

  68Ga-Based Radiopharmaceuticals: Production and  Application Relationship




68Ga-Based Radiopharmaceuticals: Production and Application Relationship







Molecules 2015, 20(7), 12913-12943; doi:10.3390/molecules200712913




Review



68Ga-Based Radiopharmaceuticals: Production and Application Relationship



Irina Velikyan 1,2





1



Section of Nuclear Medicine and PET, Department of Surgical Sciences, Uppsala University, Uppsala SE-751 85, Sweden; Tel.: +46-0-70-483-4137; Fax: +46-0-18-611-0619






2



PET Center, Center for Medical Imaging, Uppsala University Hospital, Uppsala SE-751 85, Sweden







Academic Editor: Svend Borup Jensen



Received: 7 June 2015 / Accepted: 6 July 2015 / Published: 16 July 2015



Abstract:



The contribution of 68Ga to the promotion and expansion of clinical research and routine positron emission tomography (PET) for earlier better diagnostics and individualized medicine is considerable. The potential applications of 68Ga-comprising imaging agents include targeted, pre-targeted and non-targeted imaging. This review discusses the key aspects of the production of 68Ga and 68Ga-based radiopharmaceuticals in the light of the impact of regulatory requirements and endpoint pre-clinical and clinical applications.






Keywords:


positron emission tomography; 68Ga; chemistry; receptor targeting; peptide; GMP; dosimetry








1. Introduction


Development and availability of radiopharmaceuticals is a key driving force of nuclear medicine establishment and expansion. The role of 68Ga in the growth and worldwide spreading of clinical research and routine positron emission tomography (PET) has been proven considerable especially during last two decades. Some important features influencing such progress are the generator production of 68Ga, availability of commercial generators, robust labeling chemistry diversity, and potential for personalized medicine and radiotheranostics [1,2,3]. Small compounds, biological macromolecules as well as nano- and micro-particles have been successfully labeled with 68Ga, and the resulting agents demonstrated promising imaging capability pre-clinically and clinically [1,3,4,5,6]. In particular 68Ga was used for the labeling of ligands targeted to specific protein expression products such as receptors, enzymes, and antigens; small effector or hapten molecules for pre-targeted imaging; and various compounds for imaging of general biologic properties and processes such as proliferation, apoptosis, hypoxia, glycolysis, and angiogenesis. 68Ga is most often utilized in radiopharmaceuticals for oncology diagnostics, however its potential has also been demonstrated for imaging of myocardial perfusion, pulmonary perfusion and ventilation as well as inflammation and infection. Feasibility of non-invasive monitoring of transplantation and survival of beta cells in diabetes mellitus is one more growing application area [7,8,9].



PET in combination with targeted imaging agents allows tumor-type specific non-invasive diagnosis with precise delineation of tumors and metastases and thus disease staging. Moreover, quantification of receptor expression, uptake kinetics and pre-therapeutic dosimetry may allow more efficient and effective treatment selection and planning as well as monitoring response to the therapy and early detection of recurrent disease resulting in personalized medicine and, in particular, radiotheranostics (Figure 1). The primary aims of the individualized patient management are to optimize therapeutic response and avoid futile treatments, minimize risks and toxicity as well as reduce cost and patient distress. Clinical intra-patient studies with variable amount of administered 68Ga-based imaging agents demonstrated significance of individualized patient management [10,11,12].


Figure 1. (Upper panel) Peptide receptor targeted imaging and radiotherapy provide personalized and thus more effective and efficient treatment of patients. (Lower panel) Drawing of the interaction of an agent, either imaging if labeled with 68Ga (left) or radiotherapeutic if labeled with 177Lu (right), with the cell receptor.
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Such characteristics of 68Ga as its availability from a generator system and amenability for kit type radiopharmaceutical preparation make this radionuclide as functional as 99mTc, but with additional advantages of higher sensitivity, resolution, quantification and dynamic scanning. Moreover, some therapeutic radionuclides resemble coordination chemistry of Ga(III) thus facilitating the radiotheranostic development wherein the pre-therapeutic imaging and radiotherapy are conducted with the same vector molecule exchanging the imaging and therapeutic radionuclides (Figure 1, lower panel).



A number of methods for 68Ga-labeling have been developed allowing choice dependent on the application objectives and logistics. Production for the clinical use can be divided into three groups: manual good manufacturing practice (GMP) production; automated GMP manufacturing; and kit type preparation. This review presents such critical aspects of 68Ga-radiopharmaceutical development as: generator production of 68Ga and its subsequent handling; essential features of labeling chemistry in relation to the endpoint biological and clinical applications; important aspects of 68Ga-radiopharmaceutical production process with respect to the regulatory issues.




2. Characteristics and Generator Production of 68Ga


The advantages of 68Ga have been presented in details previously and they are multiple with regard to both physical and chemical properties [1,3,4,6]. Those that are relevant to the aspects discussed in this review are summarized here. The high positron emission fraction (89%, Emax: 1899 keV, Emean: 890 keV) and half-life of 68 min provide sufficient levels of radioactivity for high quality images while minimizing radiation dose to the patient and personnel. It requires short scanning time and allows repetitive examinations. In modern generators 68Ga is obtained in ionic form compatible with subsequent highly reproducible and straightforward labeling chemistry. The only oxidation state stable at physiological pH is Ga(III) providing robust labeling chemistry with ligands that can fill the octahedral coordination sphere of Ga(III) with six coordination sites. The long shelf-life generator (t½(68Ge) = 270.95 d) is simple to use and a steady source of the radionuclide for medical centers without cyclotrons or remote from distribution site. Moreover, it is a source of the enrichment of radiopharmaceutical arsenal at centers equipped with cyclotrons. As compared to cyclotron it does not require: (i) special premises with radiation shielding constructions; (ii) consumption of energy; and (iii) highly qualified personnel for running and maintaining the equipment (Figure 2A).


Figure 2. (A) Pictures of a 68Ge/68Ga generator and a cyclotron; (B) Schematic presentation of the cross section of a column-based generator.
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A generator is a self-contained system housing a parent/daughter radionuclide mixture in equilibrium. Modern commercial generators consist of a small chromatographic column situated in a shielding container (Figure 2B). 68Ge is produced in a high energy cyclotron from stable Ga-69 isotope (69Ga(p,2n)68Ge). Then, 68Ge is immobilized on a column filled with inorganic, organic or mixed matrix where it spontaneously decays to 68Ga (Equation (1)), which can then be extracted by an eluent. 68Ga decays in its turn to stable Zn(II) (Equation (2)). Thus Ge, Ga, and Zn elements populate the generator and can be found in the eluate.
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(1)
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(2)







The relation of 68Ge decay and 68Ga accumulation is described by secular equilibrium since the half-life of the 68Ge is over 100 times longer than that of 68Ga (Equation (3)).
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(3)







At the equilibrium, the radionuclides have equal radioactivities achieved at 14 h post elution (Figure 3). However, already 68 min post elution 50% of the maximum achievable radioactivity is accumulated and 4 h later it is over 91%. So, the tracer production can be performed every hour or up to three productions within one working day dependent on the generator loaded radioactivity (68Ge) and the age of the generator. The graph depicts a theoretical plot of 68Ga generation (Figure 3, red line). In reality, 68Ga recovery from the generator chromatographic column is less than quantitative and the proportion of 68Ga separated during the elution process to the theoretical value expected at the secular equilibrium is defined as elution efficiency (Figure 3, black line). The precise determination of 68Ga half-life time still continues reporting 67.83 min [13], 67.71 min [14], and 67.85 min [15], but for the simplicity 68 min value is used in this illustrative graph (Figure 3). It can also be mentioned that the range of the half-life values covers 62–74 min in the specification of the European Pharmacopoeia monographs [16,17].


Figure 3. Graph of the secular equilibrium with 68Ge decay and 68Ga accumulation. The green line represents decay of 68Ge described by [image: ]; the red line represents ingrowth of 68Ga described by [image: ]; and the black line represents accumulation kinetics of 68Ga with correction for hypothetical elution efficiency.



[image: Molecules 20 12913 g003]








Commonly, modern 68Ge/68Ga generators demonstrate highly reproducible and robust performance, as, for example, 68Ga elution yield for three generator units of various age presented in Figure 4A [18]. Elution yield has both 68Ge-decay and elution efficiency components. The elution efficiency depends on the 68Ge breakthrough and column matrix, and may drop in time course, however the 68Ge-decay component is larger (Figure 4B).


Figure 4. (A) 68Ga elution yield for Generator-1 over 29 months, Generator-2 over 14 months and Generator-3 over three months; (B) Hypothetical graphs representing 68Ge decay, elution efficiency and resulting non-decay corrected elution yield.
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Historically, there have been two basic Ge-Ga separation methods: liquid–liquid extraction and column technology with various eluents (alkaline, acidic or complexing agents). The column technique is most widely used with various sorbents made of inorganic, organic or mixed materials (Table 1) [1,19].



Table 1. Various sorbents and respective eluents used in column based 68Ge/68Ga generators.







	
68Ge/68Ga Generator Column Matrix




	
Inorganic (Eluent)

	
Organic (Eluent)






	
SnO2 (1 M HCl)

	
N-methylglucamine (0.1 M HCl; 0.1 M NaOH; citrate; EDTA)




	
TiO2 (0.1 M HCl)

	
Pyrogallol-formaldehyde (0.3 M HCl)




	
CeO2 (0.02 M HCl)

	
Nanoceria-polyacrylonitrile (0.1 M HCl)




	
ZrO2 (0.1 M HCl)

	




	
Zr-Ti ceramic (0.5 M NaOH/KOH; 4 M HCl; acetate; citrate)

	




	
Nano-zirconia (0.01 M HCl)

	












The major parameters of a generator performance are: chemical separation specificity; radiation resistance and chemical stability of the column material; eluate sterility and apyrogenecity; 68Ge breakthrough; eluent type; and elution profile. Most of the generators use acidic eluent since it provides cationic Ga(III) for the further direct chemistry. Inorganic column sorbents are used more widely as they are less sensitive to radiolysis. Development work continues in order to improve these characteristics and a number of commercial and in-house built generators have been introduced. Column matrixes that allow elution of 68Ga using several different eluents dependent of the application have been developed. Organic resin with N-methylglucamine functional groups allows elution with HCl, NaOH, citrate and EDTA dependent on the subsequent synthesis and application [20]. Highly stable nanocrystalline Zr-Ti ceramic material was developed, and the respective generator elution and in-line eluate concentration/purification was automated [21]. The elution of 68Ga could be performed using various eluents: basic, acidic or buffering (acetate, citrate). This generator also showed low 68Ge breakthrough of <10−3%, and the subsequent eluate purification not only further decreased 68Ge content (<10−6%) but also diminished cationic impurities. The narrow elution profile with 95% of 68Ga in 2 mL volume was achieved in a generator with SnO2 column sorbent [22]. A novel nanoceria-polyacrylonitrile-based generator provided high 68Ga concentration eluate and low 68Ge breakthrough (<10−5%) [23].



The modern commercial generators rely on chromatographic separation and provide advantages such as long shelf-life of 1–2 year, stable column matrixes, cationic chemical form of 68Ga(III) allowing subsequent versatile and direct labeling chemistry as well as reproducible and robust performance. There are a number of them with variation in the molarity of HCl eluent, metal cation content and 68Ge breakthrough (Table 2). This diversity is a result of over six decade journey (Table 3) from the first liquid–liquid extraction generator system [24] and simple radiopharmaceuticals for clinical application such as 68Ga-EDTA solution for the brain lesion imaging, 68Ga-citrate for bone uptake imaging, 68Ga-ferric oxide for bone marrow scanning, and 68Ga-polymetaphosphates for kidney and liver scanning [25]. Further development was directed towards the generators providing cationic 68Ga(III), and the first commercial one was introduced in late 1990s contributing to the blossom of the 68Ga-PET together with the advent of somatostatin (SST) ligands. The first generator of pharmaceutical grade appeared on the market in 2014. More generators are on their way to the market and marketing authorization acquisition.



Table 2. Examples of commercial 68Ge/68Ga generators.







	

	
Eckert & Ziegler Cyclotron Co. Ltd.

	
Eckert & Ziegler IGG100 and IGG101 GMP; Pharm. Grade

	
I.D.B. Holland B.V.

	
Isotope Technologies Garching
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Column matrix

	
TiO2

	
TiO2

	
SnO2

	
SiO2/organic




	
Eluent

	
0.1 M HCl

	
0.1 M HCl

	
0.6 M HCl

	
0.05 M HCl




	
68Ge breakthrough

	
<0.005%

	
<0.001%

	
~0.001%

	
<0.005%




	
Eluate volume

	
5 mL

	
5 mL

	
6 mL

	
4 mL




	
Chemical impurity

	
Ga: <1 µg/mCl Ni < 1µg/mCl

	
Fe: <10 µg/GBq Zn: <10 µg/GBq

	
<10 ppm (Ga, Ge, Zn, Ti, Sn, Fe, Al, Cu)

	
Only Zn from decay




	
Weight

	
11.7 kg

	
10 kg

	
14 kg

	
26 kg

	
16 kg










Table 3. Milestones of 68Ge/68Ga generator development.







	
Time Period

	
Milestone






	
1950–1970

	
First 68Ge/68Ga generator Clinical applications: 68Ga-EDTA; 68Ga-citrate; 68Ga-colloid




	
1970–1980

	
Further development of 68Ge/68Ga generator: 68Ga(III)




	
1990s

	
Commercial generator: 68Ga(III)




	
2000s

	
Clinical use with advent of SST ligands




	
2011

	
GMP generators




	
2014

	
Marketing authorization














The 68Ge/68Ga generator meets criteria of an ideal generator in terms of: efficient separation of the daughter and parent elements due to their different chemical properties; physical half-life of parent allowing rapid daughter regrowth after generator elution; stable granddaughter with no radiation dose to the patient; long shelf-life; effective shielding of the generator, minimizing radiation dose to the user and expenses of hot cells; sterile and pyrogen-free output of the generator; as well as mild and versatile chemistry of the daughter 68Ga amenable to automation and kit preparation. However, long shelf-life may raise concern with regard to radiolytic stability of column material, sterility of the eluate, and long-lived 68Ge waste management. In addition, the volatility of GeCl4 should be kept in mind and precautions to prevent the contamination of the surrounding must be taken. As the half-life of 68Ge is over 100 d, it is classified as long-lived waste. The waste and storage expenses depend on radioactivity amount and container size. It would take 10 years for the loaded radioactivity of a commonly used 50 mCi generator to decay to the amount below 1 MBq (Figure 5) that would allow regular waste. In some European countries [26] according to the regulation, the eluate of the generator must contain <10 Bq/g of 68Ge in order to be considered as regular waste. It has been suggested to solidify 68Ge in order to decrease the concentration of 68Ge in the bulky solution, so that the solution can be discarded as regular waste. The best-case scenario in terms of environment, sustainability and economy for the waste handling would be the re-cycling of costly 68Ge by the manufacturers. This would provide a problem solution on the global level. It is known that the acidic environment is not favorable to the microbiological growth and it was confirmed by loading a 68Ge/68Ga generator column intentionally with various bacteria and fungi in exhaustive amounts and following their survival during two weeks [27]. The risk of incidental microbial contamination was found very low.


Figure 5. Decay of 68Ge in a generator with loaded radioactivity of 50 mCi.
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3. 68Ge/68Ga Generator Eluate Quality and Subsequent Labeling Chemistry


Quality and characteristics of the generator eluate including eluate volume, 68Ga radioactivity concentration, HCl eluent molarity, and content of metal cationic impurities influence the efficiency of 68Ga-labeling chemistry. Such aspects as pH, prevention of Ga(III) precipitation and colloid formation, radiolysis of vector molecules, competition of metal cations in the labeling chemistry are discussed in this section.



The disadvantages of the currently available generators are the large 68Ga eluate volume and consequently low 68Ga concentration; contamination of the eluate with long-lived parent nuclide 68Ge; and also presence of cationic metal ion impurities that might compete with 68Ga in the complexation reaction. The use of full generator eluate volume requires high ligand amount and long heating time resulting still in non-quantitative 68Ga incorporation (Figure 6A and Figure 7, Table 4) [18]. To overcome the drawbacks either eluate fractionation or eluate pre-concentration and pre-purification can be used (Figure 6A, Table 4). Metal cation and 68Ge content can be reduced by regular elution and elution prior to the synthesis as well as eluate and product purification (Figure 6B,C).


Figure 6. (A) Time course of 68Ga complexation reaction conducted using the full original 68Ga eluate (6 mL) at room temperature (dashed line), conventional heating in a heating block at 95 °C (solid line) and with microwave heating for 1 min at 90 ± 5 °C (circled) for two different buffer systems: ■ sodium acetate buffer, pH = 4.6, 20 nanomoles of DOTA-TOC; ∆ HEPES buffer, pH = 4.2, 20 nanomoles of DOTA-TOC; (B) Metal ion content in 6 mL of the generator eluate as a function of the elution time period; (C) 68Ge breakthrough with respective limit defined in European Pharmacopoeia (Ph. Eur.) monograph and methods for the reduction of the content level in the eluate and final product.
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Figure 7. Reaction heating time (min), ligand amount (DOTA-TOC, (nanomole)), and analytical radiochemical yield (%) of the [68Ga]Ga-DOTA-TOC synthesis using full volume of the generator eluate (6 mL), peak fraction of the generator eluate (1 mL), and pre-concentrated/pre-purified generator eluate (0.2 mL, anion exchange method).
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Table 4. Basic methods of 68Ge/68Ga generator eluate utilization.







	
Method

	
Eluent

	
Volume

	
Cation Impurity Reduction

	
68Ge Elimination






	
Full volume, 5–8 mL

	
H2O/HCl

	
>5000 µL

	
Not purified

	
none




	
Fractionation, 1 mL

	
H2O/HCl

	
1000 µL

	
Not purified

	
none




	
Eluate Concentration and Purification




	
Anion exchange

	
H2O

	
200 µL

	
One step: Al (>99%), In (>99%), Ti (90%)

	
Complete




	
Cation exchange

	
Acetone/HCl

	
400 µL

	
Two steps: Zn (×105), Ti (×102), Fe (×10)

	
104 fold




	
NaCl/HCl

	
500 µL

	
NA

	
NA




	
EtOH/HCl

	
1000 µL

	
Two steps: Ti (11%), Fe (×7)

	
400 fold




	
Combined cation/anion exchange

	
●Acetone/HCl ●H2O/HCl

	
1000 µL

	
NA

	
105 fold














The collection of the top fraction decreases the eluate volume and increases 68Ga concentration (Figure 8A) [18,28]. Consequently, it improves the radioactivity incorporation, decreases the reaction time and required ligand amount (Figure 8B). However, it cannot remove metal cation impurities and parent 68Ge.


Figure 8. (A) Elution profile of the 68Ge/68Ga generator where one fraction was 1 mL (except for fraction 1 (0.3 mL) and fraction 7 (0.7 mL)), giving a total eluted volume of 6 mL. The profiles for the 68Ga elution and the 68Ge breakthrough are similar; the 68Ge breakthrough is ~10−3%. Fraction 3 (1 mL) contains over 60% of the available 68Ga radioactivity; (B) Time course of 68Ga complexation reaction conducted using 1 mL peak fraction of the generator eluate at room temperature (dashed line), conventional heating at 95 °C in a heating block (solid line), and with microwave heating at 90 ± 5 °C for 1 min (circled) for two different buffer systems: ■ sodium acetate buffer, pH = 4.6, 20 nmol of DOTA-TOC; ∆ HEPES buffer, pH = 4.2, 5 nmol of DOTA-TOC.
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The methods for the eluate pre-concentration and pre-purification prior to the labeling synthesis are based on anion exchange chromatography, cation exchange chromatography or their combination (Table 4) [18,29,30,31,32,33,34,35,36]. Anion exchange method uses water for 68Ga recovery in 200 µL [18]. Cation exchange uses acetone/HCl mixture eluent resulting in 400 µL [34]. This method was modified in order to avoid the use of acetone that might cause formation of organic impurities [37] and appearance of acetone in the formulated product. Instead of acetone, sodium chloride [29,31] and ethanol [36] eluents were introduced as well as combined method with cation exchange for the eluate purification followed by anion exchange to eliminate the acetone [32]. However, it should be mentioned that the organic impurity formation can be avoided by storing the acetone/HCl eluent without light access and in the freezer (e.g., −20 °C). Common advantage of the pre-concentration methods is the possibility to use several tandem generators or eluates collected from several generators with the same final volume and enhanced 68Ga amount/concentration and generator shelf-life. Anion exchange method utilizes [68GaCl4]− complex formation from ~4 M HCl medium and its absorption to the anion exchange resin (Figure 9A, Table 4). While Ge(IV) forms the anionic complex at the molarity above 5 and thus does not retain on the resin and passes through. The method allows 30–90 fold eluate volume reduction to 200 µL and is independent on the generator eluate molarity. It purifies the eluate from Ge, Al, In and Ti cations, can be accomplished within 4–6 min, and is amenable to automation. The small volume and higher concentration of 68Ga allows for reduced amount of the ligand and faster reaction with quantitative radioactivity incorporation and high specific radioactivity (SRA) of the tracer (Figure 7 and Figure 9B).


Figure 9. (A) Distribution coefficient D for the adsorption of Ga(III) and Ge(IV) chloride anions on an anion-exchange resin; (B) Influence of the DOTA-TOC amount on the decay-corrected radiochemical yield of the 68Ga complexation reaction in HEPES buffer system using the full available 68Ga radioactivity in 200 µL volume obtained after the pre-concentration and purification step. Solid line: 1 min microwave heating at 90 ± 5 °C, dashed line: 5 min conventional heating at 95 °C.
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Both fractionation and pre-concentration methods use hydrochloric acid in the eluent and thus require buffers for the correct pH adjustment necessary for the complexation. Moreover, weak buffer complexation capability is also essential in order to act as a stabilizing agent and prevent 68Ga(III) precipitation and colloid formation (Figure 10A). A number of buffering systems such as HEPES, acetate, succinate, formate, tris, and glutamate were studied with HEPES, acetate and succinate buffers demonstrating better characteristics [18,38]. In particular, HEPES and acetate buffers are both biocompatible, with no toxicity issue, providing relevant pH, and functioning as stabilizing agents. However, at lower ligand concentration, HEPES is more preferable (Figure 10B). Nevertheless from the regulatory point of view acetate has an advantage since HEPES is not approved for the human use and thus purification and additional quality control (QC) analyses are required resulting in further time and resource consumption (Figure 10C).


Figure 10. (A) Table showing formation of various species dependent on pH; (B) Influence of the buffering system (■ sodium acetate, ∆ HEPES) on the 68Ga radioactivity incorporation for different DOTA-TOC quantities (1 min microwave heating at 90 ± 5 °C). The reaction was conducted using the 1 mL peak fraction of the original generator eluate; (C) Table comparing characteristics of acetate and HEPES buffers.
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The use of pre-concentration methods, especially from several generator eluates, increases 68Ga concentration and thus the risk of radiolysis caused by the formation of free radicals such as hydroxyl and superoxide radicals in aqueous solutions. Thus the labeling of radiosensitive compounds, e.g., peptides and proteins comprising methionine, tryptophan and cysteine amino acid residues (Figure 11A) may require presence of radical scavengers such as ascorbic acid, gentisic acid, thiols, human serum albumin, or ethanol. For example, 10%–20% of ethanol may improve the synthesis outcome considerably (Figure 11B). Moreover, ethanol is biocompatible without toxicity or immunoreactivity issues, GMP compatible, most often does not interfere with labeling reaction, and has no biological target binding capability. In addition, it can also aid the solubility of lipophilic precursors. The radical scavengers, e.g., sodium ascorbate, can also be added post synthesis to the formulated tracer.


Figure 11. (A) Chemical structures of methionine, tryptophan and cysteine amino acid residues; (B) Radio-HPLC chromatograms of a crude 68Ga-labeled protein comprising ~60 amino acid residues including several tryptophan and methionine amino acid residues without (upper panel) and with (lower panel) ethanol.
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The generator eluate inevitably contains a number of metal cations that may interfere with the 68Ga-labeling reaction (Figure 6B). Stable Zn(II) which is the product of 68Ga decay (Equation (2)) is rather strong competitor in complexation with DOTA-comprising agents (Figure 12A). In generator column the accumulation of Zn(II) increases continuously (Figure 12B). At the time of secular equilibrium when the maximum amount of 68Ga is accumulated, the amount of Zn(II) exceeds 10 times that of 68Ga. When generator is eluted this excess is discarded and after ~2 half-lives the ratio of 68Ga to Zn(II) is still over one (Figure 11B). So, regular elution and elution prior to the synthesis may allow 5.5-fold reduction of Zn(II) concentration (Figure 6B). Other solutions to overcome the reaction interference from Zn(II) could be the purification of the eluate prior to the labeling synthesis, enhanced amount of the ligand, or the use of chelators with high selectivity for Ga(III).


Figure 12. (A) Zn(II) forms thermodynamically stable complex with DOTA derivatives and interferes 68Ga-labeling reaction, especially in the excessively high concentration; (B) Theoretical graphs (50 mCi generator) showing 68Ga decay (MBq) and accumulation of radioactive 68Ga and stable Zn(II) in picomoles within the time frame of secular equilibrium.
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The eluate and reaction solutions contain other metal cations apart from Zn(II) that can compete with 68Ga(III), requiring higher amount of the ligand and consequently decreasing specific radioactivity. The metal cations compete with Ga(III) in different manner dependent on their chemical and physical properties such as size, charge, and surface charge density. They might form faster and more stable complexes with the same chelator or like Ti(IV) and Zr(IV) form colloids and absorb 68Ga(III) preventing it from the complexation. The reaction of a number of 2, 3 and 4 valent cations (Cu(II); Zn(II); Fe(II); Sn(II); Ca(II); Co(II); Ni(II); Pb(II); Al(III); Fe(III); Ga(III); In(III); Lu(III); Y(III); Yb(III); Ti(IV); Zr(IV)) relevant to the generator and labeling environment was studied with various chelators [1,39,40,41,42,43,44], especially with NOTA derivatives for which the fast labeling at room temperature was demonstrated earlier (Figure 13) [40]. Such parameters as reaction temperature, concentration, metal ion-to-ligand ratio, pH, and microwave heating mode were investigated. For DOTA derivatives, Al(III) and Ca(II) were found less critical and could be tolerated up to a concentration equal to that of the peptide bioconjugate [39,42]. The effect of the cations weakened in the following order Cu(II) > In(III) > Fe(III) > Fe(II). The radioactivity incorporation of 24% even in the presence of >1000 fold excess of Fe(III) indicated some selectivity of DOTA for Ga(III) [39]. NOTA derivatives could be radiolabeled at room temperature with over 98% yield, even in the presence of up to 10 ppm of other metal ion impurities such as Zn(II), Cu(II), Fe(III), Al(III), Sn(IV) and Ti(IV) [40,44]. Phosphinate chelators, TRAP-H, NOPO, and TRAP-Pr demonstrated efficient 68Ga-labeling at a wide range of pH and as acidic as pH 1 using very low amount of the ligand and thus resulting in high SRA [41,43]. In contrast to carboxylate-based chelators (NOTA and DOTA) incorporation of 68Ga(III) by the phosphinate chelators (TRAP-H, NOPO, and TRAP-Pr) was never entirely inhibited by the presence of Zn(II), not even at concentrations of 30 mM. Moreover, TRAP and NOPO were able to rapidly exchange coordinated Zn(II) with 68Ga(III), indicating high selectivity of these chelators for Ga(III). Fusarinine C, a siderophore-based chelator, also demonstrated high selectivity for 68Ga(III) resulting in SRA of up to 1.8 GBq/nmol [45]. Thus, the 68Ga-labeling efficiency in the presence of metal cation impurities can be improved by: eluting generator regularly and prior to the synthesis; pre-purification of the generator eluate by anion or cation exchange chromatography; increasing the concentration of the ligand in order to compensate for the total metal cation concentration; and employing chelators with high selectivity for Ga(III).


Figure 13. Chemical structures of example macrocyclic chelators and their derivatives that were studied in the competitive complexation reaction with various metal cations.
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68Ga has been used to label small biologically active organic molecules, biological macromolecules, complexes of variable charge and lipophilicity as well as particles [1,4,5,6]. The majority of the imaging agents are synthesized using tagging techniques wherein a vector molecule is first conjugated to a chelator moiety for the subsequent complexation with 68Ga (e.g., Figure 14A) [1]. The most frequently used chelators are derivatives of DOTA and NOTA that can stably complex 68Ga(III), respectively, at elevated and room temperature (Figure 14B,C). The latter is very important in case of temperature sensitive fragile macromolecules and also it is amenable to cold type kit production in radiopharmacy practice. The advantage of DOTA is that the same vector molecule can potentially be used both for diagnosis and radiotherapy labeling it with various radionuclides such as 68Ga, 90Y or 177Lu (Figure 1, lower panel).


Figure 14. (A) Chemical structure of DOTA-TATE where the biologically active vector peptide (TATE, purple background) is conjugated to DOTA chelate moiety (yellow background) encaging the metal cation; (B,C) schematic presentation of 68Ga-labeling , respectively, with DOTA- and NOTA-based ligands, where R stands for a macromolecule such as peptide, protein, oligonucleotide, glycoprotein, antibody or low molecular weight vector that can deliver the radionuclide to the binding site.
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4. Influence of Biological and Clinical Endpoint Applications on the Chemistry Choice


Table 4 and Figure 7 summarize the three basic approaches of the generator eluate use with the respective key characteristics. Taking into consideration the poor labeling efficiency (Figure 6A and Figure 7), the method using full generator eluate volume directly for the labeling is basically excluded. The choice between fractionation and pre-concentration methods depends on the requirements to specific radioactivity of the imaging agent that in turn is defined by target binding site limit, pharmacological side effects or ligand cost; demand on the small solution volume and high 68Ga concentration; selectivity of the chelators towards 68Ga(III); tracer production method, e.g., automated synthesis; or kit type preparation. If high specific radioactivity is required, then the pre-purified and pre-concentrated eluate might be preferred. While fractionation method which is simpler can be used if the amount of the ligand is not limited or the chelators have high selectivity for Ga(III). If the smallest volume and highest concentration of 68Ga is required as, for example for the production of 68Ga-carbon nanoparticles [46] the anion exchange concentration might be the first choice. Kit type preparation would most probably exclude pre-concentration and pre-purification methods due to the potentially high hand dose as well as multistep protocol.



SRA might be critical for endpoint biological and medical applications thus putting demand on the chemistry and such parameters as metal cation contamination, volume, and amount of the ligand. Figure 15 demonstrates an in vitro example where the synthesis method using anion exchange pre-concentration and pre-purification of the eluate assuring high SRA was necessary in order to obtain the saturation pattern (Figure 15B,C) and image contrast reproducibility, which could be achieved in the plateau range above SRA of 100 MBq/nmol (Figure 15D) [39]. Thus the synthesis with high SRA allowed the investigation of the influence of specific radioactivity on the binding of the tracer in frozen sections of rhesus monkey brain expressing SSTR (Figure 15A). Clear saturation allowing determination of dissociation constant, Kd and Bmax could be observed (Figure 15B,C). The ratio of the amount of the receptor bound tracer to free tracer (Bound/Free (B/F)), which is also a signal to background ratio reflects contrast of an image. When presented as a function of SRA (Figure 15D) it provides important information with regard to the detection limit and reproducibility of a biological assay. In particular, the reduction of SRA corresponds to the decrease of B/F ratio and results in declined image contrast and poor detection. The most critical range of SRA values is around the inflection point where slight change of SRA may result in poor reproducibility of the image quantification. B/F becomes independent on SRA variation after it reaches the plateau. In vivo and in vitro experiments using tracers with optimized SRA would demonstrate high reproducibility and robustness.


Figure 15. (A) Frozen section autoradiography showing [68Ga]Ga-DOTA-TOC binding to SSTR of rhesus monkey thalamus and cortex. The brain sections were incubated with different concentrations of [68Ga]Ga-DOTA-TOC (0.01–10 nM) for 30 min at room temperature; (B,C) Saturation of [68Ga]Ga-DOTA-TOC binding to SSTR of Rhesus monkey thalamus (B) and cortex (C); (D) The ratio of the ligand bound to the receptor and the free ligand as a function of the SRA. The data were fitted to a sigmoid two-parametric model.
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The choice of the synthesis method and SRA optimization are also driven by the in vivo agent performance in terms of the target and background uptake. It can be illustrated by a study wherein three sequential examinations with gradually increasing total amount of injected peptide were performed in the same patient on the same day (Figure 16) [10]. The anion exchange pre-concentration method was necessary to employ in order to provide a wide range of SRA values. The correlation between the lesion image contrast and SRA was not linear but followed Gaussian distribution pattern. As the peptide amount increased to 50 µg the uptake in the metastases improved, while it was decreased in liver and spleen (Figure 16, upper panel). This example also stresses the importance of individualized patient management. Thus, for all but one patient the tumor and normal tissue uptake decreased after i.v. injection of 500 µg peptide (Figure 16, upper panel). For the one patient tumor uptake increased continuously (Figure 16, lower panel). Such uptake pattern variability is most probably related to the receptor density variation and would presumably indicate different therapeutic protocols.


Figure 16. (Upper panel) Transaxial [68Ga]-DOTA-TOC-PET images of a patient with liver metastases from a colonic carcinoid who underwent three sequential PET-CT examinations. The tracer accumulation pattern in tumor tissue (thick arrow) increased in the second PET examination by pre-treatment with 50 µg of unlabeled octreotide but decreased again in the third examination that was proceeded by 500 µg of octreotide. (Lower panel) Transaxial [68Ga]-DOTA-TOC-PET images of a patient with a large endocrine pancreatic tumor who underwent three sequential PET-CT examinations. In contrast to the tumor uptake pattern in the other patients, as illustrated in the upper panel, the tumor accumulation (thick arrow) in this particular patient increased gradually over the three PET examinations.
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The high ligand amount allowed lower SRA [10] and thus the use of simpler fractionation method that was employed in another clinical study wherein the optimized amount of the injected peptide [10] allowed high contrast and accurate comparison of two somatostatin ligand analogues ([68Ga]-DOTA-TOC and [68Ga]-DOTA-TATE, Figure 17) [47]. The identical imaging protocols and amount of administered peptide provided reliable comparison conditions. No statistically significant difference could be found in the tumor uptake of [68Ga]Ga-DOTA-TOC and [68Ga]Ga-DOTA-TATE in terms of both SUV and net uptake rate, Ki (Figure 17A, B). Thus, both tracers were found equally useful for staging and patient selection for peptide receptor radionuclide therapy (PRRT) in neuroendocrine tumors (NETs) with [177Lu]Lu-DOTA-TATE. However, the marginal difference in the healthy organ distribution and excretion may render [68Ga]Ga-DOTA-TATE preferable for the planning of PRRT where DOTA-TATE is used as vector. SUV did not correlate linearly with Ki and as such did not seem to reflect somatostatin receptor density accurately at higher SUV values, suggesting that Ki was the outcome measure of choice for quantification of somatostatin receptor density and assessment of treatment outcome (Figure 17B). No statistically significant difference could be observed in dosimetry estimations either (Figure 17C) [48].


Figure 17. (A) Transaxial PET/CT fusion images of liver demonstrating cases of higher detection rate for: [68Ga]Ga-DOTA-TOC (A, upper panel); [68Ga]Ga-DOTA-TATE (A, middle panel); as well as equal detection rate (A, lower panel). Whole-body scans were conducted at 1 h p.i.. Arrows point at hepatic metastases; (B) SUV is presented as a function of net uptake rate Ki in tumors for [68Ga]Ga-DOTA-TOC (red) and [68Ga]-DOTA-TATE (blue). The solid lines are hyperbolic fits and are for visualization purposes only. Correlation between net uptake rate Ki at 1 h p.i. for [68Ga]Ga-DOTA-TOC and [68Ga]Ga-DOTA-TATE (black). The solid line is Deming regression with slope 1.06 and intercept 0.0. The axes are split in order to clarify the relationship at low uptake rates; (C) Absorbed doses in all organs included in OLINDA/EXM 1.1. LLI: lower large intestine; ULI: upper large intestine; ED: effective dose. Error bars indicate standard error of the mean.
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Analogous results were found in another clinical study of patients affected by breast cancer using an Affibody® molecule, [68Ga]Ga-ABY025 [11,12]. The detection rate and the image contrast were higher in the case of higher peptide amount. Again high ligand amounts allowed lower SRA and thus the use of simpler fractionation method. The patients received bolus intravenous administration of the low (LD) and high (HD) peptide content radiopharmaceuticals on two occasions one week apart. In some cases the lesion was not localized during the LD examination and the liver physiological uptake was rather high, while at HD the lesion was evident already at 1 h post injection and the image contrast increased with the time.



Common perception is that high affinity ligands may require tracers of high SRA. However, in the translation from cells to in vitro tissue and further to in vivo distribution, the influence of the affinity on the tracer performance may not be straightforward. The binding affinity is a parameter most often determined in vitro in cell cultures thus excluding in vivo physiological parameters. Binding affinity using frozen brain sections and biodistribution in rat were investigated for two somatostatin analogues presenting minor structural difference in C-terminal where the carboxyl group in threonine amino acid residue is exchanged to hydroxyl group (Figure 18A,D). This structural difference resulted in IC50 value over 10-fold difference as determined in transfected cells expressing SSTR subtype 2 [49]. However, the difference could not be observed in frozen tissue section autoradiography experiment where IC50 of octreotide against the two agents did not demonstrate a statistically significant difference (Figure 18B,E) [30]. There was no difference in in vivo and ex vivo biodistribution in rats in organs physiologically expressing SSTRs such as adrenals, pituitary gland and pancreas (Figure 18G). The pattern of peptide mass influence on the biodistribution was also similar for the two analogues (Figure 18C,F). As mentioned above, the clinical study also revealed no statistically significant differences in the uptake and detection rate dependent on the affinity difference [47]. In some cases [68Ga]Ga-DOTA-TOC detected more lesions than [68Ga]Ga-DOTA-TATE and vice versa (Figure 17) or the detection rate was the same. The dosimetry investigation, which is essential in order to exclude damaging effect of the radiation to the vital organs, did not reveal any statistically significant difference between the two analogues either, resulting in identical effective dose. These are illustrative examples of the complexity of the translation from the in vitro to in vivo applications. It indicated that lower values of SRA might be acceptable and thus simpler labeling techniques using fractionation method would be sufficient.


Figure 18. (A) Chemical structure of [68Ga]Ga-DOTA-TOC (IC50 = 2.5 ± 0.5; cell culture); (B) Rhesus monkey brain frozen section autoradiography (IC50 = 23.9 ± 7.9); (C) In vivo rat organ distribution for variable injected peptide amount; (D) Chemical structure of [68Ga]Ga-DOTA-TATE (IC50 = 0.2 ± 0.004; cell culture); (E) Rhesus monkey brain frozen section autoradiography (IC50 = 19.4 ± 8.3); (F) In vivo rat organ distribution for variable injected peptide amount; (G) Rat organ distribution of [68Ga]Ga-DOTA-TOC and [68Ga]Ga-DOTA-TATE 1 h post injection of 1 nmol of the peptide.
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However, in the case of potent ligands such as Exendin-4, the amount that can be administered without induction of pharmacological effect can be very limited. Thus in the clinical examination of a patient affected by insulinoma using [68Ga]Ga-DO3A-Exendin-4, the maximum amount of the administered peptide was limited to 0.5 µg/kg consequently requiring higher SRA values and respective tracer production methods involving pre-concentration and pre-purification of the generator eluate. [68Ga]Ga-DO3A-Exendin-4/PET-CT demonstrated its uniqueness for the management of this disease group of patients. In particular, [68Ga]Ga-DO3A-Exendin-4/PET-CT clearly localized the lesions while conventional morphological and established physiological diagnostic techniques failed to do so (Figure 19) [50]. Thus it is important to invest resources into the tracer production development.


Figure 19. [68Ga]Ga-DO3A-Exendin-4/PET-CT revealed several GLP-1R positive lesions (white arrows) in the liver (A,D) and a paraortallymph node (G). Beta cells in normal pancreas (red arrow) have significant expression of GLP-1R and can also be visualized by this technique (G). No pancreatic or hepatic lesions could be detected by PET/CT using established tumor markers such as [11C]HTP (B,E,H) and [18F]FDG (C,F,I).
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One more aspect that influences the choice of the imaging radionuclide labeling chemistry is the possibility of subsequent radiotherapy in the light of internal radiotheranostics. In particular the choice of the chelator is essential since any structural modification of the ligand molecule may influence its biological function and it is of outmost importance to keep the in vivo performance and targeting properties of the imaging and radiotherapeutic analogues as similar as possible (Figure 1). It is particularly important for targeted imaging in oncology wherein the tumor-type specific precise localization of tumors and metastases becomes possible allowing for pre-therapeutic quantification of receptor status, uptake kinetics and dosimetry and thus enabling accurate therapy selection and planning as well as monitoring response to the therapy resulting in personalized medicine (Figure 1). For example, the use of DOTA derivatives for both imaging radionuclide such as 68Ga(III) and therapeutic radionuclide such as 177Lu(III) results in relatively minor alteration in the ligand and thus might be more preferable. These radionuclides have the same charge and fit the cavity of DOTA macrocycle forming stable complexes. However, having different coordination sphere, they form complexes of different geometry, cis-pseudooctahedral and monocapped square antiprismatic geometry, respectively, for Ga(III) and Lu(III) [51,52]. Even minor changes in the structure of a ligand may alter its binding parameters and biodistribution pattern and thus characterization of biological activity of each specific agent must be conducted. With regard to 68Ga- and 177Lu-labeled Exendin-4 analogues the biodistribution pattern and dosimetry estimations correlated despite the differences in the radionuclide-chelator complex moiety [53,54].





Dosimetry investigation plays a crucial role in the radiopharmaceutical development especially in the context of internal radiotheranostics. The dosimetry estimations conducted with 68Ga-conterparts can presumably predict the applicability of the corresponding radiotherapeutic counterpart and thus save resources and expenses otherwise spent of the futile development of a radiotherapeutic pharmaceutical. The influence of the SRA on the biodistribution discussed in this section also applies here. However, SRA is a function of the half-life and thus direct comparison between the short-lived and long-lived radionuclides can be misleading. Therefore, it is the amount of the injected ligand that should be kept similar in the experiments. As mentioned above, [68Ga]Ga-DO3A-Exendin-4/PET-CT demonstrated very promising results [50] indicating that internal radiotherapy using 177Lu-labeled analogue might be a valuable therapeutic tool in the management of patients affected by insulinomas. However, estimation of [68Ga]Ga-DO3A-Exendin-4 dosimetry (Figure 20, left panel) [54] demonstrated high kidney absorbed dose that could preclude the use of [177Lu]Lu-DO3A-Exendin-4. This finding motivated the investigation of [177Lu]Lu-DO3A-Exendin-4 dosimetry using rat biodistribution for the extrapolation and estimation of human dosimetry parameters (Figure 20, right panel) [53]. The amount of the injected peptide was kept similar to that of [68Ga]Ga-DO3A-Exendin-4 and biodistribution pattern was comparable. The results confirmed that given the high kidney absorbed dose the amount of the acceptable administered radiation dose might be insufficient for the tumor control and thus render the treatment futile. Therefore the kidney protection and peptidase inhibition that may allow reduction of kidney absorbed dose and amplification of the tumor absorbed doses are required in order to develop [177Lu]Lu-DO3A-Exendin-4 for the radiotherapy.


Figure 20. (Left panel) In vivo biodistribution of [68Ga]Ga-DO3A-VS-Cys4°-Exendin-4 as analyzed by PET-CT imaging in the pig (0.025 µg/kg; 60 min), non-human primate (NHP) (0.01 µg/kg; 90 min), and human (0.17 µg/kg; 40 min, 100 min and 120 min). The pancreas (white arrow) was delineated within 10 min post injection in all species. The low hepatic uptake (blue arrow) shows the potential for outlining insulinoma tumor metastasis (orange arrow, human images). The MIP coronal images demonstrate the highest uptake of the tracer in the kidneys (green arrow) in all species. (Right panel) Representative fused SPECT-CT images of [177Lu]-DO3A-VS-Cys40-Exendin-4 in rats at different time points. Lungs could be outlined at 1 h p.i. and showed faster clearance in later time points (upper panel). MIP images of whole body scan showing dominance of kidneys as excretory organ of tracer (lower panel).
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The in vivo pre-clinical and clinical examples demonstrate necessity for the optimization of the SRA of the imaging/therapeutic agents in each particular case. The optimization requires wide range of SRA values and in order to provide it the highest possible SRA must be achieved using respective labeling techniques.




5. Regulatory Aspects


Generator is involved in the GMP production process and should comply with the requirements that would assure: product quality; patient safety; traceability of the process; reliability and robustness of the performance. Quality assurance system is necessary to ensure that quality and safety of 68Ga-based radiopharmaceuticals is adequate for the intended use. The qualification and validation of the performance of a chromatographic generator includes the investigation of its elution profile, elution efficiency, the extent of radionuclidic contamination of the eluate, contamination of the eluate with other metal cations and column material. To be suitable for the use in nuclear medicine, a generator must have favorable properties when these vital parameters are examined. The primary document to adhere is the European Pharmacopoeia monograph on Gallium (68Ga) chloride solution and Gallium (68Ga) edotreotide injection [16,17]. Other helpful documents are the EudraLex (Volume 4, GMP) annexes (Annex 1, Manufacture of sterile med products; Annex 3, Manufacture of radiopharmaceuticals; Annex 13, Investigational medicinal products); European Pharmacopoeia monographs (Radiopharmaceutical Preparations (0125) Ph. Eur.; Parenteral preparations (0520) Ph. Eur.; Bacterial endotoxins (20614) Ph. Eur.); Medical internal radiation dose format (MIRD); and International commission on radiological protection (ICRP). European Pharmacopoeia monographs on the compounding of radiopharmaceuticals and extemporaneous preparation of radiopharmaceuticals is in progress. The contribution of EANM, SNM and researchers around the world to the current advances in the regulatory aspects of PET radiopharmaceutical is considerable. Such issues as: regulatory documentation regarding small scale preparation of radiopharmaceuticals and the impact of the obligation to apply for manufacturing authorization or clinical trial; compliance with regulatory requirements for radiopharmaceutical production in clinical trials; quality of starting materials and final drug products/radiopharmaceuticals were thoroughly analyzed [55,56,57,58,59,60]. Guidelines on Good Radiopharmacy Practice (GRPP) [61]; patient examination protocols, interpretation and reporting of the patient examination results [62,63]; Investigational Medicinal Product Dossier; and Exploratory Investigational New Drug that reduce the demand on toxicity studies and respective cost burden as well as allow easier understanding of the regulatory requirements [64,65,66] improve professional communication and standardization. Recognition of the microdosing concept (≤100 µg or ≤30 nanomoles for peptides/proteins) [67,68,69,70] by EMEA and FDA allows validation requirements relevant to PET radiopharmaceuticals. The GMP validation expenses could further be decreased by the reduction of toxicology studies to biodistribution and dosimetry investigation specially that the latter provides more accurate and sensitive detection of distribution throughout the organs at the same time allowing monitoring adverse effects, clinical signs, clinical chemistries, hematology, histopathology, etc. This approach would also reduce the number of sacrificed animals adhering to the ethical norms. The work on global standardization, growth, and dissemination conducted by International Atomic Energy Agency also play essential role in the facilitation of PET introduction into clinical routine. The advent of regulatory documentation specific to PET radiopharmaceuticals introduces more clarity and improves communication between the PET community and regulatory authorities, nevertheless it should be mentioned that currently the facilitation of the entry of novel pharmaceuticals still relies mostly on magisterial and officinal preparation in combination with compassionate use under responsibility of the prescribing physician.



The parameters of a 68Ge/68Ga generator that should be validated according to the specifications given in the Ph. Eur. monograph on the gallium chloride solution [16,17] are summarized in Figure 21. In addition, 68Ga accumulation kinetics allows choice of the generator elution and tracer production frequency. Daily elution or elution 3–4 h prior to synthesis is recommended in order to keep the metal cation impurities at lower level. In the case of a pharmaceutical grade generator the validation might be reduced to the qualification and determination of the 68Ge breakthrough and elution efficiency as well as a test synthesis with a validated tracer, if supported by the local quality assurance and regulation.


Figure 21. 68Ge/68Ga generator validation: (A) Table summarizing the validation parameters and the respective specifications; (B) t½ determination; (C) 68Ga accumulation; (D) elution profile; (E) radionuclide purity; and (F) recommendation to elute generator prior to the synthesis.
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The content of the long-lived parent 68Ge in the eluate is addressed in order to assure radiation safety of the patient. The limit of 0.001% defined in the Ph. Eur. monographs was estimated assuming high and infinite accumulation of the radionuclide in sensitive organs, in particular bone marrow [71]. However, experimental evidence was necessary for the justification of the assumption. Thus, the organ distribution of 68Ge(IV) in rat was conducted for the extrapolation and estimation of human dosimetry parameters in order to provide experimental evidence for the determination of 68Ge(IV) limit [72]. While the dosimetry investigation of 68Ge had not been performed, the metabolism, toxicity, carcinogenicity, mutagenicity, teratogenicity as well as myopathy and nephropathy of germanium in its various chemical forms had been studied previously for various administration routs [72]. In summary, germanium as a chemical element is of low risk to man without biological function or pharmacological activity, and with fast elimination without organ accumulation. Thus with regard to radioactive 68Ge(IV) where the amount of the element is negligible, the safety issue is reduced to ionizing radiation and, in particular the buildup of 68Ga(III) (as in vivo generator) at the sites of deposition of 68Ge(IV). The dosimetry study showed that the maximum allowed administered radioactivity amount could be 645 MBq for female and 935 MBq for male, which was 35,000–50,000 higher than the level defined in the Ph. Eur. monograph. To put this in perspective, a fresh 50 mCi 68Ge/68Ga generator would allow for a breakthrough of 68Ge(IV) of 35 to 50% before reaching the limit doses.



In addition, the preparation and administration of 68Ge(IV) was conducted in the presence and absence of [68Ga]Ga-DOTA-TOC simultaneous labeling synthesis. The presence of the tracer did not influence the distribution of the 68Ge. It was also shown that 68Ge(IV) was not chelated by DOTA-TOC and thus deposition of 68Ge in the sites of DOTA-based imaging agents accumulation is also excluded. The content of 68Ge and [68Ga]Ga-DOTA-TOC was monitored by HPLC with tandem UV and radio detectors where the signal from [68Ga]Ga-DOTA-TOC disappeared within 24 h while the signal from 68Ge remained unchanged. The respective fractions were collected and periodically measured resulting in half-life values, respectively, for 68Ga and 68Ge (Figure 22).


Figure 22. (A) UV-HPLC chromatogram of the authentic reference, [NatGa]-DOTA-TOC (the void signal corresponds to the buffer); (B–F) Radio-HPLC chromatograms of [68Ga]Ga-DOTA-TOC produced in the presence of [68Ge]GeCl4. The analysis was conducted, respectively, at 25, 89, 147, 215, and 344 min post synthesis. The signals with Rt of 1.0 ± 0.02 min and 4.90 ± 0.02 min correspond, respectively, to the ionic 68Ge(IV) and [68Ga]Ga-DOTA-TOC; (G) Radio-HPLC chromatogram taken 24 h after the production of [68Ga]Ga-DOTA-TOC in the presence of [68Ge]GeCl4. The signal with Rt of 1.0 ± 0.02 min corresponds to the ionic 68Ge(IV) and the signal at 4.90 ± 0.02 min corresponding to [68Ga]Ga-DOTA-TOC was not detected; (H) Determination of the t½ for 68Ga and 68Ge measuring respective collected chromatography fractions.
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These results imply that the 68Ge(IV) limit currently recommended by monographs could be increased at least 100 times without compromising patient safety. This finding together with the availability of pharmaceutical grade generator, absence of the complexation with DOTA derivatives and knowledge that Ge(IV) does not bind to plasma proteins may facilitate the clinical introduction of kit type preparation of 68Ga-based imaging agents. Kit type formulation development is ongoing at both academic and industrial establishments. Several countries are working within the frame of IAEA coordinated research project (F22050) [73].



In general terms, a radionuclide generator is defined as a medicinal product according to the current legislation [74]. However, dissimilarities between: different radionuclide generators; the use of the generator eluate; and tracer production processes are not taken into account. For example, the eluate from 82Sr/82Rb and 99Mo/99mTc generators enters the blood stream either directly from the generator or after the labeling reaction in the product vial (kit formulation), and thus it must be assured to be sterile, isotonic and pyrogen free (medicinal product) especially considering that sodium chloride eluent is a favorable media for microbial growth. The principle difference with regard to 68Ge/68Ga generator used in a GMP manufacturing process is that the eluate solution is removed after the labeling reaction by product purification and the final product is sterile filtered. This can be illustrated by comparison of a typical 99mTc-based registered radiopharmaceutical preparation process with 68Ga-based imaging agent manufacturing process. The preparation under pharmaceutical practice using kit formulation technique considers direct mixing of the generator eluate with the reagents in the product vial with subsequent formulation in the same vial and release without product purification, sterile filtration and quality control (Figure 23, left column). This process results in a final radiopharmaceutical containing generator eluate components for the direct patient injection and thus the eluate quality must be assured by marketing authorization. While 68Ga-radiopharmaceuticals are usually manufactured under GMP environment where generator eluate either directly or after pre-purification is added to a reaction vessel, followed by the product purification, formulation, sterile filtration and release after the quality control (Figure 23, right column). Thus the final radiopharmaceutical does not contain original generator eluate solution and is sterile filtered. Essentially the manufacturing process is similar to that of cyclotron produced radionuclide-based tracers. This implies that generators with and without marketing authorization could potentially be used in such production process. The efficiency of the worldwide dissemination of 68Ga-radiopharmaceuticals with the patient benefit as priority would increase considerably if the essence of the manufacturing process would navigate the regulatory definition of generator produced 68Ga. It should be specified in each particular case dependent on the production process (kit formulation or GMP manufacturing) if it is a starting material, radionuclide precursor, active pharmaceutical ingredient or active pharmaceutical ingredient starting material. The definition would influence the choice of the generator type, namely with or without marketing authorization, potentially reducing the cost and increasing accessibility.


Figure 23. (Left column) Typical preparation steps of a 99mTc-based registered radiopharmaceutical; (Right column) Basic steps of an automated manufacturing of a 68Ga-based radiopharmaceutical.
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Radiopharmaceutical manufacturing automation provides possibility for the harmonized and standardized multicenter clinical studies that in turn may accelerate the introduction of new radiopharmaceuticals as well as their regulatory approval. Automation is important for the radioprotection, high reliability, reproducibility and robustness of the production as well as in-line traceability of the process for GMP compliance [75,76,77]. The increasing clinical demand of 68Ga-based tracers prompted the need for the automation. There are a number of automated synthesizers either in-house built apparatus or available on the market as standard or custom made products. Stationary tubing systems require regular cleaning and cross contamination may occur in such systems. Disposable cassette systems offer improved microbiological safety with respect to sterility and endotoxin content as well as exclude chemical cross contamination. Better cGMP compliance and simplification of the process is possible since cleaning and sanitation of the tubings, containers, and purification cartridges is avoided. The stationary tubing system on the other hand provides more flexibility and lower radiopharmaceutical production price. Fractionation, anion and cation pre-concentration methods have been automated. A number of disposable cassettes for the production of tracers for the targeted imaging of SSTR, chemokine, integrin receptors, prostate specific membrane antigene as well as inflammation visualization agent, citrate, has entered the market.




6. Conclusions


Methods for the manual and automated GMP compliant production of 68Ga-based agents have been developed. They are based on eluate fractionation or eluate concentration and purification approaches. The choice of the labeling method depends on the endpoint pre-clinical and clinical application with respective requirements to the imaging agent characteristics. The market of generators and automated synthesis systems is expanding. The automated production improves the practicality of harmonized and standardized multicenter clinical studies facilitating the introduction of new radiopharmaceuticals. The development of kit type preparation is also feasible, although there are yet no registered 68Ga-radiopharmaceuticals on the market at present. Considerable advances have been made in PET radiopharmaceutical regulation and legislation still there is a number of particular questions and aspects to be addressed. Currently, understanding and support from national authorities prioritizing the benefit of patients is of outmost importance for the introduction of new radiopharmaceuticals into clinical practice.







Conflicts of Interest


The author declares no conflict of interest.




References and Notes


	1. 
Velikyan, I. Prospective of 68Ga-radiopharmaceutical development. Theranostics 2014, 4, 47–80. [Google Scholar] [CrossRef] [PubMed]

	2. 
Velikyan, I. Molecular imaging and radiotherapy: Theranostics for personalized patient management. Theranostics 2012, 2, 424–426. [Google Scholar] [CrossRef] [PubMed]

	3. 
Velikyan, I. Radionuclides for Imaging and Therapy in Oncology. In Cancer Theranostics; Chen, X., Wong, S., Eds.; Elsevier: Amsterdam, The Netherlands, 2014; pp. 285–325. [Google Scholar]

	4. 
Velikyan, I. Positron emitting [68Ga]Ga-based imaging agents: Chemistry and diversity. Med. Chem. 2011, 7, 338–372. [Google Scholar] [CrossRef]

	5. 
Velikyan, I. The diversity of 68Ga-based imaging agents. Recent Results Cancer Res. 2013, 194, 101–131. [Google Scholar] [PubMed]

	6. 
Velikyan, I. Continued rapid growth in Ga applications: Update 2013 to june 2014. J. Label. Compd. Radiopharm. 2015, 99–121. [Google Scholar] [CrossRef] [PubMed]

	7. 
Blom, E.; Langstrom, B.; Velikyan, I. 68Ga-labeling of biotin analogues and their characterization. Bioconjugate Chem. 2009, 20, 1146–1151. [Google Scholar] [CrossRef] [PubMed]

	8. 
Eriksson, O.; Carlsson, F.; Blom, E.; Sundin, A.; Langstrom, B.; Korsgren, O.; Velikyan, I. Preclinical evaluation of a 68Ga-labeled biotin analogue for applications in islet transplantation. Nucl. Med. Biol. 2012, 39, 415–421. [Google Scholar] [CrossRef] [PubMed]

	9. 
Selvaraju, R.K.; Velikyan, I.; Johansson, L.; Wu, Z.; Todorov, I.; Shively, J.; Kandeel, F.; Korsgren, O.; Eriksson, O. In vivo imaging of the glucagonlike peptide 1 receptor in the pancreas with 68Ga-labeled do3a-exendin-4. J. Nucl. Med. 2013, 54, 1458–1463. [Google Scholar] [CrossRef] [PubMed]

	10. 
Velikyan, I.; Sundin, A.; Eriksson, B.; Lundqvist, H.; Sorensen, J.; Bergstrom, M.; Langstrom, B. In vivo binding of [68Ga]-dotatoc to somatostatin receptors in neuroendocrine tumours—Impact of peptide mass. Nucl. Med. Biol. 2010, 37, 265–275. [Google Scholar] [CrossRef] [PubMed]

	11. 
Sorensen, J.; Velikyan, I.; Wennborg, A.; Feldwisch, J.; Tolmachev, V.; Sandberg, D.; Nilsson, G.; Olofsson, H.; Sandstrom, M.; Lubberink, M.; et al. Measuring her2-expression in metastatic breast cancer using 68Ga-aby025 pet/ct. Eur. J. Nucl. Med. Mol. Imaging 2014, 41, S226. [Google Scholar]

	12. 
Velikyan, I.; Wennborg, A.; Feldwisch, J.; Orlova, A.; Tolmachev, V.; Lubberink, M.; Sandstrom, M.; Lindman, H.; Carlsson, J.; Sorensen, J. Gmp compliant preparation of a 68Gallium-labeled affibody analogue for breast cancer patient examination: First-in-man. Eur. J. Nucl. Med. Mol. Imaging 2014, 41, S228–S229. [Google Scholar]

	13. 
Bé, M.M.; Schönfeld, E. Table de Radionucléide. 2012. Available online: http://www.nucleide.org/DDEP_WG/DDEPdata.htm (accessed on 25 June 2015).

	14. 
McCutchan, E.A. Nuclear Data Sheets for A = 68. Nucl. Data Sheets 2012, 113, 1735–1870. [Google Scholar] [CrossRef]

	15. 
García-Toraño, E.; Peyrés Medina, V.; Romero, E.; Roteta, M. Measurement of the half-life of 68Ga. Appl. Radiat. Isot. 2014, 87, 122–125. [Google Scholar] [CrossRef] [PubMed]

	16. 
European Pharmacopeia 7.7 (01/2013:2482 Gallium (68Ga) Edotreotide injection). Eur Pharm. 2011, 23, 310–313.

	17. 
European Pharmacopeia. Gallium (68 Ga) chloride solution for radiolabelling. European Directorate for the Quality of Medicines. Eur Pharm. 2013, 2464, 1060–1061. [Google Scholar]

	18. 
Velikyan, I.; Beyer, G.J.; Langstrom, B. Microwave-supported preparation of 68Ga-bioconjugates with high specific radioactivity. Bioconjugate Chem. 2004, 15, 554–560. [Google Scholar] [CrossRef] [PubMed]

	19. 
Rosch, F. Past, present and future of 68Ge/68Ga generators. Appl. Radiat. Isot. 2013, 76, 24–30. [Google Scholar] [CrossRef] [PubMed]

	20. 
Nakayama, M.; Haratake, M.; Koiso, T.; Ishibashi, O.; Harada, K.; Nakayama, H.; Sugii, A.; Yahara, S.; Arano, Y. Separation of Ga-68 from Ge-68 using a macroporous organic polymer containing n-methylglucamine groups. Anal. Chim. Acta 2002, 453, 135–141. [Google Scholar] [CrossRef]

	21. 
Le, V.S. 68Ga generator integrated system: Elution-purification-concentration integration. Recent Results Cancer Res. 2013, 194, 43–75. [Google Scholar] [PubMed]

	22. 
Saha Das, S.; Chattopadhyay, S.; Alam, M.; Madhusmita; Barua, L.; Das, M.K. Preparation and evaluation of sno2-based 68Ge/68Ga generator made from 68Ge produced through natzn(α,xn) reaction. Appl. Radiat. Isot. 2013, 79, 42–47. [Google Scholar] [CrossRef] [PubMed]

	23. 
Chakravarty, R.; Chakraborty, S.; Ram, R.; Dash, A.; Pillai, M.R.A. Long-term evaluation of “barc 68Ge/68Ga generator” based on the nanoceria-polyacrylonitrile composite sorbent. Cancer Biother. Radiopharm. 2013, 28, 631–637. [Google Scholar] [CrossRef] [PubMed]

	24. 
Gleason, G.I. A positron cow. Int. J. Appl. Radiat. Isot. 1960, 8, 90–94. [Google Scholar] [CrossRef]

	25. 
Yano, Y. Radiopharmaceuticals from Generator-Produced Radionuclides. In Preparation and Control of 68Ga Radiopharmaceuticals; International Atomic Energy Agency: Vienna, Austria, 1971; pp. 117–125. [Google Scholar]

	26. 
De Blois, E.; Chan, H.S.; Roy, K.; Krenning, E.P.; Breeman, W.A.P. Reduction of 68Ge activity containing liquid waste from 68Ga pet chemistry in nuclear medicine and radiopharmacy by solidification. J. Radioanal. Nucl. Chem. 2011, 288, 303–306. [Google Scholar] [CrossRef]

	27. 
Petrik, M.; Schuessele, A.; Perkhofer, S.; Lass-Florl, C.; Becker, D.; Decristoforo, C. Microbial challenge tests on nonradioactive tio2-based 68Ge/68Ga generator columns. Nucl. Med. Commun. 2012, 33, 819–823. [Google Scholar] [CrossRef] [PubMed]

	28. 
Breeman, W.A.; de Jong, M.; de Blois, E.; Bernard, B.F.; Konijnenberg, M.; Krenning, E.P. Radiolabelling dota-peptides with 68Ga. Eur. J. Nucl. Med. Mol. Imaging 2005, 32, 478–485. [Google Scholar] [CrossRef] [PubMed]

	29. 
Schultz, M.K.; Mueller, D.; Baum, R.P.; Leonard Watkins, G.; Breeman, W.A. A new automated nacl based robust method for routine production of gallium-68 labeled peptides. Appl. Radiat. Isot. 2013, 76, 46–54. [Google Scholar] [CrossRef] [PubMed]

	30. 
Velikyan, I.; Xu, H.; Nair, M.; Hall, H. Robust labeling and comparative preclinical characterization of dota-toc and dota-tate. Nucl. Med. Biol. 2012, 39, 628–659. [Google Scholar] [CrossRef] [PubMed]

	31. 
Mueller, D.; Klette, I.; Baum, R.P.; Gottschaldt, M.; Schultz, M.K.; Breeman, W.A.P. Simplified nacl based 68Ga concentration and labeling procedure for rapid synthesis of 68Ga radiopharmaceuticals in high radiochemical purity. Bioconjugate Chem. 2012, 23, 1712–1717. [Google Scholar] [CrossRef] [PubMed]

	32. 
Loktionova, N.S.; Belozub, A.N.; Filosofov, D.V.; Zhernosekov, K.P.; Wagner, T.; Turler, A.; Rosch, F. Improved column-based radiochemical processing of the generator produced 68Ga. Appl. Radiat. Isot. 2011, 69, 942–946. [Google Scholar] [CrossRef] [PubMed]

	33. 
Gebhardt, P.; Opfermann, T.; Saluz, H.P. Computer controlled Ga-68 milking and concentration system. Appl. Radiat. Isot. 2010, 68, 1057–1059. [Google Scholar] [CrossRef] [PubMed]

	34. 
Zhernosekov, K.P.; Filosofov, D.V.; Baum, R.P.; Aschoff, P.; Bihl, H.; Razbash, A.A.; Jahn, M.; Jennewein, M.; Rosch, F. Processing of generator-produced 68Ga for medical application. J. Nucl. Med. 2007, 48, 1741–1748. [Google Scholar] [CrossRef] [PubMed]

	35. 
Meyer, G.J.; Macke, H.; Schuhmacher, J.; Knapp, W.H.; Hofmann, M. 68Ga-labelled dota-derivatised peptide ligands. Eur. J. Nucl. Med. Mol. Imaging 2004, 31, 1097–1104. [Google Scholar] [CrossRef] [PubMed]

	36. 
Eppard, E.; Wuttke, M.; Nicodemus, P.L.; Rosch, F. Ethanol-based post-processing of generator-derived 68Ga toward kit-type preparation of 68Ga-radiopharmaceuticals. J. Nucl. Med. 2014, 55, 1023–1028. [Google Scholar] [CrossRef] [PubMed]

	37. 
Petrik, M.; Ocak, M.; Rupprich, M.; Decristoforo, C. Impurity in 68Ga-peptide preparation using processed generator eluate. J. Nucl. Med. 2010, 51, 495. [Google Scholar] [CrossRef] [PubMed]

	38. 
Bauwens, M.; Chekol, R.; Vanbilloen, H.; Bormans, G.; Verbruggen, A. Optimal buffer choice of the radiosynthesis of Ga-68-dotatoc for clinical application. Nucl. Med. Commun. 2010, 31, 753–758. [Google Scholar] [CrossRef] [PubMed]

	39. 
Velikyan, I.; Beyer, G.J.; Bergstrom-Pettermann, E.; Johansen, P.; Bergstrom, M.; Langstrom, B. The importance of high specific radioactivity in the performance of 68Ga-labeled peptide. Nucl. Med. Biol. 2008, 35, 529–536. [Google Scholar] [CrossRef] [PubMed]

	40. 
Velikyan, I.; Maecke, H.; Langstrom, B. Convenient preparation of 68Ga-based pet-radiopharmaceuticals at room temperature. Bioconjugate Chem. 2008, 19, 569–573. [Google Scholar] [CrossRef] [PubMed]

	41. 
Notni, J.; Simecek, J.; Hermann, P.; Wester, H.J. Trap, a powerful and versatile framework for Gallium-68 radiopharmaceuticals. Chem. Eur. J. 2011, 17, 14718–14722. [Google Scholar] [CrossRef] [PubMed]

	42. 
Oehlke, E.; Le, V.S.; Lengkeek, N.; Pellegrini, P.; Jackson, T.; Greguric, I.; Weiner, R. Influence of metal ions on the 68Ga-labeling of dotatate. Appl. Radiat. Isot. 2013, 82, 232–238. [Google Scholar] [CrossRef] [PubMed]

	43. 
Simecek, J.; Hermann, P.; Wester, H.J.; Notni, J. How is 68Ga labeling of macrocyclic chelators influenced by metal ion contaminants in 68Ge/68Ga generator eluates? ChemMedChem 2013, 8, 95–103. [Google Scholar] [CrossRef] [PubMed]

	44. 
Chakravarty, R.; Chakraborty, S.; Dash, A.; Pillai, M.R.A. Detailed evaluation on the effect of metal ion impurities on complexation of generator eluted 68Ga with different bifunctional chelators. Nucl. Med. Biol. 2013, 40, 197–205. [Google Scholar] [CrossRef] [PubMed]

	45. 
Zhai, C.; Summer, D.; Rangger, C.; Haas, H.; Haubner, R.; Decristoforo, C. Fusarinine c, a novel siderophore-based bifunctional chelator for radiolabeling with Gallium-68. J. Label. Compd. Radiopharm. 2015, 58, 209–214. [Google Scholar] [CrossRef] [PubMed]

	46. 
Borges, J.B.; Velikyan, I.; Långström, B.; Sörensen, J.; Ulin, J.; Maripuu, E.; Sandström, M.; Widström, C.; Hedenstierna, G. Ventilation distribution studies comparing technegas and gallgas using 68GaCl3 as the label. J. Nucl. Med. 2011, 52, 206–209. [Google Scholar] [CrossRef] [PubMed]

	47. 
Velikyan, I.; Sundin, A.; Sörensen, J.; Lubberink, M.; Sandström, M.; Garske-Román, U.; Lundqvist, H.; Granberg, D.; Eriksson, B. Quantitative and qualitative intrapatient comparison of 68Ga-dotatoc and 68Ga-dotatate: Net uptake rate for accurate quantification. J. Nucl. Med. 2014, 55, 204–210. [Google Scholar] [CrossRef] [PubMed]

	48. 
Sandström, M.; Velikyan, I.; Garske-Román, U.; Sörensen, J.; Eriksson, B.; Granberg, D.; Lundqvist, H.; Sundin, A.; Lubberink, M. Comparative biodistribution and radiation dosimetry of 68Ga- dotatoc and 68Ga-dotatate in patients with neuroendocrine tumors. J. Nucl. Med. 2013, 54, 1755–1759. [Google Scholar] [CrossRef] [PubMed]

	49. 
Reubi, J.C.; Schär, J.C.; Waser, B.; Wenger, S.; Heppeler, A.; Schmitt, J.S.; Mäcke, H.R. Affinity profiles for human somatostatin receptor subtypes sst1-sst5 of somatostatin radiotracers selected for scintigraphic and radiotherapeutic use. Eur. J. Nucl. Med. Mol. Imaging 2000, 27, 273–282. [Google Scholar] [CrossRef]

	50. 
Eriksson, O.; Velikyan, I.; Selvaraju, R.K.; Kandeel, F.; Johansson, L.; Antoni, G.; Eriksson, B.; Sörensen, J.; Korsgren, O. Detection of metastatic insulinoma by positron emission tomography with [68Ga]exendin-4-a case report. J. Clin. Endocrinol. Metab. 2014, 99, 1519–1524. [Google Scholar] [CrossRef] [PubMed]

	51. 
Aime, S.; Barge, A.; Botta, M.; Fasano, M.; Danilo Ayala, J.; Bombieri, G. Crystal structure and solution dynamics of the lutetium(iii) chelate of dota. Inorg. Chim. Acta 1996, 246, 423–429. [Google Scholar] [CrossRef]

	52. 
Heppeler, A.; Froidevaux, S.; Macke, H.R.; Jermann, E.; Behe, M.; Powell, P.; Hennig, M. Radiometal-labelled macrocyclic chelator-derivatised somatostatin analogue with superb tumour-targeting properties and potential for receptor-mediated internal radiotherapy. Chem. Eur. J. 1999, 5, 1974–1981. [Google Scholar] [CrossRef]

	53. 
Velikyan, I.; Bulenga, T.N.; Selvaraju, K.R.; Lubberink, M.; Espes, D.; Rosenstrom, U.; Eriksson, O. Dosimetry of [177Lu]-DO3A-VS-Cys40-Exendin-4—impact on the feasibility of insulinoma internal radiotherapy. Am. J. Nucl. Med. Mol. Imaging 2015, 5, 109–126. [Google Scholar] [PubMed]

	54. 
Selvaraju, R.; Bulenga, T.N.; Espes, D.; Lubberink, M.; Sörensen, J.; Eriksson, B.; Estrada, S.; Velikyan, I.; Eriksson, O. Dosimetry of [68Ga]Ga-DO3A-VS-Cys40-Exendin-4 in rodents, pigs, non-human primates and human-repeated scanning in human is possible. Am. J. Nucl. Med. Mol. Imaging 2015, 5, 259–269. [Google Scholar] [PubMed]

	55. 
Decristoforo, C.; Penuelas, I.; Elsinga, P.; Ballinger, J.; Winhorst, A.D.; Verbruggen, A.; Verzijlbergen, F.; Chiti, A. Radiopharmaceuticals are special, but is this recognized? The possible impact of the new clinical trials regulation on the preparation of radiopharmaceuticals. Eur. J. Nucl. Med. Mol. Imaging 2014, 41, 2005–2007. [Google Scholar] [CrossRef] [PubMed]

	56. 
Decristoforo, C.; Peñuelas, I. Towards a harmonized radiopharmaceutical regulatory framework in europe? Q. J. Nucl. Med. Mol. Imaging 2009, 53, 394–401. [Google Scholar] [PubMed]

	57. 
Verbruggen, A.; Coenen, H.H.; Deverre, J.R.; Guilloteau, D.; Langstrom, B.; Salvadori, P.A.; Halldin, C. Guideline to regulations for radiopharmaceuticals in early phase clinical trials in the EU. Eur. J. Nucl. Med. Mol. Imaging 2008, 35, 2144–2151. [Google Scholar] [CrossRef] [PubMed]

	58. 
Norenberg, J.P.; Petry, N.A.; Schwarz, S. Operation of a radiopharmacy for a clinical trial. Semin. Nucl. Med. 2010, 40, 347–356. [Google Scholar] [CrossRef] [PubMed]

	59. 
Lange, R.; Ter Heine, R.; Decristoforo, C.; Peñuelas, I.; Elsinga, P.H.; van Der Westerlaken, M.M.L.; Hendrikse, N.H. Untangling the web of european regulations for the preparation of unlicensed radiopharmaceuticals: A concise overview and practical guidance for a risk-based approach. Nucl. Med. Commun. 2015, 36, 414–422. [Google Scholar] [CrossRef] [PubMed]

	60. 
Aerts, J.; Ballinger, J.R.; Behe, M.; Decristoforo, C.; Elsinga, P.H.; Faivre-Chauvet, A.; Mindt, T.L.; Peitl, P.K.; Todde, S.C.; Koziorowski, J. Guidance on current good radiopharmacy practice for the small-scale preparation of radiopharmaceuticals using automated modules: A european perspective. J. Label. Compd. Radiopharm. 2014, 57, 615–620. [Google Scholar] [CrossRef] [PubMed]

	61. 
Elsinga, P.; Todde, S.; Penuelas, I.; Meyer, G.; Farstad, B.; Faivre-Chauvet, A.; Mikolajczak, R.; Westera, G.; Gmeiner-Stopar, T.; Decristoforo, C. Guidance on current good radiopharmacy practice (cgrpp) for the small-scale preparation of radiopharmaceuticals. Eur. J. Nucl. Med. Mol. Imaging 2010, 37, 1049–1062. [Google Scholar] [CrossRef] [PubMed]

	62. 
Virgolini, I.; Ambrosini, V.; Bomanji, J.B.; Baum, R.P.; Fanti, S.; Gabriel, M.; Papathanasiou, N.D.; Pepe, G.; Oyen, W.; de Cristoforo, C.; et al. Procedure guidelines for pet/ct tumour imaging with 68Ga-dota-conjugated peptides: 68Ga-dota-toc, 68Ga-dota-noc, 68Ga-dota-tate. Eur. J. Nucl. Med. Mol. Imaging 2010, 37, 2004–2010. [Google Scholar] [CrossRef] [PubMed]

	63. 
Janson, E.T.; Sorbye, H.; Welin, S.; Federspiel, B.; Gronbaek, H.; Hellman, P.; Ladekarl, M.; Langer, S.W.; Mortensen, J.; Schalin-Jantti, C.; et al. Nordic guidelines 2014 for diagnosis and treatment of gastroenteropancreatic neuroendocrine neoplasms. Acta Oncol. 2014, 53, 1284–1297. [Google Scholar] [CrossRef] [PubMed]

	64. 
Marchetti, S.; Schellens, J.H.M. The impact of fda and emea guidelines on drug development in relation to phase 0 trials. Br. J. Cancer 2007, 97, 577–581. [Google Scholar] [CrossRef] [PubMed]

	65. 
Mills, G. The exploratory ind. J. Nucl. Med. 2008, 49, 45N–47N. [Google Scholar] [PubMed]

	66. 
Todde, S.; Windhorst, A.D.; Behe, M.; Bormans, G.; Decristoforo, C.; Faivre-Chauvet, A.; Ferrari, V.; Gee, A.D.; Gulyas, B.; Halldin, C.; et al. Eanm guideline for the preparation of an investigational medicinal product dossier (impd). Eur. J. Nucl. Med. Mol. Imaging 2014, 41, 2175–2185. [Google Scholar] [CrossRef] [PubMed]

	67. 
Lappin, G.; Kuhnz, W.; Jochemsen, R.; Kneer, J.; Chaudhary, A.; Oosterhuis, B.; Drijfhout, W.J.; Rowland, M.; Garner, R.C. Use of microdosing to predict pharmacokinetics at the therapeutic dose: Experience with 5 drugs. Clin. Pharmacol. Ther. 2006, 80, 203–215. [Google Scholar] [CrossRef] [PubMed]

	68. 
Garner, R.C.; Lappin, G. The phase 0 microdosing concept. Br. J. Clin. Pharmacol. 2006, 61, 367–370. [Google Scholar] [CrossRef] [PubMed]

	69. 
Bergstrom, M.; Grahnen, A.; Langstrom, B. Positron emission tomography microdosing: A new concept with application in tracer and early clinical drug development. Eur. J. Clin. Pharmacol. 2003, 59, 357–366. [Google Scholar] [CrossRef] [PubMed]

	70. 
Guidance for Industry, Investigators, and Reviewers; Exploratory ind Studies; U.S. Department of Health and Human Services: Washington, DC, USA, 2006.

	71. 
Decristoforo, C.; Pickett, R.D.; Verbruggen, A. Feasibility and availability of 68Ga-labelled peptides. Eur. J. Nucl. Med. Mol. Imaging 2012, 39, S31–S40. [Google Scholar] [CrossRef] [PubMed]

	72. 
Velikyan, I.; Antoni, G.; Sorensen, J.; Estrada, S. Organ biodistribution of germanium-68 in rat in the presence and absence of [68Ga]ga-dota-toc for the extrapolation to the human organ and whole-body radiation dosimetry. Am. J. Nucl. Med. Mol. Imaging 2013, 3, 154–165. [Google Scholar] [PubMed]

	73. 
International Atomic Energy Agency. Development of Ga-68 Based Pet-Radiopharmaceuticals for Management of Cancer and Other Chronic Diseases. Available online: http://cra.iaea.org/cra/explore-crps/all-active-by-programme.html (accessed on 25 June 2015).

	74. 
Directive 2001/83/ec of the European Parliament and of the Council of 6 November 2001 on the Community Code Relating to Medicinal Products for Human Use. (Updated 2012). Available online: http://ec.europa.eu/health/files/eudralex/vol-1/dir_2001_83_consol_2012/dir_2001_83_cons_2012_en.pdf (accessed on 25 June 2015).

	75. 
Decristoforo, C. Gallium-68—A new opportunity for pet available from a long shelflife generator—automation and applications. Curr. Radiopharm. 2012, 5, 212–220. [Google Scholar] [CrossRef] [PubMed]

	76. 
Boschi, S.; Lodi, F.; Malizia, C.; Cicoria, G.; Marengo, M. Automation synthesis modules review. Appl. Radiat. Isot. 2013, 76, 38–45. [Google Scholar] [CrossRef] [PubMed]

	77. 
Boschi, S.; Malizia, C.; Lodi, F. Overview and perspectives on automation strategies in 68Ga radiopharmaceutical preparations. Recent Results Cancer Res. 2013, 194, 17–31. [Google Scholar] [PubMed]





© 2015 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license ( http://creativecommons.org/licenses/by/4.0/).







media/file13.jpg
t,>100 d: long-lived waste
Expensive storage

3
o
£
Z
-
S
o
2
-]
o
14






media/file39.jpg





media/file18.png
=99 >99 )

6 mL 1mL 0.2 mL
“Time mLigand, [nanomol] mAnalytical RCY, [%]






media/file21.jpg
A

e
H xun'
nm’
. o
1o

“GaCl, + :CI = [%Gacl)

/«

ot

001 o1 1 0
DOTATOC, {nmot)






media/file44.png
—> Kidney —> Lesions

—> Pancreas —> Liver






media/file26.png
e OH
=





media/file28.png
BEMD 250
1800
T 1800
o
% Competition 9, =, 1o
(\o (\o g‘ 1200
-
N M T 1000
ér/“w,l il fA ?1 s g a00
“Caw S NH 0 NSZne N T
"f”““j o & "f"“/ '
400
-~
0‘\8 pK: 21.33 0‘\8 pK: 21.10 200 e e e e = e e e e
O [0 ] 0 0
0 63 13 204 272 340 408 476 544 512 630 748 316 334 952
Time, [min
65Ga: 70-74% |%8Gal%zn: 1.2 e, [min]

Amount, [picomole]






media/file10.png





media/file5.png
>91%

1t..

100

3.5t,,

1 2
~% = 14h

zl—d—ﬂplnlp

Ap:Ad

12t,,

50%

(o]
o

(o)}
o

Radidactivity, [%]

FoN
o

N
o

0

Loss

0 68 136 204 272 340 408 476 544 612 680 748 816 884 952 1020
Time, [min]





media/file49.jpg
Preparation (" Tc)
1. Generator ekion into product wal wih AP1 | 1 Generator euson o reacion vl

2 Labekng n e productval 2 Laboting n e eacton vl
3 Purfeaton of .






media/file36.png
) 1.240.1 nmol
Lrverl

T @

Lesion

Spleen
lL'Ner
Lesion A
Spleen

62.1+0.5 nmol

494 940.2 nmol

Normalized uptake, [%)

:,'.
X

ol

-

o

.
=

-
o

<

2]
©

E

-

o
=

0 100 200 300 400 500
Total peptide injected, [nanomole]

0 100 200 300 400 500
Total peptide injected, [nanomole]






media/file15.jpg
L t,(%*Ge) = 270.95 d
i [Ge] < 0.001%
 Reouar Regular elution
+ Fractonaton - Elution 34 hours prio to the
Synthesis Eluate purication
+ Concentraton e N Product puifcation






nav.xhtml


  molecules-20-12913


  
    		
      molecules-20-12913
    


  




  





media/file11.png





media/file23.jpg
Toxicology (Do)

Stabiizing sgeat

PH Species Solubility
0-3 | Ga™; [Ga(H;0)l* | souble
57 [caom, e
> [ womir ey
B

e

i

=

H

E

"DOTATOC, nanomols

Transchelation

Homman e

Praiication






media/file24.png
pH Species Solubility
0-3 | Ga* ; [Ga(H,0)]~ soluble
3-7 | Ga(OH); mnsoluble
>7 [Ga(OH)s] soluble

B
120

EE..‘]M B -

7

= 60 -

£

® 20 -

<,

C

HEPES buffer Acetate buffer
Biocompatible + +
Toxicology (LDso) | Quail 316 mgkg) | Rat 90 mLikg
Stabilizing agent +
Transchelation +
pH =
- R —
Purification Required Not required
QC Required Not required

5 10 15
DOTATOC, nanomols






media/file29.jpg
SeN
o
OH :S
N
e 2 ~
wo'on .
A l I
< HO o
GooH
DOTAR "
ROTATE; TOC DOTANCS
O?,on vooe”  PCTANCS
" NS
( j’yc' o
N- HO _/
HO, HO)’J HO. HO
NOTANCS
o) I woma I
‘Z’\ou
N
o
( Nﬂr"’ N/\F;O
wote M"Y v R
b ‘CooH TRAP-Pr: R=CH,CH,COOH
& noro TRAP-H: ReH





media/file12.png





media/file3.png
oo

Inlet

I LIELELIIIIIII S NN
AL AANIA LA S LA LTINS >

Outlet .~ ;

68Ga |w ',Lead shielding

:’b.-{}..\ts}): s PaYys I





media/file42.png





media/file47.jpg
A Ga: 68.820.13 min
c:89min

I L
“ G:24n L T
il [ st






media/file38.png
A [Ga]Ga-DOTA-TOC [(3Ga]Ga-DOTA-TATE

- -
; &2 2 £ :r? 08
et . i 4t wi o4
O — E =
[ e £ et = o
= o - Eoo
i 20 // Ezu '8_" 5
i i | e
m . o
E 8 ]
=3 LT T s = 1% L5 T Pt Py
Met uptake rate, K, [mligmin] Met upta ke rate, K, jml/gimin] [F*Ga]GaDOTA-TOC, K,
C & 0.159
o 58Ga-DOTATATE
=
‘3' B 5Ga-DOTATOC
£ 0.104
g
T (.059
2
: Inlil [ I
q GDC L] I. II lI I| ] II 1 L 1 1] ] II I' Il Il L] I. I I . l I
L3 v w0 S M%%enﬂem_eeﬁag & &
NSNS ER SRR
w “thS NSNS \“‘}Cl;@&@bé\{“ GJQ“L' 4"5\ \. Pt
4 > o
& &5 ¥ s & P
oF @ .3.‘} Iy L






media/file0.jpg
ErEs

ErEs

“Tumour-type specificity
Precasiocaatonatiesions
Pretnorapetc quanttiaton
Receporstatus
Uptakeinetics —_—
Dosimetry
staging Seecton paning
Montorngineresponsstothe hrapy

Detectonotrecurenasease Personalzedmedicine
RADIOTHERANOSTICS
Cell 2 2
>

Pre-therapeutic dagnostics Peptce receptor radiotherspy





media/file17.jpg
5 6

6mL 1mL 02mL
uTime mLigand, [nanomol] mAnalytical RCY, [%]






media/file30.png
R OH SCN
O 0
O_OH 0. OH NCS

\[N_/_N N

N
ST N
0
HO™ O 1 I COOH
N

DOTA-R

R: TATE; TOC DOTA-NCS
OZ\’OH OZ\KOH HOOC) PCTA-NCS
NN N/\(\QNCS
( J ¥O Q N/§§O
Ho N HO N HO
HO HO
N OW NOTA y— NOTA-NCS
Otp @) R
(" SPoon
N/\
N— .O NS
P’ N— O
HO NJ HO Z J HO/P\R
"o b/ O IRAP-Pr: R=CH,GH,COOH
W COOH R’P -FrR= 2~ 72

O NOPO 0 TRAP-H: R=H





media/file35.jpg
12401 nmol 21205 amal 4949402 ol

i« =






media/file48.png
A: UV

58Ga: 68.8+0.13 min

mV

100 150 00 150 200

Time, |min]

| =2 . ., —

}t B: 25 min
Jk C:89 min
l D: 147 min
E: 215 min
F: 344 min
A
G:24h

Ini At}

58Ge: 271.8%1.1d

5
Time (min)

10 15






media/file27.jpg
Time, i)

aGa: 70.74% |#Gamizn: 12

@ onl Kwropry

4
wﬂu

48

< 0

Competition






media/file9.png





media/file22.png
>

Distribution coefficient

1x107
1x106°
1x10°
1x10%
1x103
1x10?

1x10*

1x100
0

58GaCl; + :Cl = [**GaCl,]

Ga(ll)

-

4 s} 8 10

HCI, [M]

RCY, [%]

120

100
80
60 <

40

20

0

pW 90°C

.

0,001

0,01 0,1
DOTATOC, [nmol]

10






media/file19.jpg
2 8 38 =
%'AOY IeonEUY

Time, min

oy 0 e o






media/file40.png
cl
[$8Ga]Ga-DOTA-TOC
20
15
>
2D
7]
10
5
0
0 2 4 6
Peptide amount, [nanomole]
—&— Adrenal —@— Pituitary —&— Pancreas —»— Kindey
25
F [$3Ga]Ga-DOTA-TATE
20 .
15
>
wl
7]
10 ——
e
\ﬁ
> e
L4
0
2 4
Peptide amount, [nanomole]
—&— Adrenal —— Pituitary Pancreas —»—Kidney
HO

2
G m [68Ga)Ga-DOTA-TOC
20

[68Ga]Ga-DOTA-TATE T

H[68Ga)GaCl3 I
15 }:
>
>
v
10
5

0 —-§II§I-§IT§ iII:L{]i — = IN - § mi_&—‘é
Q > & & &

O & & 5 X * e & QA .
A o @ & &8 o N > ? G S
RO IR R N o xS x& & o & & R
@ R R ‘?‘b LS &(\ S Q‘\‘-o ™ &0@ &L
&0 ) R " e
N Q\\ °
® e <P
) \(\‘2' &
O o
& &






media/file33.jpg
0.018M |, 003 M

B o] Komtami B k- tam
3500 | Kpm 1 =
. a0
2500 2000
2000 g
= G Eam
o0
050 100
n o
® 3 1 5 5w b T W
[462.00TATOC), ait [#68.00TATOC), ntt
B e —e—nonwentc oo [C  [Sow e vorspeic —a—weoie
1801 —
‘
a0
0
o
01 1 10 10 1000
D specific radioactiviy, (MBnmol)






media/file32.png
H,N
R
B e R\NH c 0
© 0
N :g 2\ o R 2\
OH 68
04\/NI Gacl, N// Z ( NN O ®GaCl, G/
Buffer, 95 °C, 10 m|n HO / a
&N O N Buffer, RT

grOH/Hz? \X};o O)\/N\/ ] uffer, )\/ \

O






media/file14.png
N

10000

= Expensive storage
m 1000
£
> 100
=
S 10
2
s 1
14

0

0 4 6 8 10

50 mCi Time, [v] 0.16 MBq | |

"~
t..>100 d: long-lived waste






media/file41.jpg
[**Ga]-Exendin-4 ["C]-HTP ['®F)-FDG

C
f ‘4
4 '\“\,a!/"
F






media/file2.jpg





media/file37.jpg
A [“Ga]GaDOTA-TOC

[“Ga]Ga-DOTATATE






media/file46.png
A

Parameter

Specification

Appearance

clear, colourless

Radionuclidic identity (half-life determination)

62 to 74 min

Radionuclidic identity
(gamma-ray spectrometry)

511 + 1077 keV

300

ity, [M

- 200
=150
100

Radioact
8

y = 263,12 001
R=1

]

L
Y
"\\“‘_——
200 400
Time, [min]

o
o BAL L o 00

Radionuclidic purity

3=

In(2) _ 0.693 |

\y=-0,01 02x + 5,5726
T ~_ R¥=1

T~
e

~

%8Ga accumulation, [% ]
g

3 £ 88

Time, [min]

1000

200 400
Time, [min]

et AR A0

(gamma-ray spectrometry) e
68Ge breakthrough <0.001%
Radiochemical purity (TLC) > 95%
Microbiological quality sterile

Bacterial endotoxins

<175/VEU/ml

% of total radioactivity
cxdnSREGEH

Elution profile D

" »A-‘\

511 keV

1077 keV

Concentration, mg/L

pH <2
Iron <10 ng/GBq
Zmne <10 ng/GBq

I3
- o o
e

'
T T T

| | Gamma-ray spectrometry | E‘

1000 n

)

40 60
Elution period, h

Daily elution; 4-24 h prior to the synthesis

....................
T T T






media/file45.jpg
[ St
= e o

o B

e wopeci
o i}






media/file6.jpg
Time, [day]

120

Radioactiviy, 4]

“Time, [month]

0





media/file1.png
) . *
0.0 0.0 0.0

) L) )
0.0 0.0 0.0

Tumour-type specificity

Preciselocalisation oflesions

Pre-therapeutic quantification
Receptorstatus
Uptake kinetics ﬁ
Dosimetry

Staging, Selection, Planning,

Monitoringthe response to the therapy
Detection of recurrentdisease Personalized medicine

RADIOTHERANOSTICS

Peptide receptor radiotherapy

Cell

&
&2 CoeGa

@ ©

Pre-therapeutic diagnostics





media/file16.png
A) Large eluate volume

Analytical RCY, %

B) Metal contamination

§
Il
T+

=]
rrrt

Conee ntration, [ g/,

—
I

88Ga-DOTA-TOC
58Ga-eluate: 6 ml

m sodium acetate, A HEPES

Pb

C) 68Ge breakthrough

t.(63Ge) = 270.95 d

[(8Ge] < 0.001%

* Fractionation

« Concentration

Regular elution

Elution 3-4 hours prior to the
synthesis

Eluate purification

Regular elution
Eluate purification
Product purification






media/file20.png
: 8 § § & -

00 o ‘ADY |eandjeuy

Time, min

volume 6 mL

®63Ga RA, [MBq]

>60%

naeay dad Lanoe vo«:_m

A1000

A A A LA A A A A S A MM A A MM A A A A A A A A A A A A A A A AL LA
Ll LJ L] L]

1

Fra






media/file50.png
Preparation (*™Tc) . Manufacturing (%8Ga)

| 1. Generator elution into product vial with API ‘ 1. Generator elution into reaction vial

2. Labelling in the product vial 2. Labelling in the reaction vial

‘ 3. Purification of the product

3. Formulation 4 Formulation

‘ 5. Sterile filtration

6. Quality control

‘ 7. Dispensing

4 Release Product &. Release Synthesis module






media/file7.png
A 100

80 -

60 -

40 -

" Ga yield, [%]

20

0 I I I I
0 200 400 600 800 1000

Time, [day]

—— Generator-1 ——0— Generator-2 —e— Generator-3

Radioactivity, [%e]

—
[
=

2

oo
o=

60

Time, [month]

10

12





media/file31.jpg





media/file25.jpg





media/file4.jpg
120

>91% 100

Radidactivity, %]

068 136 204 272 340 408 476 544 612 680 748 816 884 952 1020
Time, [min]





media/file8.png





media/file43.jpg
> Kidney  —> Lesions

[ Pancreas —> Liver






media/file34.png
0.01 nM ~ 0.03nM .~ 01nM PR
(fl (f’ 0

(7
I\ /)
@/

10 nM
N/ N

1 (l' ’
~J(

=
=
-
Qo
=
1]
=
H B
-a T T T T T -a T T
= 0 2 4 6 8 10 = 0 5 10
[*#*Ga-DOTATOC], nM [*Ga-DOTATOC], nM
|B [——tolal_ —=—nonspedic —a—specic]| | © [ —e—total —W—non-specic —a— specific |
16007 = -

é 12001

- 8001

-

& 400-

0 L T L) L)
D 01 1 10 100 1000
Specific radioactivity, [MBg/nmol]






