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Abstract 

With a growing number of radiotracers approved for clinical use, the development of efficient 

production of new positron-emitting radionuclides is warranted. Production methods for two 

novel, PET-imageable radionuclides were developed and reported for medical applications. 

First, automated production of no-carrier-added 61/64Cu was developed for a widely proliferated 

commercial radiosynthesis platform. The developed method will enable the production of 61/64Cu 

radiotracers at hundreds of facilities worldwide currently using the platform. The synthesis time 

was 65 minutes and yielded >99% radionuclidically pure 61/64Cu in 2 mL of dilute HCl. Apparent 

molar activities with NOTA were comparable to the values reported for routine 64Cu produced 

manually in our lab, on the order of 5 Ci/µmol. Using enriched target material, we achieved 90 

and 95% recycling efficiency of 60Ni and 64Ni, respectively. Future work will focus on cassette-

based labeling for single-platform 61/64Cu isolation and radiotracer production. 

Second, a growing body of literature describes the potential of Auger-electron-emitting 

radionuclides in TRT. This, combined with the unique emission spectrum of particles from its 

decay, makes 71Ge an ideal candidate for probing the microdosimetric effects of low energy 

electrons absent confounding photon dose. This work reports a novel intermetallic compound of 

Co and Ga for accelerator production of no-carrier-added 69/71Ge. A new extraction 

chromatography method isolates the Ge product from irradiated Co-Ga targets with high 

chemical purity and concentration. Thiol-based chelation strategies were investigated for 

radiolabeling. Preliminary labeling results are encouraging, and work is ongoing to overcome 

challenges related to the solubility and stability of the radiolabeled complex.  
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Chapter 1: Introduction 

Positron-emission tomography (PET) imaging is an important clinical tool for diagnosis and 

staging in radiation oncology [1,2]. 18F (T1/2 = 109.77 m, Iβ+ = 96.73%, Emax, β+ = 633.5 keV) labeled 

agents have become the PET workhorse similar to 99mTc (T1/2 = 6.01 h, Iγ = 89%, Eγ = 140.5 keV) 

agents in conventional single photon emission computed tomography (SPECT) imaging [3]. 

Numerous radiotracers have been developed for PET imaging; in addition to 18F, the current 

palette of radioisotopes for clinical PET includes 11C (T1/2 = 20.36 m, Iβ+ = 99.77%, Emax, β+ = 960.4 

keV), 13N (T1/2 = 9.97 m, Iβ+ = 99.80%, Emax, β+ = 1198.5 keV), and 15O (T1/2 = 2.04 m, Iβ+ = 99.9%, 

Emax, β+ = 1732 keV), and 68Ga (T1/2 = 67.71 m, Iβ+ = 87.7%, Emax, β+ = 1899 keV) [4,5]. However, the 

short half-lives of most of these radionuclides require a direct supply (e.g. production on a local 

small cyclotron) and are not amenable to regional distribution. 18F, with its ~2-hour half-life, is an 

exception to this and is regionally distributed allowing clinical PET imaging in areas without 

dedicated cyclotrons for radionuclide production.  

61Cu (T1/2 = 3.34 h, Iβ+ = 51%, Emax, β+ = 1215.8 keV)  is a positron-emitter which can be produced 

on small cyclotrons and has sufficient half-life to enable regional distribution [6]. Additionally, 

61Cu is chemically identical to 64Cu (T1/2 = 12.7 h, Iβ+ = 17.49%, Emax, β+ = 652.6 keV) and therefore 

amenable to the same radiochemical preparations. 64Cu tracers have been studied extensively, 

from the intrinsic targeting properties of 64CuCl2 to PET imaging vectors like ASTM, PSMA, and 

monoclonal antibody fragments like trastuzumab and cetuximab [7,8]. In 2020, the first 64Cu-

labeled radiopharmaceutical for PET/CT imaging was approved by the Food and Drug 

Administration (FDA), 64Cu-DOTATATE (DetectnetTM) [9]. 64Cu can potentially be employed as a 
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therapeutic radionuclide due to its emission of Auger electrons and β- particles [7,10]. Combined, 

61/64Cu represent a potential theranostic pair. As noted in the review by Yordanova et al [11], 

“The theranostic approach in nuclear medicine couples diagnostic imaging and 

therapy using the same molecule or at least very similar molecules, which are 

either radiolabeled differently or given in different dosages.” Current challenges in oncology 

treatment include the fact that elderly patients are typically unfit for conventional chemotherapy 

due to comorbidities and poor performance, and the occurrence of side effects may aggravate 

treatment compliance in young and old alike [11]. Because of these, the combination of targeted 

cancer imaging and therapy represents an important advance in personalized medicine [11].  

Another potential therapeutic radionuclide of copper is 67Cu (T1/2 = 61.83 h, 100% β-) which emits 

energetic betas, Auger electrons, and a 184.6 keV photon (48.7%). However, direct production 

of 67Cu is limited due to the lack of a dedicated network of nuclear reactors and high-energy 

cyclotrons to supply the radionuclide [10]. On the other hand, the International Atomic Energy 

Agency (IAEA) Database of Cyclotrons for Radionuclide Production reports nearly 250 small 

cyclotrons in the US alone, and the production of 64Cu on small cyclotrons is established [12]. 

Production of radionuclides by charged particle bombardment (i.e. on small cyclotrons) yields 

carrier-free radionuclides transmuted from the bombarded target material which is comprised 

of a different chemical element. Thus, the only stable isotopes of the element being produced 

are those present as trace impurities in the target material which are not chemically separable 

from the produced radionuclides. Carrier-free tracers are rarely obtained in radionuclide 

production, so carrier-free specific activity represents a theoretical maximum purity. On the 

other hand, no-carrier-added indicates that no deliberate addition of stable isotopes to the 
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produced radioactivity has occurred and that the radioactive product is essentially free from 

stable isotopes of the same element [13] which indicates a high purity but not necessarily the 

theoretical maximum.  

With its longer half-life, 64Cu can be distributed coast-to-coast in the continental United States. 

Automated production of 61/64Cu on small medical cyclotrons has the potential to shorten 

production times and minimizes dose to the operators. For these reasons, automated 61/64Cu 

production using a variety of target transfer systems and automated chemistry modules has been 

reported [14,15]. Currently, the GE FASTlabTM (FASTlab) chemistry module is widely distributed 

and used for the automated production of good manufacturing process (GMP) compliant 

radiotracers, with more than 740 modules reported in use around the world [16]. In collaboration 

with GE Healthcare, we developed an automated production method using an ARTMS QiS target 

transfer and dissolution system in series with a FASTlab chemistry module for use at our 

institution. The successfully developed method will increase the availability of 61/64Cu 

radiotracers by enabling seamless incorporation of the production method at facilities currently 

using FASTlab modules for the synthesis of other clinical radiotracers. 

In addition to radioisotopes of copper, a handful of transition radiometals are emerging for PET 

applications. Longer lived radionuclides like 86Y (T1/2 = 14.74 h, Iβ+ = 11.9%, Emax, β+ = 1221 keV) 

and 89Zr (T1/2 = 78.41 h, Iβ+ = 22.74%, Emax, β+ = 902 keV) have been reported on with sufficient 

half-lives for long-range distribution as well as for in vivo applications requiring longer circulation 

times (e.g. monoclonal antibodies and fragments) [4,5,8,17–20]. With the aim of broadening the 

palette of available PET radioisotopes, 69Ge (T1/2 = 39.05 h, Iβ+ = 21%, Emax, β+ = 1205.1 keV) is 

worthy of investigation. Its relatively long half-life enables long-range distribution or use of 
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tracers with long circulation times in vivo. Additionally, many potential in vivo roles for naturally 

occurring germanium have been identified, including antitumoral activities related to cell killing, 

as well as antimicrobial effects [21]. However, the mechanisms underlying these activities are not 

well understood, and 69Ge PET could confirm and elucidate some of these findings.  

Furthermore, there is a growing interest in Auger-electron emitting nuclides (e.g. 161Tb and 111In 

[22], 135La [23], and 58mCo [24]) in targeted radiotherapy (TRT) due to their high linear energy 

transfer (LET), short-range emissions. Because of its longer half-life and emission of four to seven 

0.005 – 10 keV Auger electrons per decay [25,26], 71Ge is an interesting model radionuclide for 

TRT, especially for agents with longer circulation times. Its only other emissions are relatively low 

intensity 9 – 10 keV X-rays (~44%, combined), which make 71Ge unique as a probe of low energy 

electrons’ microdosimetric effects absent confounding photon dose. So-called “perfect Auger 

emitters” emit the majority of their decay energy via <50 keV Auger electrons [27]. Together, 

69/71Ge also represent a potential theranostic pair meriting investigation into their efficient 

production and isolation. Few descriptions of germanium radioisotopes’ production (69/71Ge) are 

found in literature and none that might enable in vitro or in vivo applications [5,28,29].  

For both 61/64Cu and 69/71Ge, theoretical thick-target yields (TTYs) at end-of-bombardment (EoB) 

were calculated using the formalism recommended by the IAEA [30], given below: 

𝑌𝐸𝑜𝐵[𝐵𝑞] =  
𝑁𝐴

𝐴𝑇
∗ 𝐼 ∗ (1 − 𝑒−𝜆𝐷∗𝑡𝑖𝑟𝑟𝑎𝑑) ∫

𝜎𝑇(𝐸)

𝑆𝑇(𝐸)
𝑑𝐸

𝐸𝐼

𝐸𝐸

 

NA is Avogadro’s number (atoms per mole), AT is the molar mass of the target (grams per mole), 

I is the number of protons per second incident on the target, λD is the decay constant of the 
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produced radionuclide (s-1), tirrad is the duration of the irradiation (in seconds), σT(E) is the nuclear 

reaction cross-section (in cm2), ST(E) is the total stopping power of the target medium (MeV*cm2 

per gram), and dE is the incremental change in energy (MeV) integrated over the incident (EI) to 

exit (EE) proton energies. The stopping powers were obtained from the SRIM program [31]. 

Experimentally measured cross-section data were used wherever possible. However, the cross-

section data for 71Ga(p,n)71Ge has not been measured above 7 MeV, so theoretically predicted 

cross-section data were utilized in this case.  

This work reports an automated 61/64Cu production using existing infrastructure in our lab which 

has not previously been employed for this task. Additionally, the first report on the use of an 

intermetallic cobalt/gallium target for 69/71Ge production is presented along with the 

radiochemical isolation method developed around extraction chromatography. A detailed review 

of copper radionuclide production and radiochemical isolation is included in the introduction of 

Chapter 2. Similarly, detailed reviews of germanium radionuclide production, radiochemical 

isolation, and germanium radiolabeling/chelation are included in the introductions of Chapters 

3, 4, and 5, respectively. 

1.1) Organization of the Dissertation 

Chapter 2 describes the development of an automated production and radiochemical isolation 

process for 61/64Cu. An electrodeposition process for the nickel target material was adapted to 

deposit the material on silver backings. Modification of the ARTMS QiS target transfer dissolution 

unit’s fluid pathways is discussed along with the enabling of target material recycling with the 
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process. And finally, the characterization of the radionuclidic and chemical purity of the copper 

product is evaluated. 

Chapter 3 details the development of a novel intermetallic target material for accelerator 

production of 69/71Ge. Most notably, the development of a durable material in beam is described. 

A method for quantification of 71Ge by low-energy X-ray spectrometry was developed, and the 

69/71Ge end-of-bombardment yields were measured. Characterization of the new target material 

was attempted by X-ray diffractometry (XRD).  

Chapter 4 covers the development of the radiochemical isolation of 69/71Ge from the irradiated 

bulk target. To avoid the formation of volatile and radioactive 69/71GeCl4 and mitigate the 

associated hazards, extraction chromatography was investigated for targets dissolved in 

concentrated nitric acid. Distribution coefficients were measured for the extraction 

chromatography resin, and a dynamic column separation technique was developed. The final 

product was characterized by high-purity germanium (HPGe) and microwave plasma atomic 

emission spectrometry to assess radionuclidic and chemical purity. 

Chapter 5 presents the investigation of radiolabeling of thiol-based chelators with 69/71Ge. 

Inspired by reports in the literature on the complexation of stable germanium with thiol 

compounds, lipoic acid and a model trithiol chelator developed by the Jurrison group at the 

University of Missouri (Mizzou) were explored for their ability to chelate the 69/71Ge product. 

Attempts were made to purify labeled compounds by C18 cartridge and semi-preparatory high-

performance liquid chromatography (HPLC). And finally, the stability of the labeled compounds 



7 
 

in phosphate-buffered saline (PBS) and PBS/Human serum mixture was assessed by analytical 

HPLC. 

Appendix A contains additional XRD data collected during the characterization of the target 

material (chapter 3). 
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Chapter 2: Automated production of no-carrier-added 61/64Copper 

2.1) Background summary and hypothesis 

Copper radioisotope production has been studied extensively over the past 3 decades for 

radiolabeling of diagnostic imaging tracers and targeted radiotherapy agents. There are 5 

relevant radioisotopes of copper for diagnostic imaging and therapy applications. The table 

below summarizes the properties of the copper radionuclides used in nuclear medicine: 

Radionuclide 
T1/2 

(hours) 

Decay 

Mode 

β+
max keV 

(%) 

β-
max keV 

(%) 

γ keV 

(%) 
Source 

60Cu 0.40 100 % ε 3774 (93)  

826 (22) 

1333 

(88) 

1792 

(45) 

cyclotron 

61Cu 3.34 100 % ε 1216 (61)  
283 (13) 

656 (10) 
cyclotron 

62Cu 0.16 100 % ε 2937 (98)   cyclotron/generator 

64Cu 12.7 
61.5% ε 

38.5% β- 
653 (18) 580 (39)  cyclotron 

67Cu 61.8 100 % β-  

377 (57) 

468 (22) 

562 (20) 

93 (16) 

185 (49) 
cyclotron/reactor 

Table 1: Physical properties of copper radionuclides: half-life in hours, decay modes, maximum 

positron energy with total positron intensity, beta minus energies and intensities, prominent 

gamma emissions and intensities, and source of production [32,33] 
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60Cu is a positron-emitting isotope of copper that can be produced on small cyclotrons and is 

suitable for diagnostic imaging with its high positron branching ratio, but its relatively high 

positron energy, as compared to 18F and 64Cu, leads to poorer spatial resolution for diagnostic 

PET imaging. The high-energy, high-intensity gammas from 60Cu and associated radiation dose 

make 60Cu-based radiotracers less attractive for in vivo applications. 62Cu is another positron-

emitting isotope of copper that can be produced on small cyclotrons or obtained from a 

radionuclide generator (RNG), 62Zn/62Cu. Like 60Cu, 62Cu is also suitable for diagnostic imaging 

with its high positron branching ratio but also suffers from poorer spatial resolution due to the 

relatively high positron energy. However, 62Cu lacks appreciable gamma emissions making it 

more attractive for diagnostic imaging. 61Cu has a high positron branching ratio and relatively low 

positron energy, compared to 60&62Cu, which makes it an attractive candidate for radiotracer 

applications. Additionally, its relatively long half-life comparable to 18F make it suitable for 

regional distribution in addition to local cyclotron production. Although, 61Cu does emit a few 

energetic gammas with low intensity. 64Cu has the most attractive positron energy of the 

positron-emitting isotopes of copper. In general, the lower the positron energy, the better the 

spatial resolution in PET scanners due to shorter positron ranges for the annihilation events. In 

addition, 64Cu has been described as a theranostic isotope [7,10] due to its positron emission 

suitable for PET imaging and beta minus + auger electron emissions suitable for targeted 

radiotherapy applications, and no gamma emissions with intensities above 1%. Last on the list, 

67Cu is an ideal candidate for targeted radiotherapy with its longer half-life and emission of 

multiple energetic betas. Its low-energy gammas are potentially useful for SPECT imaging. 
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60Cu is easily produced on small cyclotrons at 11 MeV through the 60Ni(p,n)60Cu nuclear reaction 

pathway [33–35]. The enriched nickel material is recycled for subsequent productions. 61Cu is 

also easily produced on small cyclotrons, both through the 60Ni(d,n)61Cu or NatNi(p,n)61Cu nuclear 

reaction pathways [6,33] where the latter also yields short-lived isotopes of copper which decay 

rapidly during the separation and formulation chemistries and also some trace amounts of stable 

copper. 61Cu can also be produced using enriched 61Ni targets and proton bombardment at 11 

MeV [33], proton bombardment of 64Zn at 11 MeV [35], proton bombardment of NatZn at 30 MeV 

[36], or alpha bombardment of NatNi at 21 MeV or NatCo at 40 MeV [37]. But, the cost of the 

enriched 61Ni is quite high, demanding careful recycling of the enriched target material, making 

the natural enrichment targets more attractive for production. 62Cu can be produced on small 

cyclotrons using enriched 62Ni targets and proton bombardment at 10 – 14 MeV [33,35,36,38] or 

obtained from a generator using the parent radionuclide 62Zn (T1/2 = 9.186 h, 100% ε) [33,36,38]. 

The use of the RNGs enables PET imaging at sites lacking a dedicated cyclotron for radionuclide 

production. 

64Cu production has been extensively studied and reported in several publications 

[12,33,36,37,39–42]. The production uses enriched 64Ni and the p,n nuclear reaction, capitalizing 

on the peak of the cross-section through 9 – 12 MeV and yielding the product in high specific 

activity [33,35,36,41]. At these energies, the p,α nuclear reaction pathway also yields high-purity 

61Co, as reported by [12] which must be separated from the final product along with the bulk 

target material. 64Ni is the costliest of the enriched nickel isotopes for copper radionuclide 

production ($40-50 USD/mg), necessitating a high recycling efficiency for the production method 

to be cost-effective. 64Cu can also be produced by neutron bombardment through the 
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63Cu(n,γ)64Cu nuclear reaction pathway, yielding primarily 64Cu and some 66Cu which decays 

rapidly (T1/2 = 5.1 min) [36,37]. This method does suffer the drawback of low specific activity due 

to the large amount of stable copper which is not chemically separable from the final product. 

Another neutron production pathway for 64Cu does yield a final product with high specific activity 

through the 64Zn(n,p)64Cu pathway, where the zinc target material is chemically separable from 

the final product [36,37]. However, unless using isotopically enriched target material, the final 

product contains appreciable 67Cu, limiting the utility of the final product.  And finally, 67Cu 

production is accomplished either by high-flux neutron irradiation of 67Zn to access the n,p 

nuclear reaction pathway or photonuclear reaction using the γ,p nuclear reaction on 68Zn 

[33,36,43]. Charged particle reactions on enriched zinc targets can also be employed to produce 

67Cu, but suffer from high-cost enriched target material, the coproduction of undesirable 

radionuclidic impurities, the need for high energy particle bombardment available at few 

facilities, and the limited quantities produced [33,36,43]. 

Radiochemical isolation of 64Cu depends greatly on the target material employed for the 

production and falls generally into 2 cases: nickel or zinc targets. For the nickel targets, the 

primary method for radiochemical isolation is liquid chromatography using anion exchange resin 

(AG-1x8) with targets dissolved in HCl [12,33,39,42,44]. Other radioisotopes of copper (60,61,62Cu) 

produced using nickel targets can be separated in the same way. The use of zinc target material 

and additional coproduced radiochemical impurities using this approach require a different 

isolation strategy. The zinc targets are also dissolved in HCl, followed by liquid-liquid extraction 

of the gallium radionuclides in solution, and finally separation of the copper radioactivity from 

the zinc target material on AG-1x8 anion exchange chromatography resin [40]. Another approach 
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uses a 2-column separation scheme, where the zinc target is dissolved in HCl and passed through 

a cation exchange chromatography resin (AG 50W H+) to remove radiogallium followed by anion 

exchange chromatography on AG-1x8 to isolate the desired copper product [36]. 61Cu, when 

produced from zinc targets, can also be isolated in these ways.  

Radiochemical isolation of 67Cu from the bulk zinc target material is more challenging due to the 

large amounts of zinc necessary to achieve relevant yields, and is accomplished in 1 of 4 ways 

after HCl dissolution of the irradiated target: ion exchange liquid chromatography, 

electrodeposition, liquid-liquid extraction, and sublimation [43]. The ion exchange 

chromatography approach uses an anion exchange column either as the only separation 

technique or in combination with a chelation column (i.e. Chelex-100) and/or a cation exchange 

column (Bio-Rad AG-50W). The electrodeposition method involves the use of platinum mesh 

electrodes on which the 67Cu is deposited and subsequently off which the copper product is 

dissolved. The liquid-liquid extraction is cumbersome: 0.01% dithizone in carbon tetrachloride is 

contacted with the HCl-dissolved, irradiated target, the copper activity is back extracted into ~7 

M HCl mixed with hydrogen peroxide, the copper product is separated from radiogallium 

impurities by contacting with isopropyl ether, and finally the ~7 M HCl solution is passed through 

an anion exchange column to remove nickel, manganese, chromium, and cobalt radioimpurities. 

Sublimation under vacuum at 800 °C removes the bulk zinc, while some pure tin added prior to 

heating prevents entrainment of the copper product with the zinc vapor. The remaining tin-

copper pellet is dissolved in HCl and separated on an ion exchange column. 

Seeking to reduce the dose to operators and overall radiochemical isolation process time while 

increasing the availability of copper radiotracers, automated production of 64Cu has been 
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developed and reported in several publications [14,15,45–47]. One such fully automated method 

uses the Alceo system (Comecer S.p.A., Italy) to electroplate a nickel target on a gold backing, 

transfer the plated target to and from the cyclotron irradiation port, dissolve the irradiated target 

and separate it using ion exchange chromatography, and to label ASTM with the copper activity, 

all under computer control [47]. Unfortunately, in our lab and labs of our collaborators, the Alceo 

system’s reliability and compatibility of the process with downstream radiochemistry pose 

significant operational challenges. Another approach, reported by [45], describes a semi-

automated method using the Pinctada Metal system (IBA, Belgium) for automatic electroplating 

and dissolution of the nickel target on silver backings and separation of the dissolved target by 

anion exchange. Target transfer to and from the cyclotron, as well as any radiolabeling, were 

accomplished manually following this method. Another automated production method reported 

by [15] used the COSTIS target transfer station and a home-made separation module to process 

the irradiated target after dissolution using anion exchange resin. In this method, transfer of the 

irradiated target to the dissolution unit and transfer of the dissolved target solution to the 

separation module were accomplished manually, resulting in a semi-automated approach. The 

semi-automated approach described by [14] uses home-made target transfer and separation 

modules for the automated steps, while electrodeposition of the target and transfer of the 

irradiated target from the transfer module to the separation module are the manual steps in the 

process. This method also uses anion exchange resin to separate the dissolved target. Last, the 

method from [46] also used home-made target transfer and separation modules, and with the 

aid of robotic arms and manipulators all steps in the production were automated except for the 

electrodeposition of the nickel target material. The method uses ion exchange chromatography 
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to effect the separation of the copper activity from the dissolved target solution. None of these 

methods are well disseminated globally, so there is clear room for improvement to increase the 

appeal and use of Cu radiotracers. 

Another commercial radiosynthesis platform is available for separation and labeling chemistry 

and is widely proliferated with more than 740 units in operation around the world: the GE 

FASTlab. The module is cassette-based, meaning that resins and reagents are preloaded for each 

production. Cassette-based methods are easily introduced into GMP environments [6]. Over the 

past decade the module has been used extensively for automated production of numerous 18F-

labeled tracers: [18F]FET-βAG-TOCA [48], [18F]FDOPA [49,50] & F-tyrosine [49], [18F]FDG [51], 

[18F]DCFPyL [52], [18F]FSPG [53], [18F]SFB [54], [18F]fluoropropoxybenzene [55], and 

[18F]molecules for TSPO targeting [56]. In addition, many 68Ga-labeled tracers have also been 

synthesized on the module: [68Ga]-DOTA and NODAGA conjugated peptides [57], [68Ga]-

DOTATOC, DOTANOC, and DOTATATE [58], and [68Ga]-PSMA-11 and DOTATATE [59]. The module 

has also been used to synthesize OncoFAP-based radiopharmaceuticals with 18F, 68Ga, and 177Lu 

[60]. 

High purity 64Cu is routinely produced in our lab following the method of [12]. Weekly, several 

hundred mCi are produced and shipped to customers across the continental US for 

radiopharmaceutical preparation and investigation, with demand continuing to rise as more 

copper-based radiopharmaceuticals are translated into clinical application [7,9]. The manual 

production process requires an operator to transport the irradiated target to the chemistry 

station, perform the separation, and reformulate the final product for distribution. Automation 

of this process has the obvious benefit of reducing the dose to the operator as production is 
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scaled up. Automation could also shorten the processing time. Further, the use of kit and 

cassette-based methods makes GMP compliance easier to achieve [61].  

A few reports are available from the literature on successfully automated processes developed 

and implemented at other institutions in the US and Europe [14,15]. Inspired by their successes, 

we hypothesized that production could be automated using available infrastructure in our lab 

(the ARTMS QiS target transfer and dissolution system and the FASTlab chemistry module) to 

yield radiopharmaceutical quality 61/64Cu. Herein, automated production of 61Cu was investigated 

to achieve this goal. 

2.2) Materials and Methods 

Natural Ni powder (99.8%, 325 mesh) was purchased from Alfa Aesar. Concentrated HNO3 

(Optima Grade) was purchased from Fisher Chemical. Concentrated H2SO4 (Optima Grade) and 

NH4OH (28%, Optima Grade) were purchased from Fisher Scientific. 18 MΩ*cm D.I. water 

(hereafter referred to as D.I. water) was obtained from a Millipore Synergy UV in-lab water 

supply. (NH4)2SO4 (99.9999%, Puratronic) was purchased from Alfa Aesar. Concentrated HCl 

(Ultrapur) and H2O2 (30%, ultratrace analysis) were purchased from Merck. TBP resin (tributyl-

phosphate, particle size 50–100 μm, pre-packed) and TK201 resin (tertiary-amine-based weak 

ionic exchange resin containing a small amount of a long-chained alcohol, particle size 50–100 

μm, pre-packed) were purchased from Triskem International. NaCl (ACS Grade), sodium acetate 

(anhydrous, 99% pure), Whatman pH strips, and aluminum-backed silica thin-layer 

chromatography (TLC) plates were purchased from Fisher Scientific. Trace metal standards for 
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Co, Cu, Fe, Ni, and Zn (1000 mg/L) were purchased from Sigma Aldrich. NOTA (1,4,7-

triazacyclononane-1,4,7-triacetic acid) was purchased from Sigma Aldrich.  

2.2.1) Target Fabrication 

Adapting the method of [38], natural enrichment nickel targets were electrodeposited onto silver 

backings. Nickel powder was dissolved in 2 mL of concentrated HNO3 and taken to dryness at 85 

°C under N2 gas flow. The dried nickel was reconstituted in 2.3 mL of 2.4 M H2SO4, and the solution 

pH was adjusted to ~9.1 with ~2.5 mL of concentrated NH4OH. Then, 250 – 300 mg of ammonium 

sulfate salt was added to the mixture, which was quantitatively transferred to the 

electrochemical cell. Using a platinum wire cathode and laboratory DC power supply, optimum 

electroplating conditions were investigated by applying 40 – 90 mA of constant current and 

voltages ranging from 6 – 7.5 V to the static cell for 1 – 4 days. The same setup and plating process 

were used to recycle nickel target material after irradiation and target processing, with an 

additional first step of drying down the nickel solution from the separation chemistry. For the 

proof-of-concept 64Ni run, enriched nickel was electrodeposited on a gold backing following the 

method of [38] directly. 

2.2.2) Target Irradiation 

Following electrodeposition, the natural enrichment nickel targets were irradiated on our GE 

PETtrace 800 cyclotron with 8.4 MeV deuterons on the target port outfitted with the ARTMS QiS 

automated target transfer system. Beam currents of 20 – 30 μA were applied for 30 min during 

initial testing. One target was irradiated for one half-life of 61Cu (3.3 h) to investigate the scale-

up potential for the production process. 1x- and 2x-recycled targets were irradiated to investigate 

the efficacy of the recycling process. To aid in method optimization, natural enrichment targets 
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were also irradiated for 1 min with 1 μA of proton current to produce additional cobalt 

radioisotopes for tracer in the separation process. For the proof-of-concept 64Ni run, the enriched 

target was irradiated with 20 μA of 13.1 MeV protons for 1 hour.  

2.2.3) Target Dissolution 

After irradiation, targets were automatically recalled to the hot cell from the cyclotron target 

port and manually transferred to the ARTMS QiS dissolution unit using 1 m tongs. Informed by 

benchtop studies performed by our collaborators [6], dissolution was achieved using 3 mL of a 

1:1 mixture of 7 M HCl :: 30% H2O2 and heat. Based on a set point of 111 °C for the heater sleeve 

and measurements with an external thermal probe, the dissolution temperature was ~60 °C. The 

acid/peroxide mixture was recirculated across the target face at 2 mL/min for 20 minutes, then 

mixed with 3 mL of 11.1 M HCL with 90 s of air bubbling through the solution. Before transfer to 

the FASTlab for separation, the sequence was paused and ~200 µL aliquots of the dissolved target 

solutions were removed for analysis. For the proof-of-concept 64Ni run, the irradiated target was 

dissolved manually on a benchtop dissolution block and transferred to the FASTlab using the 

ARTMS QiS dissolution unit pump. All dissolved target solutions were transferred at 1 mL/min.  

2.2.4) Target Separation 

Dissolved, irradiated targets were separated using the FASTlab module and cassettes preloaded 

with 1 mL TBP and 2 mL TK201 resin cartridges and reagent vials containing 5 M NaCl in 0.05 M 

HCl and 6 M HCl. The resins were automatically equilibrated in series with 7 mL of D.I. water 

followed by 6 mL of 11.1 M HCl. The separation scheme is illustrated in the figure below: 
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Figure 1: 2 column separation scheme for 61/64Cu [6] 

The ~6 mL dissolved target solution was loaded onto both columns in series, and the nickel target 

material which remained in the solution was diverted to the designated collection vial for 

recycling. The TBP resin served to remove trace iron impurities from the solution (oxidized to Fe3+ 

by the H2O2), while the TK201 resin trapped the produced copper and cobalt radioisotopes. Both 

columns were washed with 6 M HCl to maximize the nickel recovery for recycling, again diverted 

to the designated collection vial. The remaining separation chemistry was performed on the 

TK201 resin alone. First, the column was rinsed with 4.5 M HCl to elute the cobalt radioisotopic 

impurities to waste. Then, the column was washed with the 5 M NaCl solution to further remove 

cobalt radioisotopes, and to decrease the residual acidity on the column. Finally, the copper 

product was eluted in 2 mL of 0.05 M HCl. 
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2.2.5) HPGe and MP-AES Analysis 

After target irradiation, produced radioactivity was quantified by HPGe spectrometry using an Al-

windowed Canberra Model GC1519 (15% relative efficiency, full-width at half-maximum at 1173 

keV = 1.8 keV). HPGe spectrometry was also used to determine the radiotracer distribution across 

the chemistry fractions and collected samples. For 61Cu, the primary gammas used for 

quantification and analysis were 283 and 656 keV (Iγ = 12.2% and 10.8%, respectively). For 58Co, 

the primary gamma was 811 keV (Iγ = 99.5%). Samples were counted between 1 – 400 cm from 

the detector face, keeping the detector dead time less than 15%. Energy and efficiency calibration 

of the detector was performed at these distances using standard laboratory check sources 

(Amersham): 241Am, 133Ba, 137Cs, 152Eu, and 60Co. 

Trace metals analysis was performed using an Agilent Model 4200 microwave plasma atomic 

emission spectrometer (MP-AES). To do this, 100 µL aliquots from the chemistry fractions were 

taken and the concentration of HCl in each analyzed sample aliquot was diluted to 0.5 M yielding 

1 mL samples for analysis. Calibration standards from 10 ppb to 50 ppm were prepared with Co, 

Cu, Fe, Ni, and Zn in 0.5 M HCl. Quantification was performed using 2 emission wavelengths for 

each analyte in solution. Molar activities (MAs) and separation factors (SFs) for the copper 

product were calculated from the measured results using the standard methods [62,63]: 

𝑀𝐴 =  
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝐶𝑢

𝑛𝐶𝑢
      , 𝑆𝐹 =  

(
𝐶𝑁𝑖,𝑖

𝐴𝐶𝑢,𝑖
)

(
𝐶𝑁𝑖,𝑓

𝐴𝐶𝑢,𝑓
)

 

where ActivityCu is the amount of 61/64Cu activity present in solution, nCu is the mass of stable 

copper in the same solution, CNi,i is the measured concentration of the stable nickel before the 
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separation, ACu,i is the measured activity of 61/64Cu before the separation, CNi,f is the measured 

concentration of stable nickel after separation, and ACu,f is the measured activity of the 61/64Cu 

after separation. In cases where the nickel concentration was below the method limit of 

detection, the lowest concentration from the measured calibration curve (10 ppb) was used, thus 

these values represent a conservative minimum value; actual MAs and SFs may be higher but 

obscured by our limited sensitivity during analysis. 

2.2.6) AMA and Product Acidity Titrations 

Adapting the method of [39], the apparent molar activity (AMA) of the copper product was 

measured by NOTA titration. 500 µL of the copper product was diluted to 1.1 mL with 0.25 M 

NaOAc, and the final solution pH of ~4.5 was verified using pH strips. The buffered activity was 

vortexed, and 100 µL aliquots were combined with an additional 40 µL of NaOAc and 100 µL of 

NOTA (0.001 – 10 nmol) in centrifuge vials. During 15 minutes of reacting at room temperature, 

the 61Cu activity in each vial was measured by Capintec. Radio-TLC was performed by spotting 

from each vial onto the TLC plates, developed in 1:1 MeOH : NH4OAc (10% w/v) mobile phase. 

TLC plates were scanned using an OptiQuant autoradiography system (Perkin Elmer Cyclone Plus 

Storage Phosphor System). From the measured results, sigmoidal curves were generated and 

used to determine the NOTA mass required for 50% binding. The AMA was then calculated using 

the average sample activity (decay corrected to EoB) divided by two times the 50% NOTA mass. 

The final product acidity burden was determined by acid-base titration using phenolphthalein 

indicator and 5.8 mM NaOH. To accomplish this, 500 µL final product solution was added to ~10 

mL of D.I. water with the indicator and a magnetic stir bar in an Erlenmeyer flask and titrated 

dropwise using a burette until the faint pink color persisted in the solution. 
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2.3) Results and Discussion 

Adaptation of the electroplating method was successful. Plated targets were irradiated, 

dissolved, and separated using the automated process developed. Target material recycling was 

successful across 2 rounds of processing, and the final product was found to be suitable for 

radiolabeling applications. The results below motivate future work to produce a radiolabeled 

compound using the automated method. 

2.3.1) Target Fabrication and Irradiation 

The electroplating deposited 96.0 ± 0.9% (n = 3) of the natural enrichment nickel on the silver 

backings. Recycling of the target material netted 88% and 92% of the nickel, recovered and re-

plated in the first and second rounds of recycling, respectively. Representative images of the 

electrodeposited targets are shown below: 

 

Figure 2: Photos of a representative, electrodeposited nickel target used for production and 

separation experiments 
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After irradiation, 61Cu yields were measured by HPGe (section 2.2.5). Activities quantified by 

HPGe assays of the product, waste, and recovery vials, as well as the resin cartridges and target 

backing post-dissolution, were summed to determine the yields. From these measurements, the 

calculated 61Cu saturation yield was 5.6 ± 0.7 mCi/μA (n = 3) for the freshly plated targets 

irradiated with a low current and used for method optimization, and 5.1 ± 0.9 mCi/μA (n = 5) for 

the recycled targets. The consistency in yields demonstrated effective recovery of the nickel 

target material. Due to residual activity in the lines and manifold of the ARTMS QiS dissolution 

unit and FASTlab chemistry module not being quantified, as well as the fractional intercept of the 

deuteron beam spot by the plated target (~10 mm diameter), the reported yields are 

conservative. 

2.3.2) Irradiated Target Dissolution and Separation 

The ARTMS QiS dissolution unit was designed with single-use, disposable fluid paths in the spirit 

of GMP-compliant kits. The provided fluid paths were not resistant to the concentrated reagents 

so appropriate tubing material was obtained and installed. Once modified, the activity-based 

dissolution efficiency was 97.5 ± 1.4% (n = 5). Following dissolution, the target was automatically 

separated on the FASTlab module. The final product was delivered in 65 ± 3 min (n = 5) for 

application and analysis. 58Co and 61Cu in the separation chemistry fractions were quantified by 

HPGe (figure 3): 
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Figure 3: Bar diagram presenting the normalized activity distribution of 58Co and 61Cu. Note that 

the 58Co and 61Cu have been normalized individually [6] 

As intended, 98 ± 1% (n = 5) of the coproduced cobalt radioimpurities were separated from the 

final product and sent to waste, yielding 90 ± 3% (n = 5) of the 61Cu in the final 2 mL product. 

2.3.3) Final Product Characterization 

Trace metals analysis of the final product revealed the average copper concentration was 180 ± 

40 ng/mL (n = 5). The cobalt, zinc, and iron concentrations were all below the limit of detection 

(100, 100, and 500 ppb, respectively). From the trace metals analysis and HPGe measurements, 
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MAs, AMAs, and SFs for the 61Cu from the nickel target material were calculated and are 

tabulated below: 

 61Cu Short  
irradiations 

(0.5 h) 

n = 5 

61Cu Long 
irradiation 

(3.3 h) 

n = 1 

64Cu Test 
irradiation 

(1 h) 

n = 1 

MA (Ci/ µmol) 2.31 ± 0.62a Not measured Not measured 

NOTA AMA (Ci/ µmol) 0.85 ± 0.22a 5.43a 4.8a 

Ni separation factors ≥ (2.2 ± 1.8) × 106 - - 

a at EoB 

Table 2: Compilation of product MAs, AMAs and nickel SFs for short and long irradiations [6]. 

These results are encouraging, and the MA is expected to increase with longer irradiations (as 

the amount of stable copper in the target material should not change significantly). If similar 

stable copper mass were present during the long irradiation the expected MA would be about 13 

Ci/µmol (n = 1); this was not measured directly, however. Further, assuming similar levels of 

impurities in the natural enrichment nickel and enriched 60Ni, the MA would increase 

approximately 4-fold. In such targets, MAs approaching 50 Ci/µmol are not unrealistic and may 

be even higher with proton irradiation of 61Ni. The theoretical maximum MA for 61Cu is about 940 

Ci/µmol. High MAs are desirable but do not guarantee the final product is suitable for 

radiolabeling applications as other contaminants present may compete with the 61Cu for the 

chelator.  

Another metric describes the purity of the final product in this light, the AMA, which was 

measured for the final product by titration with NOTA. Still, the AMA depends on the chelator 

and labeling conditions employed, so a direct comparison of the AMA between different 
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experimental conditions is not straightforward [6]. The NOTA AMA for 61Cu from the long 

irradiation was ~5.4 Ci/μmol. From the proof-of-concept 64Cu production, the NOTA AMA was 

4.8 Ci/μmol and is in reasonable agreement with the productions using natural enrichment 

targets. The radiochemical yield of 64Cu was 93% after 65 minutes of total processing time, and 

the 64Ni recycling efficiency was 95%, on par with the natural enrichment target recycling results 

obtained in this work. 

While the final product was eluted from the resin column using 0.05 M HCl, residual acidity on 

the resin column can increase the molarity of the eluent. For this reason, the final product HCl 

concentration was titrated and found to be 0.057 ± 0.002 M (n = 5). Such dilute acidic conditions 

should enable downstream radiolabeling without additional buffering. Considering this, future 

work is planned to explore cassette-based radiolabeling to yield a radiotracer product suitable 

for direct application. Finally, the European Pharmacopoeia 2020 states a radionuclidic impurity 

limit of 0.1% by activity for direct accelerator-produced 68Ga [6]. Applying this same criterion to 

the final product from this work and considering the (8.3 ± 0.6) × 10− 5% (n = 5) 58Co present in 

the eluate at end-of-chemistry (EoC), the 61Cu product is acceptable to this standard. 

2.4) Conclusions 

In conclusion, the automated method developed and implemented at our facility produced high 

purity 61/64Cu from natural and enriched, electrodeposited nickel targets. The final product is 

delivered in 2 mL of dilute (< 0.06 M) HCl in approximately 65 minutes from EoB to EoC. The 

average radiochemical yield was 94%, with NOTA AMAs >5 Ci/μmol for 30 µA irradiations of 3.3 

hours. The SF for the nickel target material from the final product was >2x106. The cobalt 
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radionuclidic impurities in the final product amounted to < 0.0001% at EoC. The developed 

method is suitable for 64Cu production from enriched targets (demonstrated by the proof-of-

concept run). The single-use, cassette-based method is repeatable and facile to incorporate into 

a GMP environment, with radiochemical yield and HCl concentration standard deviations of 3.2% 

and 3.6% (n = 5), respectively. The FASTlab module is equipped to perform radiolabeling reactions 

online and will be the subject of future investigations. 
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Chapter 3: Gallium-based Targetry for Cyclotron/Accelerator Production 
of Radiogermanium 

3.1) Background summary and hypothesis 

With recent FDA approval of many 68Ga-based radiotracers for clinical application, there is high 

demand for 68Ge (T1/2 = 270.95 d, 100% ε) as the parent radionuclide in 68Ge/68Ga generators 

[4,9,64]. Because of this important relationship, the production of germanium radioisotopes 

focuses almost exclusively on 68Ge production, usually by medium-energy proton irradiation of 

niobium encapsulated gallium metal [65–70]. Data from [32] is presented in figure 4 (below) for 

natural gallium and relevant isotopes of germanium: 

 

Figure 4: The relevant isotopes of gallium and germanium and the nuclear reactions of interest 

for proton bombardment of natural enrichment gallium targets.   

In addition to 68Ge production, the combination of positron-emitting 69Ge (T1/2 = 39.05 h, Iβ+ ≈ 

25%, Eβ+avg = 522.1 keV) and Auger-electron-emitting 71Ge (T1/2 = 11.4 d, 100% ε) potentially 
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presents a theranostic pair of radionuclides and merits further investigation. For investigation of 

the potential theranostic pair, it is possible to maximize 69/71Ge production while minimizing 68Ge 

coproduction through the proper selection of incident proton energy (visually evident ~12 MeV 

in the cross-section figure below): 

 

Figure 5: Cross-section data for expected nuclear reactions in natural enrichment gallium 

targets: black squares [71,72], green circles [71–74], and orange triangles [75,76] are 

experimentally measured, while the solid green and dashed orange lines are theoretical 

predictions [77] 

The 69Ga(p,n)69Ge and 71Ga(p,n)71Ge nuclear reactions (Ethreshold = 3.1 and 1.0 MeV, respectively) 

produce the germanium radionuclides of interest. 68Ge coproduction from the p,2n nuclear 

reaction on 69Ga (Ethreshold = 11.4 MeV) is undesirable in the context of this work. To produce 

mainly 69/71Ge, with the threshold for the 68Ge reaction at 11.4 MeV, irradiation with protons of 
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approximately 12 MeV is desired to capitalize on the peak of the cross-section for the 69Ge 

reaction. For incident protons of this energy, the theoretical TTY in natural gallium at EoB is 

calculated according to the formalism recommended by the IAEA [30], presented in chapter 1. 

The stopping power is obtained from SRIM [31] and in addition to calculating the yields is also 

used to determine the thickness of a target required to fully stop the proton beam. For natural 

gallium, the TTY for 69Ge is approximately 1.4 mCi/ µAh with a thickness of 420 µm [28].  

The primary drawback to niobium encapsulated gallium metal targets is the potential for rupture 

of the encapsulation and subsequent loss of target material and radioactive product. 

Additionally, molten gallium is a danger to many of the structural and mechanical components 

of the accelerator because of gallium’s reactivity with commonly used metals (especially 

aluminum). As an improvement on encapsulated gallium metal targets, alloy targets of nickel and 

gallium have been investigated for 68/69Ge production [28,78]. This combination prevents the 

formation of molten gallium during irradiation and obviates the gallium attack hazard. These 

targets tolerate 30-45 µA of proton beam without melting and contain 75% of the target atoms 

(NiGa3) compared to elemental gallium, thus affording comparable yields of germanium 

radioisotopes. However, the inclusion of natural, polyisotopic nickel presents a different 

challenge with the coproduction of several short and intermediate-lived radioisotopes of copper 

and several long-lived isotopes of cobalt from proton reactions with the nickel. The data from 

[32] for stable isotopes of natural nickel and the various copper and cobalt radioisotopes 

coproduced in this way are presented in figure 6: 
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Figure 6: Stable isotopes of natural nickel and relevant copper and cobalt radioisotopes 

produced during proton irradiation. 

Because of the additional radioisotopes produced in the nickel-gallium targets a cooling down 

period of at least 1 day is necessary before these targets can be safely handled and processed 

[28,78]. Furthermore, when these targets are prepared by electrodeposition the thickness and 

mass of target material that can be deposited are limited and the preparation of thick targets can 

take up to 12 days to complete. The theoretical TTY for 69Ge in these targets is ~1 mCi/µAh for 

11 MeV proton bombardment [28]. 

Inspired by the Ni-Ga approach [28,78] and by recent work on the high-temperature fusion (HTF) 

of cobalt with selenium [79], we chose to investigate intermetallic compounds of cobalt and 

gallium. We hypothesized that this combination could overcome the challenges associated with 

existing target materials without compromising 69/71Ge yield. Data from [32] for the stable 
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isotope of cobalt and various radioisotopes coproduced during proton irradiation are presented 

in figure 7: 

 

Figure 7: Reaction pathways to nickel and cobalt radioisotopes from proton irradiation of 

cobalt. 

The cobalt-gallium target constituents are cheap, commercially available products, and in their 

natural enrichment enable simultaneous production of 69Ge and 71Ge with minimal radioisotopic 

impurities; yields of 69/71Ge in these targets are expected to be high. The primary activity in such 

targets immediately after production is 69Ge, useful for diagnostic imaging. By contrast, after a 

decay period of 21 days, the 69Ge would have decayed by a factor of >8000 while 71Ge would 
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have undergone less than 2 half-lives. This reversal yields primarily 71Ge for other nuclear 

medicine applications.  

3.2) Materials and Methods 

Cobalt powder (1.9-micron, 99.8% metals basis) and gallium pellets (6 mm diameter, 99.9999% 

metals basis) were purchased from Alfa Aesar. Quartz glass tubing (10 mm inner diameter [ID] x 

12 mm outer diameter [OD]) was purchased from QSI Scientific. Niobium and boron nitride rod 

stock (19 mm OD) were purchased from Grainger. 

3.2.1) Target Fabrication 

The phase diagram (figure 8) for the cobalt-gallium binary system [80] was used to identify known 

alloys and combinations possible: 

 

Figure 8: Thermodynamic model of the Co-Ga system plotted as atom percent of gallium 

(horizontal axis) versus temperature in Celsius (vertical axis). 
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Seeking a high gallium content and a high melting temperature, we identified atom ratio (AR) 

combinations of cobalt to gallium 1:1 through 1:4 with expected melting temperatures of 847 °C 

and above [80]. Pellets comprised of these ratios were formed for the investigation. As 

introduced, the target material was formed through HTF of cobalt and gallium (under a low 

pressure of Argon gas in quartz glass ampoules) using the method adapted from [79]. Cobalt and 

gallium of natural isotopic composition were weighed into 10 x 12 mm (ID x OD) round-bottom 

quartz tubes. The round-bottom tubes were coupled to a gas-tight rig. A vacuum pump evacuated 

the rig, which was backfilled with Argon gas and evacuated again. Finally, the tubes were sealed 

into ampoules using an oxypropane torch. The sealed ampoules were placed in a Thermolyne 

Model 10500 furnace and heated (1100 °C for AR 1:2, 1050 °C for AR 1:3, and 950 °C for AR 1:4) 

for approximately 2 hours. The heated ampoules were rapidly quenched in a room temperature 

water bath, breached, and the formed pellets weighed. Some pellets were ball-milled using a 

benchtop laboratory mill (Spex CertiPrep 8000M) with stainless steel ball bearings, reducing 

formed pellets to grains for reforging. 

Some milled and unmilled pellets were hot-pressed into niobium crucibles using previously 

described methods [79]. A sample pellet was centered in the pocket of a niobium crucible (19 

mm diameter, 2 mm thick niobium coin with a centered, 9.5 mm diameter, 1 mm deep pocket) 

at the bottom of a 20 x 22 mm (ID x OD) flat-bottom quartz tube. A boron nitride tamp was placed 

on top of the pellet and held in place by a bell-ended quartz tube. The assembly was sealed, 

flushed with argon gas, and lowered into the pre-heated, vertical tube furnace. The furnace 

temperature settings were the same as those used during forming. The pellets were malleable 

after ~5 min in the furnace, and the quartz outlet tube was depressed manually to compact the 
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sample into the crucible pocket. The assembly was removed from the furnace and quenched in 

a water bath. The masses of the empty and hot-pressed crucibles were recorded.  

Following this procedure, two general types of targets were fabricated for irradiation. 

Energetically “thick” targets weighing ~460 mg and filling the entire 1 mm deep crucible pocket 

were sufficient to stop the incident proton beam [31]. Energetically “thin” targets, weighing ~185 

mg and filling the crucible pocket ~400 µm, with a proton exit energy of 3 – 4 MeV (AR 1:2 – 1:4, 

respectively).  

3.2.2) Irradiation Configuration and Parameters 

To study radioactivity yield and the material’s durability in beam, Co-Ga targets were irradiated 

on a GE PETtrace cyclotron for 10 – 120 min with 5 – 50 µA of protons and water jet cooling on 

the back of the target. A 250 µm thick niobium foil was mounted in contact with the front of the 

target to degrade the 16 MeV proton beam to approximately 12 MeV. The degraded beam energy 

minimized 68Ge coproduction from the p,2n nuclear reaction on 69Ga as desired. The 

configuration is depicted below (figure 9):  
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Figure 9: Target irradiation configuration on the GE PETtrace solid target port  

Targets were sometimes allowed to decay overnight to reduce the dose hazard from the 93Mo 

produced in the niobium from the p,n reaction. 

3.2.3) HPGe and CdTe Spectrometry 

HPGe gamma spectrometry was performed as described in 2.2.5. The 69Ge YEoB was measured 

from the thick, irradiated targets 400 cm from the detector face after decay to detector dead 

times <7.5%. The 58Co (T1/2 = 70.9 d, 100% ε) YEoB was measured from 100 µL aliquots of the 

dissolved targets approximately 1 cm from the detector face after >10 half-lives of 69Ge.  

CdTe X-ray spectrometry with a 100 µm thick Be-windowed Amptek Model X-123 (5x5x1 mm3, 

FWHM at 59.54 keV = 0.83 keV) quantified 71Ge directly. The instrument was calibrated for 

efficiency from 5 – 60 keV using an 241Am (T1/2 = 432.6 y, 100% α) check source and HPGe-cross-

calibrated sources of 64Cu (T1/2 = 12.701 h, 61.5% ε, 38.5% β-) and 68Ga (T1/2 = 67.71 m, 100% ε) 

spotted onto glass slides in the sample measurement geometry. Dissolved target and 69/71Ge 

product aliquots were spotted in 2 µL drops onto glass slides and dried using a heat gun before 

CdTe assay. The HPGe-quantified 69Ge activity on each slide was normalized to the 69Ge activity 

measured in the Co-Ga target post-irradiation. This scaling factor was used to calculate the 71Ge 

produced in the target from the 71Ge activity measured on the slide via CdTe spectrometry after 

a 21-day decay period. 

3.3) Results and Discussion 

The current standard target for germanium radioisotope production (primarily 68Ge for 68Ga 

radionuclide generators) uses niobium to encapsulate gallium metal. Elemental gallium melts at 
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~30 °C, and molten gallium easily dissolves most metals commonly found in accelerator 

infrastructure (i.e. aluminum). These properties make gallium a problematic accelerator target 

material, challenging to contain during irradiation [81]. To overcome this challenge without 

encapsulation, an alloy of Ni + Ga has been investigated for germanium radioisotope production 

[28,78]. These targets can prevent the formation of molten gallium and subsequent attack, but 

the inclusion of natural, polyisotopic nickel in the target material leads to coproduced 

radioisotopic impurities from the nickel activation. Because of this, Ni-Ga targets require a decay 

period of at least 1 day before handling, and the remaining impurities must be separated during 

radiochemical isolation [28,78]. The results from the experiments with Co-Ga targets that follow 

are encouraging that this combination can overcome challenges associated with conventional 

gallium-based targetry. 

3.3.1) Target Fabrication 

The HTF method produced pellets of the CoGax material from chunks of gallium metal and cobalt 

powder (figure 10): 

 

Figure 10: CoGax pellet (right) formed by HTF of elemental cobalt and gallium (left) 

Pellets formed this way had a rough outer surface, occasionally cracked, with a dull gray luster, 

and were brittle like ceramic, crumbling under applied pressure. Ball milling and reforging did not 
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improve the visible appearance or brittleness of the material. Mass losses of cobalt and gallium 

during target synthesis (forging, hot pressing, and milling) were tolerable, especially given the 

low cost of these materials. The average mass loss of Co-Ga was 5.4 ± 5.5% (n = 54) during pellet 

forging and 2.6 ± 3.4% (n = 31) during hot-pressing. For previously milled pellets, the average 

mass loss was 4.1 ± 5.0% (n = 41) during pellet forging and 3.0 ± 2.9% (n = 16) during hot-pressing. 

Additionally, 4.6 ± 4.7% (n = 7) mass was lost to the ball mill during milling. XRD results from 

unmilled and milled AR 1:3 targets showed predominantly characteristic signal from CoGa3 

(Figure 11): 
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Figure 11: Measured X-ray diffraction patterns for upper) unmilled AR 1:3 Co:Ga sample & 

lower) milled AR 1:3 Co:Ga sample shown in gold with analysis software library matches shown 

in blue and red. 

The measured diffraction patterns match well with library patterns in angle and intensity for the 

samples. Peaks associated with cobalt oxide (CoO) were observed in the unmilled target material, 

as well as a few unexplained peaks likely due to trace contaminants but were unable to be 

identified. Additional XRD data from the other AR target types is shown in Appendix A. The 

multiple chemical species present in the unmilled XRD data are indicative of a lack of 

homogeneity in the target material. 

The final step in target fabrication was hot-pressing the formed pellets into the niobium crucibles 

(section 3.2.1) using our in-house rig built for hot-pressing the targets (figure 12): 
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Figure 12: The hot-pressing rig with niobium crucible, CoGax pellet, boron nitride tamper, and 

bell-ended quartz glass rod for pressing and gas flow egress (bottom to top) 

AR 1:1 pellets cannot be hot-pressed using this setup. Pellets of this type have an expected 

melting temperature above 1200 °C, as evident from the phase diagram (figure 8). The vertical 

tube furnace used in this work was only able to achieve a steady-state temperature of ~1100 °C 

at the sample stage (measured by an external thermal probe). Even after 5-10 minutes in the 
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furnace at this temperature the AR 1:1 pellets were not malleable. Because of this, AR 1:1 was 

rejected as a suitable target material candidate. For the other ARs, the average change in mass 

from the hot-pressing was -2.6 ± 3.4 % (n = 31) for unmilled and -3.0 ± 2.9 % (n = 16) for the milled 

targets, respectively. Representative pressed-target photos show the filling of the niobium 

crucible target with the CoGax material (figure 13): 

 

Figure 13: A thick (~460 mg, left) and a thin (~185 mg, right), unmilled CoGa2 target after hot-

pressing into the niobium crucible. 

Thick targets filled the entire crucible pocket and were partially in contact with the containment 

foil during irradiation. Thin targets were recessed farther from the containment foil. However, 

filling the crucible pocket with a uniform layer of the pressed pellet was challenging using this 

setup (figure 13, right). 

3.3.2) Irradiated Target Performance 

An incremental approach was employed to probe the beam current tolerated by the targets to 

minimize the danger to the cyclotron from molten gallium formation. Initially, targets were 

irradiated with 5 µA of protons for 30 minutes. The target’s tolerance was assessed from the 
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change in target mass pre- and post-irradiation, the physical appearance of the target material, 

and containment foil, and any adherence of the target material to the containment foil or 

breach/failure of the containment foil post-irradiation. Unmelted targets had a negligible change 

in mass pre- and post-irradiation (less than 1%) and no visible change in appearance or adherence 

to the containment foil. Targets considered unmelted motivated increased proton current 

application to subsequent targets of the same type. This incremental process was repeated until 

melting was observed. Melted targets lost nearly all their mass onto the containment foil, with 

some gallium residue evident on the aluminum retainer ring. In the case of failed/melted targets, 

some germanium radioactivity was recovered by nitric acid etching of the foil and crucible 

residues for subsequent experimentation.  

The effect on beam power tolerance due to target AR composition and reforging was 

investigated. Three high-level results are apparent: first, milling appears to increase tolerated 

beam intensity but is incompatible with AR 1:4 Co:Ga. Second, both milled and unmilled AR 1:3 

Co:Ga tolerated higher beam intensity. Finally, depositing the final 3 – 4 MeV of proton energy in 

the niobium crucible substantially improves target durability without decreasing the yields 

appreciably (Figure 14, below): 
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Figure 14: upper) Proton current applied (vertical axis) for the various AR and target types 

investigated. Failure points are plotted with the red symbols for each AR. lower) 69Ge End-of-

bombardment physical yields (vertical axis) for AR 1:2 – 1:4 targets. 

Thick, unmilled targets performed worst overall. The AR 1:2 targets tolerated 15 µA of proton 

current for 120 min (n = 2). At 20 µA, one of two targets melted in less than 60 min of irradiation.  

For the AR 1:3 targets, the maximum proton current tolerated was 20 µA for 30 min (n = 2), 

though melting and interaction with the containment foil occurred with proton currents of 30 µA 

for 30 min (n = 1). For the 1:4 AR targets, the maximum tolerated current was 20 µA delivered 

for 60 min (n = 4), while 1 such target did melt. In the irradiated configuration, the niobium 
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containment foil faced the vacuum and was poorly cooled. For this reason, the foil reached 

elevated temperatures and was believed to be the primary cause of target melting during 

bombardment. Melting of the target on the side facing the containment foil was visibly evident 

in those cases, as was residue on the foil. Some melted targets breached the foil containment 

and mass loss occurred.  

To probe whether the proximity to the containment foil caused the melting, thinner Co-Ga 

targets were produced to fill the niobium crucible less and avoid direct thermal contact with the 

containment foil (figures 9 and 13). Thin target (proton exit energy ~3 MeV) results were 

decidedly more encouraging. Unmilled, thin AR 1:2 targets survived 20 µA for up to 60 min (n = 

4), while 1 such target did melt. AR 1:3 (n = 3) and 1:4 (n = 2) targets survived 30 µA for up to 45 

min. Melting did not occur until 35 µA for AR 1:3 & 1:4 (n = 1, each). Despite this improvement, 

target inhomogeneity was suspected as a cause of melting. During fabrication, as Co-Ga 

intermetallic targets were cooled from above their liquidus temperatures (1090 °C for AR 1:2, 

1000 °C for 1:3, 940 °C for 1:4) they passed through a mixed liquid/solid phase and partitioned 

into multiple phases, including CoGa, CoGa3, and elemental gallium upon solidification below the 

solidus temperature (847 °C for all). The AR 1:2 targets were fabricated at a higher temperature 

and therefore spent more time in this mixed phase, likely resulting in greater heterogeneity, 

which we suspect was impacting their thermal durability. New batches of targets were 

sequentially milled, reforged, and tested in beam. Unfortunately, AR 1:4 Co:Ga does not tolerate 

milling. The high gallium content causes the pellets to elastically deform (instead of fragmenting) 

inside the ball mill, coating equipment with chunks of soft material. As a result, milling 

experiments were restricted to ARs 1:2 and 1:3 Co:Ga.  
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Thin, milled AR 1:2 targets tolerated 25 µA for up to 45 min (n = 6), nearly double the tolerance 

for thick, unmilled targets of the same type. Thin, milled AR 1:3 targets showed the greatest 

promise, tolerating 35 µA for up to 30 min (n = 3). A single, thin, unmilled AR 1:3 target tolerated 

50 µA for 10 min without melting, and the beam current tolerance for these targets continues to 

be investigated. These results suggest that one round of milling is sufficient to improve the target 

durability without appreciably increasing target fabrication time or loss of radioactivity yield. 

The physical TTY at EoB (TTYEoB) [82] of 69Ge was measured as described in section 3.2.3 for each 

of the ARs, and the results are tabulated below (Table 3): 

Target 
Atom 
Ratio 

69Ge Physical Yield 
(mCi/µAh @ EoB) 

Corrected Yield 
(mCi/µAh @ EoB) 

Calculated TTY 
(mCi/µAh @ 

EoB) 

% of 
TTY 

1:2 0.56 ± 0.07 (n = 3 ) 0.90 ± 0.1 1.2 75 

1:3 0.54 ± 0.11 (n = 10) 0.90 ± 0.2 1.3 69 

1:4 0.47 ± 0.10 (n = 6) 0.8 ± 0.2 1.4 57 

Table 3: Measured physical TTYEoB for ARs 1:2 – 1:4, the values corrected for the fractional 

beam spot intercept, the calculated TTYEoB, and the percent of theoretical values achieved. 

The measured values were lower than expected (30-50% of the theoretical values). Some of the 

departure of the measured physical yields from the theoretical predictions is attributed to the 

mismatch between the beam spot size and the Co-Ga targets. Previous reports using this 

PETtrace cyclotron measured the target intercept of the proton beam and found this to be ~60% 

[12,79,83–85]. This factor of ~2 from the fractional beam intercept explains much of the 

departure between the calculated and measured physical yields. The remaining discrepancy is 
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likely due to inhomogeneity in the formed target material. The TTYs were calculated using the 

experimental cross-section data available for 69Ge (Figure 5).  

For the thin Co-Ga targets, experimental EoB yields were measured from the dissolved target 

activity for milled and unmilled targets. The measured thin target yields are tabulated with the 

measured TTYs for comparison: 

Target 
Atom Ratio 

Target Type 
Target 
Milled? 

69Ge Physical YEoB (mCi/µAh) 

1::2 

Thick (~460 mg) No 0.56 ± 0.07 (n = 3) 

Thin (~185 mg)  

No 0.27 ± 0.03 (n = 6) 

Once 0.26 (n = 1) 

Twice 0.31 ± 0.07 (n = 3) 

Thrice 0.29 ± 0.09 (n = 3) 

1::3 

Thick (~460 mg) No 0.51 ± 0.12 (n = 6) 

Thin (~185 mg) 
 

No 0.44 ± 0.05 (n = 3) 

Once 0.34 ± 0.07 (n = 2) 

Twice 0.33 ± 0.05 (n = 2) 

Thrice 0.49 ± 0.05 (n = 3) 

1::4 

Thick (~460 mg) No 0.47 ± 0.10 (n = 6) 

Thin (~185 mg) 
 

No 0.49 ± 0.03 (n = 3) 

Once N/A 

Twice N/A 

Thrice N/A 

Table 4: Experimentally measured 69Ge YEoB for the various target types investigated 

Unmilled and milled thin Co-Ga targets yielded ~0.3 mCi/µAh of 69Ge, consistent across 

successive milling and reforging, suggesting that minimal gallium was lost during the entire target 

fabrication process. As expected, thin target 69Ge yields trended upwards with AR (due to 

increasing gallium content in the target material).  

A set of thick unmilled AR 1:3 targets was irradiated, then dissolved and separated following the 

devised method (chapter 4). From these targets, samples from the dissolved target solution and 
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eluted 69/71Ge product were prepared for analysis on the CdTe X-ray detector as described in 

section 3.2.3. The physical TTYEoB of 71Ge was 20 ± 3 µCi/µAh (n = 3). Applying the same beam 

spot correction as above, the corrected, physical TTYEoB of 71Ge is 40 µCi/µAh. The theoretical TTY 

for the 71Ge, estimated from theoretical cross-section data obtained from the TALYS simulation 

code [86], was approximately 140 µCi/µAh. The actual cross-section values for the 71Ga(p,n)71Ge 

nuclear reaction are not available from the literature above 7 MeV, and the theoretical data 

obtained from TALYS may overestimate the height of the peak in the cross-section (figure 5), 

leading to an overprediction in the TTY. This may help to explain the discrepancy between our 

measured value and the predicted TTY. 

Analysis of the irradiated targets by HPGe also revealed 93mMo and 92Nb in the niobium crucible 

and containment foil, but neither were detected in any dissolved target or radiochemistry 

samples. Measurements taken after 10 half-lives of 69Ge confirmed the presence and 

coproduction of small amounts of 58Co in the target from the 59Co(p,pn) and 59Co(p,d) nuclear 

reactions (Ethreshold = 10.6 and 8.4 MeV, respectively). The corrected, physical TTYEoB for 58Co in 

thin milled CoGa3 targets was 3 ± 1 nCi/µAh (n = 3). The theoretical TTY for 58Co in CoGa3 targets 

was 2.5 nCi/µAh. Even thin CoGa3 targets (degrading the proton energy to ~3.3 MeV upon exiting 

the target) were sufficiently thick to the 59Co(p,x)58Co reactions, so the measured physical yield 

is in good agreement with the theoretical prediction. 

As described in section 3.2.3, the CdTe detector was calibrated for efficiency across 5 – 60 keV at 

~2 cm from the detector face adapting reported methods [87–89]. The measured absolute 

efficiencies (figure 15) were used to quantify the 71Ge activity from the low energy x-ray 

emissions: 
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Figure 15: Absolute efficiency measured for CdTe detector ~2 cm from detector face versus 

incident photon energy in keV. The 7.5 – 8.3 keV X-rays from 64Cu and 8.6 – 9.6 keV X-rays from 

68Ga were used with intensities tabulated by [32] to calculate detector efficiency. The ~14 – 26 

keV X-rays from 241Am were used with intensities reported by [90]. 

71Ge activity was quantified using these results. A representative spectrum obtained from a 

stippled 71Ge source is shown here: 
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Figure 16: Measured X-ray spectrum from 71Ge stippled sample. 

The ~9.2 and 10.3 keV X-rays (9.225 keV [13.3%], 9.252 keV [26.1%], 10.26 keV [1.66%], and 

10.264 keV [3.24%]) were easily resolved from samples measured at ~2 cm from the CdTe 

detector face; no other low energy X-ray peaks were observed. 

3.3.3) Comparison to previous methods 

Previous methods for producing germanium radionuclides focused on proton irradiation of 

encapsulated gallium metal or electroplated nickel-gallium alloys. Encapsulated targets 

withstand 102 µA proton intensities and 104 µAh fluences, yielding 0.4 – 0.5 Ci of 68Ge, though 

the 69Ge is solely a short-lived contaminant in this context, so its yields are often unreported [91].  
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Electroplated NiGa3 targets require 2-12 days to make, withstand a maximum proton current of 

40 µA for 1 hour, and yield  0.7 mCi/µAh of 69Ge [28]. This TTY was achieved with 16 MeV protons, 

while the targets in this work received 12 MeV protons. The thin, milled, AR 1:3 Co:Ga targets 

investigated in this work were fabricated in ~8 hours, withstood 35 µA of proton irradiation for 

30 min without damage, and yielded 340 µCi/µAh 69Ge (n = 2). The cobalt in the Co-Ga targets 

does not appreciably activate, and care is needed only in handling the niobium crucible which 

can contain appreciable levels of 93Mo (T1/2 = 6.9 h) in thinner Co-Ga targets. With these targets, 

the desired germanium isotopes are formed at scale for application-oriented radionuclide 

research, motivating the application for a patent on intermetallic cobalt compounds for 

theranostic radionuclide production [92]. 

3.4) Conclusions 

The reported results are convincing that Co-Ga targets minimize coproduced radioisotopic 

impurities, tolerate production-scale charged particle beam intensities, and achieve 69/71Ge yields 

that will support exploration of in vitro and in vivo applications. Future work will focus on further 

optimization of the production scheme.   
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Chapter 4: Isolation and Purification of Radiogermanium from Irradiated 
Targets 

4.1) Background summary and hypothesis 

A few techniques for separating radioisotopes of germanium from gallium-based targets have 

been investigated. Detailed investigation results were reported [93] for the distillation of trace, 

volatile, radioactive 68GeCl4 from concentrated HCl solutions (>6 M). This was based on a previous 

work [94] which focused on elemental germanium isolation from other elements in hydrochloric 

acid. The dissolution of irradiated gallium metal is facile with concentrated HCl and heat. Once 

dissolved, the radiogermanium is distilled out of solution as 68/69/71GeCl4. Using a gas-tight 

distillation apparatus, recovery of the radiogermanium by condensation of the gaseous product 

downstream is quantitative (>99%) in 5-15 mL of acidic solution [93]. This technique is considered 

the gold standard for radiogermanium purification. Production of 68Ge for RNGs at iThemba Labs 

in South Africa uses 2 – 12 g of encapsulated gallium metal with the distillation method and 

demonstrates the scalability of this separation method, with some modification [70]. 

The relatively large volume of final product solution from the distillation method has an HCl 

concentration of ~2 M under the best of conditions [93] and requires additional buffering and pH 

adjustment if application other than adsorption onto a column matrix is desired. For applications 

requiring higher activity concentrations, typically, the radioactive solution would be dried-down 

and the radioactivity reconstituted in a more suitable solvent. But, due to the azeotrope of HCl 

at ~6 M and the high volatility of GeCl4 at this concentration, it is not feasible to dry-down and 

reconstitute this product. The adsorption of the radiogermanium onto a column matrix of some 

metal oxides (e.g. iron, aluminum, tin, or zirconium) is rapid and irreversible under acidic, 
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aqueous conditions [29,95], so the final distillate from this separation method is suitable for RNG 

production [70]. 

Another approach, reported in a review of germanium radiochemistry [29], involves the liquid-

liquid extraction of 68/69/71GeCl4 into an organic solvent with subsequent back-extraction into 

dilute HCl, based on previous work [96]. With this method, the irradiated gallium metal or NiGa3 

target (2-12 grams) is dissolved in concentrated HCl. The dissolved target solution is combined 

with the organic solvent in a separatory funnel and agitated for several minutes. Upon phase 

separation, manual operation of the separatory funnel stopcock isolates the aqueous phase, 

which must undergo several rounds of contacting with and separating from the organic phase to 

achieve quantitative separation of the GeCl4 from the target material. The relatively large volume 

of the organic phase (10’s of mL) containing the radiogermanium (GeCl4) is then back-extracted 

with a similar volume of dilute HCl (0.1-1 M). The final product is available in a large volume of 

dilute HCl, where again dry-down and reconstitution are not feasible, but the final acid 

concentration is lower and requires less modification for subsequent application. The final 

product is suitable for RNG production [30,68,69,78,91,97]. The process also creates a large 

volume of hazardous organic solvent waste (e.g. CCl4) with residual radioactivity and is difficult 

to automate. 

More recent investigation [28] focused on a liquid chromatography scheme to separate 

radiogermanium from irradiated, electrodeposited NiGa3 targets (~100 mg) dissolved in 

concentrated HNO3. They report that an extraction chromatography resin functionalized with 

diglycolamide (normal DGA resin) could be used to obtain 60 ± 10% of the radiogermanium from 

dissolved targets. The dissolved target is loaded onto the resin column using a peristaltic pump, 
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the resin is rinsed with concentrated HNO3 and HCl to remove residual impurities/target material, 

and the resin is subsequently eluted with 0.5 - 2.5 mL of D.I. water to obtain the radiogermanium 

in the eluent. The separation scheme is illustrated below: 

 

Figure 17: Extraction chromatography scheme for NiGa3 targets dissolved in concentrated HNO3 

using normal DGA resin [28] 

This method gives good separation of the radiogermanium from the target material, is potentially 

automatable, and the final product solution is suitable for subsequent radiolabeling of super-

paramagnetic iron oxide nanoparticles (SPIONs) with some buffering and pH adjustment. 

Inspired by the column chromatography method, we chose to investigate the suitability of 

extraction chromatography resin for use with the Co-Ga target material. We hypothesized that 

the use of extraction chromatography resin would yield at least 50% of the radiogermanium in a 

small volume and with high separation factors and that the final product solution would be 

suitable for radiolabeling.  
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4.2) Materials & Methods 

Normal and branched DGA resins were purchased from Triskem Int. (50-100 µm). Reagent grade 

concentrated HNO3 was purchased from Fisher Chemical. Oxalic acid powder (99.999% trace 

metals pure) was purchased from Sigma Aldrich. 1- & 2-mL solid-phase extraction (SPE) plastic 

fritted columns were purchased from Supelco. Threaded borosilicate glass tubes with threaded 

Teflon plugs were purchased from Ace Glass Incorporated. 3” OD aluminum rod stock was 

purchased from Grainger. 18 MΩ*cm D.I. water was obtained from a Millipore Synergy UV in-lab 

water supply. 

4.2.1) Target Dissolution 

Initially, 1 pellet of each atom ratio (AR) 1:2-1:4 Co:Ga was forged (as in section 3.2.1) and each 

pellet was placed in 1 mL of concentrated HNO3 at room temperature and observed over 24 

hours. A dissolution rig was fabricated in-house to dissolve the pressed targets. A 1” section of 

3” OD aluminum rod stock was cut to produce a right-cylindrical disc (~1” thick with a 3” 

diameter). Into the middle of the curved surface (side), a ¼” pilot hole was drilled most of the 

way through the aluminum block, and a Thunderbolt® style resistive heating unit was installed 

using thermal paste. Onto the flat surface of and centered on the disc, a 19.5 mm diameter 

depression was made with a lathe, 1 mm deep. This pocket aligns the pressed target on the 

heated dissolution block to the fluid column. Using threaded ¼” rod stock, threaded into the 

Aluminum base, a plastic retaining bracket (Ultem®, ~1 cm thick, 3x3”) with knurled Teflon nuts 

compressed the threaded borosilicate glass tube, threaded onto a cylindrical Teflon base 

(outfitted with an o-ring and groove), making a liquid-tight seal on the front face of the pressed 

targets. Photos of the dissolution rig are shown below: 



54 
 

 

Figure 18: Dissolution rig base with threaded rods, thermocouple attached to the top, 

Thunderbolt® heater installed in the side, and alignment groove empty (A); niobium crucible 

with Co-Ga target placed in the alignment groove (B); Side view (C) and bottom view (D), 

threaded Teflon base mated to the Ace Glass column with Ultem® retainer seated on the base, 

Viton o-ring in the groove and alignment holes in the Ultem®; Side view (E) and top view (F), 

fully assembled dissolution rig ready to dissolve target. 

A PID controller and a thermocouple attached to the top of the dissolution block base controlled 

the dissolution temperature. Approximately 5 mL of liquid in the threaded borosilicate tube and 

Teflon base comprise the fluid column which was in direct contact with the front surface of the 

pressed Co-Ga targets in the niobium crucible. Dissolution of the target was accomplished using 

3.5-5 mL of concentrated HNO3 at 70-80 °C for 1-4 hours. 
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4.2.2) Resin Affinity Studies 

Distribution coefficients (KD’s) for b. DGA and the cobalt and gallium target material, as well as 

the germanium product, were not available from the literature [98], so they were measured 

experimentally to identify possible conditions that effect chromatographic separation. 

Measurements of the KD values across a range of HNO3 concentrations were performed to probe 

the resin affinity for the analytes. No-carrier-added 67Ga (T1/2 = 3.26 d, 100% ε) tracer was 

prepared using published methods [99], dried under N2 flow in a glass reaction vial at 85 °C and 

rehydrated twice with c. HNO3. Irradiated CoGa3 targets were dissolved as above (4.2.1) and 

transferred to the glass reaction vial containing dried 67Ga, and the mixture was taken to dryness 

at 85 °C under N2 flow.  

The combined materials were dissolved again in 2-4 mL of 1 M HNO3. From this solution 100 µL 

aliquots were taken containing about 5% of the dissolved target and diluted to 1 mL with final 

HNO3 concentrations ranging from 0.1-11 M. At first, using 1 mL SPE tubes with bottoms frits and 

home-made endcaps, sample aliquots were combined with approximately 50 mg of b. DGA and 

mixed for 10 or 100 minutes on a benchtop mixing plate. At the end of each time point, the liquid 

phase was separated from the solid phase. To do this, the caps were removed, and the liquid was 

expelled into 1.5 mL centrifuge tubes using an air-filled syringe. HPGe assay of both phases at 

each concentration of HNO3 was performed. Quantification of the 58Co, 66/67Ga, and 69Ge by HPGe 

in each of the phases, plus the known volumes of liquid and masses of resin, enabled the 

calculation of the KD values at each HNO3 concentration and time point, following the formalism 

[98]: 
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where Asolid is the activity of the analyte on the solid phase, Mpre-resin and Mpost-resin are the masses 

of the analyte in solution before and after contact with the resin, respectively, m is the mass of 

the resin in grams, Aliquid is the activity of the analyte in the liquid phase, and v is the volume of 

the solution in mL. 

These results informed on the optimal conditions to achieve chromatographic separation in the 

dynamic column experiments. The affinity study was repeated using approximately 250 mg of b. 

DGA. This time, 2 mL SPE tubes with Luer caps and plugs for endcaps were used following the 

same procedure as before but forgoing the 100-minute contact time measurement. Then, the 

gallium and cobalt KD values were estimated using trace metal analysis results obtained by MP-

AES performed on sample aliquots pre- and post-resin contact. 

4.2.3) Dynamic Column Separation 

An initial radiochemical isolation experiment used an irradiated Co-Ga target (AR 1:3, ~180 mg) 

dissolved in c. HNO3 to probe the suitability of the radiochemical separation method from [28]. 

The dissolved target solution was diluted with c. HNO3 to 30 mL and split into 3 fractions. Each 

fraction was loaded onto 200 ± 50 mg of normal DGA resin equilibrated with c. HNO3. Columns 

were rinsed with 5 mL of c. HNO3 and eluted with 5x200 µL of D.I. water. 

Informed by the results of the resin affinity studies, an optimal loading condition for the 69/71Ge 

on the b. DGA resin was identified where the affinity was high for 69/71Ge and correspondingly 

low for the cobalt and gallium. Dynamic column experiments were performed with b. DGA under 
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the identified conditions to investigate the separation of the 69/71Ge from the bulk target material. 

For these experiments, irradiated targets were dissolved as above (4.2.1) in 3.5-5 mL of c. HNO3. 

Theoretical calculations estimate the final concentration of nitric acid to be approximately 11 M 

after dissolution. For each separation experiment, 150-400 mg of b. DGA was equilibrated using 

5 mL of D.I. water, 5 mL of 0.1 or 1 M oxalic acid, and 10-20 mL of 11 M HNO3. The entire dissolved 

target solution was then passed through the equilibrated resin column at 1 mL/min using a 

peristaltic pump (Welco WPW2). The loaded resin column was rinsed with 10-40 mL of 11 M 

HNO3. And finally, 2.5 – 5 mL of 0.1 M HNO3, 0.1 or 1 M oxalic acid, or D.I. water was passed 

through the column to elute the radiogermanium in 0.5 – 1 mL fractions. All fractions were 

measured by HPGe spectrometry to characterize the cobalt and germanium radionuclides’ 

distribution and subjected to trace metal analysis. The residual 69Ge on the column was also 

quantified by HPGe. 

4.2.4) Final Product Characterization 

HPGe assay was performed as described in section 2.2.5. Trace metals were quantified by MP-

AES following the protocol in 2.2.5. Here, however, calibration standards of 10 ppb to 100 ppm 

cobalt, copper, iron, gallium, and zinc were made in 0.5 M HNO3. The detection limits for each 

analyte were determined from calibration curves (~30 ppb for cobalt and gallium in diluted 

samples). The HPGe quantification of the 69Ge and the MP-AES quantification of the cobalt and 

gallium in the dissolved target and eluted product fractions were used to calculate the SFs for 

69/71Ge with respect to the cobalt and gallium bulk target material using the formalism presented 

in 2.2.5. 
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4.3) Results and Discussion 

Current methods for separating isotopes of germanium from gallium-based targets revolve 

around liquid-liquid extraction of volatile, radioactive germanium tetrachloride [91]. Large 

volumes of organic solvents are necessary to achieve the high radiochemical yield (>90%) with 

this method, which is not well suited to automation and requires an operator’s presence; this is 

dosimetrically undesirable. Liquid chromatographic separation was investigated to overcome 

some of these challenges. The method from [28] using normal DGA resin was unable to yield 

more than 20% of the 69/71Ge from the dissolved Co-Ga target material, which motivated the 

investigation of b. DGA resin. The results below are encouraging that the b. DGA method is 

suitable for radiochemical isolation of 69/71Ge from the dissolved Co-Ga targets. 

4.3.1) Target Dissolution 

From theory, an estimated 1.5 mL of c. HNO3 is needed to fully dissolve 500 mg of CoGa3. Since 

only 1 mL was used, target solubility in c. HNO3 was investigated. The AR 1:2 pellet seemed to 

dissolve partially, darkening the solution slightly and leaving large chunks of residue in the 

bottom of the plastic 1.5 mL centrifuge tube. AR’s 1:3 and 1:4 seemed to dissolve readily at room 

temperature with gas bubbles evolving and darkening of the solutions and ultimately little to no 

silty residue in the bottom of the tubes by the end of 24 hours. Referring to the Co-Ga phase 

diagram (section 3.2.1), there are 2 known alloys of Co+Ga in the AR range investigated: CoGa 

and CoGa3. AR 1:2 targets had limited solubility in the c. HNO3, suggesting that the formation of 

the CoGa phase inhibits dissolution in c. HNO3. By contrast, in the AR 1:3 & 1:4 pellets, the primary 

phases present were CoGa3 and elemental gallium, and these pellets dissolved more rapidly. Hot-

pressed targets were dissolved at 80 °C to accelerate the dissolution process. After irradiation 
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and 2 hours of dissolution in 15 mL c. HNO3 at 80 °C, 84 ± 3% (n = 3) of the 69Ge activity was 

reclaimed from thick unmilled AR 1:3 targets. Dissolution volume was reduced to 5 mL, yielding 

~70% of the 69Ge from thick and thin (milled and unmilled) targets. Residual, undissolved target 

material was cleaned from the niobium crucibles after a decay period using aqua regia, and the 

cleaned crucibles were then recycled for further target pressing and processing. 

4.3.2) Distribution Coefficients (KD’s) 

Following the procedure outlined in section 4.2.2, the initial b. DGA resin affinities were 

measured using the 1 mL SPE tubes and ~50 mg of resin with the dissolved target aliquots. These 

results are shown in the plot below: 
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Figure 19: Log of the distribution coefficients (KD in mL/g) for 69Ge, 67Ga, and 58Co on b. DGA 

resin in nitric acid determined by HPGe quantification of radioactivity in the solid and liquid 

phases for 10 (solid) or 100 (dashed) min of contact time. 

A separation scheme for the dynamic columns was devised and implemented: the dissolved 

target was loaded onto the equilibrated resin in >11 M nitric, the column was rinsed with >11 M 

HNO3, and the 69/71Ge was eluted in dilute acid. 11 M was selected for the loading conditions in 

case the dissolved target solution HNO3 concentration was lower than calculated from theory 

(~11 M, as noted in section 4.2.3). However, in performing the initial batch resin study, about 50 

mg of b. DGA resin was contacted with each sample aliquot (about 1/40th of the dissolved, spiked 

target) containing 12 mg Co + Ga. The resin capacity reported by Triskem Int. is 15 mg Eu2+ per 

mL of resin. For 50 mg of resin, the capacity would be about 1.5 mg of Co2+,3+ + Ga3+; much lower 

than the 12 mg of Co + Ga present in those aliquots. Because of this, the preliminary 

measurements may have been skewed by mass effects, so the batch resin study was repeated 

using ~1 mg of Co + Ga in solution and increasing the resin mass to ~250 mg. This required the 

use of the larger volume (2 mL) SPE tubes to accommodate the increased resin volume. Only 10 

minutes of resin contact time was measured since the residence time on the resin in the dynamic 

columns was less than 10 minutes, but certainly less than 100 minutes. The results from this 

measurement are plotted below for comparison: 



61 
 

 

Figure 20: Log of the distribution coefficients (KD in mL/g) for 69Ge, 67Ga, and 58Co on b. DGA 

resin in nitric acid determined by HPGe quantification of radioactivity in the solid and liquid 

phases (solid lines and symbols) and trace metal analysis data from the liquid phase pre- and 

post-resin contact (dashed lines, hollow symbols) for 10 min of contact time. 

Despite concerns about mass effects on the initial resin affinity measurements, the improved 

batch resin study produced comparable results. Encouraged by this, the devised separation 

scheme was employed for the dynamic column experiments.  
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4.3.3) Dynamic Column Separation Results 

The Co-Ga target separation following the method employed by [28] had a poor 69Ge 

radiochemical yield (figure 21):  

 

Figure 21: Elution profile summary for Co-Ga dissolved in HNO3 on normal DGA resin with the 

percentage of 69Ge activity in each fraction on the vertical axis 

For the Co-Ga targets on the normal DGA resin, 42.2 ± 4.8% (n = 3) of the 69Ge activity was lost 

to breakthrough in the load and rinse steps. 14 ± 7% (n = 3) of the 69Ge activity was eluted from 

the column in the combined 1 mL of D.I. water eluent, and 40.7 ± 2.0% (n = 3) of the 69Ge activity 
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remained trapped on the normal DGA columns. The poor radiochemical yield from the normal 

DGA method motivated the investigation of the b. DGA resin’s suitability for the task. 

Informed by the first batch resin study, initial dynamic column separation experiments with the 

b. DGA resin investigated the suitability of the separation scheme on the resin columns. Despite 

the low measured affinity for the 69Ge on the b. DGA across the range of 0.1 – 3 M HNO3 (figures 

19 & 20), a small fraction of the total 69Ge activity eluted off the b. DGA resin columns using 0.1 

M HNO3 or just D.I. water. Near quantitative elution of the 69Ge was obtained using 1 M oxalic 

acid. The results from this column experiment are plotted here below for a visual summary: 
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Figure 22: Elution profile from the most successful trial separation (1 M Oxalic elutions). Trace 

metal concentration is plotted in the dashed blue and green lines for cobalt and gallium (left 

axis). Normalized radiotracer distributions are plotted as blue and green symbols for cobalt and 

gallium, with a red line for the 69Ge (right axis). 

This result was obtained using ~150 mg (1/3rd) of a dissolved CoGa3 target in 1 mL of 11 M HNO3 

loaded onto ~250 mg of equilibrated b. DGA resin. 99.0 ± 0.3% (n = 3) of the cobalt and gallium 

target material eluted with the load and the first mL of rinse in each of the initial columns. In the 

load and full 30 mL rinse, 10.3 ± 4.4% of the 69Ge activity broke through the columns. 13% of the 

germanium activity remained on the columns after elution. For the successfully eluted column, 1 

M oxalic acid eluted ~80% of the 69Ge in 5 mL (collected in 1 mL fractions for analysis). In most of 

the eluted fractions, the cobalt was below the limit of detection (~300 ng). The gallium was 

measured at about 10 µg in each eluted fraction.  

Encouraged by this initial success, further separation experiments varied the rinse and eluent 

volumes and concentrations, looking at the effect on 69Ge breakthrough and radiochemical yield 

(RCY). For CoGa3 targets, the optimized separation scheme loaded ~200 mg of the dissolved, 

irradiated target in 5 mL of approximately 11 M nitric acid onto the resin column. This was 

followed by two 10 mL rinses with 11 M HNO3, 5 mL of 9 M HNO3, and finally 2.5 mL of 6 M HNO3. 

Then, five 500 µL fractions of 0.1 M Oxalic acid eluted the 69Ge activity. A representative elution 

profile using the improved method is provided here: 
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Figure 23: Elution profile from the optimized separation scheme (step-down HNO3 rinse 

concentrations, 0.1 M oxalic acid elution). Trace metal concentration data is plotted in the 

green and blue lines (left axis), the normalized radiotracer distribution is plotted as the red line 

(right axis). Labels and arrows denote the load, rinse, and elution fractions. 

Whole Co-Ga targets (~200 mg, thin, milled) dissolved in 3.5 – 5 mL of c. HNO3 were loaded onto 

~250 mg of equilibrated b. DGA resin. >99.0 % (n = 2) of the cobalt and gallium target material 

eluted with the load and first 10 mL rinse. In the load and combined rinse fractions, 7.0 ± 0.6% of 

the 69Ge activity broke through the resin. In the 0.1 M Oxalic acid elution fractions combined, 

69.8 ± 12.9% (n = 2) was recovered from the resin. With the full targets now processed on the 
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resin columns, 26.9 ± 2.5% (n = 2) of the germanium activity remained on the column after 

elution, compared to the 13% during the initial separations. And, as with the initial separations, 

cobalt was below the limit of detection (~300 ng) in most eluted fractions, and 1 – 3 µg of gallium 

was detected in each eluted fraction, constituting about a factor of 10 decrease compared to the 

initial separation results. 

4.3.4) Total Radiochemical Yields, Radionuclidic Purity, and Separation Factors 

For the initial separation scheme (figure 22), the total RCY of 69Ge was ~60% in the eluted product 

(decay corrected to EoB) and the radiochemical purity (RCP) was >99%. The radionuclidic purity 

(RNP) was >95% 69Ge at EoC, and the SFs for 69Ge were ≥1x104 relative to gallium and cobalt. The 

optimized separation scheme RCY was ~50% of the 69Ge in the eluted product (at EoB) and again 

the RCP was >99%. The RNP was still >95% for 69Ge at EoC, and the SFs still at least 1x104. A plot 

of the gamma spectrum obtained by HPGe for eluted 69Ge shows results obtained at EoC and 18 

days post-EoC such that the 69Ge activity would be sufficiently decayed (by a factor >2000) and 

trace radioimpurities might be observed and quantified: 
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Figure 24: HPGe measured gamma spectra of the first eluted fraction from trial b. DGA column 

brown) at EoC and coral) ~18 days post-EoC. Arrows and brackets indicate the 69Ge peaks. 

The large 511 keV peak is primarily attributed to the positron emission of 69Ge (Iβ+ ≈ 25%). The 

other photopeaks observed are those of 69Ge: 234.8 keV (0.4%), 318.6 keV (1.6%), 532.7 keV 

(0.3%), 553.4 keV (0.7%), 574.1 keV (13.3%), 872 keV (11.9%), 1106.8 keV (36%), 1336.6 keV 

(4.5%), and 1349.8 keV (0.3%). The final RNP of the 69Ge in the eluted fractions from this column 

is >95%, with no identified radioactivity other than 71Ge. The decay period, greater than 10 half-

lives of 69Ge and reducing the eluted fraction’s activity from ~20 µCi to less than 10 nCi, did not 

reveal the presence of any co-produced 58Co contaminant peaks above the limit of detection, 

determined to be 0.2 nCi following published methods [100]. 
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4.4) Conclusions 

The final RCP of the product from this work is comparable to that of the other methods, >99% at 

EoC. The separation factors for the bulk target material are conservative, as they were estimated 

from the minimum detection limit in some cases (mostly for the cobalt). The SFs were calculated 

and found to be greater than 1x104 for both the cobalt and gallium, relative to the 69/71Ge 

product, comparable to the ~106 reported for the Ni-Ga targets. The overall radiochemical yield 

for the improved b. DGA resin separation method was found to be ~50%. Careful optimization of 

the target dissolution and transfer of the liquid phase is expected to increase this overall 

efficiency, and optimization of the column separation method continues.  
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Chapter 5: Radiolabeling with Radiogermanium 

5.1) Background summary and hypothesis 

Multiple studies of germanium biodistribution and kinetics in animals found that GeCl4 [101], 

GeO2, or sodium germanate [102–104] exhibited little organ-specific uptake following parenteral 

injection or ingestion. One investigation [105] found long-term tissue uptake using Ge(OH)4, 

observed in the spleen and kidneys. The development of a germanium-based radiotracer could 

enable studies to elucidate the biodistribution and pharmacokinetics of germanium previously 

missed by ex-vivo examination. While inorganic germanium (i.e. GeO2 or germanium lactate-

citrate) inhibited tumor promotion in rat liver cells in vitro [106], it is also nephrotoxic, and its 

import is banned in the U.S. [107]. Organic forms of germanium (i.e. spirogermanium, germanium 

yeast, or Ge-132) are reportedly involved in a whole host of biological activities, among them 

potential antitumoral and antimicrobial effects which could be therapeutically useful: inhibiting 

DNA, RNA, and protein synthesis [108], inducing γ-interferon production [109], inhibiting the 

growth of bacteria and yeasts [110] and fungi [111], and inhibiting growth and maturation of 

chloroquine-resistant strains of malaria [112].  

Analysis of dietary intake and baseline levels in humans found that 400 - 3500 µg per day of 

germanates are ingested in food and drink, with comparable amounts excreted in the urine [113]. 

Several patients developed fatal lactic acidosis and germanium-induced nephropathy after taking 

germanium supplements [114–116]. Overexposure to germanium compounds also causes 

neuropathy or neurotoxicity [108,117,118]. Possible pulmonary toxicity from organic forms of 

germanium has been reported [119]. Because of the reported safety risks associated with organic 
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germanium compounds, the FDA discourages their production and usage [120]. And while 

germanium is present in trace amounts in the diet of humans, with the increased use of 

germanium-based, growth-promoting methods in parts of southeast Asia applied to livestock 

[21], the average daily intake for humans may be increasing and so a more thorough 

understanding of germanium biodistribution in humans is highly desirable. 

Synthesizing a germanium-based compound that may have inherent antitumorigenic properties 

with radiogermanium presents a somewhat unique opportunity among radiometals as this could 

be achieved chelator-free. Only one other example of this intrinsic labeling possibility for 

radiometals has been explored in any detail, on the synergistic effect of 191/195mplatinum-labeled 

cisplatin in glioblastoma treatment in vitro [121]. By contrast, the more typical radiometal 

labeling process, as with clinically approved 68Ga-PSMA compounds, involves significant chemical 

modification to radiolabel the PSMA targeting vector and these modifications have a dramatic 

effect on the pharmacokinetics of the PSMA compounds [122].  This chelating ligand paradigm is 

widely applied to radiometal theranostics currently being explored, including but not limited to 

the 68Ga example presented here. 

To date, the chelation/coordination of germanium radioisotopes has only been investigated as 

far as successful methods for RNG production: the selective and permanent adsorption/retention 

of the germanium on a column matrix [123–127]. Building on this chemical property of 

germanium, previous investigation [128] reported successful radiolabeling of superparamagnetic 

iron oxide nanoparticles (SPIONs) with 69Ge for PET/MR applications. The RNG production 

method is not targeted at in vivo application of the radiogermanium, and the nanoparticle 

approach is hindered greatly by a lack of ability to be specifically targeted in vivo (its behavior in 



71 
 

vivo is dominated largely by the size of the nanoparticles and the body’s pathways for molecules 

of this size). So, chelation of radiogermanium with a potentially modifiable ligand, whose 

biodistribution and pharmacokinetics can subsequently be tailored to a particular application, is 

an important objective. 

Since the 1950s, the antitumor and antimicrobial properties of thiosemicarbazones (TSCs) have 

been observed and reported on in the literature [129–131]. Stable germanium complexation has 

been achieved using the TSCs [132–134]. Stable germanium has also been successfully 

coordinated with the tetrathiolate active site of rubredoxin proteins [135]. Inspired by these 

reports, we hypothesized that a thiol-based chelator for radiogermanium would be stable in vivo 

and possible to bifunctionalize (conjugate with a targeting moiety) for diagnostic imaging and 

targeted radiotherapy research. Radiolabeling of germanium complexes with reported intrinsic 

targeting properties (i.e. the TSCs) also merits exploration. We investigated the coordination of 

our no-carrier-added radiogermanium product with various thiol-based chelating/complexing 

agents. 

5.2) Materials and Methods 

Trace metal free sodium acetate was purchased from Sigma Aldrich. Reagent grade sodium 

hydroxide was purchased from Fisher Scientific. HPLC grade acetonitrile and D.I. water were 

purchased from Sigma Aldrich. Reagent grade methanol and ethanol were purchased from Sigma 

Aldrich. Reagent grade HCl, C18 purification cartridges, and TCEP were purchased from Fisher 

Scientific. Lipoic acid (LA) was purchased from Sigma Aldrich. A model trithiol chelator was 
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generously provided through collaboration with the Jurrison group at the University of Missouri 

(referred to hereafter as the “Mizzou trithiol chelator”).  

5.2.1) Labeling Conditions for Thiol-based Chelators 

The eluted radiogermanium product (following the method detailed in Chapter 4) was acidic, 

with a pH of ~1, eluted in oxalic acid. From the literature we found theoretical speciation 

diagrams for germanium in aqueous medium with oxalic acid [136]:  

 

Figure 25: Distribution curves of Ge hydroxide complexes (a) and Ge complexes with oxalic acid 

(b), citric acid (c), and catechol (d) as a function of pH at 25 °C in aqueous solutions containing 

0.02 M of Ge and 0.1 M of corresponding organic compound. The dashed lines represent the 

percentage of the free inorganic germanium, Geinorg = [Ge(OH)4]0 + GeO(OH)3
-, in the presence 

of the organic ligands. All curves were generated using the stability constants for Ge species 

reported by Pokrovski and Schott (1998b) (reproduced  by permission of Elsevier from 

Pokrovski et al. (2000)) [137] 
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Informed by this report, we selected pHs of ~1 and 4-5 for our radiolabeling investigation. 

Commercially available, high purity LA was obtained for investigation and the Mizzou trithiol 

chelator was provided through collaboration with the Jurrison group. The chelator’s structures 

are shown below for reference: 

                                   

Figure 26: Structure of (left) unreduced LA and (right) the Mizzou model trithiol chelator with 

protecting groups for shelf-stability, where R = CN [138]  

Before labeling, the thiol-based chelators must have their disulfide bridges reduced, and in the 

case of the Mizzou trithiol, have the cyanate protecting groups removed (deprotected). This was 

accomplished using a 10x molar excess of TCEP and heating the mixture for 2 hours on a benchtop 

mixing plate. The thiol-based chelators were dissolved in acetonitrile (due to their 

hydrophobicity) and combined with TCEP dissolved in D.I. water to yield the 10x molar ratio in 

1.5 mL plastic centrifuge tubes. The tubes were placed on the heated mixing plate at 55 °C for 2 

hours. 100 µL of the deprotected/reduced chelator solution was added to the radiogermanium 

product either as eluted (at pH ~1) or buffered with 100 µL of 1 M NaOAc and adjusted to pH 4-
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5 with NaOH. The reaction mixture was set on the mixing plate at 55 °C for 2 hours. The results 

of the labeling reaction were assessed by radio-HPLC, described later in section 5.2.3. 

5.2.2) Purification of the Labeled Complex 

Purification of the labeled complex was investigated with C18 purification cartridges as well as 

by semi-preparatory HPLC (semi prep HPLC). The C18 cartridges were rinsed with 2.5 mL of EtOH 

and equilibrated with 5 mL of D.I. water. The labeling reaction solution was diluted to 5 mL with 

D.I. water and loaded onto the C18 cartridge. The cartridge was rinsed with an additional 2.5 mL 

of D.I. water, and the radiolabeled complex was eluted in 1 mL of EtOH. The EtOH eluent 

containing the radiolabeled complex was dried down under N2 gas flow and reconstituted in PBS 

for stability experiments.  

For the semi prep HPLC purification method, an UltiMate Model 3000 HPLC system with a 

Phenomenex C18 (5µ, 100Å, 250 x 10 mm) reverse-phase preparatory HPLC column, built-in UV-

VIS absorbance detectors and an in-line, downstream radiation detector was used to purify 

samples. A 2 mL sample injection loop was installed on the system, and a 30-minute method was 

used with a binary mobile phase. The 2 mobile phase constituents were A) HPLC grade D.I. water 

with 0.1% TFA and B) HPLC grade acetonitrile: 

Time 
(min) 

% A (D.I. w/ 
0.1% TFA) 

% B 
(Acetonitrile) 

0 95 5 

2 95 5 

5 40 60 

20 10 90 

25 10 90 

28 95 5 

30 95 5 

Table 5: HPLC binary mobile phase gradient 
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A simplified diagram of an HPLC system is shown here: 

 

Figure 27: Schematic of an HPLC system [139] 

On our HPLC system, the UV-VIS detector is followed downstream by the radiation detector. 

Radiolabeling reaction solutions were diluted to 2 mL using HPLC mobile phase (95% A, 5% B) and 

injected into the sample loop. The radiopeak corresponding to the radiolabeled complex was 

isolated from the waste stream in a 15 mL falcon tube for formulation and stability experiments. 

5.2.3) Final Product Characterization by radio-HPLC 

The HPLC system described in 5.2.2 was used to perform analytical HPLC on radiolabeling reaction 

solutions and purified/formulated products. A 20 µL sample injection loop and Phenomenex C18 

reverse-phase column (5µ, 100Å, 250 x 10 mm) were installed on the system and, samples were 

analyzed with the same 30-minute method detailed above. Additionally, HPLC analysis of all the 

labeling reagents aided in the interpretation of the HPLC traces obtained from the labeling 

reactions.   
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5.3) Results and Discussion 

With the exception of the 69Ge-labeled SPIONs [128], no other reports of 69Ge-labeled 

compounds were found searching the literature. Both the LA and the Mizzou chelators have been 

reported on for successful radiolabeling with 77As [138,140]. As and Ge are adjacent to one 

another on the periodic table and are both metalloids, so potential similarities in their 

coordination chemistry were investigated. We found that the complexation of 69/71Ge with both 

chelators was possible, but the complexes were unstable at neutral pH or in simulated 

physiological conditions. 

5.3.1) Thiol Complexation Results 

The disulfide bridges between the thiol functional groups on LA were reduced using 10x TCEP (as 

described in section 5.2.1). Plotted UV-VIS HPLC results show the change in retention time (218 

nm trace) and peak height (254 – 330 nm traces) for the characteristic LA peak at retention time 

(RT) ~9.5 min, which are effects of the reduction of the chelator: 
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Figure 28: HPLC UV-VIS traces for LA pre (left) and post (right) reduction with 10x TCEP 

The TCEP reducing agent and NaOAc buffering solution were also analyzed by UV-VIS HPLC. These 

results were used to analyze and interpret the radio-HPLC results obtained from analysis of the 

various reaction conditions. 69/71Ge-oxalate (as eluted from the b. DGA column, 0.1 M Oxalic Acid, 

pH ~1) was buffered with NaOAc (1 M, 100 µL) and pH-adjusted to ~5 using 1 M NaOH. The 

buffered 69/71Ge-oxalate was combined with reduced LA (as described in section 5.2.1), and both 

solutions were analyzed by radio-HPLC (section 5.2.3) to determine the RT of the 69/71Ge-oxalate 

and observe differences in behavior which could indicate a successful reaction with the chelator. 

Figure 29 shows the plotted results:  
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Figure 29: upper) Unbound 69/71Ge-oxalate buffered to pH ~5 and lower) 69/71Ge-oxalate after 

chelation with LA 

The 69/71Ge-oxalate eluted from the HPLC column with a RT of ~3.5 min, coincident with the 

solvent front. This behavior is characteristic of soluble molecules in aqueous solution, as 

expected with 69/71Ge-oxalate. After the 2-hour reaction at 55 °C without pH-buffering, no 

indications of chemical reaction were evident from the radio-HPLC trace; all the 69/71Ge eluted 

with a RT of ~3.5 min and no other radiopeaks were observed. However, after the 2-hour reaction 

at pH ~5, no 69/71Ge-oxalate peak at RT ~3.5 min was observed. Instead, 3 new radiopeaks were 
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observed at RT ~10.5 and ~12 min. These are likely 69/71Ge coordinated with 1 LA molecule (RT 

~10.5 min), and 2 LA molecules (RT ~12 min) but have not been confirmed. 

10x TCEP deprotection was carried out as described in section 5.2.1 to prepare the Mizzou trithiol 

chelator for reaction with our 69/71Ge-oxalate, as with the LA. The UV-VIS HPLC results plotted 

(figure 30) were obtained from the Mizzou chelator pre- and post-reduction with 10x TCEP: 

 

Figure 30: HPLC UV-VIS traces for Mizzou model trithiol chelator pre (left) and post (right) 

reduction with 10x TCEP  

The characteristic peaks for the Mizzou chelator appear at RT ~10 & 12 min. In the 218 nm trace, 

both peaks were diminished after reduction with the TCEP and a new, massive UV peak was 

evident at the solvent front (RT ~3.5 min). This seems to indicate a successful reduction as the 
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chelator should be more soluble in the aqueous mobile phase after reduction. Again, 69/71Ge-

oxalate was buffered with NaOAc and adjusted to pH ~5 with NaOH. The buffered 69/71Ge solution 

was combined with deprotected Mizzou chelator (as described in section 5.2.1) and both 

solutions were analyzed by radio-HPLC (as described in section 5.2.3): 

 

Figure 31: upper) Unbound 69/71Ge-oxalate buffered to pH ~5 and lower) 69/71Ge-oxalate after 

chelation with the Mizzou trithiol 
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Again, the buffered 69/71Ge-oxalate eluted from the HPLC column with a RT of ~3.5 min, 

coincident with the solvent front. After the 2-hour reaction at 55 °C without pH-buffering, no 

indications of chemical reaction were evident from the radio-HPLC trace; all the 69/71Ge eluted at 

a RT of ~3.5 min and no other radiopeaks were observed. However, after the 2-hour reaction at 

pH ~5, no 69/71Ge-oxalate peak at RT ~3.5 min was observed. Here, 1 new radiopeak was observed 

at RT ~24 min. A few small impurity peaks were evident in the radio-HPLC trace, but by peak area 

amounted to <2% of the total activity, suggesting a high radiolabeling yield. 

5.3.2) Purification and Stability 

The LA-chelated 69/71Ge was purified by C18 cartridge and eluted in EtOH, then dried-down and 

reconstituted for stability assays as described in section 5.2.2. Figure 32 shows the plotted results 

from radio-HPLC analysis of both solutions:  

 

Figure 32: left) C18 cartridge purified 69/71Ge-lipoate after 48 hours in EtOH; middle) 69/71Ge-

lipoate immediately following dry-down and reconstitution in PBS; right) 69/71Ge-lipoate after 

24 hours in PBS 

Purification of the radiolabeled LA complex was accomplished using the C18 cartridges. The 

eluted product from the cartridges appeared stable for at least 48 hours post-purification in the 
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organic solvent. The dried-down, PBS reconstituted product also seemed stable, as the same 

peaks at RT ~10.5 and 12 min were the only radiopeaks present. However, after 24 hours in PBS, 

the 69/71Ge-lipoate totally degraded, evidenced by a new radiopeak at RT ~7 min, corresponding 

neither to the 69/71Ge-oxalate (RT ~3.5 min) nor the labeled complex (RT’s ~10.5 & 12 min). 

Decreased LA radiolabeling yield over time was reported for radioarsenic and LA [140], though 

no reports in the literature are available for 69/71Ge and LA. Because of these observations and 

results, 69/71Ge-lipoate was abandoned as an ideal candidate for thiol chelation of the 69/71Ge. 

The Mizzou-chelated 69/71Ge was purified and analyzed as with the LA, and the results from those 

assays are plotted below (figure 33):  

 

Figure 33: left) C18 cartridge purified 69/71Ge-Mizzou C18 purification and dry-down and 

reconstitution in PBS+Tween 80; right) 69/71Ge-Mizzou after 4 hours in PBS/Tween80 + Human 

Serum 
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Purification of the radiolabeled Mizzou complex was also attempted using the C18 cartridges. 

The dried-down complex was reconstituted in PBS but the solubility of the labeled complex in 

this solution was poor, leaving 30-50% of the radioactivity stuck to the vial walls after 

reconstitution and transfer to a fresh vial. Further reconstitutions used PBS and a biocompatible 

surfactant (Tween 80) to combat the challenges presented by the very hydrophobic labeled 

complex. In these cases, residual activity stuck to the vessel walls was negligible (<5%). The 

69/71Ge-Mizzou complex in the PBS/Tween solution seemed stable, as the same radiopeak at RT 

~24 min was present. However, the impurity peaks were more evident, amounting to closer to 

5% of the total peak area. And, after as little as 4 hours in PBS+Tween, the 69/71Ge-Mizzou 

appeared to have totally degraded, as a new radiopeak at RT ~7 min was observed, neither 

corresponding to the 69/71Ge-oxalate (RT ~3.5 min) nor the labeled complex (RT ~24 min).  

The developers of the chelator reported that excess, unlabeled chelator in solution contributes 

to colloid formation and lack of stability for Mizzou-chelated radioarsenic, and that purification 

by C18 cartridge alone was insufficient to overcome this challenge, so HPLC purification is 

necessary [138]. Thus, a semi prep HPLC method was developed to isolate the 69/71Ge-Mizzou 

complex. First, a proof-of-concept run was performed on analytical HPLC by concentrating the 

labeling reaction solution down to ~20 µL with heat and N2 flow and injecting the entire reaction 

solution onto the HPLC. The labeled complex was isolated for reformulation and stability assay, 

and these results are plotted here: 
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Figure 34: Proof-of-concept 69/71Ge-Mizzou semi-prep method final product stability results in 

upper) PBS+Tween 80 and lower) PBS/Tween+Human Serum after 20 hours 

After dry-down and reconstitution of the isolated 69/71Ge-Mizzou complex in PBS+Tween and 

combining equal parts 69/71Ge-Mizzou complex in PBS+Tween with human serum, only 1 

radiopeak at RT ~24 min was observed in the analysis of each solution. Compared to the 

instability observed after just 4 hours in the PBS/Tween+Human serum (figure 33), both 

preparations appeared stable. Encouraged by this, the semi prep HPLC method was developed 

as described in section 5.2.2. The results from this method development are plotted below: 
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Figure 35: 69/71Ge-Mizzou semi prep method development and RT recharacterization left) test 

run injected with UV-VIS flow cell online and right) full reaction solution injection with UV-VIS 

flow cell bypassed (peak corresponding to the labeled complex circled in green) 

Because of the increased column diameter and flow rate used for semi prep, recharacterization 

of the RT of the 69/71Ge-Mizzou complex was necessary. Additionally, the UV-VIS flow cell on the 

UltiMate 3000 HPLC system must be bypassed when large amounts of organic samples are 

injected to avoid clogging the small-diameter flow path and bursting liquid lines due to the 

subsequent back-pressure spike. So, 20 µL of the 69/71Ge-Mizzou labeling reaction solution was 

diluted with the HPLC mobile phase (95% A, 5% B) to 2 mL and injected onto the system without 

bypassing the UV-VIS flow cell to observe the separation between the excess, unlabeled chelator, 

and the labeled complex. It was evident from these results that by the time the labeled complex 

eluted from the HPLC column (RT ~20 min) the bulk of the excess chelator had already been 

eluted to waste, and so the full run was performed with the remaining reaction solution (also 

diluted to 2 mL with the mobile phase). The labeled complex at the new RT was then isolated for 

reformulation and stability assay. These results are plotted below: 
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Figure 36: 69/71Ge-Mizzou stability after reformulation in left) PBS+Tween and right) 

PBS/Tween+Human serum over 72 – 96 hours 

The overlayed radio-HPLC traces for the 69/71Ge-Mizzou in PBS+Tween appeared stable over the 

4 days observed, with no other radiopeaks observed other than the RT ~24 min peak which 

corresponds to the 69/71Ge-Mizzou complex. This result was encouraging, and it was hoped that 

in vitro and in vivo applications could soon be enabled. The overlayed PBS + serum sample radio-

HPLC traces did also appear stable, though some impurity peak was evident in the 4-hour time 

point (RT ~10 min). However, closer inspection of the PBS + serum samples taken for HPLC 

analysis using a benchtop well detector revealed that quantity of residual radioactivity in the vials 

was increasing over time: 
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Figure 37: Serum pellet radioactivity accumulation during 69/71Ge-Mizzou PBS & PBS+Human 

Serum stability study 

To analyze the PBS + serum sample, aliquots were taken and combined with acetonitrile to salt 

out the serum proteins because they cannot be injected into the system. The aliquots were 

centrifuged, and the decanted supernatant was injected into the HPLC for analysis. Using a 

benchtop well detector to measure the samples taken for HPLC before and after injection, the 

residual radioactivity in the PBS and PBS+Human serum vials were quantified. For the PBS 

samples, the residual radioactivity in the vials was consistent with small residual liquid in the 

centrifuge vials.  However, the activity remaining in the serum vial with the centrifuged pellet of 



88 
 

serum proteins increased over time. We suspect that this could be the result of trans-chelation 

with thiol groups on the serum proteins, albumin binding of the labeled complex, or instability of 

the labeled complex under simulated physiological conditions. But, because of this result, and 

with no obvious solution to overcome the challenge, in vitro and in vivo studies were not 

undertaken. However, a proposed set of future experiments would involve using a functionalized 

version of this chelator in vitro to assess cellular internalization. Hypothetically, if none of the 

activity was internalized, we would suspect that the complex was unstable under physiological 

conditions. If any activity was internalized, however, the question of instability vs 

transchelation/albumin binding would require further inquiry. 

5.4) Conclusions 

In conclusion, chelation using ligands bearing thiol functional groups shows promise. The most 

encouraging result was obtained using the Mizzou model trithiol chelator, but challenges with 

stability and formulation need further investigation before in vitro or in vivo applications can be 

enabled. Based on the observed complexation, the 69/71Ge-oxalate product obtained from the 

developed radiochemical isolation method (chapter 4) is suitable for radiopharmaceutical 

preparation and investigation. 
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Chapter 6: Conclusions and Outlook 

Immune and combination therapies for cancer show great promise [141,142]. While the need to 

treat cancer with ionizing radiation (both external beam and nuclear medicine) may decline, 

there will always be a need for diagnostic medical imaging. Therefore, efficient production of 

positron-emitting radionuclides for preclinical investigations, translation, and clinical applications 

is essential to sustain diagnostic PET imaging. The automated production of 61/64Cu investigated 

in this work directly supports this goal. The production and purification of 69Ge investigated here 

lay a rudimentary foundation upon which future successes can be built. 

The automated copper production process developed and implemented at our facility can yield 

radiopharmaceutical quality 61/64Cu in approximately 1 hour of processing time from natural or 

enriched isotopic targets of nickel and facilitates recycling of enriched target material. The 

application to enriched targets was demonstrated with the 64Cu production. Direct radiolabeling 

was demonstrated with high NOTA AMAs obtained and minimal modification of the final 

formulation, and the radionuclidic purity of the final product met European Pharmacopoeia 

Standards (2020). The FASTlab chemistry module, used at more than 740 facilities worldwide to 

produce radiotracers for clinical application, is equipped to perform radiolabeling reactions 

online and deserves to be the subject of future investigations for copper-labeled radiotracers. 

The results from the Co-Ga targets are convincing that the material is suitable for routine 

production of 69/71Ge with minimal coproduced radioimpurities and tolerates production-scale 

beam intensities. The method developed in this work for radiochemical isolation of the 69/71Ge 

yields ~50% of the activity at EoC, outperforming the previous method [28] for isolating the 
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radiogermanium from dissolved Co-Ga targets by nearly a factor of 3. The final radiochemical 

purity was >99% at EoC for germanium and the radionuclidic purities of the 69&71Ge post-

processing are suitable for preclinical applications. Future work will focus on optimizing the 

production and separation schemes to improve the target dissolution and radiochemical yield, 

which is expected to increase the overall efficiency. Lastly, the results of thiol-based chelation 

strategies inspired by the literature are encouraging. Overcoming challenges with the stability 

and formulation of the radiolabeled complexes will enable in vitro and in vivo studies, thus 

motivating future investigations.  



91 
 

Appendix A: Additional XRD Data 

 

Figure A1: Measured X-ray diffraction patterns for upper) unmilled AR 1:2 Co:Ga sample & 

lower) milled AR 1:2 Co:Ga sample shown in gold with analysis software library matches 

shown in blue and red. 
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Figure A2: Measured x-ray diffraction pattern for AR 1:4 unmilled Co:Ga sample shown in gold 

with analysis software library matches shown in blue and red. 
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