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Summary 

Lutetium-177 (177Lu) is a radionuclide with well-established potential in targeted radionuclide 

therapy (TRNT). 177Lu emits β- particles with a tissue penetration depth of 2 mm, which makes 

it effective in treating small tumors and causes lower toxicity to nearby healthy cells. The β-
 

emission is also accompanied by gamma ray emission that allows simultaneous imaging of the 

tumor treatment. The last decade has witnessed a three fold increase in the 177Lu related 

publications and its demand is expected to grow significantly in the coming years. Currently, 

the 177Lu availability is completely dependent on the availability of nuclear reactors. They are 

prone to shutdowns for maintenance, social, economic, political and other unexpected 

reasons. The exclusive dependency of radionuclide production on nuclear reactors is known 

to lead to major supply shortages. In general, there is a consensus among the nuclear medicine 

scientists that new production pathways should be developed that can provide some 

independence from the nuclear reactor availability. 

Radionuclide generators represents the most convenient radionuclide production devices that 

can provide an onsite and an on-demand supply of a radionuclide without the continuous 

need of any radionuclide production facility. Their potential in radionuclide production has 

been very well documented in the existing literature. This research has been aimed at the 

development of a 177mLu/177Lu radionuclide generator based 177Lu production. However, such 

a generator has been never reported before and unlike the existing radionuclide generators, 

it involves the separation of physically and chemically alike nuclear isomers 177mLu and 177Lu. 

This thesis has been aimed to study the feasibility and potential of a radionuclide generator 

based 177Lu production. The proof of concept for the 177mLu-177Lu separation has been 

established. A liquid-liquid extraction based 177mLu-177Lu separation method has been 

designed which can potentially lead to the production of clinically acceptable 177Lu quality. 

Additionally, the technical requirements needed to lead to a commercial 177mLu /177Lu 

radionuclide generator are discussed and its potential in 177Lu production is being evaluated. 

The 177mLu-177Lu separation is based on the chemical effects occurring during the internal 

conversion decay of 177mLu. The internal conversion based decay of 177mLu is often 

accompanied with an auger electron cascade, and leaves the atom in a highly charged state, 

which can lead to bond rupture. This provides with an opportunity to separate the two isomers 

in the form of complexed 177mLu and free 177Lu ions. The experimental evidence to this concept 

is provided in Chapter 2, where the 177mLu-DOTA-(Tyr3)-octreotate complex has been retained 

on a tC-18 silica based column and the 177Lu ions released free after bond rupture have been 

collected in a mobile phase flow. In equilibrium, the 177Lu/177mLu activity ratio is 0.25, while 

after separation a 177Lu/177mLu activity ratio up to 250 has been achieved, accounting to a 

1,000 times 177Lu enrichment. However, for a clinically acceptable 177mLu/177Lu radionuclide 

generator, a 177Lu/177mLu activity ratio close to 10,000 is preferred. In this study, it has been 

found that the 177Lu/177mLu activity ratio is affected by the dissociation of the 177mLu complex. 

An increase in the temperature during 177Lu accumulation increases the dissociation and 

decreases the 177Lu/177mLu activity ratio. Therefore, a liquid-liquid extraction (LLE) based 
177mLu-177Lu separation has been designed where the 177Lu accumulation is performed at 77K. 
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The LLE based 177mLu-177Lu separation shown in Chapter 3, involves the use of 177mLu complex 

in aqueous phase, and the extraction of released 177Lu in the organic phase (dihexyl ether) 

using a cation extracting agent. The 177Lu accumulation has been performed at 77K to 

minimize the dissociation of complexed 177mLu and the re-association of released 177Lu ions. 

The potential of 177mLu-DOTA and 177mLu-DOTATATE complexes in 177mLu-177Lu separation have 

been tested and the effect of different Lu:DOTA molar ratios on the 177Lu extraction efficiency 

and 177Lu/177mLu activity ratio has been studied. Overall, under certain conditions the 
177Lu/177mLu activity ratio up to 3500 have been achieved with a 177Lu extraction efficiency 

close to 60%. The obtained 177Lu/177mLu activity ratio is very well comparable to the activity 

ratio present in the clinically used 177Lu. However, the presented method has been performed 

at lab scale with very low activity levels and has not been yet automatized to lead to a clinically 

acceptable 177mLu/177Lu radionuclide generator. In Chapter 4, the knowledge from LLE has 

been translated into a solid phase extraction (SPE) based 177mLu-177mLu separation. In SPE, 

DOTA has been grafted on the surface of commercially available silica and used to complex 
177mLu ions. The synthesized 177mLu containing solid has been loaded inside a column and left 

for 177Lu accumulation at 77K. The freed 177Lu ions have been collected under different 

conditions using different mobile phase flow. However, using this method the highest 
177Lu/177mLu activity ratio up to 25 have been achieved which is far worse than what was 

achieved with LLE. It has been hypothesized that after the immobilization of DOTA on a solid, 

it can no longer form stable cage like coordination with 177mLu ions which leads to their fast 

dissociation during the 177Lu ion removal. The coordination behavior of DOTA complex with 

Lu ions needs further investigation to lead to an automatable and convenient SPE based 
177mLu/177Lu radionuclide generator.   

Apart from the 177mLu-177Lu separation method, the 177mLu/177Lu radionuclide generator will 

also require 177mLu as the starting material. The large scale 177mLu production has been 

experimentally and theoretically investigated in Chapter 5. The 177mLu is being produced by 

the neutron irradiation of a natural Lu2O3 sample at the BR2 reactor, Mol, Belgium. The 

produced 177mLu activity has been found to be in good agreement with the theoretically 

estimated 177mLu activity based on the 177mLu production cross section of 2.8 b and burn up 

cross section of 620 b. Further for the large scale 177mLu production, the effect of 176Lu 

enrichment, irradiation time and neutron flux on 177mLu production has been theoretically 

investigated. It has been found that the 177mLu can be produced using a short irradiation time 

of 6-10 days at the high flux reactors. The question about what quantity of 177mLu (or starting 
176Lu enriched target) would be needed to produce sufficient amounts of 177Lu is answered in 

Chapter 6. It has been found in order to produce clinically relevant 177Lu quantity, the 177mLu 

production should start with the irradiation of 1-4 g of 176Lu enriched Lu2O3. For instance, the 

use of 3 g 176Lu enriched Lu2O3 target can lead to about 7.4 GBq 177Lu per week for up to 7 

months. Additionally, a 177mLu/177Lu radionuclide generator has been modelled and the 

conditions needed to achieve a high quality 177Lu production has been defined. The 
177mLu/177Lu radionuclide generator has the potential to lead to on-site production of high 

specific activity 177Lu close to the theoretical maximum of 4.1 TBq/mg Lu and with <0.01% 
177mLu. The important requirement would be the use of conditions that can keep the 



Summary 

 

9 
 

dissociation rate constants to the order of 10-11 s-1. Lastly, the general conclusion from this 

thesis and the future outlook are presented in Chapter 7. 

Overall, this thesis presents a big step in giving an overview on various aspects of a 177mLu/177Lu 

radionuclide generator development. It provides with the proof of concept for 177mLu-177Lu 

separation and also defines the requirements of a clinically relevant 177mLu/177mLu radionuclide 

generator. The LLE based 177mLu-177Lu separation method can potentially lead to a 
177mLu/177mLu radionuclide generator. However, it needs further investigation in several 

aspects. The current work has been performed on lab scale with low 177mLu activity levels and 

the experimental set up is not yet automatized for commercial use. The future investigations 

should involve the high 177mLu activity levels in combination with automated LLE based 

separation modules such as on-column solvent extraction, a continuous flow extraction, 

membrane-based phase separation, microfluidics based separation and others. Further, the 

work done in this thesis do not take into account the effect of radiolysis on the 177mLu-177Lu 

separation process, and should be carefully accounted in the future research. Lastly, it should 

be mentioned that the 177mLu activity used in this thesis is the waste produced during the 

direct route 177Lu production, and has been provided as in-kind contribution from IDB Holland. 

The most important question for future research on 177mLu/177Lu radionuclide generator 

development would be the large scale 177mLu production, and the availability of large amounts 

of 176Lu enriched targets. 
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Samenvatting 
 
Lutetium-177 (177Lu) is een radionuclide met  aangetoonde mogelijkheden binnen de gerichte 
radionuclide therapie (GRNT). Het zendt β- deeltjes uit die ongeveer 2 mm diep in weefsel 
kunnen doordringen, wat het een effectif nuclide maakt voor het behandelen van kleine 
tumoren waarbij minder schade aan omliggend weefsel toe wordt aangericht. De β- emissie 
gaat gepaard met het uitzenden van gamma’s wat er voor zorgt dat de tumorbehandeling in 
beeld gebracht kan worden. Het aantal 177Lu-gerelateerde publicaties is het afgelopen  
decennium verdrievoudigd, en de verwachting is dat de vraag naar 177Lu ook de komende 
jaren flink zal toenemen. Op het moment is de productie van 177Lu volledig afhankelijk van de 
beschikbaarheid van kernreactoren. Deze worden echter regelmatig stil gelegd voor 
onderhoud, sociaaleconomische, politieke en andere onverwachte redenen. Het is bekend dat 
de exclusieve afhankelijkheid op kernreactoren voor de radionuclidenproductie kan leiden tot 
grote beschikbaarheidstekorten. Er bestaat een consensus tussen wetenschappers in de 
nucleaire geneeskunde dat nieuwe productiemethode ontwikkeld moeten worden die een 
zekere maat van onafhankelijkheid van de beschikbaarheid van kernreactoren kunnen 
verschaffen.  
 
Radionuclide generatoren worden gezien als een ideale vorm van radionuclide-productie 
waarbij gezorgd kan worden voor plaatselijke, on-demand levering van een radionuclide 
zonder afhankelijk te zijn van een productie faciliteit. De mogelijkheden die zulk een generator 
biedt zijn zeer goed gedocumenteerd binnen de bestaande literatuur. Dit onderzoek is gericht 
op de ontwikkeling van een 177mLu/177Lu radionuclide generator voor de productie van 177Lu. 
Een dergelijke generator is nog niet eerder beschreven, en in tegenstelling tot huidige 
radionuclide generatoren gaat het hier om de scheiding van de fysisch en chemisch 
gelijkwaardige isomeren 177mLu en 177Lu. Dit proefschrift is gericht op het onderzoeken van de 
haalbaarheid en het potentieel van een 177Lu-productie op basis van een radionuclide 
generator. Het hoofddoel van deze studie is een proof of concept van de scheiding van 177mLu 
en 177Lu tot stand te brengen, en de factoren die hier invloed op hebben in kaart te brengen. 
Een op de vloeistof-vloeistofextractie van 177mLu-177Lu gebaseerde scheidingsmethode is 
ontworpen, welke mogelijk kan leiden tot de productie van een klinisch acceptabele 
hoeveelheid 177Lu. Hiernaast worden de technische vereisten voor een commerciële 
177mLu/177Lu generator besproken en de mogelijkheden voor de productie voor 177Lu worden 
geëvalueerd.  
 
De scheiding van 177mLu-177Lu is gebaseerd op de chemische effecten die optreden tijdens het 
interne conversieverval van 177mLu. Het op interne conversie gebaseerde verval van 177mLu 
gaat vaak samen met een auger elektronen cascade, welke het atoom in een sterk geladen 
toestand achterlaat en op deze manier zorgt voor het breken van de chemische binding. Dit 
biedt de mogelijkheid om de twee isomeren, het gecomplexeerde 177mLu en de vrije 177Lu 
atomen, te scheiden. Het experimentele bewijs van dit concept wordt geleverd in Hoofdstuk 
2, waar de 177mLu-DOTATAAT verbinding op een tC-18 silica kolom wordt vastgehouden terwijl 
de 177Lu ionen die zijn vrijgekomen na het breken van de chemische binding worden verzameld 
in een mobiele fasestroom. In evenwicht is de activiteitsverhouding van 177mLu/177Lu 0.25, 
terwijl na de scheiding een 177mLu/177Lu activiteitsverhouding van 250 is bereikt. Dit komt 
overeen met een 177Lu verreikingsgraad van 1000. Voor een klinisch aanvaardbare 177mLu/177Lu 
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generator is echter een activiteitsverhouding van 177mLu/177Lu rond de 10.000 gewenst. In dit 
onderzoek kwam naar voren dat de activiteitsverhouding van 177mLu/177Lu wordt beïnvloed 
door de dissociatie van het 177mLu complex. Een temperatuursverhoging tijdens de 
accumulatie van 177Lu verhoogt de ontkoppeling en vermindert de 177mLu/177Lu 
activiteitsverhouding. Er is zodoende een vloeistof-vloeistofextractie (VVE) methode 
ontwikkeld gebaseerd op de scheiding van 177mLu-177Lu waarbij het 177Lu wordt geaccumuleerd 
bij een temperatuur van 77K. 
 
De op VVE gebaseerde scheiding van 177mLu-177Lu zoals gepresenteerd in Hoofdstuk 3 heeft 
het 177mLu complex in de waterige fase, terwijl de na de bondbreuk vrijgekomen 177Lu wordt 
geëxtraheerd in de organische fase (dihexylether) met behulp van een kation extractiemiddel. 
De accumulatie van 177Lu is uitgevoerd bij een temperatuur van 77K om de dissociatie van 
177mLu en de herassociatie van vrijgekomen 177Lu ionen te minimaliseren. Twee verschillende 
verbindingen, 177mLu-DOTA en 177mLu-DOTATAAT, zijn getest voor de scheiding van 177mLu-
177Lu, en er is gekeken naar het effect van verschillende Lu:DOTA molverhoudingen op de 
extractie efficiëntie van 177Lu en de 177mLu/177Lu activiteitsverhouding. Over het algemeen 
wordt een extractie efficiëntie tot 3500 bereikt onder bepaalde omstandigheden met een 
177Lu extractie efficiëntie van bijna 60%. De verkregen 177mLu/177Lu activiteitsverhouding is 
zeer goed vergelijkbaar met de activiteitsverhouding van 177Lu als gebruikt in de kliniek. De 
huidige methode is echter enkel getest in het laboratorium met zeer lage hoeveelheiden 
radioactiviteit, en is nog niet geautomatiseerd tot een klinisch acceptabele 177mLu-177Lu 
radionuclidegenerator. De kennis opgedaan bij de ontwikkeling van de VVE methode is in 
Hoofdstuk 4 omgezet in een scheidingsmethode voor 177mLu-177Lu gebruikmakend van 
vastefase extractie (VFE). Bij de VFE methode is DOTA geënt op een commercieel verkrijgbaar 
silica welke gebruikt wordt om 177mLu ionen te binden. De 177mLu bevattende vaste stof is in 
een kolom geladen en vervolgens bij 77K bewaard voor de accumulatie van 177Lu. De 
vrijgekomen 177Lu ionen zijn verzameld gebruikmakend van verschillende mobiele 
fasestromen onder verschillende omstandigheden. Met deze methode is een maximale 
177mLu/177Lu activiteitsverhouding van slechts 25 behaald, wat veel minder goed is dan wat 
gezien werd met de VVE gebaseerde scheidingsmethode. Er is verondersteld dat na de 
immobilisatie van DOTA op een vaste stof het niet langer een stabiele kooi gecoördineerd met 
177mLu-ionen kan vormen, wat leidt tot snelle dissociatie tijdens de verwijdering van het 177Lu-
ion. Het coördinatiegedrag van het DOTA-complex met Lu-ionen moet verder worden 
onderzocht om te kunnen leiden tot een automatische en handige op VFE gebaseerde 177mLu-
177Lu radionuclidengenerator. 
 
Naast de geoptimaliseerde 177mLu-177Lu scheidingsmethode vereist de 177mLu/177Lu 
radionuclidegenerator 177mLu als uitgangsmateriaal. De grootschalige productie van 177mLu is 
zowel theoretisch als experimenteel onderzocht in Hoofdstuk 5. Het 177mLu is geproduceerd 
door de neutronenbestraling van een natuurlijk Lu2O3 monster in de BR2-reactor, Mol, België. 
De geproduceerde 177mLu-activiteit bleek in goede overeenstemming te zijn met de 
theoretisch geschatte 177mLu-activiteit op basis van de 177mLu-productie doorsnede van 2.8 b 
en werkzame doorsnede van 620 b. Er is verder gekeken naar de theoretische effecten van 
176Lu verrijking, bestralingstijd en neutronenflux op de grootschalige productie van 177mLu. Uit 
deze studie bleek dat hoge flux reactoren de benodigde hoeveelheid 177mLu binnen een korte 
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bestralingstijd van 6-10 dagen kunnen produceren. In Hoofdstuk 6 is verder ingegaan op de 
vraag hoeveel 177mLu (of hoeveel verrijkt 176Lu startmateriaal) nodig zou zijn om voldoende 
177Lu te kunnen produceren. Om klinisch relevante hoeveelheden 177Lu te produceren is 1-4 g 
verrijkt 176Lu bevattend Lu2O3 nodig. De bestraling van 3 g 176Lu verrijkt Lu2O3 is bijvoorbeeld 
genoeg voor de productie van ongeveer 7.4 GBq 177Lu per week voor een totale looptijd tot 7 
maanden. Hiernaast is een 177mLu/177Lu generator gemodelleerd waarbij de omstandigheden 
die nodig zijn voor het produceren van een hoge kwaliteit 177Lu zijn gedefinieerd. De 
177mLu/177Lu radionuclide generator biedt de mogelijkheid om op locatie een hoge specifieke 
activiteit van 177Lu te leveren in de buurt van het theoretische maximum van 4.1 TBq/mg Lu 
met <0.01% 177mLu. Hierbij is de belangrijkste vereiste dat de generator gebruikt wordt bij 
condities die de dissociatiesnelheidsconstante rond de 10-11 s-1 kunnen houden. Ten slotte 
worden de algemene conclusie en de vooruitzichten voor de toekomst gepresenteerd in 
Hoofdstuk 7 van dit proefschrift. 
 
In dit proefschrift wordt een uitgebreid overzicht gegeven van verschillende aspecten in de 
ontwikkeling van een 177mLu/177Lu  radionuclide generator. Het geeft een proof of concept 
voor de scheiding van 177mLu-177Lu en definieert de vereisten voor een 177mLu/177Lu 
radionuclide generator die toegepast kan worden in de kliniek. De 177mLu-177Lu 
scheidingsmethode die gebaseerd is op VVE zou kunnen leiden tot de ontwikkeling van een 
177mLu/177Lu generator. Er zijn echter nog een aantal gebieden die verder ontwikkeld moeten 
worden. Het huidige werk is op laboratoriumschaal uitgevoerd met lage 177mLu activiteit, en 
de experimentele opstelling is nog niet geautomatiseerd voor commercieel gebruik. 
Toekomstig onderzoek moet zich richten op het gebruik van hoge 177mLu activiteitsniveaus 
tezamen met geautomatiseerde VVE gebaseerde scheidingsmethoden zoals op-kolom 
oplosmiddel extractie, een continue stroom extractie, membraan-gebaseerde fase extractie, 
op microfluidics gebaseerde scheidingen en andere scheidingsmethoden. Verder houdt het 
werk in dit proefschrift geen rekening met het effect van radiolyse op de scheiding van  177mLu-
177Lu, dit zou nader bestudeerd moeten worden. Tot slot moet er worden vermeld dat het 
177mLu dat gebruikt werd in dit proefschrift het afvalproduct is van de directe 177Lu 
productieroute, en als bijdrage in natura werd verstrekt door IDB Holland. De belangrijkste 
vraag voor toekomstig onderzoek naar de 177mLu/177Lu radionuclidegenerator is de 
grootschalige productie van 177mLu en de beschikbaarheid van grote hoeveelheden verrijkt 
176Lu. 
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1.1. Introduction 
Cancer is one of the leading causes of mortalities worldwide and is responsible for an 

estimated 9.6 million deaths in 2018 1. Globally, the total number of cancer cases are expected 

to increase from 18 million in 2018 to about 29 million by the end of 2040 2. The possible 

cancer treatments include a wide array of options such as surgery, chemotherapy, radiation 

therapy, targeted radionuclide therapy, photodynamic therapy, immune therapy, 

hyperthermia and others 3. The last 50 years have witnessed an increased attention on cancer 

treatments which can specifically treat the cancerous cell while reducing the damage to the 

healthy cells 4,5. An additional emphasis is being made on the treatments which are effective 

in the treatment of metastasized tumour cells 3,6. Targeted radionuclide therapy (TRNT) is one 

such option that effectively target the cancer cells inside the body 7,8, shown schematically in 

Figure 1.  

TRNT basically consists of radionuclide that is bonded to a targeting molecule which ensures 

their interaction with the tumour cells 9,10,11. It has been reported to be successful in tumour 

treatment with less severe and infrequent side effects 12.  There has been a considerable 

increase in the interest and growth of TRNT in the last few years 13, as is evident from several 

reviews focused on compiling the advances and developments in the field of TRNT 5,10,14-17. 

The biological effect of TRNT in tumour treatment is caused by the energy absorbed from the 

radiation emitted by the radionuclide.  

The application of any radionuclide in TRNT is based on the combination of several factors 

such as 1) the decay characteristics such as physical half-life, decay energy, decay products, 

tissue penetration depth, 2) availability of radionuclides having high specific activity and 

radionuclidic purity, 3) a rapid and stable attachment of the radionuclide to the targeting 

vector  while 4) the simultaneous emission of low energy gamma rays is an additional 

advantage, as it will gives the diagnostic properties along with the required therapeutic 

properties 18-21. The current clinical and pre-clinical research on radionuclides for TRNT 

 
Figure 1: Schematic representation of Targeted Radionuclide Therapy (TRNT) using 

radiopharmaceutical comprising a targeting vector and lutetium-177 
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purposes revolves around several beta-emitting (177Lu, 166Ho, 186Re, 188Re, 67Cu, 149Pm, 199Au, 
77Br, 153Sm, 105Rh, 89Sr, 90Y, 131I) and alpha-emitting radionuclides ( 211At, 212Pb, 213Bi, 223Ra, 
149Tb) 22 5,9,23,24. This thesis is focused on the beta and gamma emitting radionuclide Lutetium-

177. Its properties and potential in TRNT are discussed in detail in the following section.  

1.2. Lutetium-177 (177Lu): Properties and Potential  

The decay characteristics of lutetium-177 makes it a very suitable candidate for its application 

in targeted radionuclide therapy. They are compiled in Table 1 below: 

Table 1: Decay characteristics of lutetium-177  

Half-life Decay 

mode 

β- emissions 

(abundance) 

γ ray emissions 

(abundance) 

Tissue 

penetration 

depth 

Daughter 

isotope 

6.7 days β-, γ 498 keV (79.3%)  

380 keV (9.1%)  

176 keV (12.2%) 

249.7 (0.2120%) 

208.37 (11.00%) 

112.95 (6.40%)  

71.65 (0.15%) 

2 mm 177Hf 

 

The 6.7 days half-life of 177Lu provides logistics advantages of facilitating its worldwide supply 
22. The 0.5 MeV β- particles have a tissue penetration depth of 2 mm which allows selective 

deposition of energy inside the tissue cells while sparing the surrounding healthy tissues 25. 

Additionally, the accompanying gamma ray emissions of 113 KeV (6.4%), and 208 KeV (11%) 

allow simultaneous imaging of the tumour treatment and imparts 177Lu with theranostic (both 

therapeutic and diagnostic) potential (see Figure 1) 21,25.  

The above mentioned unique decay characteristics of 177Lu make it advantageous over other 

widely applied therapeutic β- emitters, such as 131I and 90Y. 90Y has a tissue penetration depth 

of 11 mm and often leads to damage of the surrounding healthy cells 26-28. 131I has a tissue 

penetration depth of 2 mm, but it emits high energy gamma photons in high abundance (636 

keV (7.2%), 364 keV (81.7%), and 284 keV (6.14%)) resulting in extra radiation burden to non-

target organs and it also causes a radiological risk to medical staff. 29. In comparison, the 177Lu 

has gamma rays of sufficiently low energy to allow imaging while keeping the unwanted 

radiation dose to the nearby organs adequately low. It is therefore considered as a better 

alternative to 90Y and 131I in some radio-therapeutic applications 30-33.  

Lastly, lutetium is a lanthanide with an oxidation state of +3 and is well known to form 

complexes with coordination numbers of 6, 7, 8, and 9. The hard Lewis acid chemistry of 

lutetium provides it with a strong tendency to form complexes with hard donor ligands such 

as O, F and N 34. Lutetium is reported to form thermodynamically stable complexes with a 

wide variety of bifunctional chelating agents such as 1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetic acid (DOTA), 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid (DO3A), 
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diethylenetriaminepentaacetic acid (DTPA), ethylenediaminetetraacetic acid (EDTA) and 

others 34-36. This allows facile labelling of 177Lu with a various biomolecules, antibodies, and 

other organic ligands, thereby enabling the synthesis of 177Lu based radiopharmaceuticals 37,38. 

Finally, it decays to stable hafnium-177 which does not interfere with labelling of most 

lutetium chelates (and does not induce toxic effects) 39. 

1.3. Existing clinical applications of 177Lu based radiopharmaceuticals  

The clinical applications of 177Lu based radiopharmaceuticals has been extensively reviewed 

in the last five years 30,40-42. In 2015, Banerjee et al. quoted “177Lu is a gold mine for 

radiopharmaceutical development, and exploring its immense potential for therapeutic 

applications is still in the early stages” 22. The development of 177Lu based pharmaceuticals is 

expected to grow dramatically in the coming few years 18-21,43-45. A list of 177Lu related 

radiopharmaceuticals along with their application and current stage of study is shown in Table 

2 below: 

Table 2: A list of 177Lu based radiopharmaceuticals along with their application and the current 

stage of study. 

Radiopharmaceutical  Application Stage of Study New incidences in 

2018*  
177Lu-DOTATATE  

(Lutathera) 

Gastroenteropan

cratic 

Neuroendocrine 

Tumors 

FDA approved 46 

 

< 0.1%# 

177Lu-PSMA-DKFZ-617 
177Lu-PSMA-I&T 
177Lu-J591 

Prostate cancer Phase II and phase III 

clinical trials 41,42,47-54  

1.3 million (7.1%) 

177Lu-trastuzumab 
177Lu-T-AuNP 

Breast Cancer Preclinical 55-58 2.0 million (11.6%) 

177Lu-CC49 Colon Cancer Preclinical 59-62 1.8 million (combined 

colorectum) (10.2%) 
177Lu-anti-CD55 Lung cancer Preclinical 63 2 million (11.6%) 
177Lu-Rituximab 
177Lu-teuloimab 

Non-Hodgkin’s 

lymphoma 

Preclinical and Phase I 

clinical trials 64-68 

500,000 (2.8%) 

177Lu-EDTMP Bone pain 

palliation** 

Phase I and Phase II 

clinical trials 69-72 

-** 

* total number of cancer incidences in 2018 are 18,078,957. Data taken from http://gco.iarc.fr/ in 

October, 2018. 
#  neuroendocrine tumours are rare with an estimated annual incidence of ~6.9/ 100,000 73 
** treatment of cancer induced bone pain, needed in about 80% of the patients having solid tumours 
74. 
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Currently, [177Lu]Lu-DOTATATE is the most widely applied 177Lu based radiopharmaceutical. 

The 177Lu-DOTATATE is FDA approved for the treatment of gastroenteropancreatic 

neuroendocrine tumours (GEP-NET) and is used clinically worldwide 46. A phase 3 study on the 

use of 177Lu-DOTATATE in the treatment of 229 patients suffering from GEP-NET shows a 79% 

reduction in risk of tumour progression with an estimated progression free survival of 40 

months 75,76. Another study on the treatment of GEP-NET’s using 177Lu-DOTATATE reported a 

complete or partial tumour shrinkage in 16 percent of a subset of 360 patients 77. 

Recently published studies have revealed the possibility of treatment of metastatic prostate 

cancer using 177Lu-PSMA based radiopharmaceuticals 41,42,47-54. According to the present 

literature, greater than 50% patient response was consistently observed in 30%- 70% of the 

treated cases 42,78. The response of a 65 year old patient with metastatic prostate cancer 

towards 177Lu-PSMA-DKFZ-617 is shown in Figure 2. A remarkable decrease in the 

standardized uptake value of the tumour lesions from 32.67 to 0.38 has been observed after 

3 cycles of treatment with 177Lu-PSMA-DKFZ-617 43. 

 
Figure 2: The full body scan of a patient suffering with metastatic castration resistant prostate cancer: 

The pre-therapy diagnostic scan showed extensive skeletal metastases (a), the three cycles of the 

treatment using 177Lu-PSMA-DKFZ-617 (b), (c), (d), and post therapy follow up diagnostic scan (e) 

(taken from reference, Yadav et al  43).    

In a recent study among 30 patients, [177Lu]-PSMA-617, has been shown to achieve greater 

than 50% prostate specific antigen decline in 57% of the treated patients with a low toxicity 

profile 47. A phase 2 clinical trial of [177Lu]-PSMA-617 including 200 participants is under 

progress to prove further its efficacy and potential in metastatic castration resistant prostate 

cancer (ClinicalTrials.gov Identifier: NCT03392428)79. 
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Furthermore, as can be seen from Table 1, the 177Lu based radiopharmaceuticals have also 

shown potential application in breast, colon, and lung cancer treatment 55-63. The treatment 

of Non- Hodgkin lymphoma, and bone pain palliation using 177Lu based radiopharmaceuticals 

is also in advanced clinical stages 64-72. Additionally, apart from the 177Lu based 

radiopharmaceuticals mentioned in Table 1, there are also several other extensively studied 
177Lu based radiopharmaceuticals which are currently in the design and development stage 

for application in radio-synovectomy, radio immunotherapy and others 30,80-89.  Overall, it is 

evident that the 177Lu radiopharmaceuticals can be potentially applied in a wide range of 

clinical applications and 177Lu can be expected to play a crucial role in fulfilling the global 

demand of radionuclides for many targeted radionuclide therapy applications 16,21.   

Lastly, the total worldwide incidences of the cancer types corresponding to the potential 177Lu 

applications are also listed in Table 2. Prostate cancer alone accounted to about 7.1% of the 

total cancer cases registered in 2018 90. The breast, colon, and lung cancer accounted to 

11.6%, 10.2% & 11.6% of the total cancer cases registered in 2018, respectively. On combining 

all the potential applications of 177Lu mentioned in Table 1, it can be foreseen that the 177Lu 

based radiopharmaceuticals have the potential to be applied in the treatment of at least 40% 

of the worldwide cancer incidences. However, the research is highly dependent on the access, 

availability of 177Lu and the associated costs.  The current 177Lu production scenario’s and the 

associated limitations are described in section 1.4.  

1.4. Current Lutetium-177 production routes and limitations 
Currently, the 177Lu production is performed at medium/ high flux nuclear reactors by two 

different processes known as “direct” or “indirect” production route. The “direct route” 

involves the irradiation of 176Lu enriched Lu2O3 targets while the “indirect route” involves the 
177Lu production by the β- decay of short-lived 177Yb. They are schematically shown in the 

Figure 3 below: 

 

Figure 3: A description of the current 177Lu production routes, “the direct” and “the indirect” 

production route along with the involved neutron capture cross sections 91 

Production of Lutetium-177 via the direct route 

The “direct route” uses 176Lu enriched Lu2O3 targets to produce 177Lu via neutron capture, i.e. 
76Lu(n, γ)177Lu which has as an advantage of high cross section of 2065 barn 91. However, it 
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results in the production of carrier added 177Lu production since other lutetium isotopes are 

also present after irradiation. The specific activity of the produced 177Lu depends on the 176Lu 

enrichment, neutron flux, irradiation and cooling time. In high-flux reactors, 177Lu can be 

produced with a specific activity of about 2.7 TBq/mg using 75% 176Lu enrichment. This is 65% 

of the no-carrier added maximum specific activity of 4.1 TBq/mg. In medium flux reactors, 
177Lu can be produced with a specific activity of about 740 GBq/mg using targets with about 

82% 176Lu enrichment. Additionally, this route has an extra disadvantage of co-production of 

long-lived 177mLu as a radionuclidic impurity.  

Production of Lutetium-177 via the indirect route 

The “indirect route” starts with 177Yb production using 176Yb enriched Yb2O3, which then leads 

to 177Lu production via its β- decay. It offers the advantage of no-carrier added 177Lu production 

with specific activity in the ranging in the order of 2.3- 4.0 GBq/ mg Lu, very close to the 

theoretical maximum specific activity of 4.1 TBq/ mg. However, this route has some 

shortcomings. First, it needs very expensive, highly enriched 176Yb target because of the low 
176Yb(n, γ)177Yb neutron capture cross section of 2.4 barn. The starting Yb target should be free 

from any traces of the most natural abundant isotope of Yb, namely 174Yb. The 174Yb(n,γ)175Yb 

has a neutron capture cross-section of 65±5 barn. 175Yb has a half-life of 4 days and it decays 

to 175Lu via beta decay, thereby reducing the specific activity of produced 177Lu 92. Secondly, 

the 177Lu production requires separation of chemically very similar Lu3+ and Yb3+ elements. The 

presence of any traces of Yb, can adversely affect the 177Lu radiolabelling process because of 

the similar chemical behaviour of Lu and Yb.  

Regardless of all the above-mentioned disadvantages, the 177Lu production via neutron 

irradiation in nuclear reactors is the only commercially employed 177Lu production route. Most 

of the research groups worldwide are working on increasing the efficiency of these two routes. 

At the moment, the global production of this isotope is dependent on the weekly irradiations 

in 9 nuclear reactors. These nuclear reactors are shown in the Figure 4 below: 
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Figure 4: The world map showing the nuclear reactors responsible for global 177Lu production. 

Most of the nuclear reactors mentioned in Figure 4 are more than 50 years old, except FRMII 

and OPAL which are about 20 years old 93. They are prone to shutdowns for maintenance, 

social, economic, political and other unexpected reasons. The exclusive dependency of 

radionuclide production on nuclear reactors is known to lead to major supply shortages. For 
99mTc, (the workhorse of SPECT nuclear diagnostics) the 95% of its global supply is dependent 

on seven research nuclear reactors and supplied by five target processing facilities. In the 

period 2008 – 2010, 3 major reactors involved in the production of 99Mo were shut down 

because of (unforeseen) maintenance reasons. This led to a crisis situation and thousands of 

patients were denied diagnostic procedures and some were treated with inferior or more 

expensive radiopharmaceuticals 94,95. This was followed by about 11 serious disruptions due 

to temporary reactor shutdowns 96-99. Learning from the past, there is a uniform consensus 

among the nuclear medicine scientists that development of production pathways that are 

more independent on short-term nuclear reactor availability are essential to ensure supply of 

diagnostic and therapeutic radionuclides100-102. For 177Lu production, research has been 

conducted on the use of charged particle reactions and neutron generators to provide some 

independence from the nuclear reactor production 22,43,103-106. However, none of the proposed 

routes could be envisaged for the large-scale production of 177Lu due to technological and 

economical challenges.  

The radionuclide production via a “radionuclide generator” represents the ideal production 

system as it can establish on-site, on-demand radionuclide production without a necessary 

continuous access to an accelerator or research reactor 107. This thesis is aimed at studying 

the 177Lu production via a 177mLu/ 177Lu radionuclide generator. A 177mLu/ 177Lu radionuclide 

generator can complement the current production routes and provides some independence 
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from nuclear reactors. The working principle behind the development of a 177mLu/ 177Lu 

radionuclide generator is discussed in detail in section 1.5. 

1.5. Development of a 177mLu/ 177Lu radionuclide generator 

1.5.1. Radionuclide Generator- a brief introduction 

Radionuclide generators are devices that produce a short-lived radionuclide (known as 

daughter) from the radioactive decay of a long-lived radionuclide (called parent) 108. 

Radionuclide generators were historically called ‘‘cows” since the daughter radionuclide was 

‘‘milked’’ (i.e., separated) from its parent, while the parent continued to generate fresh 

daughter, just by its ongoing decay events. This way, generators offer a unique advantage of 

providing on-site and on-demand availability of the desired radionuclide without the 

continuous need of a nearby reactor, accelerator or any radionuclide production facility 107,109-

111. The radionuclide generators rely on equilibrium between the parent and daughter nuclei, 

depending on the half-lives of the species involved. The growth of the daughter radionuclide 

with time for such a system can be described using the Equation 1 below: 

 
𝑁2

𝑡 =  
𝜆1

𝜆2 − 𝜆1
∗ 𝑁1

0(𝑒𝑥𝑝 −𝜆1𝑡 − 𝑒𝑥𝑝 −𝜆2𝑡) + 𝑁2
0𝑒𝑥𝑝 −𝜆2𝑡 

 

Equation 1 

where 𝑁1
0 , 𝑁2

0 are the number of atoms of the parent and daughter radionuclide, respectively 

present at time t = 0. 

𝑁2
𝑡 is the number of the daughter atoms produced after a time t. 

𝜆1 and 𝜆2 are the decay constants of the parent and daughter radionuclide, respectively. 

The first group of terms reflects the growth of a daughter radionuclide from a parent 

radionuclide and the decay of these radionuclides, while the second term gives the 

contribution at any time from the ‘‘daughter’’ radionuclides present initially. 

Probably the most classic example of such systems is the 99Mo/ 99mTc radionuclide generator. 

In this generator, 99Mo is adsorbed on an aluminium oxide chromatographic column and later 

elution with normal saline solution results in a sodium pertechnetate solution 108. The 

availability of 99mTc via a 99Mo/ 99mTc generator has played a significant role in the 

development of 99mTc labelled radiopharmaceuticals 108. The current state of the art use of 

other 188Re, 68Ga, 44Ti, 90Y labelled pharmaceuticals also owes its existence largely to the 

availability of radionuclide generators 112,113Overviews of the advantages, principles and 

criteria for selection of parent/daughter pairs for a radionuclide generator system have been 

reported and discussed in detail in several reviews 110,111,114-117.  

 

Generally, in generators, the parents and daughters are different in chemistry (i.e. Mo and Tc), 

which makes that relatively easy and straightforward separation of the immobilized parent 

and the daughter are possible. The idea of a 177mLu/ 177Lu radionuclide generator is a unique 
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concept when compared to the existing radionuclide generators, as it involves chemically 

identical parent/ daughter radionuclide pairs, the 177mLu and 177Lu.  

 

1.5.2. The 177mLu/177Lu radionuclide generator- working principle  

The 177mLu/ 177Lu radionuclide generator is based on the use of the long-lived metastable 

isomer 177mLu as the parent radionuclide to produce the daughter 177Lu. 78.6% of the 177mLu 

decays by beta emission to 177mHf and 21.4% decays to 177Lu via isomeric transition 118-123.  

Isomeric transition (IT) is a process where a 

metastable nucleus in high energy state 

loses its excess energy either in the form of 

a gamma ray emission or through a process 

known as internal conversion. The internal 

conversion (IC) process involves the transfer 

of excess of energy to one of the inner 

electrons resulting in the emission of that 

electron from the atom (as shown in Figure 

5) 124. The vacancy created by the emitted 

electron is rapidly filled by an electron from 

a higher energy level. In the process of filling 

the lower shell, the excess energy of the 

electron in the higher energy level is lost either as a characteristic X-ray photon or it is 

transferred to an outer electron, resulting in the emission of that electron referred to as an 

Auger electron (see Figure 5). The process of Auger electron emission leads to the creation of 

a new vacancy in the higher energy level and the two effects (X- ray emission and Auger 

electron emission) compete again to fill the newly created vacancy. The particular case of 

multiple Auger electron emission, is often accompanied with the loss of multiple valence 

electrons, leaving the atom in a highly positively charged state. The charged state can cause 

molecular repulsions and may lead to bond rupture if the atom is in a bound state 125,126.  

The competition between the conversion electron emission and the γ ray emission during the 

isomeric transition, is defined by the internal conversion coefficient  26 26 

𝛼 =  
Number of conversion electrons(Ie)

Number of gamma rays (Iγ)
 

The total number of transitions; I = Ie +  Iγ =  Iγ (1 +  α), 

And thus, the probability of internal conversion (P.I.C) is defined as 
α

1 + α
 

The larger the ICC (α) value, the higher is the chance of emission of conversion electrons over 

the gamma ray emission. The potential of internal conversion in nuclear isomer separation 

has been experimentally proved in the separation of nuclear isomers such as, 80mBr (α = 298), 

 
Figure 5: Schematic representation of the 

process of Internal Conversion 
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80mTe (α ˷ 0.26), 58mCo (α ˷ 103) 127-130. However, no internal conversion based separation was 

observed for 69Zn (α = 0.05) and 44mSc (α = 0.13) isomers (possibly due to their low ICC) 131. In 

the particular case of 177mLu, the 116 keV transition involved in the gamma decay of 177mLu to 
177Lu has an internal conversion coefficient 30.7 132, implying that about 97% of the transitions 

are internally converted.  

In 2012, the internal conversion of 177mLu to 177Lu was foreseen as a potential pathway to 

establish a 177mLu/ 177Lu radionuclide generator for lutetium-177 production by De Vries and 

Wolterbeek 43. It is different from the previously reported cases, as in those cases the bond 

rupture occurred with chemically separable forms, which do not readily undergo exchange 

with each other allowing an easy separation 127-130. However, 177Lu and 177mLu are chemically 

indistinguishable nuclear isomers and their separation has never been reported in the 

literature. The idea behind the internal conversion based 177mLu- 177Lu separation involves the 

use of 177mLu in a bonded state with a complexing agent, followed by the internal conversion 

based radionuclide decay which will break the bonds and release the newly formed 177Lu as 

free ion. Thus providing with an opportunity for nuclear isomer separation, where 177mLu and 
177Lu can be distinguished as complexed and free ion respectively. This idea will be elaborated 

in more details in Chapter 2.  

1.5.3. Potential and Challenges 

A 177mLu/ 177Lu radionuclide generator can bring revolutionary advances in the development 

of 177Lu-based radiopharmaceuticals, by offering the following advantages: 

 The long half-life parent (177mLu, t1/2 = 160.44 days) can lead to long-term 177Lu supply 

without the short-term need of a reactor. 

 It would lead to on-site, on-demand production of 177Lu. 

 The possible production of no-carrier added, high specific activity 177Lu. 

The realization of such a generator has not been demonstrated yet and offers several 

challenges such as; 

 Separation of the chemically alike nuclear isomers 177Lu and 177mLu. 

 The separation process should allow the periodical extraction of the produced 177Lu 

without any significant manipulation and with many repetitions during the lifetime of 

the generator. 

 Large-scale production of high specific activity 177mLu as the starting material. 

 Very stable 177mLu bonding to its support throughout the life-time of the generator 

 The generator should provide high specific activity 177Lu with high radionuclide purity.  

However, overcoming the above mentioned challenges may potentially lead to round-the-

clock availability of 177Lu without the continuous dependency on the availability of a nuclear 

reactor. It can substantially increase the global access to 177Lu and bring significant advances 

in the research on 177Lu-based pharmaceuticals. 
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1.6. Scope and Outline of thesis 

This thesis focuses on the development of different chemical separation processes to achieve 

the 177mLu-177Lu chemical separation and provides an understanding on the factors affecting 

the separation. A theoretical and experimental assessment on the large scale 177mLu 

production is also performed. Lastly, a theoretical evaluation of the potential of 177mLu/ 177Lu 

radionuclide generator in lutetium-177 production is presented.  

In Chapter 2, reverse phase column chromatography and 177mLu-DOTATATE complex is used 

to achieve the 177mLu-177Lu separation. The effect of temperature on 177mLu-177Lu separation is 

studied. The separation is performed under two different modes, the continuous elution and 

accumulation elution mode. Here, the first proof-of-principle for the internal conversion based 
177Lu-177mLu separation is provided. Prior to separation, the 177mLu- 177Lu exist in equilibrium 

with each other and have a 177Lu/ 177mLu activity ratio of 0.25. In this work, a 177Lu/ 177mLu 

activity ratio up to 250 was achieved after separation accounting to a 10,000 times 177Lu 

enrichment.  

Chapter 3 focuses on Liquid-Liquid Extraction based separation of 177Lu and 177mLu. It describes 

the use of Liquid- Liquid Extraction (LLE) in combination with a [177mLu]Lu-DOTA and 

[177mLu]Lu-DOTATATE complex, to achieve the 177Lu-177mLu separation. Here the effect of 

different Lu:DOTA molar ratios on the 177mLu-177Lu separation is studied. The 177Lu separation 

is performed at a regular interval of 7 days for a total time period of up to 30 days. This 

separation method resulted in the 177Lu/ 177mLu activity ratios up to 3500.  

Chapter 4 describes a solid phase extraction based 177Lu- 177mLu separation method. It involves 

the grafting of DOTA on the surface of commercially available amino propyl silica. The 

successful grafting of DOTA on silica was confirmed by doing the characterization studies such 

as, 13C-Nuclear Magnetic Resonance (NMR) spectroscopy, infrared spectroscopy, and 

thermogravimetric analysis (TGA). Here, the 177Lu- 177mLu separation ratios up to 25 were 

achieved. 

In Chapter 5 a theoretical and experimental evaluation of large-scale 177mLu production is 

presented. The 177mLu related neutron capture cross sections were experimentally verified by 

performing an irradiation experiment at the BR2 reactor, Belgium. The large-scale production 

of lutetium-177m was theoretically evaluated in the present nuclear reactor infrastructure 

and the influence of different factors such as neutron flux, irradiation time and target 

requirements on 177mLu production were defined.  

Chapter 6 presents the modelling of a 177mLu/ 177Lu radionuclide generator. In this chapter, the 

technical requirements and clinical potential of a 177mLu/ 177Lu radionuclide generator is 

theoretically evaluated. Finally, in Chapter 7 the general conclusions are presented along with 

the future outlook. 
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Abstract 
177Lu has sprung as a promising radionuclide for targeted therapy. The low soft tissue 
penetration of its β- emission results in very efficient energy deposition in small-size 
tumours. Because of this, 177Lu is used in the treatment of neuroendocrine tumours and is 
also clinically approved for prostate cancer therapy. In this work, we report a separation 
method that achieves the challenging separation of the chemically identical nuclear 
isomers, 177mLu and 177Lu. The separation method combines the after-effects of the nuclear 
decay, the use of a very stable chemical complex and a chromatographic separation. Based 
on this separation concept, a new type of radionuclide generator has been devised, in which 
the parent and the daughter radionuclides are the same elements. The 177mLu/177Lu 
radionuclide generator provides a new route for the production of therapeutic radionuclide, 
177Lu. It can potentially bring significant growth in the research and development of 177Lu 
based pharmaceuticals. 
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2.1   Introduction 

Lutetium-177 (177Lu) has emerged as a promising radionuclide for targeted radionuclide 

therapy. The simultaneous emission of low energy β-, γ-rays and a half-life of 6.64 days have 

made 177Lu a solid candidate to be the most applied therapeutic radionuclide by 2020 1. Its 

low energy β- particles with a tissue penetration of less than 3 mm make it suitable for 

targeting small primary and metastatic tumours, like prostate, breast, melanoma, lung and 

pancreatic tumours, for bone palliation therapy and other chronic diseases 2-4. In addition, the 

emitted γ rays (208.37 and 112.98 keV) allows simultaneous imaging and quantification of the 

tumour treatment process in vivo 5. After the success of the pioneering work carried out at 

Erasmus Medical Centre for treating neuroendocrine tumours with 177Lu-labeled peptides, the 

treatment is now applied at that hospital to more than 400 patients per year 6-8. Further, the 

demand of 177Lu is expected to grow, since it is now clinically approved for use in prostate 

cancer treatment and many other treatments are in advance advanced clinical trial stages 9-

11. 

During the production of 177Lu by neutron irradiation of lutetium targets, its nuclear isomer 
177mLu is formed concomitantly 12,13. A nuclei with the same atomic and mass number but 

different energy are called nuclear isomers. 177mLu is a high-energy nuclear isomer with a half-

life of 160.44 days. 78.6% of 177mLu decays by beta emission to 177mHf and 177Hf and 21.4% 

decays to 177Lu, the ground state, via isomeric transition 14,15. Isomeric transition can occur 

either via internal conversion or γ rays emission (see Figure 1(a)). Internal conversion is a 

radiationless decay where the excess of nucleus energy is transferred to an electron in the K- 

L- or M- shell. This energy transfer leads to an auger electron cascade that results in a highly 

charged state ultimately provoking bond rupture (see Figure 1(b)) 16. Nuclear isomers of Te, 

Co and Se have been separated in the past using internal conversion 17-19. However, in these 

cases bond rupture resulted in chemically separable forms which do not readily undergo 

exchange, making the separation feasible. In contrast, in the case of 177mLu bond rupture leads 

to chemically alike 177Lu that cannot be separated with the available separation techniques. In 

the present chapter, we report a separation method that allows the separation of chemically 

identical nuclear isomers. The method makes use of the nuclear after-effects caused by the 

internal conversion to separate the newly formed ground state (177Lu) from the metastable 

state (177mLu). 
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(a) (b) 

Figure 1. Schematic representation of the decay process. (a) Decay scheme of 177mLu to 177Lu. (ii) 

Process of bond rupture. The metastable isomer 177mLu is coordinated to a very stable complex (left 

side). During the decay via internal conversion the nucleus excess of energy is transferred to an inner 

electron causing an auger electron cascade (center). After the cascade the atom is in a highly charge 

state, the chemical bonds are broken and the freed 177Lu can be separated (right side). 

Our nuclear isomer separation process is based on the combination of three elements (see 

Figure 1(b)): (i) a very inert complex with slow association-dissociation kinetics, (ii) the nuclear 

after-effects of the internal conversion process that breaks the chemical bonds due to the 

highly charged state created 20 and (iii) a separation method able to set apart the complexed 

element and the freed one. 

This separation method does not only open up the possibility of separating nuclear isomers, 

but also a novel radionuclide generator for 177Lu production can be devised on the basis of the 

much longer half-life of 177mLu (160.4 days) compared to the 6.7 days half-life of its daughter 

radionuclide, 177Lu. Radionuclide generators are in-house production devices that provide a 

specific radionuclide generated through the decay of a parent radionuclide on demand 

without the need for access to an isotope producing facility 21. In this way, the inconvenient 

dependency for irradiations is eliminated and constant, continuous availability of the 

radionuclide of interest is warranted 22. However, different from the case at hand, all existing 

radionuclide generators to date are based on the separation of two different elements that 

can be chemically separated 23. While the use of the metastable 177mLu as the parent 

radionuclide for 177Lu production was proposed by De Vries and Wolterbeek 24, the realization 

of a generator has not been demonstrated yet. In order to prove this concept, we have chosen 

a reversed phase chromatographic system in which 177mLu-DOTA-(Tyr3)-octreotate 

(DOTATATE) complex (with a dissociation constant kd = 2*10-8 s-1 at 20°C) is retained in a tC-

18 silica column 25. The tC-18 silica filler has no affinity toward polar metal ions, and thus the 

bond ruptured 177Lu ions can be eluted off the column using a mobile phase flow, while the 
177mLu-DOTATATE complex exhibits a very long retention time with the chosen mobile phase, 

and remains immobilized on the column during the experiments (shown schematically in 

Figure 2(a)). A very similar approach was utilized by Zhernosekov et al. to design the 
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140Nd/140Pr generator. In this case, the parent radionuclide decays via electron capture, a 

process that leads to an Auger cascade as well. While the parent is retained in a 

chromatographic column as a complex with DOTATOC, the daughter radionuclide, 140Pr, is 

separated due to the bond rupture effect caused by the Auger cascade that followed the 

electron capture nuclear transmutation 26. 

2.2   Methods and materials 

2.2.1   Materials:  

The 177mLu activity source was provided by IDB Holland. It was approximately 1 mM LuCl3 in 1 

M HCl solution with a specific activity of 7.2 MBq. g-1 of LuCl3. DOTATATE (Biosynthema) was 

provided by the Erasmus medical center, Rotterdam. Reversed- phase material, tC-18 silica 

was purchased in the form of ready to use sep-pak cartridges (Sep-Pak Plus tC18, usable for 

pH 2–8), from Waters. 

2.2.2   Synthesis of 177mLu-DOTA-(Tyr3)-octreotate complex:  

The 177mLu solution was adjusted to pH 4 using 1 M NaOH solution, 20 μL of 1 M NaAc-HAc 

buffer was also added to keep the pH around 4 during the reaction. Lu-DOTA-(Tyr3)-

octreotate, also referred to as Lu-DOTATATE, was synthesized using 0.150 µmoles Lu (150 μL 

of 1 mM LuCl3 solution, app. 1 MBq 177mLu) and 0.278 µmoles DOTATATE leading to a total 

reaction mixture volume about 1 ml. The reaction mixture was then incubated at 80°C for 1 

hour. The completion of the reaction was checked using instant thin layer chromatography 

with 1:1 acetonitrile: water as the mobile phase, and silica as the stationary phase. The 

reaction conditions resulted in >99% complexation yield.  

2.2.3   Experimental setup description:  

The experimental set up consists of an HPLC-system consisting of a pump (Shimadzu LC-10Ai), 

PEEK tubing and a fraction collector for 20 ml vials. The pump was connected to a column 

made of peek (ID 3 mm x 47 mm). The column was manually filled with tC-18 reversed phase 

silica (waters). A slurry of tC-18 silica in MeOH was added from one end of the column and the 

other end was connected with a vacuum pipe. The empty column has a volume of 0.335 mL, 

after filling the column with silica the void volume is experimentally calculated to be 0.175 mL 

(details in supplementary info S7). The column was equilibrated with the mobile phase for 

overnight before injecting the complex. The mobile phase and column were both temperature 

controlled to the desired temperature by a thermostatic circulation water bath (Colora WK4) 

and a column water jacket (Alltech). 0, 10, 20, and 30 °C were the studied temperatures. 

2.2.4   Mobile phase composition 

The mobile phase consists of 5% methanol, 150 mM NaCl solution (ionic strength of 0.148 M) 

and  10 mM NaAc- HAc buffer (pH-4.3). Mobile phase flux of 0.012 and 0.05 mL/min were used 

during continuous elution, and 0.1 mL/min is used during accumulation experiments. The 
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whole experimental setup was equilibrated with the mobile phase (for at least two hours) 

prior to loading of the complex. 

2.2.5   Loading of the complex 

The complex was loaded on the manually filled tC-18 column using a Rheodyne injector, with 

a mobile phase flow of 0.1 mL/min. Prior to injection, a 2 μl aliquot was kept aside and 

measured to know the exact activity loaded on the column. During the first 30 minutes the 

flow was set to 0.1 mL/min to remove free metal and impurities or side-products. The eluted 

fraction was then used to measure the amount of activity lost in loading, as impurities/ side 

products. After the first fraction of 1 hour, the flow rate through the column was adjusted to 

the desired flow rate at the desired temperature. The same procedure was repeated with 

three different columns and three different Lu-DOTATATE complexes with the initial activity 

around 1.45 ± 0.04 MBq, 0.65 ± 0.02MBq, 0.98 ± 0.03 MBq. In all the cases the total initial 

activity retained on the column is about 98% of the initial activity. Once loaded, a column is 

used upto three months for doing the measurements. After a maximum period of three 

months, the column is flushed with pure methanol to remove all the loaded activity. 

2.2.6   γ ray spectroscopy analysis 

The activity measurements were performed with a well-type HPGe gamma-ray detector. The 

energy and efficiency calibration of the detector was performed using a certified Eu-152 

source, and the efficiency calibration for each lutetium peak was fine-tuned using a known 
177Lu, 177mLu source provided by IDB- Holland to take true-coincidence summing effects into 

account. The fraction volumes up to 18 mL were collected during the experiments, however 

all the activity measurements were performed with a fixed 0.4 mL aliquot for a time period of 

3 hours. The gamma ray spectra were analyzed using an in-house software to calculate the 

activity in (Bq. g-1) of each fraction 27. The activity concentration obtained in Bq. g-1 was then 

multiplied with the total mass of the fraction to know the absolute activity coming out in each 

fraction. To minimize the errors, all the vials were weighed before and after the fraction 

collection. 

2.2.7   Continuous elution 

In the continuous elution mode two flow rates were studied, 0.012, 0.05 mL /min at 10, 20, 

and 30°C. For each flow rate and temperature six to eight fractions were collected for 6 hour 

each. Each fraction was measured on the above mentioned well type germanium detector. 

The individual results and calculations can be found in supplementary information in sections 

S2 and S3. 

2.2.8   Accumulation followed by elution 

 For accumulation experiments the flow of mobile phase was stopped in the column for 1, 2, 

3, 4, 5 days at 10, 20, and 30°C respectively. For flushing the accumulated activity the flow 
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rate of 0.1 mL/min was used and fraction collected in the first 60 minutes was used to measure 

the efficiency, 177Lu/177mLu activity ratios. In accumulation experiments, the error bars in 

activity ratio plots define the instrumental error in the measurement while for efficiency 

measurements the errors are less than 1%, so they have not been shown in the graphs. 

Detailed results and explanations have been given in supplementary info S5.  

2.3   Results 

2.3.1. Continuous elution 

Initially, experiments with a continuous flow of mobile phase (or continuous elution) were 

performed at different temperatures and mobile phase fluxes. The initial 177Lu/177mLu activity 

ratio in the 177mLu-complex was measured to be 0.24 ± 0.03. After loading the complex in the 

column, it was eluted with a continuous mobile phase with a mobile phase flow of 0.05 

mL/min at 20°C. Figure 2(b) displays the obtained 177Lu/177mLu activity ratio after different 

elution times. The 177Lu/177mLu activity ratio changed in the eluted fractions from the value in 

equilibrium, app 0.24, to an average ratio of 127 ± 14, accounting for an enrichment in 177Lu 

of more than 500 times. The ratio remains within a small variation up to 60 hours during the 

continuous elution. The gamma spectra before and after separation of the nuclear isomers 

are displayed in Figure 2(c) & (d) respectively. The rather complex decay scheme of the 

mixture injected in the column, that contains 177mLu, 177Lu and 177mHf (Figure 2(c)), is in clear 

contrast with the gamma spectrum of the eluted sample where only the peaks at 113 and 208 

keV are observed as the major photo-peaks, from the 177Lu decay. The peaks at 249 KeV and 

321 KeV are also present in their expected 0.2% relative gamma yields, however the 

contribution at 321 KeV is enhanced because of the summation effects in the well type 

germanium detector.  
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(a) 

 

(c)  
 

(b)  

 

(d) 

 

Figure 2: Separation of nuclear isomers 177Lu and 177mLu (a) Schematic representation of the 

experimental setup (b) 177mLu/177Lu activity ratio at continuous elution with a flux of 0.05 mL/min and 

a temperature of 20°C. (c) γ ray spectra of the mixture injected in the column with photo-peaks having 

contribution from both 177Lu(*) and 177mLu(#) (d) γ ray spectra of eluted fraction after separation with 

major photo-peaks from 177Lu(*), less than 0.5% contribution from 177mLu. The efficiency of the 

separation is defined as the ratio of the collected 177Lu activity divided by the theoretical 

activity of 177Lu produced from the decay of the parent 177mLu in a specific time (details in 

supplementary information, Equation S1). Specific time being defined as the time during the 

collection of the elution fraction, which are 6 hours in the case of continuous elution. During 

these 6 hours a continuous flow of mobile phase was passed through the column, and the 

total fraction volume collected after 6 hours was used for the measurement. It is important to 

note that for the efficiency calculations, the activity that is not collected in a specific period of 

time is not considered in the efficiency calculation of the following elution fraction. An average 

of 64 ± 2% efficiency is obtained for the continuous elution experiments at 20°C and 0.05 

mL/min as shown in Figure 2(b). 

Encouraged by the results of the first ever evidence of 177mLu and 177Lu isomer separation, we 

systematically studied the effect of temperature and elution flux on the activity ratios and 

efficiency. A range of temperatures from 0 to 30°C was applied at two different mobile phase 

fluxes, 0.012 and 0.05 mL/min (all the data can be found in the supplementary information, 
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Figure S1 and Table S1). Figure 3 shows the activity ratio and the efficiency at different 

temperatures for both fluxes. These data and the corresponding standard deviations are the 

result of averaging six to eight fractions. The activity ratio was remarkably higher at the lower 

flux for all the temperatures but 0°C, reaching an optimum value of 218 ± 10 at 10°C and 0.012 

ml/min. The activity ratio values from 10 to 30°C showed a clear trend for the two fluxes 

studied, a decrease in their values was observed with the increase in the temperature, 

reaching a minimum value of 25 ± 3 at 0.05 mL/min and 30°C. The efficiency exhibited a 

constant trend for both fluxes in the entire temperature range with slightly higher values for 

0.05 mL/min, reaching a maximum value of 65 ± 3% at 10°C. Only the elutions at 0°C with a 

flux of 0.012 mL/min gave a lower efficiency, with a value of 47 ± 4 %. 

(a)  

 

 (b)  

 
Figure 3: Effect of temperature and flow rate on efficiency(a) Effect of temperature on the177Lu/177mLu 

activity ratio at different flow rates ( ▪ 0.012 mL/min and • 0.05 mL/min). (b) Effect of temperature on 

the efficiency of separation at different flow rate ( ▪  0.012 mL/min and • 0.05 mL/min). 

2.3.2. Accumulation experiments 

Accumulation period refers to the total time between elutions during which the flux of mobile 

phase through the column was stopped. Different accumulation periods of up to 5 days were 

checked at 10, 20 and 30°C. After a fixed accumulation period, the accumulated activity was 

eluted with a flux of 0.1 mL/min for 60 minutes. It was optimized after trying different elution 

fluxes and elution times. The results are summarized in Table S2, Supplementary information. 

Figure 4 displays the 177Lu/177mLu activity ratio and the 177Lu extraction efficiency as a function 

of accumulation period. For efficiency calculations, the total accumulation period is used as 

the ‘specific time’ for the production of 177Lu. The activity ratio followed the same trend as in 

the previous experiments in terms of temperature dependency. Higher activity ratios were 

observed at low temperatures for different accumulation periods. Moreover, greater activity 

ratios were obtained in the accumulation experiments than in continuous elution 

experiments, reaching a maximum value of 252 ± 12 at 10°C after 5 days of accumulation and 

a 177Lu enrichment factor of around 1000. In contrast, efficiency values were lower than in the 
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continuous elution experiments, decreasing for all the temperatures studied when the 

accumulation period was extended. No clear trend with temperature was observed. However, 

in all the cases there was a decrease in efficiency when extending the accumulation period, 

reaching a minimum of 40 %. 

Figure 4: Effect of 177Lu activity accumulation on ratio and efficiency. Accumulation period is the total 

time between elutions while there is not mobile phase flux. (a)177Lu/177mLu activity ratio obtained after 

accumulation period at different temperatures (▪10 °C, •20 °C, ▲30 °C). (b) Efficiency of separation 

v/s the accumulation time at different temperatures (▪10 °C, •20 °C, ▲30 °C). 

2.4   Discussion 

The performed method allows for the separation of nuclear isomers. Based on this scheme, 

we propose a new radionuclide generator for the production of 177Lu in which the parent 

nuclide is the metastable 177mLu. The reversed phase chromatographic column can be 

operated in a variety of conditions, being possible to modify the temperature, mobile phase 

flux and operation mode. Despite the fact that the experiments were carried out with low 

levels of activity, the values were high enough to provide reliable information about the 

generator performance. In all the analysed fractions, the levels of activity were much higher 

than the detection limit keeping the measurement error very low. 

The importance of the internal conversion process on the bond rupture is clear when our 

system is compared with the work reported by Severin et al. In a very similar chromatographic 

separation setup, the dissociation of a DOTA-44mSc complex was studied and no bond rupture 

was observed 28. 44mSc decays to a large extend through the emission of gamma rays 

(ICC=0.1391), while 177mLu decays mainly via internal conversion (ICC=30.7), therefore having 

a much greater chance of undergoing bond rupture. 

The generator operates in a reliable and constant fashion, as it can be observed in Figure 1(b). 

After 60 hours of continuous operation the activity ratio values differed only a 1.1 % from the 

(a) 

 

(b) 
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average. This reliability is very important to assure a proper and constant functioning during 

the long operative life of the generator. The flow rate applied in the elutions was limited by 

the retention of the Lu-DOTATATE complex. Higher fluxes greater than 0.1 mL/min resulted in 

displacement of the complex. The elution rates were selected in order to minimize this effect 

as much as possible. 

Temperature showed an important effect on the generator separation performance. It is 

expected because the association-dissociation kinetics of the Lu-DOTATATE complex are 

highly influenced by temperature. Dissociation kinetics of Lu-DOTATATE complex were 

reported by Van der Meer et al. using a similar system and an order of magnitude difference 

was calculated when the temperature was increased from 20 to 37°C 25. A higher dissociation 

rate increases the concentration of dissociated 177mLu in the mobile phase decreasing the 

value of the activity ratio and the quality of the elution. Conversely, the rate of production of 
177Lu by internal conversion is independent of temperature and is only time dependent. The 

change in the activity ratio at a different temperature was comparable in both modes of 

operation, continuous elution and accumulation (see Figures 3(b) and 4(b)). The optimal 

temperature was found to be 10°C, where maximum values of the activity ratio were achieved 

for both cases. The experiments at 0°C showed results in contradiction with the above 

explanation of using low temperatures. This can be explained by the fact that at 0°C there 

might be some other effects that can alter the operation of the generator. Temperature of 0°C 

is close to the freezing point of the mobile phase and mass transfer of the freed 177Lu may be 

hindered, limiting the amount of eluted 177Lu and decreasing the values of the activity ratio 

and the efficiency. 

In clear contrast, temperature does not show any effect on the efficiency of the collected 177Lu 

in any of the operation modes (see Figure 3(a) and 4(a)). The efficiencies were not close to the 

ideal value of 100%. It can be because of (i) some loss of 177Lu ions by adsorption in different 

parts of the column (ii) the uncertainty from the internal conversion process since the 

efficiency of it, to the best of our knowledge, is unknown. The internal conversion process 

leads to a complex situation which eventually leads in some cases to bond rupture. Before an 

accurate value of efficiency of the generator can be given, more needs to be known about the 

internal conversion process and its effectiveness in the rupture of the chemical bonds. 

The effect of the mobile phase flow on the activity ratio and efficiency during the continuous 

elution experiments can be explained on the basis of observations under different conditions. 

If the column was eluted with a higher flux than 0.1 mL/min a displacement of the 177mLu-

DOTATATE complex was observed and the activity ratio measured were much worse with 

greater amounts of 177mLu . The same may be occurring to some extent when the flux of 0.05 

mL/min is compared with 0.012 mL/min, and small amounts of the complex might elute 
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through the column, decreasing the activity ratio (see Figure 3(b)). Moreover, the low flow 

rate might not be enough to provide a good mass transfer to the freed 177Lu ions and some of 

them may re-associate back to the ligand, decreasing slightly the efficiency of the elution (see 

Figure 3(a)). 

The effect of the re-association may also explain the results observed in the accumulation 

experiments. A remarkable decrease in efficiency was observed when the accumulation time 

was extended (Figure 4(a)). In long periods of time the chances of re-association of freed 177Lu 

back to the free DOTATATE molecules increases, which decreases the concentration of freed 
177Lu in the elutions, and therefore decreases the efficiency. However, in the case of the 

activity ratio it has a positive effect, as re-association will decrease the amount of 177mLu ions 

thereby incrementing the activity ratio values obtained (Figure 4(b)) in comparison with the 

continuous elution. In continuous elution, the collected 177mLu is produced by the exclusive 

contribution of complex dissociation and the eluted 177Lu is due to the combination of complex 

dissociation and bond rupture. In the case of accumulation, re-association takes place 

decreasing in the same proportion the concentration of both isomers in the mobile phase. 

Since the contribution by bond rupture is not altered during the accumulation, the activity 

ratio value increases due to this phenomenon. 

The 177mLu/177Lu generator could complement the present 177Lu production routes. In the 

current situation, two different production routes are established: the indirect and direct 

routes 12,13,29. In the indirect route, 177Lu is produced as the decay product of the short-lived 
177Yb, which is produced by neutron capture of enriched 176Yb 30. Despite the fact that no-

carrier added 177Lu is produced in this process, the high cost of enriched 176Yb and the 

radiochemical separation of 177Lu from the 176Yb target are limiting its application 31-33. The 

direct route produces 177Lu by neutron capture of enriched 176Lu with clinically required 

specific activity at a lower cost 34,35. However, as previously mentioned, during the neutron 

irradiation the long-lived metastable 177mLu (t1/2= 160.44 days) is co-produced, causing a 

problem in the waste management of medical centres 8,36. On top of these issues, both routes 

depend on the constant availability of nuclear reactors since weekly irradiations are needed 

for the production of 177Lu 37. 

The direct route of producing 177Lu provides hospitals with a maximum relative activity of 
177mLu of 0.01-0.02% at the end of bombardment 12. The maximum activity ratio obtained in 

our experiments is about 250, when expressed in the same fashion it accounts for a value of 

about 0.4%. The aim of our system is to prove that both isomers can be separated based on 

the internal conversion process. A clinical 177mLu/177Lu generator will need much higher levels 

of activity and a high resistance to radiation damage that will allow a consistent performance 

along the life-time of the device. In order to go beyond the proof of concept, the use of more 
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stable chemical complexes will be combined with higher activities. This will allow the creation 

of a generator with a more flexible and robust performance that may produce non-carrier 

added 177Lu and will permit a realistic evaluation of a potential generator for clinical use. Such 

a generator would combine the benefits of the direct and indirect routes, providing a product 

with higher quality that can eliminate the problems associated with the waste management 

due to the presence of 177mLu. Further, the half-life of the parent radionuclide will assure a 

stable production of 177Lu for months and therefore the generator would terminate the need 

of weekly irradiation, and the continuous dependency on nuclear reactors to produce 177Lu. 

With this generator more possibilities will be open for the use of 177Lu in more hospitals and 

research centres. In contrast, the production of enough 177mLu to supply the generators with 

enough activity will need to be thoroughly examined in order to evaluate the feasibility of the 

clinical application of the 177mLu/177Lu generator. 

Summarizing, the separation of the nuclear isomers 177mLu/177Lu has been achieved by taking 

advantage of bond rupture upon decay in a method that may be applied to other mixtures of 

isomers. In order to achieve the separation, a complex with very high stability needs to be 

formed with the metastable isomer. The nuclear after-effects of the internal conversion decay 

process, in which 177mLu is transmuted to 177Lu, lead to chemical bonds breakage and the 177Lu 

ions becoming free. By means of retaining the complex 177mLu-DOTATATE in a polar 

chromatographic column, the freed 177Lu can be separated by fluxing the column with a 

mobile phase with the proper polarity. In this way, a new type of radionuclide generator is 

conceived, in which both the parent and the daughter nuclides are the same element. The 

generator will open new possibilities for the production and availability of the therapeutic 

radionuclide 177Lu and can bring significant growth in the research and development of 177Lu 

based pharmaceuticals. 
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2.5   Supplementary information 

S1: Efficiency of the 177mLu/ 177Lu generator 

The efficiency of 177mLu/ 177Lu generator is defined as the ratio of the collected 177Lu activity 

divided by the theoretically produced 177Lu activity. 

Theoretical production in time t is estimated by using the Equation; 

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦(%) =  
𝐴𝑔

𝑡  (𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑)

𝐴𝑚
0 · (

𝜆𝑔

𝜆𝑔−𝜆𝑚
) · [𝑒𝑥𝑝−𝜆𝑚..𝑡 −  𝑒𝑥𝑝−𝜆𝑔.𝑡] · 𝐵. 𝑅 · 𝑃. 𝐼. 𝐶.

· 100 

where 𝐴𝑚
0  = Initial activity of 177mLu before elution, 

𝜆𝑔, 𝜆𝑚 = decay constants of 177Lu, 177mLu respectively, 

 𝐴𝑔
𝑡  = collected activity of 177Lu at time t,  

B.R = branching ratio for 177mLu to 177Lu decay, 21.4% 38,  

P.I.C = probability of internal conversion, 
𝛼

1+𝛼
 , 96.8% 

where α is known as the internal conversion coefficient, and is defined as; 

𝛼 =  
 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒 − 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑠 𝑏𝑦 𝑡ℎ𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑒 − 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑠 𝑣𝑖𝑎 𝑔𝑎𝑚𝑚𝑎 𝑟𝑎𝑦 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛
 

Hence, we define the probability of the decay following the internal conversion path as, P.I.C 

=  
𝛼

1+𝛼
 . The 116KeV transition involved in the decay of 177mLu to 177Lu has a theoretical internal 

conversion coefficient value, αth = 30.7 39,40. Thus the P.I.C value is calculated to be 96.8%. 

S2: Efficiency plots, while having a continuous flow of mobile phase: 

 As mentioned before, for each flow rate and temperature six to ten measurements were done 

and their average along with the standard deviation are plotted in Figure S1 
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Figure.S1: Efficiency of accumulation at different temperature and flow rates 
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S3: Ratios obtained in different fractions 

Table S1: 177Lu/ 177mLu activity ratios obtained at different temperatures, and flow rates for different 
fractions. 

Fraction 
number 
 

Activity Ratio (177Lu/ 177mLu ) 

at 0°C at 10°C at 20°C at 30°C 

0.05 
mL/mi
n 

0.012 
mL/mi
n 

0.05 
mL/mi
n 

0.012 
mL/mi
n 

0.05 
mL/mi
n 

0.012 
mL/mi
n 

0.05 
mL/mi
n 

0.012 
mL/mi
n 

1 160 134 174 213 147 198 21 56 

2 147 131 184 211 141 206 23 51 

3 132 135 166 216 145 181 24 55 

4 168 136 168 209 126 198 30 52 

5 140 146 183 223 139 190 26 58 

6 171 158 187 238 106 185 23 59 

7 194 161 179  111 190 25 58 

8 160    111  26 51 

9 178    126    

10 170    128    

Avg±ST
D 162±12 143±12 

177±8 218±11 
126±14 

192±8 25±3 55±3 

 

S4: Optimisation of elution flux and elution times for accumulation experiments 

To optimize the elution flow rate and elution times, we did different accumulations and then 

different flow rates are used to elute the accumulated activity. The results obtained are 

summarized below: 

Table S2: Optimisation of elution time, elution flux for accumulation experiments 

Elution Flux 
(mL/min) 

Elution Time 
(min) 

Elution 
efficiency 

Remark 

0.012 120 About 12% - 

0.1 60 > 60% - 

0.5 60 > 100% More than 100% efficiencies 
and very poor 177Lu/177mLu 
ratios (less than 1), indicates 
the displacement of complex 
from the column. 

 

Further, to minimize the volume of eluted activity and to keep the dilution of eluted activity 

as low as possible. We studied elution profile of Lu-177 after accumulation for an hour while 

taking the fractions every 5 mins. The result are shown in the plot Figure S4.2. As seen from 
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the plot, a trailing behaviour in the elution of Lu-177 is observed. After elution for about 60 

minutes, 60% of the accumulated activity could be removed. Therefore we decided to do the 

elution of accumulated activity at 0.1 mL/min for 60 minutes. 

 
Figure S2. Optimization of elution time while eluting the accumulated activity at 0.1 mL/min.  

S5. Detailed results from accumulation experiments. 

For accumulation experiments, we were mainly interested in knowing if the separation of the 

isomers is possible for different accumulation periods. As shown in the Figure 4 of main text, 

the activity ratios and efficiencies follow almost a constant behaviour, with no substantial 

change at a particular temp. There was no big deviation from separation, and even under no 

mobile phase flow for time period upto 5 days the system was capable to separate the two 

isomers. 

Therefore we didn’t took many reading for a same experimental point. We did repeat some 

of these observations twice which gave quite consistent data, the results are shown in the 

Table below: 

Table S3: 177Lu/177mLu ratio and efficiency obtained for different accumulation periods at 10, 20 and 
30°C  

Accumulation 
time 

Fraction 
number 

10°C 20°C 30°C 

Ratio Efficiency Ratio Efficiency Ratio Efficiency 

1 day 1 242 56 177 11 96 60 

2 200 50 - - 67 53 

Average 221 53 - - 82 56 

STDEV 29 4 - - 21 5 

2 day 1 228 52 191 49 99 59 

2 - - 240 47 83 56 
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Average - - 216 48 91 57 

STDEV - - 35 1 11 2 

3 day 1 198 51 126 43 134 49 

2 - - 188 53 - - 

Average - - 156 48 - - 

STDEV - - 44 7 - - 

4 day 1 237 15 210 50 150 46 

 - - - - 190 44 

Average - - - - 170 45 

STDEV - - - - 28 2 

5 day 1 251 41 179 45 126 46 

 

S6. Summary of the continuous and accumulation experiments; 

For a better understanding of the data presented in Figure 3 and Figure 4, the results are 
summarized in Table 2 and 3 below: 
 
For continuous flow of mobile phase 
Table S4: Summary of the 177Lu/177mLu activity ratios and efficiency obtained under continuous elution 
mode at 0, 10, 20, and 30°C  

Temperature/ °C 177Lu/177mLu activity ratio Efficiency (%) 

0.012 mL/ min 0.05 mL/ min 0.012 mL/ min 0.05 mL/ min 

0 142 ± 12 162 ± 11 47 ± 4 65 ± 4 

10 218 ± 11 177 ± 8 60 ± 5 65 ± 3 

20 192 ± 8 119 ± 11 60 ± 1 64 ± 2 

30 55 ± 3 25 ± 3 61 ± 3 67 ± 4  

 
For accumulation and elution experiments 
Table S5: Summary of the 177Lu/177mLu activity ratios and efficiency obtained under accumulation 

elution mode at 10, 20, and 30°C for an accumulation period of 1, 2, 3, 4, 5 days. 

Accumulation 
time/ day 

177Lu/177mLu activity ratio  Efficiency (%) 

10°C 20°C 30°C 10°C 20°C 30°C 

1 242 ± 20 177 ± 11 96 ± 8 56 50 53 

2 229 ± 15 191 ± 12 99 ± 4 52 49 56 

3 198 ± 20 125 ± 3 134 ± 6 50 54 47 

4 237 ± 15 210 ± 16 150 ± 6 51 47 44 

5 251 ± 12 178 ± 17 126 ± 5 43 44 48 

 
S7. Determination of void volume of the column and linear velocities 
After filling the column with stationary phase, tC-18 silica, we determined the void volume of 
the column in order to have an idea about the linear velocities of the mobile phase through 
the column.  The experimental set up involved for determining the void volume of the column 
is shown in Figure 3. A peek column with dimensions diameter 3 mm and length 47 mm is 



Chapter-2 | Column chromatography based separation of nuclear isomers, 177Lu and 177mLu   

 

57 
 

filled with tC-18 silica. The column is connected with an injector, UV cell and a fraction 
collector using tubings of known volume (a,b,c).  
 

 
Figure S3. Experimental setup for void volume determination. 

1 M NaNO3 is then used as a marker to determine the void volume and it is injected through 

the injector at two different flow rates 0.3 mL/min and 1.0 mL/min. Once a signal is observed 

in UV detector, the mobile phase flow through the column is stopped. The results are shown 

in Table S6; 

Table S6: Results for void volume determination 

Flow 
(mL/min
) 

Marker Time 
(sec) 

n SD Volume (µL) 
Injector + 
Column – UV 
cell (a+b+c) 

Volume (µL) 
Injector + 
Column  
(a+b+c) - c 

Volume of 
column 
(a+b) - a 

0.30 NaNO3 51.97 5 0.86 257.84 201.14 175.84 

 

The observed void volume is about 50% of the column volume. Using 0.175 mL as the void 
volume the linear velocities through the column can be calculated as; 
For 0.1 mL/min - 26 mm/min, for 0.05 mL/min – 13.42 mm/min, for 0.012 mL/min – 3.22 
mm/min. 
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Abstract 

In this work a Lutetium-177 (177Lu) production method based on the separation of nuclear 

isomers, 177mLu & 177Lu, is reported. The 177mLu-177Lu separation is performed by combining 

the use of DOTA & DOTA-labelled peptide (DOTATATE) and liquid-liquid extraction. The 
177mLu cations have been complexed with DOTA & DOTATATE and kept at 77K for periods of 

time to allow 177Lu production. The freed 177Lu ions produced via internal conversion of 
177mLu have been extracted in dihexyl ether using 0.01M di-(2-ethylhexyl)phosphoric acid 

(DEHPA) at room temperature. The liquid-liquid extractions have been performed 

periodically for a period up to 35 days. A maximum 177Lu/177mLu activity ratio of 3500±500 

has been achieved with [177mLu]Lu-DOTA complex, in comparison to 177Lu/177mLu activity 

ratios of 1086±40 realized using [177mLu]Lu-DOTATATE complex. The 177Lu-177mLu separation 

has been found to be affected by the molar ratio of lutetium and DOTA. A 177Lu/177mLu 

activity ratio up to 3500±500 has been achieved with excess DOTA in comparison to 
177Lu/177mLu activity ratio 1500±600 obtained when lutetium and DOTA were present in 

molar ratio of 1:1. Further, the 177Lu ion extraction efficiency, decreases from 95±4% to 

58±2% in the presence of excess DOTA. The reported method resulted in a 177Lu/ 177mLu 

activity ratio up to 3500 after the separation. This ratio is close to the 177Lu/177mLu activity 

ratios, attained currently during the direct route 177Lu production for clinical applications 

(i.e. 4000-10000). However, the reported needs further optimization to lead to a clinically 

acceptable 177mLu/177Lu radionuclide generator. 
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3.1 Background 

Radionuclide generators are known to have brought revolutionary opportunities in the 

development of nuclear medicine 1-4. The current state of the art of 99mTc, 188Re, 68Ga 

pharmaceuticals owe their existence largely to the availability of their corresponding 

radionuclide generators 5,6. They offer continuous, on-site and on-demand isolation of a short-

lived daughter radionuclide from its longer-lived mother radionuclide. Lutetium-177 (177Lu) is 

a radionuclide that could also benefit from the advantages of a generator. 177Lu is well-known 

for its theranostic potential and is expected to play a crucial role in fulfilling the global demand 

of radionuclides for many targeted radionuclide therapy applications 7,8. The [177Lu]Lu-

DOTATATE has already been FDA approved for the application in neuroendocrine tumour 

therapy 9. Currently, other 177Lu radiopharmaceuticals have also entered the clinic in the 

treatment of prostate cancer, lung cancer, non-Hodgkin lymphoma, bone pain palliation and 

others 10-14. Clearly, the demand of 177Lu is only going to increase and radionuclide generator 

can complement the current production routes. The long half-life of 177mLu (160.44 days) can 

potentially lead to on-site and on-demand 177Lu supply for a long period of time without the 

need of weekly irradiations in nuclear reactor 15,16. However, the development of 177mLu/177Lu 

radionuclide generator needs to tackle the great challenge of separating the physically and 

chemically alike nuclear isomers 177Lu and 177mLu.  

It has been shown in the past that 177Lu can be separated from 177mLu due to the chemical 

effects occurring as a consequence of internal conversion decay of 177mLu 16. Internal 

conversion decay may result in the emission of multiple Auger electrons, often accompanied 

with the loss of valence electrons and leaving the atom in a highly positively charged state 

which can result in bond rupture 17. This principle presents a possibility to separate two 

isomers, provided that a separation process that can quickly & selectively capture the freed 

ions is feasible. Additionally, from a radionuclide generator perspective, the separation 

process should also allow the periodic extraction of the produced daughter radionuclide 

during the lifetime of the generator. 

Previously, a column chromatography based 177Lu-177mLu separation process has been 

reported, where the 177mLu complexed with DOTATATE has been immobilized on a tC-18 silica 

and the freed 177Lu ions produced after the decay have been separated using a mobile phase 

flow 16. The 177Lu/177mLu activity ratio of 250 has been reached after separation compared to 

the equilibrium 177Lu/177mLu activity ratio of 0.25. However, in order to fulfil the clinical 

demand the separation method should provide 177Lu having minimum breakthrough of 177mLu. 

The current direct production route delivers 177Lu with 177Lu/177mLu activity ratio ranging from 

4,000 to 10,000 18-22, while the indirect production route supplies the no-carrier added 177Lu 

with almost negligible amount of 177mLu 23. 

In this work, a radionuclide generator for the production of 177Lu based on the pair of nuclear 

isomer177mLu-177Lu is presented. The 177mLu-177Lu separation has been performed using liquid-

liquid extraction (LLE). LLE has been explored several times before in the development of other 
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radionuclide generators, such as 99Mo/99mTc, 68Ge/68Ga, 188Re/188W, and 90Y/90Sr radionuclide 

generators 24-30. The present work demonstrates the application of LLE in 177Lu-177mLu 

separation which can potentially lead to a 177mLu/177Lu radionuclide generator.The metastable 

isomer, 177mLu, was complexed with the chelating agents (DOTA and DOTATATE) and the freed 
177Lu ions was extracted in dihexyl ether using Di-(2-ethylhexyl)phosphoric acid (DEHPA) as 

the cation extracting agent. 

 

3.2 Materials and Methods 

3.2.1 Materials 

Lutetium chloride hexahydrate, LuCl3.6H2O (≥99.99%), di(2-ethylhexyl)phosphoric acid, 

DEHPA (97%), di-n-hexyl ether, DHE (97%), sodium acetate (≥99%), chelex resin (chelex-100, 

50- 100 mesh) and acentonitrile (99.3%) were purchased from Sigma Aldrich. 1,4,7,10-

tetraazacyclododecane N, N’, N’’, N’’’-tetraacetic acid, DOTA (98%) was purchased from ABCR 

GmBH & Co. KG Germany. DOTATATE was obtained as a kind gift from Erasums Medical Centre 

(Rotterdam) and was produced by Biosynthema, MO, USA. The lutetium-177 (177Lu) used in 

the optimization studies was produced by irradiating around 1 mg of natural LuCl3.6H2O in the 

Hoger Onderwijs Reactor Delft (HOR) with a thermal neutron flux of 4.72*1012 neutrons∙s-

1∙cm-2 (less than 1.5% epithermal contribution) and an irradiation time of 10 hours. The solid 

sample was weighed inside polyethylene capsule and sealed, packed inside polyethylene 

rabbits. After irradiation, the samples were left for a cooling period of 3 days, resulting in the 

production of around 17 MBq of 177Lu. The capsules were opened and transferred into a plastic 

vial containing 2.5 mL, pH-3, HCl solution, resulting in a 1mM [177Lu]LuCl3 solution.  

The Lutetium-177m (177mLu) source was provided by IDB- Holland as a 1mM [177mLu]LuCl3 

solution with about 5 MBq 177mLu per g of solution.  

3.2.2 Methods 

3.2.2.1 γ ray spectroscopy analysis 

All the activity measurements were performed on a well-type HPGe detector for counting time 

up to 5 hours to reduce the error from the counting statistics to less than 5%. The 

measurement of the samples obtained at the end of LLE was repeated after 3-4 half-lives of 
177Lu to decrease the background noise and measure the 177mLu activity with less than 5% 

uncertainty. The efficiency calibration for different peaks was performed using a known 

activity of 177Lu source supplied by IDB Holland. The obtained gamma ray spectra were 

analysed using an in-house software to calculate the activity of each fraction 31. In order to 

minimize the error, all the vials were weighed before and after the fraction collection. 

3.2.2.2 Preparation of aqueous phase 

The 177mLu containing LuCl3 solution (1mM) was used to prepare [177mLu]Lu-DOTA complex in 

three different molar ratios, (1:1, 1:2, 1:4). Typically, 1 mM [177mLu]LuCl3 solution (0.150 mL, 

0.150 µmoles) was mixed with 0.01 M DOTA in different molar ratios 1:1, 1:2, & 1:4 in the 

presence of 0.150 mL, 1 M sodium acetate- acetic acid buffer at pH 4.3. The reaction mixture 
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was heated at 80°C for 30 minutes. The [177mLu]Lu-DOTATATE complex was synthesized as 

reported previously in a Lu:DOTATATE molar ratio of 1:4 16. Typically, 1 mM [177mLu]LuCl3 

solution (0.050 mL, 0.050 µmoles) was mixed with 0.200 µmol DOTATATE solution in the 

presence of 0.150 mL, 1 M sodium acetate- acetic acid buffer (pH- 4.3). The reaction mixture 

was heated at 80°C for about 1 hour followed by incubation at room temperature for about 1 

hour.  

The complex formation was confirmed using instant thin layer chromatography. Free 177mLu 

ions traces were removed using a cation exchange resin (chelex-100). (Details in S1, 

supplementary information) 

3.2.2.3 Liquid-liquid extraction (LLE) procedure 

The schematic representation of LLE to separate the freed 177Lu ions from the complexed 
177mLu ions is shown in Figure 1 below: 

 
Figure 1: Schematic representation of liquid-liquid extraction to extract the bond-ruptured free 177Lu 
ions 

All the LLE experiments were performed in 2 mL Eppendorf by placing them in a shaking 

incubator at room temperature. The aqueous and the organic phases were mixed in 

volumetric ratio (1:1) at 1400 rpm for a stirring time of about 10 minutes. The stirring time of 

10 minutes was optimised by studying the 177Lu extraction efficiency as a function of 

extraction time (see Figure S1(b), S2, supplementary information). At the end of stirring, the 

layer separation was achieved after a settling time of about one minute. In order to avoid any 

contamination of the aqueous layer in the organic layer, only the upper 2/3rd organic layer 

was taken out using a 20- 200uL pipette in all the LLE experiments. The pipetted organic layer 

was transferred to a pre-weighed vial to know the exact amount of organic phase removed in 

each extraction. 

First, free 177Lu cations were extracted from a 0.3 mL, pH-4, 1 mM [177Lu]LuCl3 solution as the 

aqueous phase. The organic phase consists of 0.3 mL dihexyl ether containing different DEHPA 

concentrations, namely 0.01, 0.05, 0.1, 0.15, 0.2, 0.4, 0.6, 1.0, 1.2 and 1.6 M. At the end of 

LLE, the 177Lu activity in the organic and the aqueous layer was measured using γ ray 

spectroscopy to obtain the 177Lu extraction efficiency (EE). The EE is defined as the percentage 

of the 177Lu activity moving from the aqueous phase in to the organic phase after the 

extraction. All the experiments were performed in triplicate. 

Subsequently, the LLE was performed to extract the freed 177Lu ions from the aqueous phase 

containing [177mLu]Lu-DOTATATE, [177mLu]Lu-DOTA complex. For [177mLu]Lu-DOTATATE 
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complex, the 177Lu extraction was performed successively at varying 177Lu accumulation 

periods for a total time period of up to 60 days. For, [177mLu]Lu-DOTA complex, the freed 177Lu 

ions were extracted successively at every 7 days for a total time period of 35 days. In between 

the extractions, the [177mLu]Lu-DOTA and [177mLu]Lu-DOTATATE complexes were left in a liquid 

N2 tank to allow for the accumulation of freed 177Lu ions. The 177Lu separation was performed 

by bringing the vial out of the liquid N2 tank and quickly adding the 0.01M DEHPA in DHE in a 

1:1 volumetric ratio (0.3 mL: 0.3 mL), at room temperature and 10 minutes of stirring time, as 

shown schematically in Figure 1. At the end of LLE, the 177Lu and 177mLu activity in the organic 

layer was measured using γ ray spectroscopy to calculate the amount of 177Lu and 177mLu ions 

extracted in the organic phase and the 177Lu/177mLu activity ratio.  

The 177Lu extraction efficiency is defined as the amount of 177Lu ions that were extracted into 

the organic phase divided by the theoretically produced 177Lu ions (see section S3, equation 

S2 in Supplementary Information). The percentage of 177mLu extracted is defined as the activity 

of 177mLu ions measured in organic phase after the LLE divided by the starting activity of the 
177mLu ions in the aqueous phase. 

3.3 Results  

3.3.1 177Lu/ 177mLu separation using [177mLu]Lu-DOTATATE complex  

The 177Lu/ 177mLu separation was performed using [177mLu]Lu-DOTATATE complex synthesized 

in the presence of an excess of DOTATATE (Lu:DOTATATE molar ratio of 1:4). The 177Lu ions 

production via the decay of 177mLu is represented by equation S1, Supplementary Information, 

S3 and the expected growth of 177Lu ions with the increase in the 177Lu accumulation period is 

shown in Figure S2, Supplementary Information. The amount of 177Lu ions produced increases 

with an increase in 177Lu accumulation period and reaches a maximum after 32 days of 177Lu 

accumulation. In the presented results, the freed 177Lu ions were extracted from [177mLu]Lu-

DOTATATE complex by performing LLE successively after different 177Lu accumulation 

intervals. Figure 2 (a)&(b) show the 177Lu extraction efficiency and percentage of the 177mLu 

ions extracted in the organic phase at the end of the LLE at different time intervals, 

respectively. An average 177Lu extraction efficiency of 60±10% was obtained at the end of LLE. 

This is 40% less than the 99 ± 2% 177Lu extraction efficiency observed during the LLE of 177Lu 

ions from a 1mM [177Lu]LuCl3 solution using 0.01M DEHPA in DHE (see Figure S1, 

supplementary information S2). Additionally, along with the 177Lu ions, 0.0085±0.0015% of the 

starting 177mLu activity was also extracted in the organic phase. Figure 2(b), shows the 
177Lu/177mLu activity ratios obtained after different extractions. An increase in the 177Lu/177mLu 

activity ratio is observed with an increase in the time interval between the extractions. The 

maximum 177Lu/177mLu activity ratio of 1086±40 is obtained on performing the LLE at 43 days 

after a 177Lu accumulation period of 26 days. A decrease in the 177Lu accumulation period leads 

to a decrease in the 177Lu/ 177mLu activity ratios. The 177Lu/177mLu activity ratios 600±100 was 

obtained for 177Lu accumulation periods between 6-10 days.  
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Figure 2: The 177Lu extraction efficiency (y axis, left) and the % 177mLu extracted (y axis, right) (a), at 
different extraction time during the successive LLE of free 177Lu ions from [177mLu]Lu-DOTATATE 
complex using 0.01M DHEPA in DHE. The 177Lu/177mLu activity ratio (b) obtained in the organic phase at 
different extraction time. The error bars represent the error in the individual measurements due to 
counting statistics. 

3.3.2 177Lu/177mLu radionuclide separation using [177mLu]Lu-DOTA complex  

The results obtained when the LLE was performed to extract the freed 177Lu ions from the 

[177mLu]Lu-DOTA complex are shown in Figure 3&4. The LLE was performed successively at 

time intervals of 7 days. Figure 3(a) shows the effect of Lu: DOTA molar ratios on 177Lu 

extraction efficiency. Figure 3(b) displays the percentage of initial 177mLu activity extracted in 

the organic phase at the end of LLE for the different Lu: DOTA molar ratios.  
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Figure 3: The 177Lu extraction efficiency (a) and the percent 177mLu extracted (b) at different extraction 
time during the successive LLE of free 177Lu ions from [177mLu]Lu-DOTA complex using 0.01M DHEPA in 
DHE. The experiments were performed for three different Lu: DOTA molar ratios, (1:1) in black, (1:2) 
in red and (1:4) in blue. The data points represent the average ± STD of three experiments, the 
individual error in measurements due to counting statistics is less than 5%. 
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It can be seen from Figure 3(a), that the 177Lu extraction efficiency reaches a maximum value 

of 95±4% when Lu & DOTA were present in 1:1 molar ratio and decreases to 58±2% for 1:4 

Lu:DOTA molar ratio. Further, the 177Lu extraction efficiency remains almost constant for the 

first three extractions followed by a slight increase during the 4th and 5th extraction, for all the 

three Lu: DOTA molar ratios. Figure 3(b) shows that 0.0061±0.0015% of 177mLu activity was 

extracted in the first extraction when Lu and DOTA were present in 1:1 molar ratio, which got 

reduced to 0.0020±0.0010% for the Lu:DOTA molar ratio 1:4. The percentage of 177mLu activity 

extracted remains almost constant during the successive extractions in the presence of excess 

DOTA, and increases from 0.0061±0.0015% to 0.0095±0.0015% in the presence of 1:1 

Lu:DOTA molar ratio. The error bars in Figure 3 represent the standard deviation in the results 

of three experiments performed in parallel. 

Figure 4, shows the 177Lu/177mLu activity ratios observed in the organic phase at the end of LLE 

for the three different Lu:DOTA molar ratios. It reveals that the 177Lu/177mLu activity ratio 

increases with an increase in the molar quantities of DOTA. The highest 177Lu/177mLu activity 

ratio of 3500±500 was obtained when DOTA was present in excess (1:4) and decreases to 

around 1500±600 in the presence of 1:1, Lu:DOTA molar ratio. Further, a slight decrease in 

the 177Lu/177mLu activity ratios was observed in every successive LLE performed during the 35 

days of experiments. The fifth 177Lu extraction performed at the end of the experiments 

resulted in a 40±5% decrease in the 177Lu/177mLu activity ratios compared to the 177Lu/177mLu 

activity ratio obtained in the first extraction.  
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Figure 4: The 177Lu/ 177mLu activity ratio obtained during the successive LLE of free 177Lu ions from the 
[177mLu]Lu-DOTA complex. The experiments were performed with three Lu: DOTA molar ratios, (1:1) in 
black, (1:2) in red and (1:4) in blue. The data points represent the average ± STD of three experiments, 
the individual error in measurements due to counting statistics is less than 5%. 

Overall, the 177Lu/177mLu activity ratios obtained using DOTA as chelating agent were about 5 

times higher when compared with 177Lu/177mLu activity ratios obtained using DOTATATE for a 
177Lu accumulation period of around 7 days. Also, the percentage of 177mLu activity extracted 
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in the organic phase was about 5 times higher with DOTATATE than that observed with DOTA 

as the 177mLu complexing agent. 

3.4 Discussion 

The separation of the isomers 177Lu and 177mLu based on the nuclear decay after effects is 

achieved using liquid-liquid extraction (LLE) as the separation method and the [177mLu]Lu-

DOTA, [177mLu]Lu-DOTATATE complexes. The 177Lu production at 77K resulted in negligible 

dissociation of the starting [177mLu]Lu-DOTA based complexes, and increases the quality of 

extracted 177Lu remarkably. The freed 177Lu ions were extracted in the organic phase by 

performing the LLE at room temperature. The separation was done sufficiently fast resulting 

in production of limited quantities of free 177mLu ions. 

In the present work, the 177Lu/177mLu activity ratio of 1086±40 is achieved using [177mLu]Lu-

DOTATATE complex which is about 4 times higher than the previously reported 177Lu/ 177mLu 

activity ratio of 250 realized using the same [177mLu]Lu-DOTATATE complex 16. In the previously 

reported method, the 177Lu ion accumulation was performed at 10°C and the temperature 

could not be decreased further because of experimental limitations. In contrast, the present 

LLE based separation allows the 177Lu accumulation at 77K. At 77 K, the rate constants for the 

chemical reactions (i.e. association-dissociation kinetics) are extremely low making the 177mLu 

contribution coming from the dissociation of the [177mLu]Lu-DOTATATE complex negligible 

during the 177Lu accumulation period. The 177mLu contribution observed in the present work 

can be accounted to the dissociation of the [177mLu]Lu-DOTATATE complex during the LLE at 

room temperature. After the dissociation, the 177mLu and 177Lu ions are indistinguishable and 

they will go into the organic phase with equal rate.  

The LLE of 177Lu ions from [177mLu]Lu-DOTATATE complex resulted in co-extraction of 

0.0085±0.0015% of initial 177mLu activity in the organic phase. This leads to an estimated 

dissociation rate constant of 1.3*10-7±0.3*10-7 s-1. For Lu-DOTATATE complex, a dissociation 

constant rate 2*10-8 s-1 has been reported at pH-4.3 and 20°C 32. It has also been shown that 

the Lu-DOTATATE complex is accompanied by the presence of short-lived unstable, mono- and 

di-protonated (MHL, MH2L) complex species 32. These species have a dissociation rate 

constant of 8*10-5 s-1 (MHL) & 2*10-4 s-1 (MH2L) at pH-4.3 and 20°C 32. Therefore, the presently 

estimated dissociation rate constant does not represent the dissociation of single species, but 

is rather a combination of the dissociation contribution from three different species i.e. ML, 

MHL, & MH2L. Overall, the [177mLu]Lu-DOTATATE complex behavior clearly highlights the fact 

that a careful consideration of all the possible species at a certain pH should be given while 

assessing the role of any complexing agent in 177Lu-177mLu separation.  

The 177Lu/177mLu activity ratio obtained during the LLE of 177Lu ions from [177mLu]Lu-DOTATATE 

complex was found to be influenced by the length of the 177Lu accumulation period. The 

highest 177Lu/177mLu activity ratio of 1086±40 was obtained after 177Lu accumulation period of 

26 days and decreased to 600±200 for accumulation periods of 5 to 10 days. This was expected 

as the amount of 177Lu ions produced from the internal conversion of 177mLu ions grows as the 
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177Lu accumulation period increases. In contrast, the 177mLu contribution is only due to 

dissociation of the complex taking place during the extraction. Additionally, a 177Lu extraction 

efficiency of 60±10% was observed which can be associated to the loss of free 177Lu ions due 

to their re-association with the excess complexing agent, as reported before by Bhardwaj et 

al. 16.  

The crucial role of association kinetics on 177Lu- 177mLu separation is further emphasised by 

studying the 177Lu-177mLu separation in the presence of varying amounts of DOTA as the 

complexing agent. The 177Lu extraction efficiency obtained during the LLE of freed 177Lu ions 

was affected by the applied ratio of complexing agent. The 177Lu extraction efficiency of 58±2% 

was achieved in the presence of excess DOTA (Lu:DOTA molar ratio, 1:4), and it increases to 

95±4% when Lu:DOTA was present in the molar ratio 1:1, confirming that the association 

kinetics of freed 177Lu and the excess of DOTA play an important role in the process. Similarly, 

the extracted 177mLu activity decreases from 0.0060±0.0015% to 0.0020±0.0010% with the 

increase in the Lu:DOTA molar ratios from (1:1) to (1:4) respectively, due to the re-association 

of 177mLu ions with the excess of DOTA.  

The 177Lu/177mLu activity ratios obtained during the LLE of 177Lu ions from [177mLu]Lu-DOTA 

complex were also found to be effected by the starting Lu:DOTA molar ratio. A 177Lu/177mLu 

activity ratio up to 3500±500 was achieved when the LLE was performed using aqueous 

[177mLu]LuDOTA complex with Lu:DOTA present in the molar ratio 1:4. Remarkably, the 
177Lu/177mLu activity ratios obtained are very close to the 177Lu/ 177mLu activity ratios of 4000- 

10000 associated to the “direct-route” production of 177Lu supplied to the clinic 21,22. These 

ratios were found to decrease with the decrease in the amount of DOTA, i.e. an activity ratio 

of 1500±600 was observed when Lu and DOTA were present in the molar ratio 1:1. The 

presence of excess DOTA leads to a proportional decrease in the amount of both 177Lu and 
177mLu ions due to re-association. However, the 177Lu production from internal conversion of 
177mLu ions adds to a constant positive contribution in the amount of 177Lu ions, which leads 

to an overall increase in the 177Lu/ 177mLu activity ratios. 

Finally, the observed decrease in the 177Lu/177mLu activity ratio with the increase in time are 

well in agreement with the theoretically expected ratios based on the 177mLu and 177Lu 

extracted shown in Figure 3 and incorporating the effect of incomplete organic phase removal 

on every successive extraction (see Figure S3, supplementary information). The reported 

separation method suffers from the drawback of incomplete organic phase removal during 

the LLE. The residual 1/3rd of the organic phase left unrecovered after every LLE contains un-

extracted 177Lu and 177mLu ions. The 177Lu ions will reduce to about a half after accumulation 

time of 7 days, but the 177mLu ions will remain almost unchanged as they have a half-life of 

160.44 days. They will add to the total amount of free 177mLu ions in the successive extraction 

and correspondingly to a decrease the 177Lu/ 177mLu activity ratio. In case of a complete organic 

phase removal, the separation method could lead to a constant value of 177Lu/177mLu activity 

ratio of around 3500 on performing periodic 177Lu extraction every 7 days. Additionally, the 
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use of longer 177Lu accumulation period of 32 days will lead to 1.7 times more 177Lu production 

compared to 7 days 177Lu accumulation period. This can potentially lead to an activity ratio of 

7000 on considering a constant 0.0020±0.0010% 177mLu contribution due to dissociation and 

58±2% 177Lu extraction efficiency. In such a case, the extracted 177Lu would contain a 177mLu 

contribution as low as 0.01% and would be comparable to the “indirect route” 177Lu 

production.  

It should be pointed out that the specific activity of the produced 177Lu is not a discussed 

parameter since the starting 177mLu source has very low specific activity and therefore also the 

extracted 177Lu. Consequently the values would not represent a fair comparison with the 

commercially available 177Lu. Additionally, the extracted 177Lu ions have not been stripped 

from the organic phase back into the aqueous phase considering that it is a well-reported 

process in literature 33.  

Overall, the presented work is an important milestone towards the development of a 
177mLu/177Lu radionuclide generator. It also opens up the possibility of employing other 

separation techniques such as micro-fluidic separation [34], membrane based liquid-liquid 

extraction [35] or an automatized LLE separation devices that can allow the commercialization 

of LLE based 177mLu/ 177Lu radionuclide generator. However, there are several aspects that 

needs to investigated and optimized. Firstly, the back extraction of 177Lu from the organic 

phase and the complete removal of any traces of organic solvents will be crucial for its 

potential commercialization. Secondly, this work has been performed at lab-scale with low 

activity levels and excludes the effect of radiolysis on the proposed 177mLu-177Lu separation 

method. This should be carefully evaluated in the future investigations. Lastly, the described 

method can be further optimized in terms of shorter extraction time, use of lower 

temperature to perform the 177Lu extraction improve the produced 177Lu quality. 

3.5 Conclusion 

A novel 177mLu/177Lu radionuclide generator is developed which combines the 177Lu production 

via internal conversion of 177mLu at low temperatures (77 K) and the use of ultra-stable 177mLu 

complexes with liquid-liquid extraction. For the best conditions, the use of [177mLu]Lu-DOTA 

complex and LLE provides a 177Lu/177mLu activity ratio of 3500±500, a value that is close to the 
177Lu/177mLu activity ratio 4000-10000 obtained during the 177Lu production via the direct 

route. Future research will be focused on further optimization of novel 177Lu-177mLu separation 

technologies aimed to ultimately lead to a clinically applicable 177mLu/177Lu radionuclide 

generator. The round the clock availability of 177Lu via a 177mLu/ 177Lu radionuclide generator 

can significantly accelerate the research on 177Lu based radiopharmaceuticals and help in 

realizing its full potential in nuclear medicine. 

A special thanks to Prof. Dr. Marcel De Bruin for his time in discussing the data and designing 

of experiments.  
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3.6 Supplementary information 

S1.  Thin layer chromatography and cleaning of the 177mLu complexes with chelex resin. 

At the end of synthesis, the product formation was confirmed using instant thin layer 

chromatography using silica plate as the stationary phase and acetonitrile: water (1:4) as the 

mobile phase. The uncomplexed 177mLu ions stayed at the bottom (Rf = 0) while the complex 

moves to the top with the mobile phase ([177mLu]Lu-DOTA with a Rf = 9 and [177mLu]Lu-

DOTATATE with a Rf = 5). At the end of the labelling, the complexation yields > 99% were 

obtained.,  

The [177mLu]Lu-DOTA and [177mLu]Lu-DOTATATE complexes are passed through activated 

chelex resin to remove any free un-complexed Lutetium ions. The chelex resin was activated 

by washing with water (2- 3 times) and 0.1M sodium acetate-acetic acid buffer, pH 4.3 (2- 3 

times). The activated resin and the synthesized Lu complex were left stirring together at 

20°C for about 10 minutes. At the end of 30 minutes, the aqueous complex was pipetted out 

using a 20-200 µL pipette. The aqueous complex was then transferred in a pre-weighed vial, 

and a small aliquot was used to measure the initial 177mLu activity.  

S2. 177Lu extraction efficiency as a function of time and DEHPA concentration. 
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Figure 5: The 177Lu extraction efficiency of 0.3mL, 1mM [177Lu]LuCl3 as a function of varying DEHPA 

concentration in dihexylether (a) and as a function of phase stirring time (b). Data points represent 

the average and standard deviation for six experiments. 

S3.  177Lu extraction efficiency  

The 177Lu ions are produced as a result of the internal conversion of 177mLu ions to 177Lu ions. 

The 177Lu production is defined by the equation below; 
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𝐴𝑔
𝑡 =   𝐴𝑚

0 · (
𝜆𝑔

𝜆𝑔 − 𝜆𝑚
) · [𝑒𝑥𝑝−𝜆𝑚..𝑡 −  𝑒𝑥𝑝−𝜆𝑔.𝑡] · 𝐵. 𝑅 · 𝑃. 𝐼. 𝐶. 

Equation 1 

where 𝐴𝑚
0  = Initial activity of 177mLu before elution, 𝜆𝑔, 𝜆𝑚 = decay constants of 177Lu, 177mLu 

respectively, 𝐴𝑔
𝑡  = activity of 177Lu at time t, B.R = branching ratio for 177mLu to 177Lu decay, 

21.4% 36, P.I.C = probability of internal conversion, 96.8% 16, 

The growth in the amount of 177Lu ions with the increase in the 177Lu accumulation period is 

shown Figure 2 below; 

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

0,08

0,10

0,12

0,14

0,16

0,18

0,20

A
m

o
u
n
t 
o
f 

1
7
7
L
u
 p

ro
d
u
c
e
d
 (

M
B

q
)

177
Lu accumulation period (Days)  

Figure 6: The amount of 177Lu produced from 1 MBq of 177mLu for different 177Lu accumulation period 

as calculated by using equation 1.  

The efficiency of 177Lu collection after 177mLu/ 177Lu separation is defined as the ratio of the 

collected 177Lu activity in the organic phase divided by the theoretically produced 177Lu 

activity during the accumulation time. It is represented by the equation 2 below; 

𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦(%) =  

𝐴𝑔
𝑡  (𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑) ∗ (

𝑉𝑡𝑜𝑡𝑎𝑙

𝑉𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 
)

𝐴𝑔
𝑡  

· 100 

 

Equation 2 

where 𝐴𝑔 
𝑡 is the total amount of 177Lu produced after an accumulation time t (as defined in 

equation 1), 𝐴𝑔
𝑡  (𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑) is the 177Lu activity measured in the organic phase after LLE,  

Vtotal and Vcollected are the total organic volumes and the organic fraction collected after SE 

respectively, t = time of 177Lu separation (7 days). 

 177Lu/ 177m Lu activity ratios with time after Liquid- Liquid Extraction 
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Figure 7: The 177Lu/ 177mLu activity ratio obtained at different elution time when the LLE is performed 

with [177mLu]Lu-DOTA complex synthesized in a molar ratio 1:4. The data points represent the 

experimentally observed ratios, while the dotted line represents the expected activity ratios with 

60% 177Lu extraction efficiency and 0.002% 177mLu ions leakage.  
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Abstract 

In this chapter, a solid phase extraction based 177mLu-177Lu separation method has been 

investigated for its feasibility to be used in the radionuclide generator. The use of 2,2′,2”-(10-

(2,6-dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic 

acid, (DOTAGA-anhydride) allowed grafting of DOTA (1,4,7,10-tetraazacyclododecane 

N,N’,N’’,N’’’-tetraacetic acid) complex on the surface of commercially available amino propyl 

silica. The grafting of DOTA has been confirmed by several characterization techniques. The 

thermogravimetric analysis reveals that the 0.33 mmol DOTA groups have been grafted per 

gram of silica. However, during the Lu ion complexation, a 10 times low Lu adsorption capacity 

of 0.03 mmol.g-1 could be achieved under the studied reaction conditions. The results indicate 

that the grafting of DOTA on solid affects the Lu coordination and also influences the kinetics 

of Lu-DOTA complexation. The weak coordination resulted in high 177mLu leakage, while the 

unreacted DOTA groups interferes with the 177Lu release. This is evident from the 0.3% 177mLu 

leakage combined with a 177Lu extraction efficiency of 25%. Overall, the results show a 177mLu-
177Lu separation with a maximum 177Lu/177mLu activity ratio of 25. But this is still far away from 

clinically acceptable activity ratio of 10,000 for which future work is recommended.  
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4.1. Introduction: 

Lutetium-177 (177Lu) is a radionuclide with tremendous potential in the field of nuclear 

medicine 1. [177Lu]Lu-DOTATATE has been approved for neuroendocrine tumor treatment and 

clinical studies involving the application of other 177Lu based radiopharmaceuticals in the 

treatment of prostate cancer, bone pain palliation among others are in progress 1. Recently, a 
177mLu/177Lu radionuclide generator for 177Lu production has been proposed 2 and is 

anticipated to bring significant advances in the development of 177Lu based 

radiopharmaceuticals 3. It offers unique advantage of onsite, on-demand 177Lu production 

without the need of a nearby radionuclide production facility. The development of the 
177mLu/177Lu radionuclide generator involves the challenging separation of the physically and 

chemically identical nuclear isomers, 177mLu and 177Lu. The 177mLu-177Lu separation has been 

based on the internal conversion decay of 177mLu and the proof of concept has been already 

established 4. Further, the reported liquid- liquid extraction (LLE) based 177mLu-177Lu separation 

technique has shown promising potential in producing clinically acceptable 177Lu quality 3. 

However, the commercial applicability of LLE based radionuclide generators is limited by 

several shortcomings such as, ease of utilization, automation, reproducibility, undesired use 

of organic solvents and others 3. 

Solid phase extraction (SPE) has been considered as one of the most convenient method that 

can allow circumventing the above-mentioned limitations 5. Its operational simplicity, 

amenability to automation, and ability to obtain daughter radionuclide using low amount of 

eluting solvents makes it a very attractive separation technique. The SPE has been explored in 

the past for the development of 99mMo/99Tc, 68Ge/68Ga and 188W/188Re radionuclide generator 
6-9. Typically, in a SPE based radionuclide generator, the parent radionuclide is attached to a 

solid support and the produced daughter radionuclide is eluted in a liquid phase using an 

eluting agent 5. SPE has never been applied for the separation of physically & chemically 

identical parent-daughter radionuclide pair. The SPE based 177mLu-177Lu separation requires a 

solid support that should i) be chemically stable ii) allows 177mLu complexation and iii) it should 

permit the elution of free 177Lu ions while retaining the complexed 177mLu ions.  

Amino propyl silica (APS) is one of the extensively studied and often used starting material for 

the preparation of different solid supports 10-14. The presence of amine groups provides a facile 

way to couple it with a wide variety of functional groups such as acids, esters and others 15. 

There are several reports involving the grafting of small molecules 16-19 and macrocyclic 

compounds 20-23 on APS surface. However, the application of majority of these solids lies in 

metal ion recovery 17,18,21-24 or use as silica supported metal catalysts 16 and has never been 

used for any radionuclide generator development.  

In this work the chelator DOTA, which is well known to complex Lu ions, has been grafted on 

the commercially available amino propyl silica support. The synthesized solid has been 

characterized and tested for its Lu adsorption behavior. Lastly, 177mLu cations have been 
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adsorbed on the solid surface and tested under different elution conditions that can allow the 

removal of 177Lu ions while keeping the leakage of complexed 177mLu ions minimal.    

4.2. Experimental 

4.2.1. Synthesis of DOTA grafted silica (DAGSi) 

The grafting of DOTA on APS has been 

performed using the commercially available 

precursor, DOTAGA-anhydride, as shown in 

Figure 1. Aminopropyl silica (WAT023513) was 

supplied by Waters as Sep-Pak Aminopropyl 

(NH2) Plus Light Cartridge. 2,2′,2”-(10-(2,6-

dioxotetrahydro-2H-pyran-3-yl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic 

acid (DOTAGA-anhydride) was purchased 

from Chematech. N,N’-Diisopropylethylamine 

(DIPEA) and  Dimethylformamide (DMF) were 

purchased from Sigma Aldrich. All the 

chemicals were used as purchased without 

any further purification.  

DOTAGA-anhydride (80mg, 0.18 mmol, 3 eqv) 

was weighed and transferred in a glass tube containing 3-4 mL DMF. DIPEA (50uL, 10 times 

excess) was added to it in 3 equal portions at a time interval of 10 minutes with continuous 

stirring. Finally, Amino Propyl Silica (APS) (60mg, 0.06mmol, 1 eqv) was added and the reaction 

mixture was left for stirring at 80°C for 2 hours. After 2 hours, the reaction mixture was 

brought to room temperature and the suspension was centrifuged. The separated solid was 

washed with 0.1M HCl deionized water and dried. The reaction conditions were based on the 

reported protocol involving the reaction between the propyl amine group and DOTAGA-

anhydride in liquid phase 25. 

4.2.2. Characterization 

Scanning electron microscopy (SEM) experiments were conducted in a JEOL JSM-IT100 

microscope operated at an accelerating voltage of 20 kV. The experiments were performed to 

characterize the surface morphology of the silica particles before and after DOTA 

immobilization. Solid-state 13C- Nuclear Magnetic Resonance Spectroscopy were performed 

at 17.6 TonaBruker Advance spectrometer equipped with a 4mm triple channel MAS probe 

(Bruker, Karlsruhe, Germany). Diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) was carried out in a Nicolet 8700 equipped with a high temperature and pressure cell 

using a liquid nitrogen cooled MCT/A detector. Spectra were recorded from 4000 to 1000 cm−1 

wavenumbers with 128 scans and a resolution of 4 cm−1. The DRIFT spectra reported in the 

present work were obtained at 100 °C in order to remove any interference from the adsorbed 

 
Figure 1: Schematics of grafting of DOTAGA-
anhydride on amino propyl silica 
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water content. Thermo-gravimetric analysis (TGA) was performed on a Mettler Toledo 

TGA/SDTA1 with a sample robot (TSO 801RO) and gas control (TSO 800GC1). The temperature 

was linearly increased from 30 to 900°C at a heating rate of 5°C.min−1 under an air flow (100 

cm3 min−1). Grafting percentage of different DOTA moieties on the silica surface was calculated 

by subtracting the weight loss of the untreated aminopropyl silica particles from the loss after 

the modification with DOTA. The number of DOTA groups immobilized per g silica (mmol per 

g) was calculated using the equation below: 

𝑛0 =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑠𝑖𝑙𝑖𝑐𝑎 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑔)

𝑡𝑜𝑡𝑎𝑙 𝑠𝑖𝑙𝑖𝑐𝑎 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑚𝑎𝑠𝑠 (𝑔) ∗ 𝑀𝑤 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑜𝑛𝑑𝑒𝑑 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 (𝑔 𝑚𝑜𝑙 
−1)

 

Equation 1 

  

Lastly, the presence of free amino groups was checked using the Kaiser test kit supplied by 

Sigma Aldrich, 60017.   

4.2.3. Lutetium-177 and lutetium-177m sources 

The lutetium-177 (177Lu) used in the study was produced by irradiating 1-2 mg of LuCl3 at the 

Hoger Onderwijs Reactor Delft (HOR) with a thermal neutron flux of 4.72*1012 n cm-2 s-1 

(epithermal neutron flux of less than 7.08*1011 n cm-2 s-1) and an irradiation time of 10 hours, 

followed by 3 days of cooling period. The 177mLu source was provided by IDB- Holland as a 1 

mM acidic solution with 5 MBq 177mLu per g of solution. For the 177mLu/ 177Lu radionuclide 

generator experiments, about 0.2- 0.3 MBq 177mLu was used per experiment. 

4.2.4. Study of Lu adsorption on the DOTA Grafted Silica  

About 5 mg of the solids were used for batch adsorption studies. They were taken in an 

eppendorf and cold Lu ions spiked with 177Lu (about 10 KBq) were added to it in 4- 5 times 

excess molar ratio. For amino silica, the adsorption was studied at three different pH values, 

4.3, 5.6 and 7.3.  The APS showed negligible retention of Lu ions at pH 4.3, therefore the 

adsorption for DAGSi was studied only at pH 4.3. The pH during the adsorption was maintained 

using 0.5 M buffer sodium acetate-acetic acid buffer. The buffer and the Lu ions were added 

to the solid in an eppendorf. It was left stirring at 80°C for about 2 hours, followed by an 

incubation period of about 1 hour at room temperature. The solid suspension were then 

transferred to 1mL empty chromatographic column, 40mm * 5.6mm (supplied by Bio Rad) 

using a pipette. These columns were connected with a luer lock syringe for a simple single step 

elution. The columns were eluted manually. First, the excess amount of liquid was flushed out 

of the column by applying pressure using the empty syringe. It was followed by a wash with 

10mM sodium acetate-acetic acid buffer at pH 4.6 and 10 mM DTPA pH 5, (about 2 mL each). 

The initial activity and the decant liquids were collected and measured using a well type 

gamma counter (Wallac 2480 Automatic Gamma counter from Perkin Elmer Technologies) to 

measure the amount of active Lu ions retained by silica. The total Lu adsorption capacity q in 

mol.g-1 was calculated using the Equation 1, 
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𝑞 (𝑚𝑜𝑙. 𝑔−1) =  
𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −  𝐶𝑜𝑢𝑛𝑡𝑠𝑓𝑖𝑛𝑎𝑙  

𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗  

𝐶𝑜 ∗ 𝑉

1000 ∗  𝑚
 

where, 𝐶𝑜𝑢𝑛𝑡𝑠𝑖𝑛𝑖𝑡𝑖𝑎𝑙  are the initial 177Lu counts before the adsorption and 

𝐶𝑜𝑢𝑛𝑡𝑠𝑓𝑖𝑛𝑎𝑙  represents the total 177Lu counts in the eluate liquid after the loading and the 

washing steps. 𝐶𝑜 , represents the total concentration of cold Lu ions used in the experiments, 

V is the volume, and m is the mass of silica used. 

Instrumental Neutron Activation Analysis was also used to determine the adsorption capacity 

of the synthesized DOTA grafted silica. The cold lutetium ions were adsorbed on the surface 

of APS and DGSi, using the same protocol as mentioned previously in sec 1.4.2. After the 

cleaning with DTPA, about 2 mg of the material was bombarded at the Hoger Onderwijs 

Reactor Delft (HOR) with a thermal neutron flux of 4.72*1012 cm-2 s-1 (epithermal neutron flux 

of less than 7.08*1011 cm-2 s-1) and an irradiation time of 10 hours, followed by 3 days of 

cooling period. The 177Lu activity of the silica particles was measured on a well-type 

germanium detector to perform a quantitative evaluation on the amount of Lu ions per g solid. 

4.2.5. Gamma ray spectroscopy 

The activity measurements were performed using a well-type HPGe gamma-ray detector. The 

energy and efficiency calibration of the detector was performed using a certified Eu-152 

source, and the efficiency calibration for each lutetium peak was fine-tuned using a known 
177Lu, 177mLu source provided by IDB- Holland to take true-coincidence summing effects into 

account.  

4.2.6. Study of Lu elution behavior on the DOTA grafted silica 

In this work, three different eluents namely 10mM sodium acetate- acetic acid buffer solution 

(pH 4.3), 10mM DTPA (pH 5), and 1% DEHPA in DHE were applied as eluting agent. Typically, 
177Lu ions were complexed with 5- 6 mg of DAGSi using the protocol mentioned in section 

2.4.1. After the complexation and washing steps, the columns with a known initial 177Lu 

activity were obtained. A luer lock syringe was attached to one end of the column, and the 

eluents (10mM pH-4.3 buffer solution, 10mM DTPA (pH 4.6), 1% DEHPA in DHE) were passed 

through the column dropwise by manually inserting pressure on the syringe.  For each eluent, 

the elution fraction volumes of 0.2mL, 1 mL and 2 mL were collected and measured using 

gamma ray spectrometry to determine the percentage 177Lu activity leaked in each fraction.  

4.2.7. 177mLu- 177Lu separation 

The 177mLu ions were adsorbed on the surface of DAGSi using the adsorption and washing 

protocol as detailed previously in sec 2.4.1. About 5 mg of the DAGSi was taken in an 

Eppendorf. It was left in contact with about 0.30 mL of 1 mM Lu solution containing about 0.3 

MBq 177mLu and the pH during the absorption was maintained using 0.5 M buffer sodium 

acetate-acetic acid buffer. The reaction mixture was left stirring at 80°C for about 2 hours, 

followed by an incubation period of about 1 hour at room temperature.  It was then washed 

with pH- 4.3 NaAc buffer and 10 mM pH-5 DTPA solution. The washes were collected and 
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measured using gamma ray spectroscopy to determine the amount of 177mLu ions loaded on 

the silica. The 177mLu containing solids were then transferred to 1mL empty chromatographic 

column, 40mm * 5.6 mm (length * diameter) (supplied by Bio Rad) using a pipette. These 

columns were transferred in a 10 mL centrifuge tube followed by placing them in whirl-pak 

sampling bag (supplied by sigma aldrich, product number. Z527009) and they were moved 

inside a liquid nitrogen tank, to allow the 177Lu production during the accumulation period. 

After a 177Lu accumulation period of 7 days, the columns were eluted using pH- 4.3 sodium 

acetate- acetic acid buffer solution as eluent and elution fraction volumes of 0.2 mL were 

collected. Gamma ray spectroscopy was used to determine the 177Lu, 177mLu activity collected 

in each eluted fraction. 

4.3. Results and Discussion 

The synthesized DOTA grafted silica have been characterized and tested for i) stability ii) Lu 

absorption capacity iii) Lu elution behavior and iv) the 177mLu- 177Lu separation performance, 

and the results are discussed below: 

4.3.1. Synthesis and characterization 

The surface morphology of the starting amino propyl silica and the synthesized DOTA grafted 

silica particles were examined by SEM analysis (Figure 2).  

Starting APS DOTA grafted silica (DGSi) 

  
Figure 2: SEM images of a) Amino propyl silica (APS) b) DOTAGA-anhydride grafted silica (DGSi) (c) 
DOTA grafted silica (DAGSi) (d) DOTA tris-t-butyl ester grafted silica (DEGSi) 

Figure 2(a) shows that the original amino propyl silica contained uniformly distributed 

particles of about 10-20 µm. At the end of modification, a majority of the particles retained 

their size and remained unaffected (Figure 2(b)). To further analyze the particles, several 

characterization studies were performed, as shown in Figure 3. Figure 3(a), (b) shows the IR, 
13C-NMR spectra of the amino propyl silica before and after the grafting of DOTA, respectively 

while the Figure 3(c), (d) shows the TGA analysis which allowed the quantification of the 

amount of DOTA molecules grafted on the surface of silica.  
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(a) 

 

(b) 

 

(c) 

 

 

Figure 3: Characterization studies (a) 13C-NMR spectra of aminopropyl silica (APS) (in black) and 

DOTAGA- Grafted Silica (DAGSi) (in blue) (b) FT-IR spectra of aminopropyl silica (APS) (in black), 

DOTAGA- Grafted Silica (DAGSi) (in blue) and DAGSi after the coordination with Lu ions (in red) (c) TGA 

of aminopropyl silica (APS) (in black), DOTAGA- Grafted Silica (DAGSi) (in blue).   

Figure 3(a) shows the 13C-NMR spectra of APS (in black) and DAGSi (in blue). The 13C-NMR of 

APS consists of three peaks at 10(C1), 27(C2) and 43(C3) ppm. They are assigned to the carbon 

chain of amino propyl group as SiCH2(1)CH2(2)CH2(3)NH2, accordingly 10. The 13C-NMR spectra 

of DAGSi showed additional broad peaks around 50 ppm and 170 ppm, which can be ascribed 

to the aliphatic CH2 groups and the carbonyl carbons of the DOTA, respectively. Additionally, 

an upfield shift from 27 ppm to 21 ppm was observed for the peak corresponding to C2 carbon 

of amino silica, along with a shoulder peak at 27 ppm. The upfield shift from 27 ppm to 21 

ppm can be attributed to binding of amino groups with the DOTA groups, while the shoulder 

peak indicates a small part of unreacted amino groups 10.  

Figure 3(b) shows the IR spectrum of APS (in black), DAGSi (in blue), and DAGSi after Lu 

complexation (in red). The IR spectrum of APS exhibits a sharp peak around 3675cm-1, which 

is characteristic for the silanol groups present on the surface of silica 26-28. The three peaks at 

3376, 3310 cm-1 and 1595 cm-1 can be assigned to characteristic N-H stretching vibrations and 

to the NH2 deformation mode of free amino groups 14,29. The bands around 3000-2800 cm-1 

belongs to the C-H stretching vibrations 26,30. The peak at 1868 cm-1 is characteristic of the Si-

O vibration of the silica structure 31 and the broad peak around 1349 cm-1 can be attributed to 

Si-O-Si asymmetric stretching vibration 32. After the reaction with DOTAGA-anhydride, the 

peaks corresponding to NH stretching vibrations and to the NH2 deformation mode of free 

amino groups disappears with the appearance of new bands around 1720 cm-1, 1652cm-1 (see 

DAGSi spectra, in blue). The peaks at 1720 cm-1, 1652cm-1 correspond to the free –COOH 

groups and –CO-NH- group which confirms the successful coupling of DOTA molecules to the 

amino propyl groups. Further, after the loading of Lu ions on the surface of DAGSi, the peak 

at 1720 cm-1 disappears indicating the successful coordination of carboxylic acids with Lu ions 

(see Figure 1(b), DAGSi-Lu spectra, in red). Further, the DAGSi also gave a positive Kaiser test, 

which confirms the presence of unreacted primary amino groups. 
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Figure 3(c) shows the TGA spectra of APS (in black) and DAGSi (in blue). It can be seen that 

both solids exhibits a mass loss in the temperature range 200- 900°C that corresponds to the 

organic groups. For APS, a mass loss of 5.4% has been observed which matches the 

manufactures specifications of 1 mmol amino propyl groups per gram silica. For DAGSi, a much 

higher organic mass loss of 20.6% was observed. The increased organic mass loss is attributed 

to the DOTA groups grafted on the surface and corresponds to 0.33 mmol DOTA groups per g 

of silica (in accordance with Equation 1).   

To summarize, the characterization studies shown in Figure 3 indicates the successful coupling 

of DOTA groups on the surface of amino propyl silica and establishes a novel strategy to 

immobilize DOTA groups on the surface of commercially available silica. Additionally, under 

the studied reaction conditions, some free amino groups remain present on the surface of 

DAGSi as indicated by the IR, 13C-NMR, and a positive Kaiser test. 

4.3.2. Lutetium adsorption 

The adsorption of lutetium on DOTA grafted silica can happen either via the chemical 

complexation of Lu ions with the DOTA ligands or by undesired physical adsorption on the 

surface. The pH showing minimal interference with the chemical complexation of Lu ions has 

been determined and the results are shown in Table 1. 

Table 1: The lutetium adsorption capacity of amino propyl silica (APS) and DOTAGA grafted silica 
(DAGSi). 

pH Lu uptake 

APS DAGSi 

4.3 0.02±0.002 nmol g-1 0.03±0.005 mmol g-1 

5.6 0.3±0.003 nmol g-1 Not tested 

8.5 4.4±0.022 nmol g-1 Not tested 

 

Table 1 shows that for APS an increase in Lu adsorption capacity was observed with the 

increase in the pH. The lowest lutetium ion adsorption of 0.02 nmol.g-1 was obtained at pH 4.3 

increasing to about 4 nmol.g-1 at pH 8.3.  This is expected as the APS surface has been reported 

to have an iso-electric point around pH 6- 7 14. An increase in the pH leads to an increased 

negative charge on the APS surface and thus a higher affinity for positively charged Lutetium 

ions. Thus, pH-4.3 has been used for the Lu complexation, as it is also considered as an ideal 

pH for the Lu-DOTA complexation.  

For DAGSi, the Lu absorption capacity of 0.03 mmol.g-1 has been observed (see Table 1) in 

comparison to 0.02 nmol.g-1 observed for amino propyl silica. The increased Lu uptake 

confirms the successful immobilization of DOTA groups on the surface of APS. However, the 

observed Lu uptake was 10 times less than the amount of DOTA grafted on the surface 

(0.33mmol.g-1 shown in Figure 3(d)). This was unexpected, as Lu has been known to form a 



Chapter- 4 | Solid phase extraction based separation of nuclear isomers, 177Lu and 177mLu 

 

88 
 

stable cage like coordination with DOTA in a 1:1 stoichiometry under the studied reaction 

conditions 33. This suggests that under the studied reaction conditions, not all the DOTA 

groups were accessible to Lu ions. It can also be due to the changed coordination behavior or 

slowed kinetics of complex formation after the grafting of DOTA on a solid surface. The change 

in the coordination behavior of metal ions after the immobilization of DOTA groups on solid 

surface was previously observed for Pd-DOTA complex 22. It was suggested that Pd(II) gets 

coordinated with neighboring carboxylic groups instead of the coordination with N atoms in 

the cage structure 22. Presently, we did not investigate the exact nature of Lu ion complexation 

with the surface and should be performed in future to have a better understanding of the 

coordination mechanism.  

4.3.3. Lutetium elution behavior 

The 177mLu-177Lu separation requires an eluting agent that minimizes the leakage of the 

complexed 177mLu ions while allowing the release of the freed 177Lu ions. 177Lu cations were 

complexed with the DAGSi and then different eluents were passed through the column to 

study the Lu leakage. The percent 177Lu leakage was studied as a function of elution fraction 

volume, as shown in Figure 4 below. The Figure 4(a), 4(b), 4(c) represents the elution fractions 

of 2 mL, 1 mL and 0.2 mL respectively, collected using three different eluents namely, pH-4.3 

sodium acetate-acetic acid buffer, aqueous pH-5 solution with 10 mM DTPA, and 0.5% DEHPA 

in DHE. 

(a)

 

(b)

 

(c)

 
Figure 4: The Lu elution profiles as a function of elution fraction 2 mL (a) 1mL (b) 0.2 mL (c) obtained 
for the three different eluents namely, 10mM sodium acetate- acetic acid buffer (pH- 4.3), 10 mM 
DTPA (pH-5) and 0.5% DEHPA in DHE.  

Figure 4(a) shows that for the studied eluents, the Lu leakage varies in the order of 0.4%- 1.5%. 

The percent Lu leaked remain almost constant when three successive fractions of 2 mL were 

collected.  The lowest Lu leakage of 0.4% was observed on using 0.5% DEHPA in DHE as an 

eluent. The weaker interactions between the hydrophobic organic solvent and hydrophilic 

silica surface can possible explain the detected low Lu leakage. However, Lu leakage of the 

order of 0.002% has been observed previously using Lu–DOTA complex in the liquid phase 

(Chapter 3). The much higher Lu leakage observed in the current study points to the fact the 

Lu is not coordinated in the expected stable cage like coordination with the DOTA complex.  
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In order to reduce the Lu leakage smaller fractions of 1mL and 0.2mL were collected, and the 

results are shown in Figure 4(b) and Figure 4(c). As expected, the decrease in the elution 

fraction volume leads to a proportional decrease in the percent Lu ions leakage. Further, for 

elution fraction volumes of 0.2 mL, the first fraction contained the Lu leakage ranging from 

0.1%- 0.3%, and decreases to less than 0.05% in the subsequent fractions (see Figure 4(c)). 

The 0.1% Lu leakage is still far from the previously observed Lu leakage of 0.002%, but for the 

studied SPE extraction it provides with a possibility to decrease the 177mLu leakage during the 
177Lu-177mLu separation. 

Lastly, it should be mentioned that the use of ether as an eluent solvent damages the column 

materials, and they could not be reused. Therefore, a dihexyl ether based eluent was not used 

in 177mLu-177Lu separation experiments and only the pH-4.3 NaAc buffer was used with the 

collection of 0.2 mL elution fraction volumes. 

4.3.4. 177mLu-177Lu separation 

The 177mLu-177Lu separation experiments were performed using DOTAGA grafted silica 

(DAGSi). The 177mLu ions were complexed with DAGSi, and the solids were left at 77K to allow 

for 177Lu accumulation for a period of 7 days. At the end of accumulation, the 177Lu ions were 

eluted 10 mM NaAc buffer (pH-4.3) and elution fraction volume of 0.2 mL were collected. The 
177Lu/177mLu activity ratio obtained in each elution fraction is shown in Figure 5(a) and Figure 

5(b) displays the corresponding 177Lu extraction efficiency and the percentage of starting 
177mLu activity leaked.  

(a)  

 

(b) 

 
Figure 5: The 177Lu/ 177mLu activity ratio as a function of elution fraction volume (0.2mL, each) (a) and 
the corresponding 177Lu extraction efficiency, the leaked 177mLu (b) obtained using pH-4.3 NaAc buffer 
as eluent. The presented data has been based on one experiment, and the error bars represents the 
error during the gamma ray spectroscopy measurements. 

Figure 5(a) shows that the 177Lu/177mLu activity ratio varies in the collected elution fraction. 

The first fraction exhibited very low 177Lu/177mLu activity ratio of 5, which increases to 25 for 
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observed trend can be explained on the basis of the results shown in Figure 5(b). As can be 

seen, the highest 177mLu leakage of 0.3% was observed in the first fraction and decreases to 

around 0.01- 0.04% in the successive elution fractions. Similarly, the highest 177Lu extraction 

efficiency of 25% was observed in the first fraction, and decreases to less than 5% in the 

successive fractions. On combining all the fractions, an overall 177Lu extraction efficiency of 

about 50% has been achieved. Further, the Lu ion removal does not exhibit a sharp peak but 

a tailing profile over the period of eluted volume. This suggests that either there are multiple 

binding sites or that Lu that is released can re-associate which also explains the observed low 
177Lu extraction efficiencies. This observation again points out to the weak coordination of 
177mLu ions possibly due to their interaction with more than one DOTA group.  

To summarize, the SPE based separation offers the possibility of building an easy to 

automatize, user friendly 177mLu- 177Lu separation technique. The presented separation 

method could lead to 177Lu enrichment of 100 times compared to the 177Lu/177mLu activity ratio 

of 0.25 when present in equilibrium with each other. However, currently it is inapplicable in 

designing a 177mLu/177Lu radionuclide generator because the obtained ratios are far from the 

clinically preferred 177Lu/177mLu activity ratio of 10,000.  The main challenge lies in designing 

the solid supports which forms a stable coordination with 177mLu and causes minimal 

interference during 177mLu-177Lu separation. The currently used DOTA grafted amino propyl 

silica did not allow the formation of stable cage coordinated Lu:DOTA complex under the 

studied reaction conditions. Further, the unreacted DOTA groups interfered in 177mLu 

complexation and 177Lu release, ultimately leading to poor 177mLu-177Lu separation. In future, 

this can be possibly minimized by the use of solid supports having low functional group 

density. For instance, the use of a support with a functional group density of 10 µmol.g-1 (100 

times lower than currently used APS) can significantly reduce the interference in 177mLu 

complexation, 177Lu release and can potentially allow the loading of up to 2 GBq 177mLu per mg 

solid. 

4.4. Conclusions  

The presented work is the first step in designing a solid phase extraction based 177mLu-177Lu 

separation. It establishes a strategy to immobilize DOTA groups on the surface of commercially 

available silica. The use of commercially available DOTAGA-anhydride allows easy and facile 

conjugation of DOTA moiety on silica surface. Presently, DOTA immobilized silica was used as 

a solid support to facilitate the 177mLu-177Lu separation. The grafting of DOTA on silica surface 

affected the Lu-DOTA complexation and the stable cage coordination of Lu ions could not be 

achieved under the studied reaction conditions. This resulted in high 177mLu leakage during the 
177Lu-177mLu separation and the highest 177Lu/177mLu activity ratio of 25 could be achieved 

when the 177mLu contribution is reduced to 0.01%. Overall, the solid phase extraction presents 

an easy to automatize, user friendly and reproducible 177mLu-177Lu technique. However, it 

needs further optimization and a careful evaluation of the kinetics of association and 

dissociation of Lu ions in order to reach high 177Lu/177mLu activity ratio.  
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Abstract 

An estimation of the 177mLu production is crucial in the development of a 177mLu/177Lu 

radionuclide generator, however some inconsistencies exist in the relevant cross sections. 

Therefore in this work, 177mLu has been produced by irradiation of natural Lu2O3 targets at the 

BR2 reactor (Mol, Belgium) and the data obtained together with literature values have been 

used to theoretically investigate the production of 177mLu at different neutron fluxes, 

irradiation times and enrichment of 176Lu. The irradiation time (tmax) needed to reach the 

maximum 177mLu production has been found to change from 42, 12, 4 days with the increase 

in the thermal neutron flux from 2*1014, 8*1014, 2.5*1015 n cm-2 s-1, respectively while keeping 

the maximum 177mLu activity unaffected. The results of our calculations suggest that 0.11 TBq 
177mLu with a specific activity of 0.3 TBq. g-1 Lu can be produced in a short irradiation time of 

4 days using 1g of 84.44% 176Lu enriched Lu2O3 and a thermal neutron flux of 2.5*1015 n cm-2 

s-1. 
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5.1. Introduction 
The interest in lutetium-177 in nuclear medicine has grown tremendously in the past few years 
1. Its attractive decay characteristics (i.e. a 6.64 day half-life) as well as the emission of both 

low energy β- rays (penetration depth of 2 mm) and γ rays (208.37 and 112.98 keV) upon 

decay, allow for simultaneous imaging and radionuclide therapy 2. Currently, 177Lu is 

commercially produced through either the indirect or direct production routes 3. A new 

production route has been suggested by De Vries et al. based on the supply of 177Lu via a 
177mLu/177Lu radionuclide generator 4. This generator has been based on the challenging 

separation of chemically and physically alike isomers, 177mLu & 177Lu. Recently, Bhardwaj et al 

have provided the experimental evidence on 177mLu and 177Lu separation thereby confirming 

the possibility of 177mLu/177mLu radionuclide generator based 177Lu production 5,6.  

Radionuclide generators have played an important role in the development and applications 

of radiopharmaceuticals 7. Similarly, a 177mLu/ 177Lu radionuclide generator can be expected to 

boost the 177Lu radiopharmaceutical development by providing cost effective, carrier-free, on 

demand and onsite availability of 177Lu. This generator can be especially very attractive for 

hospitals, which are not currently using 177Lu on a weekly basis. However, there are several 

challenges before this concept can be implemented into a commercial 177Lu production route. 

One of the main challenge is the large-scale production of 177mLu, the parent radionuclide 

needed for the 177mLu/177Lu radionuclide generator. It is crucial to ascertain if the available 

nuclear research reactor infrastructure is capable of producing sufficient 177mLu activity to 

support the 177Lu generator production. This paper aims at investigating the 177mLu production 

in high- and medium-flux nuclear reactors by the neutron irradiation of 176Lu enriched Lu2O3 

targets. 

177mLu is usually co-produced in small quantities during the direct route production of 177Lu. 

Most of the 177mLu related studies uses these small amounts to define its decay characteristics 

or cross sections and they are not focused on the 177mLu production optimisation 8-10. In 

general, the radionuclide production in nuclear reactors has a directly proportional 

relationship with three factors namely: the neutron flux, the neutron capture cross section 

and the number of target atoms 11. For 177mLu production, there are some discrepancies in 

literature regarding its production neutron capture cross sections. The International Atomic 

Energy Agency (IAEA) reports the thermal neutron capture cross section (σ) as 2.8 b and a 

resonance integral (Io) of 4.7 b for 177mLu production ( Lu 
176 (𝑛, 𝛾) Lu 

177𝑚 ) 12, this value is also 

supported by Roig, Bélier et al and Dash, Pillai et al 13,14. In NGATLAS, the atlas of neutron 

capture cross section, 3 different thermal neutron capture cross sections (7 ± 2, 2.1 ± 0.7, 

3.18 ± 0.3 b) are reported for 177mLu production 15. There are several reports that supports the 
177mLu production neutron capture cross section as 7 b 1,8,16,17. Further, the 177mLu production 

will also have a negative contribution from its burn-up reaction that can co-occur during the 
177mLu production. The neutron capture cross section for the burn-up of 177mLu 

(𝜎 ( Lu 
177𝑚 (𝑛, 𝛾) Lu 

178 )) is not reported in IAEA database and has different values quoted in 
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other literature. In the nuclear data sheets, 177mLu burn-up neutron capture cross sections of 

4.8 b, and 3.2±0.3 b 18 are reported. However, in contrast to these numbers, a 177mLu burn-up 

cross section of up to 626 ± 45 b is reported by Roig et al 14,19-21. The large discrepancies 

present in the existing literature regarding the 177mLu production and burn-up neutron capture 

cross section makes the estimation of large-scale 177mLu production unreliable. 

In the present work, the 177mLu production has been experimentally performed at the BR2 

reactor (Mol, Belgium) using natural Lu2O3 targets. The experimentally produced 177mLu 

activity is used to validate the 177mLu-related cross sections reported in literature. Using the 

experimentally validated cross sections, a theoretical study on large-scale 177mLu production 

is performed for medium/high-flux reactors. The effect of irradiation time and neutron flux on 
177mLu production is presented. Further, the effect of 176Lu enrichment on 177mLu production 

is evaluated for a neutron flux of 8*1014 n cm-2 s-1 available at the BR2 reactor (Mol, Belgium).   

 

5.2. Experimental 
5.2.1 Sample preparation 
The irradiation target materials were purchased from the National Institute of Standards and 

Technology (NIST). The NIST standard Lu(NO3)3 solution (reference material number 3130a) 

was provided as 9.979 ± 0.030 mg Lu g-1 solution. The NIST standard Zn(NO3)3 solution 

(reference material number 3168a) was provided as 10.007 mg g-1 ± 0.020 mg g-1 and was 

used as the thermal neutron flux monitor.  

The solutions were weighed in quartz tubes of about 6mm internal diameter and 60 mm 

length. The solutions were then evaporated to dryness, and the samples were calcined at 

800°C for 10 hours to convert the Lu(NO3)3 and Zn(NO3)3 into Lu2O3 and Zn2O3 respectively. The 

quartz tubes were sealed and loaded inside the aluminium insert of an aluminium cold-welded 

irradiation capsule with quartz wool on top and bottom 22. The sample preparation protocol 

has been pre-verified by irradiating a known amount of lutetium target at the Hoger Onderwijs 

Reactor Delft (HOR) with a thermal neutron flux of 4.72*1012 n cm-2 s-1 (epithermal neutron 

flux of less than 7.08*1011 cm-2 s-1) and an irradiation time of 10 hours. At the end of 

irradiation, the 177Lu activity produced was measured using gamma-ray spectrometry. The 

experimentally measured 177Lu activity was found to be in good correlation with the 

theoretically predicted 177Lu activity. Thus, it was concluded that the steps involving 

evaporation, calcination of the starting sample and sealing of the quartz tube did not lead to 

any loss in the starting lutetium content.  

For 177mLu production, the quartz tubes containing Lu and Zn were placed at 1 cm distance 

from each other along the axial profile of the neutron flux. The difference in the positions of 

Lu and Zn monitor can lead to up to 10% difference in the thermal neutron flux experienced 

by the Zn monitor and the Lu target.  
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5.2.2 Neutron irradiation 
The neutron irradiation was performed at the BR2 reactor (Mol, Belgium) in two different 

irradiation positions, with two different neutron fluxes of 2.1*1014 ± 0.05*1014 n cm-2 s-1 and 

8.4*1014 ± 0.25*1014 n cm-2 s-1 as shown in Table 1. An additional 5% epithermal neutron flux 

was used at the irradiation positions during the 177mLu activity production calculations.  

Table 1: Details of the irradiated samples and the involved irradiation parameters. 

 Irradiation 1 Irradiation 2 

Target mass (natural 

Lu2O3) 

0.1126 mg 0.1157 mg 

Thermal neutron 

flux 

2. 1*1014 ± 0.05*1014 n cm-2 s-1 8.4*1014 ± 0.25*1014 n cm-2 s-1 

Effective irradiation 

time  

28 days 26 days 

 

The high-flux position with a thermal neutron flux of 8.4*1014 n cm-2 s-1 is not accessible during 

the operation of the reactor. Therefore, an irradiation period of 26 days covering a whole 

irradiation cycle (28 days interrupted by a 2-day intermediate shutdown, 4 days after start-

up) was carried out. After the irradiation, the samples were allowed to decay for a cooling 

period of about 3 months. The irradiated vials could not be measured as such because of the 

co-production of long-living 60Co as a radionuclidic impurity, which resulted in a significant 

increase in the background of the gamma ray spectrum. Therefore, at the end of cooling (EOC), 

the sealed quartz tubes containing Lu and Zn were opened and transferred into separate vials 

containing pre-weighed amounts (about 2 ml) of 0.1 N HCl. The vials were heated at 80°C for 

60 minutes to ensure complete dissolution of the Lu and Zn in 0.1 N HCl. An aliquot of about 

100 µL was weighed and transferred to polyethylene vials. The vials were measured using 

gamma ray spectrometry to do a quantitative evaluation of the 177Lu, 177mLu and 65Zn activities.  

5.2.3 Activity measurements 

The activity measurements were performed with a well-type HPGe gamma-ray detector. The 

energy and efficiency calibration of the detector was performed using a certified Eu-152 

source, and the efficiency calibration for each lutetium peak was fine-tuned using a known 
177Lu, 177mLu source provided by IDB- Holland to take true-coincidence summing effects into 

account.  

5.3. Theoretical calculation of 177mLu production yield 
This section describes the neutron capture reactions, neutron capture cross section and 

neutron flux parameters used in calculating the theoretical 177mLu production yield. 

5.3.1.  Neutron capture reactions 

The possible neutron capture reactions co-occurring during the irradiation of a Lu2O3 target 

are summarised in Figure 1 (black arrows) below. 
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Figure 1: Neutron capture reaction affecting the 177mLu production. The blue and black boxes 
indicate unstable and stable nuclides, respectively. Blue arrows indicate radioactive decay and black 
arrows indicate neutron capture reaction.  

Figure 1 shows that the 177mLu production (reaction 5) is accompanied by five other neutron 

capture reactions involving different Lu isotopes. These neutron capture reactions will 

contribute to the 176Lu target burn-up and will also effect the total activity and the specific 

activity of the produced 177mLu. Therefore, they are accounted simultaneously while 

optimising the 177mLu production. In general, the radionuclide production is defined using the 

following equation 11,  

 

 𝑑𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑑𝑡
  = (

𝑑𝑁𝑡𝑎𝑟𝑔𝑒𝑡

𝑑𝑡
  )

𝑔𝑟𝑜𝑤𝑡ℎ

− (
𝑑𝑁𝑡𝑎𝑟𝑔𝑒𝑡

𝑑𝑡
  )

𝑑𝑒𝑐𝑎𝑦

−  (
𝑑𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑑𝑡
  )

𝑏𝑢𝑟𝑛−𝑢𝑝
 

(Equation 1) 

For the case of 177mLu production, the Equation 1 was re-defined as: 

 𝑑𝑁 Lu 
177𝑚

𝑑𝑡
  =  𝑁𝑡 ∗  𝜎1 ∗  𝜑𝑡ℎ𝑒𝑟𝑚𝑎𝑙 −  𝑁 Lu 

177𝑚 ∗  𝜆 − 𝑁 Lu 
177𝑚 ∗ 𝜎2

∗  𝜑𝑡ℎ𝑒𝑟𝑚𝑎𝑙 

(Equation 2) 

where 𝑁𝑡 are the initial number of 176Lu target atoms, 

𝑁 Lu 
177𝑚 , are the number of formed 177mLu nuclei, 

𝜑𝑡ℎ𝑒𝑟𝑚𝑎𝑙, is the thermal neutron flux in n cm-2 s-1, 

𝜎1, is the thermal neutron capture cross section of the nuclear reaction Lu 
176 (𝑛, 𝛾) Lu 

177𝑚 , 

𝜎2, is the burn-up cross section of 177mLu, 

𝜆 is the decay constant of 177mLu, 

and t is the duration of exposure to the incident neutron flux. 

The thermal and epithermal neutron flux contributions to the 177mLu production were 

accounted for separately, leading to the final Equation 3; 
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𝑑𝑁
Lu 

177𝑚

𝑑𝑡
=  𝑁 Lu 

176 ∗ 𝜎 ( Lu 
176 (𝑛, 𝛾) Lu 

177𝑚 ) ∗  𝜑𝑡ℎ𝑒𝑟𝑚𝑎𝑙 +  𝑁 Lu 
176 ∗

𝐼𝑜( Lu 
176 (𝑛, 𝛾) Lu 

177𝑚 ) ∗ 𝜑𝑒𝑝𝑖𝑡ℎ𝑒𝑟𝑚𝑎𝑙 −  𝑁 Lu 
177𝑚 ∗  𝜆( Lu 

177𝑚 )  −  𝑁 Lu 
177𝑚 ∗

 𝜎 ( Lu 
 177𝑚 (𝑛, 𝛾) Lu) ∗  𝜑𝑡ℎ𝑒𝑟𝑚𝑎𝑙 

178   

(Equation 3) 

where 𝐼𝑜 represents the resonance integral for the epithermal flux 𝜑𝑒𝑝𝑖𝑡ℎ𝑒𝑟𝑚𝑎𝑙. 𝑁 Lu 
176  are the 

number of target 176Lu atoms undergoing the Lu 
176 (𝑛, 𝛾) Lu 

177𝑚  capture reaction. 

𝑁 Lu 
176  changes with irradiation time because of the neutron capture reactions 1, 2 (see Figure 

1). To take that into account, the 177mLu production defined by Equation 3 was re-defined as 

Equation 4 for small time steps i during the irradiation: 

𝑑𝑁
( Lu 

177𝑚 ,   𝑖)

𝑑𝑡
=  𝑁( Lu 

176 ,   𝑖−1) ∗ 𝜎 ( Lu 
176 (𝑛, 𝛾) Lu 

177𝑚 ) ∗ 𝜑𝑡ℎ𝑒𝑟𝑚𝑎𝑙 +

 𝑁( Lu 
176 ,   𝑖−1) ∗ 𝐼𝑜( Lu 

176 (𝑛, 𝛾) Lu 
177𝑚 ) ∗ 𝜑𝑒𝑝𝑖𝑡ℎ𝑒𝑟𝑚𝑎𝑙 −  𝑁( Lu 

177𝑚 ,   𝑖−1) ∗

 𝜆( Lu 
177𝑚 )  − 𝑁( Lu 

177𝑚 ,   𝑖−1) ∗  𝜎 ( Lu 
 177𝑚 (𝑛, 𝛾) Lu) 

178 ∗  𝜑𝑡ℎ𝑒𝑟𝑚𝑎𝑙  

(Equation 4) 

Similarly, the neutron capture reactions 1, 2 & 5 (see Figure 1) were used to calculate the 

change in the number of 176Lu atoms ( 
𝑑𝑁

( Lu 
176 ,   𝑖)

𝑑𝑡
 ) with irradiation time. It was defined as 

Equation 5 below;  

𝑑𝑁( Lu 
176 ,   𝑖)

𝑑𝑡
  =  −𝑁( Lu 

176 ,   𝑖−1) ∗ 𝜎 ( Lu 
176 (n, γ) Lu 

177𝑚 ) ∗  𝜑𝑡ℎ𝑒𝑟𝑚𝑎𝑙

− 𝑁( Lu 
176 ,   𝑖−1) ∗ 𝐼𝑜 ( Lu 

176 (n, γ) Lu 
177𝑚 ) ∗ 𝜑𝑒𝑝𝑖𝑡ℎ𝑒𝑟𝑚𝑎𝑙

− 𝑁( Lu 
176 ,   𝑖−1) ∗ 𝜎 ( Lu 

176 (n, γ) Lu 
177 ) ∗  𝜑𝑡ℎ𝑒𝑟𝑚𝑎𝑙

−  𝑁( Lu 
176 ,   𝑖−1) ∗ 𝐼𝑜 ( Lu 

176 (n, γ) Lu 
177 ) ∗  𝜑𝑒𝑝𝑖𝑡ℎ𝑒𝑟𝑚𝑎𝑙

+  𝑁( Lu 
175 ,   𝑖−1) ∗ 𝜎 ( Lu 

175 (n, γ) Lu 
176 ) ∗  𝜑𝑡ℎ𝑒𝑟𝑚𝑎𝑙

+  𝑁( Lu 
175 ,   𝑖−1) ∗ 𝐼𝑜 ( Lu 

175 (n, γ) Lu 
176 ) ∗ 𝜑𝑒𝑝𝑖𝑡ℎ𝑒𝑟𝑚𝑎𝑙 

 

(Equation 5) 

At the beginning of the irradiation at i = 0, the initial number of Lu 
175  (𝑁( Lu 

175 ,0))and 

Lu 
176  (𝑁( Lu 

176 ,0)) atoms were dependent on the initial target mass used for irradiation. They 

were defined as:  

 

𝑚𝑎𝑠𝑠𝐿𝑢 =  (𝑚𝑎𝑠𝑠𝐿𝑢2𝑂3 
∗ 2 ∗  𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠𝐿𝑢)/ (𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠𝐿𝑢2𝑂3 

) (Equation 6) 

𝑁( Lu 
175 ,0) = (𝑚𝑎𝑠𝑠𝐿𝑢 ∗ (1 − (𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟)) ∗ 𝑁𝐴)/ 175 (Equation 7) 

𝑁( Lu 
176 ,0) = (𝑚𝑎𝑠𝑠𝐿𝑢 ∗ (1 − (𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟)) ∗ 𝑁𝐴)/ 176 (Equation 8) 

where 𝑚𝑎𝑠𝑠𝐿𝑢2𝑂3 
 is the initial target mass, 𝑁𝐴 is the Avogadro number. All other Lu isotopes 

were assumed to be absent at the beginning of the irradiation. During the irradiation, the 
176Lu, 177Lu, 178Lu, 177mLu, 176mLu, 177mLu are formed due to the capture reactions 1, 2, 3, 4, 5 

and 6 respectively (Figure 1). Therefore equations similar to equation 4 and 5 were defined 

for all other Lu isotopes, 175Lu, 176Lu, 176mLu, 177Lu, 178Lu (see supplementary info S1). They were 
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solved simultaneously for small time steps i using MATLAB to determine the change in the 

amounts of Lu isotopes with the increasing irradiation time. Finally, the activity (A= N 𝜆) and 

specific activity (S.A = 𝐴177𝑚𝐿𝑢
 / mass of 175+ 176+ 177+178+ 177mLu) of the 177mLu was calculated by 

using the total number of isotopes present at any given time, t. The details on the neutron 

capture cross sections and neutron flux parameters used in the calculations is provided in the 

following subsections. 

5.3.2. Neutron capture cross section  

The thermal neutron capture cross sections, resonance integral for the neutron capture 

reactions co-occurring during the 177mLu production are shown in Table 2. The tabulated cross 

sections data have been adapted from the IAEA database. 

Table 2: The neutron capture reactions co-occurring during the 177mLu production 
and the corresponding neutron capture cross sections (b). 

Reaction 

number 

Neutron capture 

reaction 

Thermal Capture 

cross section, σ (b) 

Resonance 

Integral, I0 (b) 

1 175Lu(n,γ)176Lu 6.6* 620*  

2 176Lu(n,γ)177Lu 2020* 1087* 

3 177Lu(n,γ)178Lu 1000*  - 

4 175Lu(n,γ)176mLu 16.7* 550* 

5 176Lu(n,γ)177mLu 2.8*  4.7*  

6 177mLu(n,γ) 178Lu -  - 
 

* International Atomic Energy Agency  12 

Apart from the cross sections, mentioned in Table 2, different values for the 177mLu production 

(176Lu(n,γ)177mLu), and the 177mLu burn-up (177mLu(n,γ)178Lu) have been reported in literature. 

These values are summarised in Table 3.  

Table 3: The 177mLu related thermal neutron capture cross sections reported in literature 

 Reported thermal neutron capture cross section 
232323 

176Lu(n,γ)177mLu 7 ± 0.3 b 8 

2.85 b 24 

2.8 ± 0.7 b 12 (IAEA, 2015) 

2.1 ± 0.7 b 25 

3.18 ± 0.3 b 26 
177mLu(n,γ)178Lu 4.8 b (EAF-2010) 

2.97 b (TENDL-2010) 

3.18 b 15 

590 b 14 

626 ± 45 b# 19 
# represents the total burn up cross section (capture cross section + inelastic scattering) 
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The reported 177mLu production cross section (176Lu(n,γ)177mLu) varies from 2.8 b to 7 b, while 

the 177mLu burn-up cross section (177mLu(n,γ)178Lu) shows very large variation range from 4.8 b 

to 626 b. It should be pointed that, 417±26 b represents the 177mLu burn-up via 
177mLu(n,γ)178Lu) reaction while 626 ± 45 b represents the total 177mLu burn-up (capture, σ(n,γ) 

+ inelastic scattering, σ(n,n’)) cross section and accounts the total depopulation of the 177mLu by 

all possible reactions. Thus, it has been used while theoretically predicting the 177mLu 

production yield.  

5.3.3. Neutron flux    

The 177mLu production was evaluated for four different neutron flux values, mentioned in 

Table 4. The neutron flux available at the HFIR (Oak Ridge, USA) and ILL (Grenoble, France) 

reactors was based on the literature, while the thermal neutron flux at the BR2 reactor (Mol, 

Belgium) was experimentally estimated using Zinc flux monitors. 

 

Table 4: Neutron flux values used in optimizing 177mLu production 

Nuclear reactor Neutron flux (n cm-2. s-1) 

High-Flux reactor (HFIR), ORNL, 

Oak Ridge,  U.S.A 3  

Thermal flux: 2.5·1015 

 

High-Flux reactor (ILL),  Laue 

Langevin Institute,  Grenoble, 

France 19. 

Thermal flux: 1.5·1015 

 

 

High-Flux reactor (BR2), SCK•CEN, 

, MoL, Belgium (present work) 

Thermal flux: 2.1·1014 & Epithermal flux 0.1·1014 

Thermal flux: 8.4·1014 & Epithermal flux 0.4·1014  

 

 

5.4. Results and Discussion 
5.4.1 Experimental validation of 177mLu related neutron capture cross sections 

The discrepancy in the 177mLu related neutron capture cross sections was resolved by 

comparing the experimentally produced 177mLu activity with the theoretically predicted 

activity based on the existing literature. Figure 2 shows the theoretically predicted 177mLu 

activity as a function of time for different 177mLu production and burn-up neutron capture 

cross sections reported in literature. Additionally, it also shows the 177mLu activity obtained 

experimentally at the end of 26 days of irradiation of a natural Lu2O3 target (as the solid point). 
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Figure 2: The lines represents the theoretically expected 177mLu activity as a function of time for 
different 177mLu production and burn-up neutron capture cross sections reported in literature. The 
symbol (   ) represents the experimentally obtained 177mLu activity after 26 days irradiation of 0.1157 
mg of natural Lu2O3 sample using a thermal neutron flux of 2·1014 n cm-2 s-1 & an epithermal flux of 
0.1·1014 n cm-2 s-1  

It can be seen from Figure 2 that the experimentally obtained 177mLu activity supports well the 

theoretically predicted 177mLu activity based on the 177mLu production cross section of 2.8 b 

and a 177mLu burn-up cross section of 626 b. The inclusion of the 177mLu burn-up cross section 

significantly changes the time needed to reach the maximum 177mLu production. The 177mLu 

production reaches a maximum on increasing the irradiation time and then starts decreasing 

due to the burn-up of the product (177mLu). The experimental results from the irradiation of 

the two natural Lu2O3 targets have been tabulated in Table 5, which further support the 

previously reported cross-sections (i.e 2.8 b and 626 b).  

Table 5: Comparison of the experimentally produced 177mLu activity with the theoretically expected 
177mLu activities at EOI  

 Theoretically expected activity at 

EOI (MBq)* 

Experimentally obtained activity at EOI 

(MBq) 

Irradiation 1 0.34 ± 0.09 0.30 ± 0.04 

Irradiation 2 0.39 ± 0.10  0.29 ± 0.07 

*expected activities are based on the reported 177mLu production cross section of 2.8 ± 0.7 b and burn-up cross 

section of 626 ± 45 b. 

The error in the theoretically calculated values is based on the reported uncertainty of 25% 

for the neutron capture cross-section of the 176Lu(n,γ)177mLu reaction (i.e. 2.8 ± 0.7 b). The 

errors in the experimentally obtained activity are a cumulative result of the uncertainties in 

the different stages of the experiments, starting from the sample preparation, neutron flux 

measurement, target processing and the gamma ray spectra measurements. The use of a 

single neutron flux monitor placed horizontally at 1 cm distance from the Lu containing quartz 

vial led to up to 10% error in the measured thermal neutron flux. In future research, a precise 
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neutron capture cross section measurement should be performed by using multiple neutron 

flux monitors and the additional neutron flux parameters such as the epithermal flux 

contribution. 

5.4.2 Theoretical investigation of large-scale 177mLu production 

The following sections presents the theoretical results on the effect of neutron flux, irradiation 

time and 176Lu enrichment on 177mLu production. 

5.4.2.1  Effect of neutron flux on irradiation time and maximum 177mLu activity production 

The effect of neutron flux and irradiation time on the maximum 177mLu activity production has 

been theoretically investigated for four different thermal neutron fluxes. The results are 

shown in Figure 3. 

 
Figure 3: The production of 177mLu as function of irradiation time at different thermal flux values, 
2*1014 n cm-2 s-1, BR2, Mol, Belgium (in magenta), 8*1014 n cm-2 s-1 BR2, Mol, Belgium (in blue), 
1.5*1015 n cm-2 s-1 , ILL, Grenoble, France (in red) and 2.5*1015 n cm-2 s-1, HFIR, Oak Ridge, U.S.A (in 
black). The target consists of commercially available 84.44% 176Lu enriched Lu2O3. 

Figure 3 shows that the maximum 177mLu activity that can be produced using 1 g of 84.44% 
176Lu enriched Lu2O3 remains in the order of 0.1 TBq by increasing the thermal neutron flux 

about 10 times from 2.1*1014 n cm-2. s-1 to 2.5*1015 n cm-2. s-1. However, the change in the 

thermal neutron flux has a significant impact on the irradiation time needed to reach the 

maximum 177mLu activity production. The irradiation time (tmax) decreases from 42, 12, 6 to 4 

days with the increase in the thermal neutron flux from 2.1*1014 n cm-2 s-1, 8*1014 n cm-2 s-1, 

1.5*1015 n cm-2 s-1 to 2.5*1015 n cm-2 s-1 respectively. During the 177mLu production in high-flux 

reactors the 177mLu activity starts growing quickly, reaches a maximum and then starts 

decreasing with a further increase in time. The observed decrease can be accounted to the 

high burn-up cross section of 177mLu 620 b, and should be considered carefully while designing 

the large scale 177mLu production. Overall, it can be concluded that the biggest advantage of 
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using the high-flux reactors lies in the short irradiation times need to reach the maximum 
177mLu activity production (4 days in comparison to 42 days). These short irradiation times 

could decrease the cost of 177mLu production subject to the availability of suitable irradiation 

devices allowing to load/unload the target material into/from the high-flux positions during 

operation of the reactor.  

Additionally, it should be pointed that apart from 177mLu production, large amounts of 177Lu 

will be co-produced along with 177mLu. The 177Lu production (176Lu(n, γ)177Lu) has about 650 

times higher neutron capture cross section than the 177mLu production (176Lu(n, γ)177mLu) 

neutron capture cross section of 2.8 b. The excess 177Lu will contribute to large radiation dose 

after the end of irradiation making the product handling difficult. In order to decrease the 

dose contribution coming from 177Lu, and increase the 177mLu specific activity, long cooling 

times of around 60 days would be required (approximately 10 half-lives of 177Lu). The specific 

activity of the 177mLu produced at the end of irradiation and after the end of cooling (EOC) are 

discussed in detail in the next subsection. 

5.4.2.2 Evaluation of the specific activity of the produced 177mLu 

The specific activity of the starting 177mLu will be a crucial parameter in determining the 

specific activity of the 177Lu produced via a 177mLu/177Lu radionuclide generator. The specific 

activity of the 177mLu produced at end of irradiation and at the end of cooling (EOC) for 

different neutron fluxes is presented in Figure 4 below. The plotted data (in red) represents 

the specific activity of 177mLu produced at the EOI, at the time of maximum 177mLu production 

(4, 6, 12, and 42 days for the thermal neutron flux of 2.5*1015, 1.5*1015, 8*1014, and 2*1014 n 

cm-2. s-1 respectively). The plotted data in blue represents the specific activity of the 177mLu at 

the end of 60 days of cooling period starting right after the end of irradiation.   
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Figure 4: The specific activity of 177mLu produced at the End of Irradiation (in red), and at the end of 
cooling period of 60 days (EOC) (in blue) for the studied thermal neutron flux values. The target 
consists of commercially available 84.44% 176Lu enriched Lu2O3. 

Figure 4 shows that i) the specific activity of the 177mLu obtained at the EOI decreases with an 

increase in the used neutron flux and ii) the 60 days cooling period at the EOI has a significant 

effect on the specific activity of the 177mLu produced using high thermal neutron flux. The 

highest specific activity obtained at the EOI was found to be 0.25 TBq 177mLu. g-1 Lu on using a 

neutron flux of 2*1014 n cm-2 s-1 and irradiation period of 42 days. The 42 days irradiation will 

be accompanied with about 78% target 176Lu target burn-up due to the 176Lu(n,γ) 177Lu neutron 

capture reaction. Additionally, the 177Lu co-produced will be burned up via the 177Lu(n,γ)178Lu 

neutron capture reaction having a neutron capture cross section of 1000 b. However, the 
177mLu production at high flux reactors involves a short irradiation time ranging from 4 to 12 

days. This will be accompanied by about 85% target burn-up, but a large amount of 177Lu will 

be co-produced, (about 200 TBq per 0.1 TBq 177mLu) lowering the overall specific activity of 
177mLu. The influence of 177Lu activity on the specific activity of 177mLu also explains the 

observed increase in the specific activity after the EOC. For the 177mLu produced at high-flux 

reactors, the specific activity of about 0.15 to 0.2 TBq. g-1 Lu will be obtained at the EOI for the 

thermal neutron flux of 2.5*1015, 1.5*1015, 8*1014 n cm-2. s-1. The 60 days cooling period 

following the EOI will lead to decay of 177Lu produced and increases the 177mLu specific activity 

to up to 0.32TBq. g-1 Lu. Any further increase in the cooling period will lead to loss of 177mLu 

activity due to its radioactive decay.  

5.4.2.3 Effect of 176Lu enrichment on irradiation time and 177mLu activity production 

The 176Lu target enrichment will play a crucial role in determining the cost of the 177mLu 

production. The effect of the 176Lu enrichment (ranging from 2.56% 176Lu natural abundancy 

Lu2O3 to 99.99% 176Lu enriched Lu2O3) on 177mLu production has been evaluated for the 

available thermal neutron flux of 8*1014 n cm-2 s-1. The results are shown in Figure 5 below: 
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Figure 5: The 177mLu activity produced as a function of irradiation time for 1 g of targets having 
different176Lu enrichment. The irradiation of 1g of Lu2O3 target with 99.99% 176Lu (in red), 84.44% 176Lu 
(in red), 60% 176Lu (in green), 20% 176Lu (in pink) and 2.56% 176Lu (natural Lu2O3)   (in blue) using a 
thermal neutron flux of 8*1014 cm-2 s- 1. 

Figure 5 shows that the irradiation time (tmax) needed to reach the maximum 177mLu activity 

will remain at about 12 days irrespective of the starting 176Lu enrichment on using a thermal 

neutron flux of 8*1014 n cm-2 s-1 . However, an increase in the 176Lu enrichment leads to a 

proportional increase in the maximum 177mLu activity production. At the EOI, the maximum 
177mLu activity produced increases from 0.02, 0.07, 0.11, 0.12 TBq with the increase in the 

starting 176Lu enrichment from 20%, 60%, 84.44% to 99.99% respectively. At the same time, 

the specific activities obtained also increases from 0.031, 0.11, 0.18 to 0.24 TBq g-1 Lu. This 

can be expected as the 176Lu has high neutron capture cross section (176Lu(n,γ)177Lu = 2000 b 

& 176Lu(n,γ)177mLu = 2.8 b) compared to the neutron capture cross section of 175Lu 

(175Lu(n,γ)176Lu = 6.6 b) (also see Table 1). Thus, 176Lu will get burned up readily during the 

neutron irradiation increasing the specific activity of the obtained 177mLu. Lastly, it has been 

observed that the 60 days cooling period followed by the EOI will result in a change in the 

specific activity only for the starting targets containing greater than 60% 176Lu enrichment. For 

60 days cooling period, the 177mLu specific activity will increase from 0.24, 0.18, 0.11 TBq g-1 

Lu to 0.58, 0.30, 0.13 TBq g-1 Lu for the starting 176Lu enrichments of 99.99%, 84%, 60%, 

respectively. For lower 176Lu enrichment containing targets, the presence of unburned 175Lu 

coming from the initial target mass will remain unchanged during the cooling period, thus the 
177mLu specific activity also remains almost unaffected.  

5.5. Conclusions 
The present work investigates the large-scale 177mLu production in the current nuclear 

research reactors. All the relevant parameters and equations needed to estimate the 177mLu 

activity production are summarized, and a detailed literature overview on the possible 177mLu 

production and burn-up cross sections has been presented. The experimental results of 177mLu 

production clearly validate the 2.8 b as the 177mLu production and and 620 b as the 177mLu burn-

up cross section, respectively. The presence of burn-up cross section for 177mLu should be 
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taken into account while evaluating the 177mLu production as it will significantly reduce the 

irradiation time needed to reach the maximum specific activity. The calculations shown in the 

present work reveals that about 0.11 TBq 177mLu with a specific activity of 0.3 TBq g-1 Lu can 

be produced in short irradiation time of 4 days using 1g of 84.44% 176Lu enriched Lu2O3 and a 

thermal neutron flux of 2.5*1015 n cm-2 s-1. The present work confirms the possibility of large-

scale 177mLu production, however the question of what activity and specific activity of 177mLu 

is needed for a 177mLu/177Lu radionuclide generator is not yet answered. Our future efforts will 

be focused on defining the effect of the activity and specific activity of the starting 177mLu on 

the 177Lu produced via the 177mLu/177Lu radionuclide generator.  

Finally, this work is aimed at bringing the attention of the nuclear scientist community towards 

the large-scale 177mLu production as it is crucial in developing a 177mLu/177Lu radionuclide 

generator, thereby opening the doors for an onsite, on demand 177Lu production.  
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Abstract 
In order to determine the potential of 177mLu/177Lu radionuclide generator in 177Lu 
production it is important to establish the technical needs that can lead to a clinically 
acceptable 177Lu product quality. In this work, a model that includes all the processes and 
the parameters affecting the performance of the 177mLu/177Lu radionuclide generator has 
been developed. The model has been based on the use of a ligand to complex 177mLu ions, 
followed by the separation of the freed 177Lu ions. The dissociation kinetics of the Lu-ligand 
complex has been found to be the most crucial aspect governing the specific activity, 177mLu 
content of the produced 177Lu. The dissociation rate constants lower than 1*10-11 s-1 would 
be required to lead to onsite 177Lu production with specific activity close to theoretical 
maximum of 4.1 TBq 177Lu/ mg Lu and with 177mLu content of less than 0.01%. Lastly, the 
calculations suggests that more than one patient dose per week can be supplied for a period 
of up to 7 months on starting with the 177mLu produced using 3g Lu2O3 target with 60% 176Lu 
enrichment. The requirements of the starting 177mLu activity production needs to be 
adapted depending on the required patient doses, and the technical specifications of the 
involved 177mLu-177Lu separation process.  
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6.1  Introduction 
Lutetium-177 is a β- and γ ray emitting 

radionuclide with a half-life (t1/2) of 6.64 days and 

with proven potential in the field of nuclear 

medicine 1,2. The 177Lu labelled [177Lu]Lu-

DOTATATE has been FDA approved for 

neuroendocrine tumour treatment. Other 177Lu 

labelled compounds have shown promising 

application in the treatment of a wide range of 

tumours, such as prostate cancer, breast cancer, 

etc. 3-7. It is believed that the tremendous 

potential of 177Lu is not fully exploited yet and 

the application of 177Lu in the treatment of 

tumours is expected to grow significantly in the 

coming years 1,8,9. The present worldwide 177Lu 

supply is fulfilled by the direct and the indirect 

production routes (shown in Figure 1 in red and 

blue respectively). The direct route involves the production of 177Lu by the neutron capture of 
176Lu enriched Lu2O3 targets, while the indirect approach is based on the neutron irradiation 

of 176Yb enriched Yb2O3 targets. Recently, an alternative 177Lu production route via a 
177mLu/177Lu radionuclide generator has been proposed (shown in Figure 1 in green) 10. The 
177mLu/177Lu radionuclide generator is based on the 177Lu production from the decay of its long-

lived nuclear isomer, 177mLu (t1/2 = 160.44 days), and concerns the separation of two isomers 

in the form of complexed 177mLu and freed 177Lu ions 11,12. Like other radionuclide generators 
13-19, the 177mLu/177Lu radionuclide generator also offers unique advantages like an onsite and 

on demand 177Lu supply. However, the development of 177mLu/177Lu radionuclide generator is 

still at an early stage.  

There are several uncertainties regarding the technical needs of a 177mLu/177Lu radionuclide 

generator and what 177Lu quality (specific activity and 177mLu content) & quantity (number of 

patient doses) can be delivered by the generator. It is unclear how much starting 177mLu 

activity would be needed to produce sufficient amounts of 177Lu via a 177mLu/177Lu radionuclide 

generator route. The existing literature shows that the dissociation kinetics of the complex 

used to hold 177mLu ions is of paramount importance in determining the quality of produced 
177Lu 11,12. However, what dissociation rate constants are required to lead to clinically 

acceptable 177Lu production is not known. In the present work, the existing knowledge 

regarding the 177mLu production and the 177mLu-177Lu separation have been evaluated together 

in order to define the technical needs of a 177mLu/177Lu radionuclide generator. 

Here, the processes and the parameters affecting the development of a 177mLu/177Lu 

radionuclide generator have been simulated. The effect of starting 176Lu enrichment, the 

starting 177mLu activity (and specific activity) and the 177mLu-177Lu separation on the quality, 

quantity of produced 177Lu have been defined. Finally, the expected 177Lu quality (its specific 

activity & 177mLu content) achievable via a 177mLu/177Lu radionuclide generator has been 

 
Figure 1: Different possible 177Lu production 
routes: The currently employed “indirect” 
and “direct” production route in blue & red. 
The proposed radionuclide generator route 
in green. 



Chapter-6 | Modelling of the 177mLu/177Lu radionuclide generator  

 

116 
 

compared with the 177Lu produced by the commercially employed direct and indirect 

production routes.  

6.2 Model description 
The existing literature shows that the 177mLu/177Lu radionuclide generator based 177Lu 

production consists of three processes (i) the production of 177mLu (ii) the complexation of the 

produced 177mLu ions with a ligand and 20 the 177Lu production by the separation of complexed 
177mLu and freed 177Lu ions 20. The parameters affecting these individual processes are shown 

in Figure 2. The effect of these parameters have been simulated to determine the 177Lu activity 

(number of patient doses) and the quality (its specific activity and 177mLu content) that can be 

produced from a 177mLu/177Lu radionuclide generator.  

 
Figure 2: A schematic representation of the steps involved in 177Lu production via a 177mLu/ 177Lu 
radionuclide generator, the (     ) represents the input/ output parameters, while the (      ), (    )      
represents a process and end process, respectively. 

The 177mLu/177Lu radionuclide generator based 177Lu production starts with the 177mLu 

production. The 177mLu production by the neutron irradiation of 176Lu enriched Lu2O3 target 

has been shown to be affected by neutron flux, the starting 176Lu enrichment and the 

irradiation time 21. At the end of the 177mLu production, the 177mLu containing target needs to 

be dissolved and complexed with a ligand. The internal conversion decay of 177mLu would lead 

to 177Lu production according to Equation 1,  

 
  𝐴 𝐿𝑢 

177
𝑡 =   𝐴 𝐿𝑢 

177𝑚
0 · (

𝜆 𝐿𝑢 
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· [𝑒𝑥𝑝
−𝜆

𝐿𝑢 
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] · 𝐵. 𝑅 · 𝑃. 𝐼. 𝐶 
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where 𝐴𝑚
0  is the initial activity of 177mLu at time, t= 0, before 177Lu separation, 𝜆𝑔, 𝜆𝑚 are decay 

constants of 177Lu, 177mLu respectively, 𝐴𝑔
𝑡  is the activity of 177Lu at time t, B.R is the branching 

ratio for 177mLu to 177Lu decay (21.4%) 22 and P.I.C is the probability of internal conversion 

(96.8%) 12. 

The accumulation period (the period between two successive 177Lu separations) and the 

starting 177mLu activity determines the maximum 177Lu activity that can be produced from a 
177mLu/177Lu radionuclide generator. After the accumulation period, a separation process is 

needed to separate the freed 177Lu from complexed 177mLu ions. The efficiency of this 

separation process determines the number of patient doses that can be provided from the 
177mLu/177Lu radionuclide generator. Further, the specific activity of the starting 177mLu is one 

of the crucial parameters in determining the amount of other Lu ions that gets complexed 

during the 177mLu complexation. The dissociation of the complex can release the complexed 

ions free, thereby making them inseparable from the 177Lu ions freed by the internal 

conversion decay. This increases the 177mLu content and decrease the specific activity of the 

produced 177Lu, in accordance with the Equation 2 below: 

 
𝑆. 𝐴. 𝐿𝑢

 
177 =  

𝐴177𝐿𝑢

∑ 𝑚𝑎𝑠𝑠 ( 𝐿𝑢
 

176 + 𝐿𝑢 + 𝐿𝑢 + 𝐿𝑢
 

177𝑚
 

177 + 𝐿𝑢
 

178 ) 
 

175
 

Equation 2 

In this work, the dissociation of the complex has been assumed to follow a first order 

dissociation kinetics according to the Equation 3, 4 below: 

 𝐿𝑢𝐿𝑖𝑔 ⇌ 𝐿𝑢 + 𝐿𝑖𝑔𝑎𝑛𝑑 

ln (
[𝐿𝑢𝐿𝑖𝑔]𝑡

[𝐿𝑢𝐿𝑖𝑔]0
) =  −𝑘𝑑𝑡 

Equation 3 

Equation 4 

 

where, [𝐿𝑢𝐿𝑖𝑔]0 is the initial concentration of the complexed Lu ions and [𝐿𝑢𝐿𝑖𝑔]𝑡 represents 

the concentration of complexed Lu ions at time t. kd is the dissociation rate constant in s-1 and 

t is the separation time taken to separate the complexed and free ions. The dissociation is 

majorly governed by the dissociation rate constant (kd) which is dependent on the 

temperature (T), as per the Arrhenius equation, (kd = A.exp(-Ea/RT), where T is the 

temperature) and time t. A decrease in temperature (T) or reducing the time (t) taken to 

achieve the separation can decrease the dissociation of starting complex. The effect of 

dissociation kinetics has been minimized by considering the temperature during the 177Lu 

accumulation period to be 77K. It has been assumed that the dissociation of the complex can 

only take place during the time taken to separate the freed 177Lu and the complexed 177mLu. 

This assumption is  based on an experimental design proposed previously by Bhardwaj et al 
10. 

6.3 Methods 
The 177mLu production was simulated using the previously proposed model (see chapter 5) and 

MATLAB program 21. The 177mLu activity produced was used as an input and the Equations 1- 

4 were used to simulate the 177Lu production. Amongst all the parameters shown in Figure 2, 
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some were kept constant during the simulations with their values listed in Table 1, while the 

other parameters are discussed below: 

6.3.1 Effect of 176Lu enrichment on 177mLu production 

The effect of the target 176Lu enrichment (ranging from 2.56%, 40%, 60%, 80%, 99.99%) on the 

produced 177mLu activity and specific activity was studied. The four different neutron flux 

values and the irradiation conditions used in the calculations are listed in Table 1.  

6.3.2 Effect of starting 177mLu activity on number of patient doses 

The number of patient doses were determined as a function of time for different starting 
177mLu activity produced from different 176Lu enrichment (ranging from 40%, 60%, 99.99% 
176Lu) containing Lu2O3 target. It was assumed that 177Lu would be separated after 

accumulation period of 7 days and the 177Lu produced can be collected with a 100% separation 

efficiency, as mentioned in Table 1. 

6.3.3 Effect of dissociation kinetics of the Lu-Ligand on 177mLu-177Lu separation 

A starting 177mLu activity of 0.08 TBq with a specific activity of 0.33 TBq g-1 Lu produced from 

1g with an 84.44% 176Lu enriched Lu2O3 target was used as an input for 177mLu complexation 

with a ligand. The effect of dissociation kinetics on the 177mLu content and the specific activity 

of the produced 177Lu was considered only during the separation of complexed 177mLu and 

freed 177Lu ions. The dissociation rate constants (ranging from 6.25*10-12 s-1 – 1.0*10-10 s-1) for 

different 177mLu-177Lu separation times (1 min, 5 min & 10 min) were used in the calculation, 

while keeping the 177Lu accumulation period fixed to 7 days. The effect of dissociation rate 

constants was also studied at different 177Lu accumulation period of 7, 14, and 21 days for a 

fixed 177mLu-177Lu separation time of 10 minutes.  

6.3.4 Effect of starting 177mLu specific activity on the 177Lu production 

The specific activity of 177Lu produced in the studied dissociation rate constant range, 6.25*10-

12 s-1 – 1.0*10-10 s-1 was evaluated as a function of the starting 177mLu specific activity (or 

starting 176Lu enrichment used in 177mLu production) for fixed 177mLu- 177Lu separation time of 

10 minutes, 1 minute and 177Lu accumulation period of 7 days. 

Table 1: List of the values ascribed to different parameters used during the modelling of processes 
involved in 177mLu/177Lu radionuclide generator.  

Parameter Value Reference 

Neutron flux and 

irradiation time 

2.5*1015 cm-2. s-1, tirr = 4 days, tcooling = 60 days Bhardwaj et al 
21  

1.5*1015 cm-2 s-1, tirr =  6 days, tcooling = 60 days 

8*1014 cm-2 s-1, tirr = 11 days, tcooling = 60 days 

2*1014 cm-2 s-1, tirr = 40 days, tcooling = 60 days 

One patient dose 7.4 GBq Bakker et al 23 
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177mLu-177Lu separation 
efficiency 

100% Assumption 10 

177Lu accumulation 
temperature 

77K Bhardwaj et al 

Starting 177mLu activity, 

specific activity 

0.08 TBq, specific activity of 0.33 TBq g-1 Lu  

 

6.4  Results and Discussion 
The section begins with evaluating the influence of 176Lu enrichment on the 177mLu production. 

Subsequently, the effect of starting 177mLu activity, specific activity (or starting 176Lu 

enrichment) on the produced 177Lu activity, specific activity have been defined for different 

dissociation rate constants and the 177mLu-177Lu separation time. 

6.4.1 Effect of 176Lu enrichment on 177mLu production 

The availability of sufficient 177mLu activity is an important requirement for the 177mLu/177Lu 

radionuclide generator. The 177mLu production has been based on the irradiation of 176Lu 

enriched Lu2O3 targets in nuclear reactor.  Figure 3 shows the effect of different 176Lu target 

enrichment on the maximum 177mLu activity, specific activity produced under the irradiation 

conditions listed in Table 1.  

 
Figure 3: The maximum 177mLu activity produced (solid line and y axis, on the left) and its specific activity 
(dashed lines and y axis, on the right) as a function of 176Lu enrichment in the starting Lu2O3 target.  
The time needed to reach the maximum irradiation (tirradiation) is 4, 6, 11, 40 days for the thermal 
neutron flux of 2.5*1015, 1.5*1015, 2*1014, 8*1014 cm-2.s-1 respectively and the cooling time is tcooling = 
60 days. 

It can be seen from Figure 3 that the increase in the 176Lu target enrichment leads to an 

increase in both the activity and specific activity of 177mLu produced. The 177mLu activity 

increases proportionally with the increase in the starting 176Lu enrichment 21. However, the 

increase in the 177mLu specific activity do not follow a proportional behaviour and increases 

rapidly with an increase in the 176Lu enrichment. A maximum 177mLu activity of 0.09 TBq, with 

a specific activity of 0.65 TBq 177mLu/ g Lu can be produced using 1 g of 99.99% 176Lu enriched 
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Lu2O3 target. The decrease in the 176Lu enrichment from to 99.99% to 84.44% leads to about 

a half of the specific activity of the produced 177mLu. The initial 176Lu enrichment used in the 
177mLu production is crucial in evaluating the overall cost and the feasibility of the radionuclide 

generator based 177Lu production. In addition, the starting 177mLu activity and specific activity 

are important in determining the activity, 177mLu content and the specific activity of produced 
177Lu. 

6.4.2 Effect of starting 177mLu activity (or 176Lu enrichment) on the number of patient doses  

The number of patient doses that can be delivered from a 177mLu/177Lu radionuclide generator 

is an important practical aspect that should be considered before evaluating the possibility of 

its commercialization. Figure 4 displays the number of patient doses that can be obtained from 

the 177mLu produced using 1g of different 176Lu enriched targets. 

 

Figure 4: The total number of patient doses that can be produced weekly from the 177mLu produced 

using 1g of different 176Lu enrichment containing targets  

It can be seen from Figure 4 that the number of patient doses that can be produced from a 
177mLu/177Lu radionuclide generator decreases on decreasing the 176Lu enrichment used in 
177mLu production. This is expected as the amount of patient doses will be determined by the 
177Lu activity produced which is directly proportional to the starting 177mLu activity (or the 

starting 176Lu enrichment), in accordance with Equation 1.  The use of 99.99% 176Lu enriched 

target can provide up to 1 patient dose weekly in the first 90 days and decreases to less than 

one patient dose weekly with the further increase in time. The use of 60% 176Lu enriched Lu2O3 

target would provide less than 1 patient dose weekly during the life of generator. Thus, the 

irradiation of larger masses of starting Lu2O3 target would be needed in order to reach more 

than one patient dose. For instance, the use of 3g 60% Lu2O3 target will result in more than 

one patient dose per week for a period of up to 7 months. A further decrease in the starting 
176Lu enrichment would increase the target mass needed to produce one patient dose per 

week for a long period of time. To the best of our knowledge, the 176Lu enriched Lu2O3 (60%- 

84.44%) is commercially available in the order of few milligrams and its availability in the order 

of grams should be investigated in future research.  
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Further it should be noted that the current direct route 177Lu production uses 1-5 mg of 

enriched target to provide about 100 patient doses while the indirect route can lead to about 

50 patient doses using 100 mg of the target (depending on the target enrichment and the 

neutron flux) 10,24,25. The irradiation has to be performed every week and the produced patient 

doses (177Lu) should be used preferably within one week owing to its half-life of 6.64 days. In 

the case of 177mLu/177Lu radionuclide generator, the irradiation would be needed once in 6-7 

months and the 177Lu could be produced when needed. 

Lastly, it should also be mentioned that the number of patient doses (or produced 177Lu 

activity) will also get effected by the efficiency of the separation process responsible for 

obtaining the freed 177Lu ions. The separation efficiency will depend on the chemical design of 

a radionuclide generator system and it can be expected to vary from 60%-99% on the basis of 

the available literature 11,12. Moreover, with an increasing number of separations and storage, 

the elution efficiency may drop further for chemical, physicochemical or radiolytic reasons 

and should be evaluated in future research. 

6.4.3 Effect of the dissociation kinetics on the 177mLu content and specific activity of the 

produced 177Lu  

The specific activity of the 177Lu produced and its 177Lu/177mLu activity ratio is largely 

dependent on the dissociation of the complexed Lu. The effect of dissociation rate constant 

on the specific activity of the produced 177Lu and the accompanying 177Lu/177mLu activity ratio 

for different 177mLu-177Lu separation time is shown in Figure 5(a) and for different 177Lu 

accumulation period is shown in Figure 5(b).  

(a)

 

(b)

 
Figure 5: The change in 177Lu/177mLu activity ratio (solid line and y axis on the left) and the specific 
activity of 177Lu (dashed lines and y axis on the right) (a) as a function of dissociation for different 177mLu- 
177Lu isomer separation time and fixed 177Lu accumulation period of 7 days (b) for different 177Lu 
accumulation period and fixed 177mLu- 177Lu isomer separation time of 10 minutes. (Input: 177mLu 
produced using 1 g 84.44% 176Lu enriched Lu2O3 and thermal flux 8*1014 cm-2.s-1, Amax = 0.08 TBq, S.A= 
0.33 TBq/ g Lu, tirr = 11 days, tcooling = 60 days). The shaded regions on the y-axis (left) represents the 
177Lu/ 177mLu activity ratios that can be achieved commercially and the y-axis is the theoretical 
maximum specific activity of 4.1 TBq/ mg Lu 26.  
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Figure 5(a) shows that the decrease in the 177mLu-177Lu separation time leads to a proportional 

increase in the 177Lu/177mLu activity ratio while the specific activity remains close to the 

theoretical maximum of 4.1 TBq 177Lu/ mg Lu. A 177mLu-177Lu separation time of 1 minute 

would provide with an ideal separation leading to 177mLu content of less than 0.01% for the 

studied dissociation rate constants ( i.e. ranging from 6.25*10-12 - 1*10-10 s-1 ). A 177mLu-177Lu 

separation time of 10 minutes will result in a 10 times decrease in the 177Lu/ 177mLu activity 

ratio making the use of dissociation rate constants higher than 2.5*10-11 s-1 clinically 

unacceptable. It should be noted that the 177mLu- 177Lu separation time of 10 minutes has 

already been experimentally achieved in the existing literature 11. Further, the existing 

technologies such as microfluidics27, capillary electrophoresis 28 are few attractive options that 

can allow reaching 177mLu- 177Lu separation time up to 1 minute. However, their potential in 
177Lu-177mLu separation have not been experimentally proved yet and should be evaluated in 

future investigations. 

Figure 5(b) shows that an increase in the 177Lu accumulation period increases the 177Lu/177mLu 

activity ratio while keeping the 177Lu specific activity in the range of 2.9- 4.1 TBq 177Lu/ mg Lu. 

The use of a ligand with a dissociation rate constant ranging from 1.25*10-11 - 5*10-11 s-1 would 

result in the 177Lu/ 177mLu activity ratios ranging from 3000- 10000, depending on the 177Lu 

accumulation period. Accumulation period of about 15-30 days would be needed to get the 
177Lu/177mLu activity ratio higher than 3000. This is expected as the 177Lu activity increases with 

the increase in 177Lu accumulation period (in accordance with Equation 1). The 64% of the 

maximum 177Lu activity grows after about 7 days of accumulation period, increasing from 90% 

to 98% after 14 days and 21 days of accumulation, respectively. The use of complexes with 

dissociation rate constants lower than 1.25*10-11 s-1, will keep the 177mLu content less than 

0.01% and 177Lu specific activity close to theoretical maximum of 4.1TBq 177Lu/ mg Lu 

irrespective of used 177Lu accumulation period. 

Overall, the achievable 177Lu quality is better than the one produced by the current direct and 

indirect production route. The indirect 177Lu production has been reported to result in 177Lu 

specific activity ranging from 2.9 TBq/ mg Lu to theoretical maximum of 4.1 TBq/ mg Lu with 
177mLu content less than 0.01% 177mLu (the 177Lu/177mLu activity ratio ≥ 10,000) 29-32,27,33. The 

reported specific activity values produced via the direct route production ranges from 500 

GBq/ mg Lu – 2.8 TBq/ mg Lu depending on the starting target enrichment and the neutron 

flux 29,34,35,31,32,36. Further, the direct production has been reported to lead to the 177Lu/ 177mLu 

activity ratios ranging from 4,000 - 10,000 (at the EOI) depending on the used irradiation time, 

neutron flux and the target enrichment 37-41. It should be pointed out that the reported values 

have been based at the end of irradiation. However, the hospitals use 177Lu up to one week 

after the end of irradiation and  during this time the 177Lu/177mLu activity ratio is likely to be 

halved 1.  

6.4.4  Effect of starting 177mLu specific activity on the specific activity of produced 177Lu 

Apart from the dissociation rate constant, the specific activity of the produced 177Lu also gets 

affected by the specific activity of the starting 177mLu which is related to the initial 176Lu 

enrichment (as shown previously in Figure 3). Figure 6 presents the 177Lu specific activity that 
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can be produced when starting with 1g of different 176Lu enrichment containing targets and 

dissociation rate constants ranging from 6.25*10-12 s-1  –1*10-10 s-1. Figure 6(a), (b) has been 

based on a 177mLu- 177Lu separation time of 10 minute and 1 minute respectively.  

(a) 

 

(b) 

 
Figure 6: The specific activity of the produced 177Lu as a function of dissociation rate constant for 
different 176Lu enrichment containing targets and (a) a 177mLu- 177Lu separation time of 10 minutes, (b) 
177mLu- 177Lu separation time of 1 minute. 

Figure 6(a) and (b) clearly highlights the important role of the 177mLu-177Lu separation time in 

determining the specific activity of 177Lu produced. The use of a 177mLu-177Lu separation time 

of 1 minute will keep the 177Lu specific activity close to the theoretically maximum of 4.1 TBq/ 

mg Lu irrespective of the starting 176Lu enrichment (Figure 6(b)) while it gets affected on using 

a 177mLu-177Lu separation time of 10 minutes. 

The decrease in the starting 176Lu enrichment would decrease the specific activity of the 

produced 177mLu (see Figure 3). The use of low starting specific activity 177mLu results in high 

Lu (177mLu, 176Lu, 175Lu) ion contribution due to dissociation, thereby lowering the specific 

activity of produced 177Lu ions. The use of complex with a dissociation rate constant of an 

order of 1.25*10-11 s-1 can lead to specific activity close to 4.1 TBq/ mg Lu irrespective of the 

initial 176Lu enrichment and 177mLu-177Lu separation time. However, the use of a complex with 

dissociation rate constants higher than 5*10-11 s-1 results in a considerable difference in the 

specific activity of the produced 177Lu, ranging from 3.9 TBq/ mg Lu to 1.12 TBq/ mg Lu, 

depending on the starting 176Lu enrichment and 177mLu-177Lu separation time. It should be 

noted that the lowest specific activity of 1.12 TBq/ mg Lu produced on starting with 1g 40% 
176Lu enrichment containing target is very well comparable to the 177Lu produced during the 

direct route.  

Overall, the results from Figure 5 & 6 indicate that the dissociation rate constants higher than 

1*10-10 s-1 are unacceptable irrespectively of the employed 177Lu accumulation period or 
177mLu- 177Lu separation time (1 minute – 10 minutes) as they lead to high 177mLu content in 

the produced 177Lu.  The dissociation rate constant of the order of 10-7 s-1 (at pH-5, 20°C) has 

been reported in the literature for the chemically similar Y-DOTA complex 42 and dissociation 
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rate constants of the order of 10-8 s-1 has been reported for Lu-DOTATATE complex (at pH-4.3, 

and 20°C) 43. The dissociation rate constant (kd) can be further decreased by lowering the 

temperature or the time taken to achieve the separation, as per the Arrhenius equation, (kd = 

A.exp(-Ea/RT), where T is the temperature). It has been experimentally demonstrated in 

Chapter 4, where the dissociation rate constant of 5*10-8±1.3*10-8 s-1 has been achieved using 

Lu-DOTA complex, 177Lu accumulation temperature of 77K and a 177mLu-177Lu separation time 

of 10 minutes11. 

6.5  Conclusions 
The presented work establishes the technical needs and potential of the 177mLu/177Lu 

radionuclide generator in the 177Lu production. The effect of 176Lu enrichment and the 177mLu-
177Lu separation conditions on 177Lu production have been studied. Depending on the starting 
176Lu enrichment, large target masses might be required to produce sufficient 177Lu. For 

instance, the irradiation of 3g, 60% 176Lu enriched Lu2O3 target would be needed to produce 

more than one patient dose per week for a period of up to 7 months. Further, the use of initial 
176Lu enrichment varying from 40%- 99.99% could lead to 177Lu specific activity ranging from 

1.2- 3.9 TBq 177Lu/ mg Lu, depending on the used 177mLu-177Lu separation conditions. The 

dissociation rate constants involved during the 177mLu-177Lu separation would be crucial in 

governing the specific activity and 177mLu content of produced 177Lu. The dissociation rate 

constants ≤ 1*10-11 s-1 would be needed to produce 177Lu with less than 0.01% of the 177mLu 

content and with specific activity close to a theoretical maximum of 4.1 TBq 177Lu/ mg Lu.   

Finally, it should be noted that this work has been based on the use of a ligand for complexing 

Lu ions post 177mLu production and provides a reflection on the order of kinetic stability 

needed for the immobilization of Lu ions. The method for Lu ion immobilization can very well 

be varied while keeping in mind the needed kinetic stability.  
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Radionuclide generators are radionuclide production devices that allows onsite availability of 

a radionuclide without the need for local access to a nuclear reactor or accelerator 1. They 

offer no-carrier added, high specific activity radionuclide production, and also allow repeated 

extraction of the daughter radionuclide from its parent radionuclide for a long period of time. 

A large number of 99Mo, 68Ga, 188Re, 90Y based nuclear medicine studies would not have been 

possible without the availability of corresponding radionuclide generators 2,3.  

A radionuclide generator for lutetium-177 (177Lu) production does not exist yet. 177Lu is a β- 

and gamma emitting radionuclide which is very well known for its potential in targeted 

radionuclide therapy and others 4. Currently, its worldwide supply is completely dependent 

on the availability of nuclear reactors. Like other radionuclide generators, a 177mLu/177Lu 

radionuclide generator can reduce the nuclear reactor dependency for its availability. The 

objective of this thesis was to evaluate the possibility of developing a 177mLu/177Lu radionuclide 

generator based lutetium-177 (177Lu) production. However, it is unique and different from the 

existing generators as it involves the separation of physically and chemically identical nuclear 

isomers, 177mLu & 177Lu. Further, there are many requirements that needs to be established 

before its commercialization such as chemical, radiochemical and radionuclidic purity of the 

produced 177Lu and shelf life of the generator. This thesis was specifically aimed at providing 

the proof of concept of 177mLu-177Lu separation and identify the basis for the future work 

towards a clinically acceptable 177mLu/177Lu radionuclide generator. The main aspects covered 

in this thesis are as follows, 1) the separation of physically and chemically alike nuclear 

isomers, 177Lu & 177mLu 2) the production 177mLu and lastly 3) a 177mLu/177Lu radionuclide 

generator was simulated to evaluate the quality, quantity of 177Lu that can be produced. In 

the following paragraphs, the main conclusions and a future outlook on these aspects is 

presented: 

Based on the work in this thesis, it is concluded that the nuclear isomers 177mLu and 177Lu can 

be chemically separated. The 177mLu-177Lu separation requires firstly, a very stable complexing 

agent to coordinate the 177mLu ions. Secondly, the complexed 177mLu results in free 177Lu ion 

production via the decay by internal conversion and provides an opportunity to separate the 

two nuclear isomers in the form of complexed 177mLu and freed 177Lu ions. Lastly, separation 

conditions where the freed 177Lu ions could not re-associate back with the complexing agent 

and the complexed 177mLu ions could not dissociate are required. Thus, the kinetic stability of 

the complexing agent and the low association- dissociation kinetics appeared as the major 

parameters determining the degree of 177mLu-177Lu separation. In this thesis, 1,4,7,10-

Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and DOTA based peptide, DOTA-

(Tyr3)-octreotate (DOTATATE) were used as 177mLu complexing agent. The separation of freed 
177Lu ions was achieved using reversed phase column chromatography (Chapter 2), liquid-

liquid extraction (Chapter 3) and solid phase extraction (Chapter 4).  

In Chapter 2, a 177Lu/177mLu activity ratio of 250 was achieved after separation in comparison 

to the equilibrium 177Lu/177mLu activity ratio of 0.25. It was realized using reversed phase 

column chromatography where the 177mLu-DOTATATE complex was retained on a tC-18 silica 

filled column and the free 177Lu ions produced after bond rupture were collected using a 
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mobile phase flow. This method offered advantages such as ease of use, operational 

simplicity, and collection of 177Lu in suitable aqueous phase. However, it required that the 

usually hydrophilic Lu complex had to be made hydrophobic by conjugating them with a 

radiolytically unstable peptide chains. The peptide chains can degrade over the period of time 

due to the radiation damage and can release the 177mLu ions free out of the column. This makes 

the adaptation of this technique into a commercial 177mLu/177Lu radionuclide generator 

uncertain for possible future investigations. 

In Chapter 3, the 177Lu/177mLu activity ratio close to 3500 was achieved after the 177mLu-177Lu 

separation which is close to the 177Lu/177mLu activity ratio obtained during the direct route 
177Lu production. It employed liquid-liquid extraction where the 177mLu ions were complexed 

in the aqueous phase and the freed 177Lu ions were extracted into organic phase using a cation 

extracting agent. The use of 77K during 177Lu accumulation prevented the dissociation of 

complexed 177mLu and the re-association of freed 177Lu ions with the complexing agent. The 

extraction of free 177Lu ions were performed at room temperature in about 10 minutes. The 

10 minutes time allowed to reach the 177Lu extraction efficiencies of 58±2% while keeping the 
177mLu contribution due to the dissociation low to 0.0020±0.0010% of the initial 177mLu activity. 

Overall, it is a very easy and convenient way to evaluate the potential of any complexing agent 

in 177mLu-177Lu separation.  

However, the presented method is not automatized yet, it was performed at lab-scale with 

very low activity levels and is far from commercialization. The additional effects due to the 

radiation damage and the back extraction of 177Lu from organic phase to aqueous phase were 

not considered here and should be accounted carefully in the future research. Further, the 

recent innovations in the automated LLE based systems should be applied in taking this 

technology forward to lead to a commercial 177mLu/177Lu radionuclide generator 5. Some of 

these examples includes an on-column solvent extraction, shown in Figure 1(a) 6 and a 

continuous flow extraction, membrane-based phase separation, shown in Figure 1(b) 7.  

(a) 
  

(b) 
 
 

 

Figure 1: Schematic description of automated liquid-liquid extraction modules used in radionuclide 

purification adapted from Martini et al 6 Figure 1(a) and Pedersen et al 7 Figure 1(b) 
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These previously published automated modules were designed for the extraction of 99mTc and 
45Ti in organic phase respectively. Notably, for the set up shown in Figure 1(b), a residence 

time of 13.2 s was used to achieve extraction efficiencies up to 90%. Such automated modules 

can be applied in 177mLu-177Lu separation during future research. Furthermore, apart from 

these automated systems, microfluidics based on-chip LLE should also be considered as an 

attractive option that can allow to reach fast 177mLu-177Lu separation time of few seconds 8,9. 

Once the 177mLu-177Lu separation is automatized, it can certainly lead to a 177mLu/177Lu 

radionuclide generator to provide 177Lu with the specific activities close to 4.1 TBq/ mg Lu and 

with negligible 177mLu content. 

Chapter 4 dealt with a solid phase extraction (SPE) based 177mLu-177Lu separation. The SPE 

involves the complexation of 177mLu on a solid support and the elution of the freed 177Lu using 

a mobile phase flow. The SPE based radionuclide generators are traditionally the most 

common ones, owing to their favorable characteristics such as ease of operation, easy 

automatization and free of organic solvents. In this work, DOTA has been grafted on a silica 

support and use for 177mLu complexation while the released 177Lu ions have been collected in 

a mobile phase flow. A 177Lu/177mLu activity ratio of 25 has been achieved after separation, in 

comparison to 177Lu/177mLu activity ratio of 3500 on using 177mLu-DOTA complex in LLE. It was 

postulated that after the grafting on DOTA on silica support, it can no longer form the stable 

cage coordinated complex with Lu ions thus leading to high 177mLu contribution from 

dissociation. Overall, for the use of SPE in a 177mLu/177Lu radionuclide generator development, 

it is essential that the support should retain 177mLu ions with a very high degree of kinetic 

stability and it should not have any reactive sites that can interact with the released 177Lu ions.  

Lastly, the large scale production of 177mLu has been addressed in Chapter 5 and the question 

on what amounts of 177mLu would be needed to produce sufficient 177Lu via a 177mLu/177Lu 

radionuclide generator has been addressed in Chapter 6. It was found that the neutron 

capture cross section for 177mLu production is close to 2.8 b and it has an additional burn up 

neutron capture cross section close to 620 b. Based on this cross sections, it was theoretically 

estimated that the 177mLu production will require a short irradiation time of 5- 11 days at high 

flux reactors (8*1014 n.cm-2.s-1 – 2.5*1015 n.cm-2.s-1). A starting 177mLu activity of the order of 

0.1 TBq would be needed to produce about 7.4 GBq of 177Lu (one patient dose) per week for 

a period of up to 7 months. This in turn would require irradiation of 2-4 g of 176Lu enriched 

Lu2O3 targets (depending on the starting 176Lu enrichment). Presently, the 176Lu enriched Lu2O3 

targets are available in the order of few milligrams. The big question remains, whether the 

current infrastructure support the production of few grams of 176Lu enriched target? If so, 

what would be the costs involved. This is an important question that needs to be addressed 

to assess the possibility of commercialization of 177mLu/177Lu radionuclide generator. 

The specific activity and the 177Lu/177mLu activity ratio that can be achieved via the 177mLu/177Lu 

radionuclide generator have been theoretically addressed in Chapter 6. It has been found that 

the 177Lu with specific activity close to theoretical maximum of 4.1 TBq 177Lu/ mg Lu having 

less than 0.01% 177mLu can be produced. However, it requires that the complexing agent with 

the dissociation rate constant of the order of 10-11 s-1 has to be employed possibly in 
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combination with short 177mLu-177Lu separation time. The favorable coordination chemistry of 

Lu ions provides with numerous possibilities of complexing agents, and the advances in the 

separation chemistry can potentially lead to a 177mLu-177Lu separation process needed to 

achieve the clinically acceptable 177Lu quality 10-12.   The question that needs to be answered 

in the future research is the feasibility of large scale 177mLu production needed as the starting 

material for 177mLu/177Lu radionuclide generator. 
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