total concentration of Ac-225
compared to Y and La was significantly lower by nine orders of magnitude, only 5 mg of
PDMS beads was used. The results again show an adsorption efficiency close to 100 % for
the lower range of flow rates, with a decline in adsorption efficiency for increasing flow
rate (see Fig. 7.8(a)). At a flow rate of 0.3 mL/min, the adsorption efficiency of Ac-225 is
98.51 % + 0.25 % , while the co-adsorption of its target Ra-223 is 0.94 % + 0.57 %.

Elution of Ac-225 was achieved with 0.1 M HCI at a flow rate of 0.1 mL/min. 80.3 %
+ 0.9 % of Ac-225 was eluted in the first 1 mL and 93.2 % + 1.7 % in the first 2 mL (see
Fig. 7.8b)). The final eluted solution contains 0.053 % + 0.014 % of the initial amount of
Ra-223 in the first 1 mL and a total of 0.068 % + 0.015 % in 2 mL, resulting in a separa-
tion factor that averages over 6000. The column was washed with Milli-Q water before
the elution of Ac-225, reducing the amount of Ra-223 in the elution solution by 90.8 %
+ 2.5 %. A known problem during the production of Ac-225 is the contamination of the
Ac-225 solution with metal contaminants, as reported by Ramogida et al. [51]. For this
reason, the in-flow separation and elution of these metals was studied as well. Table 7.2
shows the adsorption efficiency and the total recovery. From all measured metal con-
taminants only Zn is co-adsorbed at 15.7 % + 7.1 % and also fully eluted in 0.1 M HCI,
resulting in a total recovery of 15.1 % + 7.1 % in the elution fraction. While Fe shows
a high AE of 82.8 % + 4.6 %, it is not eluted in 0.1 M HCI and only 1.38 % + 0.24 % of
the initial amount is present in the elution solution, meaning that it is also cleared from
the target solution. All other tested elements are neither co-adsorbed nor eluted in sig-
nificant amounts. These results indicate a high degree of decontamination during the
Ac-225 separation with the presented D2EHPA-impregnated PDMS beads.
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Figure 7.8: Chromatography column separation and elution with D2EHPA-impregnated PDMS beads for Ac-
225. (a) In-flow separation of Ac-225 at different flow rates (n=3). b) Elution profile of Ac-225 indicated by
Fr-221in 0.1 M HCl at a flow rate of 0.1 mL/min (n=2).

Overall, the D2EHPA-impregnated PDMS beads have proved successful in the sepa-
ration of Ac-225 from [??3Ra]Ba(NO3), with around 93 % of Ac-225 and below 0.1 % of
Ra-223 in the first 2 mL of elution. In comparison, multiple other methods have been
investigated in the literature for the separation of Ac-225 from radium targets, includ-
ing ion-exchange column chromatography (using AG50x8 [82] or AG50X4 [83], Ln- [84]
or DGA resin [85]), microfluidic ion-exchange [83], as well as solvent impregnated resins
[86]. While all of these methods achieve a good separation of Ac-225, they all show differ-
ent drawbacks, such as the need for (i) large volumes of chemicals [82, 85, 86], (ii) highly
acidic solutions for elution [82, 83, 86], (iii) slow processing [83, 86], or (iv) additional
clean-up steps [84]. Furthermore, it has been reported that DGA resin is highly sensi-
tive to radiolysis and extra washing steps are needed to reduce radiolytic degradation
products [85], partially due to the characteristic water loading [87].

While it remains to be shown if the presented D2EHPA-impregnated PDMS beads
have a higher radiation stability, D2ZEHPA and PDMS separately are reportedly highly re-
sistant against radiation [88, 89]. Thus, in comparison with existing separation methods,
the presented chelator-impregnated PDMS beads are promising to separate medical ra-
dionuclides in a commercial setting.

Table 7.2: Adsorption of metal contaminants during the separation of Ac-225. Adsorption efficiency (AE) and
total recovery of the metal contaminants in the 0.1 M HCI elution. The concentrations of the metals were 100
ug/L. Experiments were done in triplicate and errors are given as one standard deviation of the mean.

| Ni | Fe | Cu | Zn | Pb | Al | Ca
AE [%] 0.99+0.86 828+46 | 095064 | 157+7.1 | 145+6.6 | 481+1.8 | 11.78+0.88
Recovery [%] | 0.020+0.003 | 1.38+024 | 0.92+0.06 | 151+7.1 | 4815 | 0.13£0.08 | 3.81+0.97
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7.4. Conclusions

Chelator-impregnated PDMS beads were presented that allow the selective and efficient
separation of the medically-interesting radionuclides (Y-90, La-140, and Ac-225) from
their liquid target (Sr(NOs)2, Ba(NOs)2, and [228Ra]Ba(NO3)»), with minimal leaching of
the chelator from the beads when contacted with the acidic solutions used for adsorp-
tion and subsequent elution of the radionuclides. This minimal leaching is beneficial
for the purity of the radionuclide solution and at the same time offers the possibility of
direct liquid target recycling. The simple fabrication of the chelator-impregnated PDMS
beads together with the ability to impregnate PDMS with different types of chelators of-
fers a versatile approach towards increasing the applicability of chelators for the simple,
automatable separation of medical radionuclides.
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Figure 7.9: Median diameter of bare PDMS beads fabricated with (a) different PDMS-to-water ratios (with 3 g
of PDMS foam sheet and 5 min of grinding time), (b) different total weight (with 1:2 PDMS to water ratio and
5 min of grinding time) and (c) different grinding times (with 1:2 PDMS to water ratio and 3 g of PDMS foam
sheet. In this chapter, the beads are fabricated by grinding 3 g of PDMS foam sheet made out of 1:2 PDMS to
water ratio for 5 min.
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Figure 7.10: Presence of chelator on and inside the impregnated beads confirmed by XPS. Overlay of XPS sur-
vey scans of (a) the N1s peak of BPHA-impregnated, (b) the P2p peak of D2EHPA-impregnated, and (c) the
N1s peak of DTZ-impregnated PDMS coated flat silicon wafer. The survey scans were conducted at the surface
(without ion-etching), after etching of 8 seconds (estimated to be ~1.6 nm, representing removal of possible
surface contaminant groups), and after etching of 400 seconds (estimated to be ~80 nm, representing infiltra-
tion of the chelators inside the PDMS beads). d) the N1s peak and e) P2p peak of bare (not-impregnated) PDMS
coated silicon wafer. f) Comparison of N1s and P2p surface atomic percentage of bare PDMS and chelator-
impregnated PDMS samples, where n.d. stands for non-detectable.
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Bead morphology

PDMS with BPHA

10 pm

Figure 7.11: Morphology of the beads’ surface. FE-SEM image of bare PDMS beads and PDMS beads impreg-
nated with three different chelators (using chelator-containing chloroform solution, each with a concentration
of 0.25 M).
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Figure 7.12: Evaluation of the presence of chemical interaction between the chelators and PDMS. XPS survey
scans of Cls (left) and Si2p (right) for bare PDMS beads and chelator-impregnated PDMS beads. The lines
inside the peaks are the XPS resolves.
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Figure 7.13: Chemical stability of BPHA- and DTZ-impregnated PDMS beads and silicon oxide powder against
leaching measured with XPS and UV-Vis. (a-b) XPS N1s scan of (a) BPHA-impregnated and of (b) DTZ-
impregnated PDMS beads before and after washing with the liquids for 5 minutes. (c-d) the corresponding
UV-Vis spectra of their immersing liquid. (e-f) the UV-Vis spectra of immersing liquids used for washing (e)

BPHA-impregnated and (f) DTZ-impregnated silicon oxide powder.
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The main focus of this thesis was the development of chemical methods for the sol-
vent extraction of medical radionuclides from irradiated targets. Microfluidic devices
where tested effectively for their potential use in solvent extraction, an essential step for
the automation of solvent extraction. Automation of the separation process is crucial
when dealing with highly radioactive substances, to reduce the radiation dose received
by personnel that handle the separation process.

In Chapter 2, a commercial microfluidic membrane separator was used for the sep-
aration of Ga-68 from Zn(NO3) liquid targets. Applying N-benzoyl-N-phenylhydroxil-
amine (BPHA) as the chelator during solvent extraction showed high potential for the
extraction of Ga-68. In the batch approach, very high extraction efficiencies of up to
99.5% + 0.6% could be achieved within 10 minutes of contact time, with only minor co-
extraction of the zinc. Back-extraction of Ga-68 into 2 M HCl achieved efficiencies of up
to 94.5 % + 0.6 %. It was also found that low HNO3 concentrations in the target solu-
tion are preferable for the extraction. A concentration of 0.01 M HNO3 was determined
as the optimal condition for the separation, as well as for the cyclotron irradiation of a
Zn(NOs3), liquid target (as described in the literature [1-3]). When the membrane sepa-
rator was used for the separation process, extraction efficiencies of 99.2 % + 0.3 % were
still achievable. The back-extraction in a microfluidic device turned out to be slower. To
speed up the process, back-extraction was done into 6 M HCI, resulting in an efficiency
0f95.8 % + 0.8 %. Next, the process was tested with aliquid 2 M Zn(NOs), targetin 0.01 M
HNOg, irradiated for 30 min with a 13 MeV cyclotron at TRIUME Canada, resulting in a
produced Ga-68 activity of 500-600 MBq. While the membrane separator was easy to op-
erate, and comparable extraction efficiencies to the batch process could be achieved in
this process, it was observed that the high activities, causing radiolysis, induce degrada-
tion of the membrane, resulting in reduced phase separation of the aqueous and organic
solutions. The degradation of the membrane was later shown in SEM-images, where the
brittleness of the PTFE membranes could be observed. Therefore, these membranes
appear to be inadequate to be used for the continuous separation of highly radioactive
nuclides and a different membrane or microfluidic device needs to be developed for the
automation of solvent extraction.

In Chapter 3 solvent extraction of copper from highly acidic Zn(NOs), solutions was
studied using a commercial YY glass microfluidic chip. We compared several extracting
agents for the selective extraction of copper from Zn(NOs3), solutions. In conventional
batch extraction, using dithizone as the extracting agent, efficiencies of up to 90% + 5%
were achieved within 1 minute. To apply this method to a microfluidic chip, first, a sta-
ble, stratified flow had to be established. However, the commercial YY-junction glass
chip consistently failed to achieve a perfect phase separation, as reported before in the
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literature [4]. Depending on the flow rate ratios either aqueous, organic, or even simul-
taneous leakage was observed. Furthermore, a much lower EE(%) of Cu was found using
the microfluidic chip, plateauing at approximately 40 %. Longer contact times would be
needed to further increase the EE(%) in flow, which the microfluidic setup in this study
did not allow for.

To address the issue of consistently low phase separation of microfluidic chips, in
Chapter 4, a PDMS-based YY microfluidic chip was developed. Applying a hook design
to the channel to pin the interface of the two solutions was successful in achieving a near
perfect phase separation. However, PDMS is not resistant against organic solvents and
swells upon contact. Therefore, a silicon oxide nano-layer was coated on the inside of the
microchannel, not only increasing the resistance of the PDMS against organic solvents,
but also stabilizing the flow inside of the channel due to a change in surface conditions.
In a case study for the extraction of Ac-225 from Ra, a near perfect phase separation and
a highly stable flow of the aqueous and organic flow could be established. Using D2ZEHPA
as the chelator for the extraction resulted in extremely high efficiencies exceeding 98 %,
not only in the batch approach but also during the microfluidic extractions within con-
tact times of under 2 seconds. Back-extraction of Ac-225 into 0.1 M HCl was successful,
but it is noteworthy that the back-extraction in a microfluidic channel was significantly
slower due to the low concentrations of the Ac-225-chelator complex, while still being
surrounded by a large amount of chelator. This led to a reduced diffusion-based move-
ment of Ac-225 to the interface, resulting in lower back-extraction efficiencies. Again,
the contact time would need to be increased to achieve maximum back-extraction effi-
ciencies.

To determine necessary contact times and optimize future microfluidic solvent ex-
traction experiments, as well as chip designs, numerical models can be developed, but
these models rely on existing kinetic and diffusion data. Unfortunately, diffusion data
is often lacking, partially due to the complexity of available techniques for diffusion co-
efficient measurements, as well as very low concentrations limiting inter-molecular in-
teractions that drive diffusion [5]. Therefore, Chapter 5 explores the use of microfluidic
chips for the determination of diffusion coefficients. It was found that while it was pos-
sible to use microfluidic chips for diffusion studies, varying flow rate can result in sig-
nificant differences between the measured apparent diffusion coefficients. Best results
could be obtained when the apparent diffusion coefficients were plotted against con-
tact time, showing an exponential trend which could subsequently be fitted, resulting in
the actual diffusion coefficient of the compound. By doing so, diffusion coefficients of
4.47+0.21-107'* m?/s and 2.78+0.09-10~'° m?/s could be obtained for rhodamine-6G in
water and gallium in a 2 M Zn(NO3s); in 0.01 M HNOj solution, respectively. The contact
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time needed to reach the plateau of the exponential fit might vary between different mi-
crofluidic chips and compounds and needs to be investigated for each individual set-up.

After the development of multiple microfluidic solvent extraction methods for dif-
ferent radionuclides in Chapters 2 - 4, Chapter 6 dealt with the presence of chelator
contamination in the aqueous solutions after back-extraction. It was found that both
BPHA and DIZ, as well as chloroform are detectable in these aqueous solutions as con-
taminations by UV/Vis-spectroscopy. A DOTA-labelling study was executed, showing
the potential interference the contaminations can cause during radiopharmaceutical la-
belling. The results indicate that directly after solvent extraction, the present BPHA and
DIZ contamination reduce the labelling efficiencies significantly. In a case study for the
purification of Ga-68 after solvent extraction, an ion-exchange microcolumn was devel-
oped. The PDMS-based microcolumn was filled with AG 1-X8 ion-exchange resin. The
Ga-68 solution was obtained from the solvent extraction experiments as described in
Chapter 2, therefore consisting of 6 M HCI, Ga-68 and the BPHA contamination. Adsorp-
tion of the Ga-68 to the ion-exchange resin was successfully achieved with efficiencies
over 99 % at a flow rate of 100 uL/min. Elution was done into MQ with an efficiency of
approximately 98 % in a very small volume (of less than 200 pL. compared to the initial
5 mL). UV/Vis measurements of the collected solution could not detect any remaining
chelator contamination. This type of ion-exchange microcolumn could easily be inte-
grated in a continuous, microfluidic solvent extraction process, increasing the purity of
the obtained radionuclide-containing solutions, but could also be included in standard
ion-exchange separation methods to reduce acidity and final volume of the solution.

In the final study in Chapter 7, an alternative chelator-based separation method was
explored. Here, a chelator-impregnated resin was developed, using PDMS as the solid
support. While chelator impregnation is a well know technique, it usually suffers from
low chemical stability [6], meaning that the chelator leaches out quickly, contaminating
the solutions and reducing the potential sorption efficiency. We made use of the swelling
of PDMS upon contact to organic solvents, impregnating PDMS beads with chelators in
the presence of chloroform. This resulted in an uptake of the chelator during the swelling
and subsequent physical trapping of the chelator in the PDMS structure after drying and
de-swelling. A high chemical stability and a high uptake was found, especially for the
chelator D2EHPA. 5 mg of the obtained D2EHPA-impregnated PDMS beads were loaded
into a tube and used in a case-study for the separation of Ac-225 from radium, as pre-
viously done in Chapter 4 by solvent extraction. This study resulted in an adsorption
efficiency of 98.51 % + 0.25 % at a flow rate of 0.3 mL/min. Subsequent elution was
achieved into 0.1 M HCl at a flow rate of 0.1 mL/min, resulting in a recovery of over 90 %
of Ac-255 with less than 0.07 % of initial radium in the elution. While these are only pre-
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liminary results, and further studies using irradiated Ra-targets with high activities need
to be conducted in the future, the results of this study show a great potential of the newly
developed chelator-impregnated PDMS beads, allowing the future use in the production
of medical radionuclides.

In conclusion, this thesis demonstrates multiple methods for chelator-based sepa-
ration of medical radionuclides and applications of microfluidic chips. The results pre-
sented are a promising proof-of-concept that could lead to the future use of chelator-
based separation methods during radiopharmaceutical production. Additionally, if opti-
mized and applied to liquid targets, the presented microfluidic solvent extraction meth-
ods could enable the direct recycling of the costly, enriched target material, reducing
the necessary chemical processing steps that are usually needed between irradiations.
Future research of microfluidic solvent extraction should include testing the radiation
stability of the presented materials as well as the translation into a GMP production of
radiopharmaceuticals. A major challenge for the use of microfluidic chips for contin-
uous solvent extraction will be to incorporate all necessary steps including extraction,
back-extraction and purification into one device that is still able to create a reproducible
stable flow of the solutions. However, work has already been done in the development of
microfluidic modules, showing the possibilities of microfluidic technologies [7, 8]. Be-
cause of the increasing success of microfluidic- and lab-on-a-chip technologies in other
fields [9-12], a future high demand for the developed microfluidic chip, not only for the
separation of medical radionuclides, but also for other hydro-metallurgical or separation
applications can be expected.
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