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Preface

The purpose of this Special Issue was to host research and review papers on Radiopharmaceuticals

in line with the three previous Special Issues that I have Guest Edited for Molecules. This subject may

vary from radioactive isotope production, the synthesis of precures, radioactive labeling reactions, to

the purification of radiopharmaceuticals to quality control and regulatory efforts, which are required

prior to using radiopharmaceuticals in humans.

This Special Issue contains 17 original research papers, 1 communication, 5 reviews, and 1 editorial

review all within the area of radiochemistry.

I sincerely hope that you enjoy reading this Special Issue.

Svend Borup Jensen

Editor
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Editorial

Radioactive Molecules 2021–2022

Svend Borup Jensen 1,2

1 Department of Nuclear Medicine, Aalborg University Hospital, 9000 Aalborg, Denmark; svbj@rn.dk
2 Department of Chemistry and Biochemistry, Aalborg University, 9220 Aalborg, Denmark

In 2020 I was invited to write an editorial review on radioactive molecules published
in Molecules in 2019 and 2020 [1]. The aim of the review was to identify all the papers
published in the journal that applied radioactive isotopes. The present review has the
same aim, but for the years 2021 and 2022. To make the data comparable, the articles are
examined and categorized in the same manner as in the first review.

1. The Search Criteria

As in the previous editorial review, a search in Molecules was performed using the
keyword “radio*”. In the 2021 to 2022 period, the search resulted in 276 articles, compared
to 181 for 2019–2020, an increase of 52%.

A closer look at the identified articles revealed that 109 (60%) of those published in
2019–2020 were in fact dealing with radioactive isotopes, with this figure being 172 (62%) for
2021–2022. Again, approximately 40% of the articles from the search were not considered
relevant to the review. I conducted an investigation into which search terms caused the
articles not relevant to this review to appear in the search results and found that many
of these articles deal with radioactive therapy and protection against radioactivity. The
words found to occur more than 10 times in the 104 “irrelevant” articles were: radiotherapy,
radioresistance/radio resistance, radiosensitivity, radio sensitization/radiosensitization,
radiosensitizer(s), radio frequency/radiofrequency, and radiolysis.

Taking the above identified words into account, I attempted to apply othersearch terms
to optimize the search, see Table 1. However, as can be seen from Table 1, the application of
“radioa*”, “radioactive”, “isotope”, and “isotop*”, resulted in the search failing to find all
of the relevant articles, so this search strategy was discarded.

Table 1. Search terms applied.

2019 2020 2021 2022

Radioa* 12 16 12 23

Radioactive 11 15 12 26

Isotope 46 42 51 56

Isotop* 46 42 50 54

Radio* 68 117 126 150

Relevant papers 109 78 94

Not relevant 76 48 56

2. Main Categories

2.1. Non-Medical Applications

Only 23 of the 172 selected articles pertained to non-medical subjects, typically dealing
with pollution and nuclear waste.

As an example of the subjects covered, two interesting papers dealing with the synthe-
sis of compounds able to capture iodine [L1, L2]. In both papers, the aim was to develop

Molecules 2024, 29, 265. https://doi.org/10.3390/molecules29010265 https://www.mdpi.com/journal/molecules1



Molecules 2024, 29, 265

compounds capable of removing radioactive iodine from nuclear power plant waste. The
capture of iodine is, in fact, a hot research topic [2–5]. Compounds capable of removing
radioactive iodine may also be medically relevant, as hospitals use iodine I-131 (with a
half-life of 8 days) for treatment of some thyroid disorders, resulting in the patients urine
becoming radioactive, resulting in it being categorized as radioactive waste. Hospitals
handle this problem by using storage tanks for toilet waste to postpone its release into
the environment and/or by mixing the toilet waste with other wastewater to dilute the
radioactivity below the threshold level. Methods designed to extract I-131 from urine may
indeed prove be more economically advantageous compared to storing toilet wastewater,
especially if the iodine capture is reversible such that the extraction material can be re-used.

The other articles focusing on non-medical use of radioactive isotopes constitute a very
diverse group. They cover a range of topics from the examination of naturally occurring
isotopes by applying in vivo isotope degradation [L3], to thermo-degradation experiments
[L4], and 14C-dating of a Roman Egyptian mummy portrait [L5].

2.2. Medical Applications

The number of articles covering medical uses of radioactive molecules was 149. Ex-
cluding my own editorial review [1] from 2021 leaves a total of 148 articles dealing, in one
way or the other, with the medical uses of radioactive isotopes, to be further examined.

As in the previous review, the articles were divided into subgroups: diagnostics,
therapy, synthesis, and nuclide preparation, and it was noted whether the article was a
review (see Table 2). An article may appear in multiple subgroups.

Table 2. Division of the articles dealing with the medical use of isotopes into subgroups.

Diagnostic Therapy Synthesis
Nuclide

Preparation
Review

Articles Concerning Medical Use of
Radioactive Isotopes

2019–2020 73 articles
(71%)

24 articles
(23%)

41 articles
(40%)

9 articles
(9%)

21 articles
(20%)

103 articles
(100%)

2021–2022 129 articles
(87%)

57 articles
(39%)

96 articles
(65%)

21 articles
(14%)

42 articles
(28%)

148 articles
(100%)

Table 2 shows that the number of articles dealing with medical uses of radioactive
isotopes has increased from 103 to 148 (an increase of 36%). In general, the use of radioactive
molecules in clinical settings at hospitals has been increasing for many years, which can to
some extent explain the rising research articles on this topic.

The percentage of reviews has increased from 20% to 28%. It is worth noting that all
of the percentages have increased from 2019–2020 to 2021–2022. Part of the explanation
for this is that the number of reviews has increased, and review articles often touch upon
several topics such as diagnostics, therapy, synthesis, and nuclide preparation. However,
the tendency of a greater number of articles covering topics from more than one of the
subgroups cannot solely be put down to the increase in reviews. This increase supports a
general sense I have when reading through the articles that, although an article focuses
on, for example, synthesis, it also often contains information about how the radioactive
substances are used in diagnostics and/or therapy. In other words, articles are increasingly
covering more subjects (diagnostic, therapy, synthesis, and/or nuclide preparation) than
was the case merely two years ago.

3. Use of Isotopes

The 148 articles on medical uses for radioactive isotopes, and the 23 on non-medical
uses, deal with or mention many different isotopes, as can be seen in Tables 3–7.

The placement of the isotopes in Tables 3–7 depends on how the isotope mainly
decays—i.e., whether the main form of its decay is via positron [6–9], gamma [10], beta [11],
Auger [12], or alpha emissions [13]. The decay of an isotope will often take place in several
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ways; however, this review will focus on the main form of decay. The categorization of the
isotopes and their location in Tables 3–7 follows the description of the isotopes primary
decay in the reviewed articles, which moreover in broad terms are identical to what is
found in the literature published elsewhere.

In Tables 3 and 4, the articles are classified into three groups: diagnostic/use, syn-
thesis/chelation, and isotope preparation. In Tables 5–7, the diagnostic column has been
replaced by therapy/detection. Each article is placed in at least one of these groups but
may appear in more than one group. The column entitled “Total Number of Articles” is the
sum of the other columns but with duplicates subtracted.

The column “Selected Articles” lists articles that support and illustrate what I aim
to express, furthermore it provide the reader with the opportunity to seek additional
knowledge from the original literature.

Table 3. Positron emitters.

Total Number of
Articles

Diagnostic
Synthesis/
Chelation

Isotope Preparation Selected Articles

11C 26 26 9 - [L6–L12]
13N 7 7 - - [L8, L9, L11, L13]
15O 7 7 - - [L7–L9, L13]
18F 59 57 25 - [L6–L20]

22Na 2 2 - - -
43Sc 1 1 - - -
44Sc 10 8 5 3 [L20, L21]

52Mn 5 3 3 3 [L8, L20]
55Co 2 2 - 1 -
61Cu 2 2 - 1 [L13, L22]

64Cu 33 32 7 4 [L8, L9, L11, L13, L15,
L18, L20, L22]

66Ga ¤ 3 1 1 [L7]

68Ga 51 48 22 4 [L7–L9, L11, L13,
L18–L20, L23–L25]

82Rb 3 3 - - [L9, L13]
86Y/86gY 4 3 2 1 [L20]

89Zr 19 17 8 3 [L8, L13, L15, L20]
124I 13 11 6 1 [L8, L10, L13, L19, L26]

Positron emitter isotopes mentioned only in one article: 43Sc, 152Tb, 44Ti, 76Br, and 120I

(¤ both a positron and a gamma emitter).

As was the case with the 2021 review [1], 18F is the isotope mentioned in most articles.
There has subsequently been an increase in papers mentioning 18F, but the increase has
been much bigger for several of other isotopes. The second most used PET isotope in
2021/2022 was 68Ga, yet there were more than 2.5 as many articles on 18F than 68Ga in
2019/2020. At present, the numbers of articles covering these isotope are more closely
aligned, there being only 1.16 more articles on 18F than 68Ga. The same trend is seen for
a number of the other isotopes such as, for example, 11C, 64Cu, and 89Zr. The numbers
of articles on 11C has risen from 6 to 26, on 64Cu the number is up from 2 to 33, and the
number of articles on 89Zr has risen from 5 to 20. Furthermore, a significant number of new
PET isotopes were discussed in the 2021–2022 issues of Molecules, which was not the case
in 2019–2020; examples include 13N, 22Na, 52Mn, 61Cu, 66Ga, 82Rb, and 86Y.

3
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Table 4. Gamma emitters.

Total Number of
Articles

Diagnostic
Synthesis/
Chelation

Isotope Preparation Selected Articles

57Co 2 2 - 1 [L20]
62Zn 2 2 - - [L18, L20]
66Ga 3 3 1 1 [L7]

67Ga ¤ 10 10 2 1 [L7, L11, L13, L18, L22]

99mTc 47 43 20 4 [L6, L8, L9, L13, L18,
L20, L25, L27-L31]

105Rh 2 2 - - [L18]

111In 24 23 3 2 [L7, L9, L11, L13, L15,
L18, L20, L24]

123I 16 14 4 - [L8, L10, L11, L13, L18,
L19, L26]

125I 18 17 6 [L8, L10, L13, L18, L26,
L32, L33]

133Xe 2 2 - - [L13]
201Tl 2 2 - - [L13]

Isotopes mentioned only in one article: 51Cr [L13], 51Mn, and 155Tb.
Reference [L19] is the only article to mention: 76As, 77Br, 82Br, 86Rb, 90Nb

(¤ both a positron and gamma emitter).

There has been a considerable rise in the number of articles that mention gamma
emitters. 99mTc and 125I are mentioned approximately three times as often in 2021–2022
compared to 2019–2020. For the other isotopes, the increase is, in many cases, much higher.
This supports my point that articles generally have an increased focus on explaining how
their findings contribute to the general state of knowledge. In order to illustrate what their
contribution means in a broader context, the authors must, to a higher degree, describe
what other researchers have achieved. For that reason, a greater number of tracers and
more isotopes are mentioned.

Additionally, there is an awareness of that developing and identifying the best possible
tracer often means that a nuclide replacement is performed to unroll the full potential of
a radioactive drug, this of course also contributes to more isotopes being mentioned in a
given article.

As already mentioned, an isotope can often decay by more than one route; for example,
177Lu emits both beta and gamma radiation during its decay and can, therefore, be used for
therapy as well as diagnostics. I have placed the isotopes in Tables 3–7 depending on how
they are normally referred to. As 177Lu is normally referred to as a beta emitter, it is placed
in Table 5.

A very interesting article by Stokke et al. [L18], mentions almost 100 different isotopes.
For some of these, it was not clear in which of Tables 3–7 they should be placed. I have
taken the liberty of not including those isotopes, as they are only mentioned in reference
[L18] and they decay in several different ways—for example, as gamma and beta emitters,
as well as by electron capture.

Theranostic is becoming more and more widespread in nuclear medicine. Theranostic
is a two-stage process to diagnosing and treating cancers using radiotracers. The notion
underpinning theranostics is that two almost identical radiopharmaceutical can first be
used to diagnose/identify a cancer and then subsequently to treat the cancer. The difference
between the diagnostic use and the therapeutic use is the replacement of the radioactive
isotope: a positron or gamma emitter is used for diagnostics and, for treatment, a beta

4
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emitter, Auger electron emitter, or alpha emitter. It makes sense to know exactly where a
beta, alpha, or Auger electron emitter goes before it is injected into a human subject.

Table 5. Beta emitters.

Total Number of
Articles

Therapy/
Detection

Synthesis/
Chelation

Isotope Preparation Selected Articles

3H 15 14 5 - [L9]
14C 1 1 - - -
32P 5 4 1 2 [L18, L34]
35S 3 3 1 1 -

47Sc 8 7 1 - [L18, L20, L22]
67Cu * 9 8 2 1 [L18, L20, L22]

89Sr 3 3 - - [L18]

90Y 18 17 4 1 [L8, L13, L18, L25, L29,
L34]

117mSn 2 2 - - [L13, L18]

131I * 25 18 11 - [L8, L13, L18, L19, L26,
L29, L32, L34]

153Sm 9 9 - 1 [L13, L25, L34]
161Tb 3 3 - - [L18]
166Ho 4 4 1 - [L13, L18, L29, L34]

177Lu 42 39 7 2 [L8, L13, L15, L18–L20,
L22–L25, L34]

186Re 7 7 1 2 [L13, L18, L22, L34]
188Re 12 12 1 2 [L13, L18, L25, L29, L34]
198Au 3 3 - 1 [L18, L34]

Isotopes mentioned only in one article: 14C, 33P, 90Sr, 129I, 210Pb, 169Er [L34]

Reference [L19] is the only article to mention: 24Na, 33P, 54Mn, 76As, 77As, 77Br, 80Br, 91Y, 109Pd, 111Ag, 121Sn, 135La, 142Pr, 143Pr, 165Dy,
185W, 212Pb

* 67Cu and 131I are both beta and gamma emitters. One article mentions that 67Cu is also a gamma emitter and
10 articles mention that 131I is also a gamma emitter.

Table 6. Auger electron emitters.

Total Number of
Articles

Therapy
Synthesis/
Chelation

Isotope Preparation Selected Articles

58Co/58mCo 2 2 - 1 [L18]
165Er 2 2 1 1 [L18]

193mPt 2 2 1 - [L18]
195mPt 2 2 1 - [L18]

Isotopes mentioned in only one article: 114mIn, 134Ce [L18]

5
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Table 7. Alpha emitters.

Number of Articles Therapy
Synthesis/
Chelation

Isotopes
Preparation

Selected Articles

149Tb 2 2 - - [L18]
211At 6 6 - - [L18, L34]
212Bi 2 2 - - [L18]
213Bi 5 4 1 - [L18, L34]
223Ra 7 7 - - [L13, L18, L34]

225Ac 14 13 2 1 [L13, L15, L18, L25,
L31, L34]

227Th 2 2 1 1

Reference [L18] is the only article to mention: 224Ra, 255Fm

4. Development of New Radiopharmaceuticals for Clinical Use

The development of new radiopharmaceuticals is performed in a similar manner to
non-radioactive medicine, with synthesis followed by ex vivo examination, then in vivo
animal examination, and finally by human clinical trials. Synthesis was discussed in
96 articles (65%, see Table 2). Following synthesis there is often some initial ex vivo testing
of the radiopharmaceuticals. This was referred to in 58 of the 148 articles [L6, L8, L9, L10,
L12, L16, L24, L25, L30, L31] on isotopes for medical use. Ex vivo tests are often simple
stability tests of the compound or analysis to find log P (the partition coefficient: measuring
how an analyte will partition between an aqueous and organic phase).

The next step is to perform in vivo tests with the radiopharmaceuticals in animals.
Such tests are performed to examine the distribution of the radiopharmaceuticals, there
in vivo stability, and in many cases, to examine their uptake in, for example, tumour
cells. The preferred animals are mice: 51 articles covered the use of mice [L7–L13, L15,
L16, L20, L24, L25, L28, L31, L32], 16 the use rats [L7, L13, L17, L20], 6 pigs [L7, L29],
3 baboons/monkeys, 2 rabbits, 1 dogs, and 1 sheep.

There were nine preliminary human studies and five clinical studies focusing on
tracers. This is higher than in 2019–2020. The increase is probably due to more and more
radiopharmaceuticals being approved for clinical trials. The amount of work a radiochemist
must invest in a radiopharmaceutical being approved for clinical trials is significant, and
that is probably also part of the reason why we see an increased number of publications on
preliminary human studies focusing on the radiopharmaceuticals.

5. Diagnosing or Treating a Specific Disease

Of the 148 articles on isotopes for medical uses, 78 concerned cancers (Table 8), 24 brain
disorders (Table 9), 15 inflammation and infection (Table 10), 15 other diseases, or which
do not discuss a specific disease. The “other diseases” category includes, for example,
liver diseases, diabetes mellitus, sclerosis, hyperthyroidism, myocardial injury, invasive
fungal, renal protection, traumatic brain injury, spinal cord injury, and pulmonary disease.
Also placed in this category are the articles which focus on imaging for, for example, lung
perfusions, bone formation and bone imaging [L13], and sentinel lymph node detection.
There was also one article on analgesia, one on liposomes, and one on the influence of
caffeine on glucose uptake.

The column “Selected Articles” in Tables 8–10 lists articles that support and illustrate
what I aim to express, furthermore they provide the reader with an opportunity to seek
additional knowledge from the original literature.
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Table 8. Cancers.

Number of Articles Selected Articles

All articles concerning cancer 78 [L8, L9, L12, L13, L15, L16, L18, L19, L24,
L31, L32, L34]

Prostate cancer 14 [L8, L9, L12, L13, L31, L34]

Lymphoma (including B-cell) 2 [L8]

Neuroendocrine 13 [L8, L9, L13, L24]

Breast cancer 20 [L8, L9, L13, L31]

Gastric cancer 3 [L8]

Leukaemia 7 [L8, L12, L13, L34]

Renal cell carcinoma 4 [L8, L9]

Solid tumour/multiple myeloma 7 [L9, L12, L13]

Non-Hodgkin’s lymphoma 7 [L8, L9, L18, L34]

Pancreatic cancer 9 [L8, L9, L15, L24]

Ovarian cancer 12 [L9, L18, L24, L31, L34]

Bone-metastases, -pain, and -cancer 15 [L8, L9, L13, L18, L34]

Thyroid cancer 11 [L8, L9, L13, L19, L24, L34]

Non-small-cell lung cancer/lung cancer 12 [L12, L24]

Skin cancer 8 [L8, L12, L18, L34]

Bladder cancer 3 [L8]

Liver cancer 11 [L8, L9, L12, L13, L31, L34]

Colon/colorectal cancer 8 [L8, L9, L13, L16, L32]

Hypoxia 3 [L9, L13]

Head and neck cancer 2 [L9]

Oesophagus cancer/oesophageal
squamous cell carcinoma 3 [L9]

Sarcoma cancer/Ewing sarcoma 2 [L9]

Types of cancer mentioned only once: stomach cancer [L8], αvβ3 integrin (examination of tumour cells to survive during therapy),
sentinel lymph node, neuroblastoma, cancer immunotherapy [L16], thymus cancer [L9], circulating cancer cells (CCC) [L9], cancer of
unknown primary (CUP) [L9], oral cancer, small intestine cancer [L9], and pleural mesothelioma

Cancers is by far the largest category. In 2021–2022, there were 78 articles mentioning
cancers, compared to 39 in 2019–2020; i.e., an increase of 61%. The most common cancer type
in 2019–2020 was prostate with eight articles, which increased to 14 articles in 2021–2022.
Although the number of articles dealing with prostate cancer increased by 75%, it was
overtaken by other types of cancer when it comes to the number of articles published on a
specific cancer type: for example, the number of articles on breast cancer increased from
two articles in 2019–2020 to 20 articles in 2021–2022. Other significant increases were for
bone cancer, which increased from 2 to 15, lung cancer which was up from 1 to 12, and
liver cancer rising from 0 to 11. The reason why articles on prostate cancer did not increase
as much as, for example, breast, liver, and lung cancer, is that many articles dealing with
the PSMA analogue had already been published [14,15]. It is only natural that the research
focus turned to other types of cancers where good radiopharmaceuticals are not yet as
available as is the case for prostate cancer.
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Table 9. Brain disorders.

Number of Articles Selected Articles

All articles concerning brain
disorders/brain function 24 [L10, L11, L13, L14, L17]

Alzheimer’s disease 8 [L10]

Parkinson’s disease 9 [L13, L14]

Anxiety 2 [L11]

Regulates/chronic pain treatment 2

Opioid receptor 3

Substance use disorder 2 [L17]

Compulsive behaviour disorder like
feeding disorders/obesity, gambling,
addition

2 [L11]

Neurodegenerative 2 [L11]

Epilepsy 2 [L17]

Type of brain disorders/brain functions mentioned only once: neurological disorders, serotonin neurotransmitter, mood disorder,
spinal cord injury, CNS-modulating agents, hallucinogens, Huntington’s disease, bipolar disorder, dementia, benzodiazepine
receptors, monoamine oxidase-B (MAO-B), schizophrenia [L17], autism [L17], metabolic diseases [L11], and depression

Table 10. Inflammation and infection.

Number of Articles Selected Articles

All articles concerning
inflammation/infection 15 [L7, L13]

Osteomyelitis 3 [L7]

Neuroinflammation 4

Bone infection 5 [L7, L13]

Rheumatoid arthritis 2 [L13]

Types of inflammation/infection mentioned only once: vascular inflammation, inflammatory joint disease, and arthritis.

The increase in articles concerning brain disorders/brain function was by 33%, from
18 articles in 2019–2020 to 24 in 2021–2022. In 2019–2020, Alzheimer’s disease was the most
mentioned subject with six articles, this increased to eight articles in 2021–2022. However,
in 2021–2022, Alzheimer’s disease was overtaken by studies on Parkinson’s disease, which
went up from 3 to 9 articles.

The increase of articles concerning inflammation/infection was by 114%, from 7 articles
in 2019–2020 to 15 in 2021–2022. Bone infection/osteomyelitis increased from two articles
in 2019–2020 to seven in 2021–2022, and neuroinflammation increased from one article in
2019–2020 to four in 2021–2022.

6. Overall Summary

In summary, the number of articles which apply radioactive isotopes in Molecules
has increased by 58% over the last 2 years, from 109 articles in 2019–2020 to 176 articles
in 2021–2022. Although a lot of interesting articles are being published in the area of
non-medical research, articles with radioactive molecules are still mainly published in
medicine for diagnosing or treating diseases. The number of different isotopes applied (see
Tables 3–7) and the different diseases covered (see Tables 8–10) have increased considerably
over the last two years.

Conflicts of Interest: The author declares no conflict of interest.

8



Molecules 2024, 29, 265

List of Contributions

L1. Yan, Z.; Qiao, Y.;Wang, J.; Xie, J.; Cui, B.; Fu, Y.; Lu, J.; Yang, Y.; Bu, N.; Yuan, Y.;
et al. An Azo-Group-Functionalized Porous Aromatic Framework for Achieving
Highly Efficient Capture of Iodine. Molecules 2022, 27, 6297. https://doi.org/10.3390/
molecules2719629.

L2. Tian, P.; Ai, Z.; Hu, H.; Wang, M.; Li, Y.; Gao, X.; Qian, J.; Su, X.; Xiao, S.; Xu, H.;
et al. Synthesis of Electron-Rich Porous Organic Polymers via Schiff-Base Chemistry
for Efficient Iodine Capture. Molecules 2022, 27, 5161. https://doi.org/10.3390/
molecules27165161.

L3. Zuo, B.; Cao, M.; Tao, X.; Xu, X.; Leng, H.; Cui, Y.; Bi, K. Metabolic Study of Tetra-
PEG-Based Hydrogel after Pelvic Implantation in Rats. Molecules 2022, 27, 5993.
https://doi.org/10.3390/molecules27185993.

L4. Planche, C.; Chevolleau, S.; Noguer-Meireles, M.-H.; Jouanin, I.; Mompelat, S.; Ratel,
J.; Verdon, E.; Engel, E.; Debrauwer, L. Fate of Sulfonamides and Tetracyclines in
Meat during Pan Cooking: Focus on the Thermodegradation of Sulfamethoxazole.
Molecules 2022, 27, 6233. https://doi.org/10.3390/molecules27196233.

L5. Dal Fovo, A.; Fedi, M.; Federico, G.; Liccioli, L.; Barone, S.; Fontana, R. Correction: Dal
Fovo et al. Multi-Analytical Characterization and Radiocarbon Dating of a Roman
Egyptian Mummy Portrait. Molecules 2021, 26, 5268. Molecules 2022, 27, 3822. https:
//doi.org/10.3390/molecules27123822.

L6. Wodtke, R.; Pietzsch, J.; Löser, R. Solid-Phase Synthesis of Selectively Mono-Fluorobenz
(o)ylated Polyamines as a Basis for the Development of 18F-Labeled Radiotracers.
Molecules 2021, 26, 7012. https://doi.org/10.3390/molecules26227012.

L7. Jødal, L.; Afzelius, P.; Alstrup, A.K.O.; Jensen, S.B. Radiotracers for Bone Marrow
Infection Imaging. Molecules 2021, 26, 3159. https://doi.org/10.3390/molecules26113
159.

L8. Kumar, K.; Ghosh, A. Radiochemistry, Production Processes, Labeling Methods,
and ImmunoPET Imaging Pharmaceuticals of Iodine-124. Molecules 2021, 26, 414.
https://doi.org/10.3390/molecules26020414.

L9. Lin, M.; Coll, R.P.; Cohen, A.S.; Georgiou, D.K.; Manning, H.C. PET Oncological
Radiopharmaceuticals: Current Status and Perspectives. Molecules 2022, 27, 6790.
https://doi.org/10.3390/molecules27206790.

L10. Nguyen, G.A.; Liang, C.; Mukherjee, J. [124I]IBETA: A New A Plaque Positron Emis-
sion Tomography Imaging Agent for Alzheimer’s Disease. Molecules 2022, 27, 4552.
https://doi.org/10.3390/molecules27144552.

L11. Fonseca, I.C.F.; Castelo-Branco, M.; Cavadas, C.; Abrunhosa, A.J. PET Imaging of
the Neuropeptide Y System: A Systematic Review. Molecules 2022, 27, 3726. https:
//doi.org/10.3390/molecules27123726.

L12. Wang, L.; Zhou, Y.;Wu, X.; Ma, X.; Li, B.; Ding, R.; Stashko, M.A.; Wu, Z.;Wang, X.;
Li, Z. The Synthesis and Initial Evaluation of MerTK Targeted PET Agents. Molecules
2022, 27, 1460. https://doi.org/10.3390/molecules27051460.

L13. Holik, H.A.; Ibrahim, F.M.; Elaine, A.A.; Putra, B.D.; Achmad, A.; Kartamihardja,
A.H.S. The Chemical Scaffold of Theranostic Radiopharmaceuticals: Radionuclide,
Bifunctional Chelator, and Pharmacokinetics Modifying Linker. Molecules 2022, 27,
3062. https://doi.org/10.3390/molecules27103062.

L14. Campoy, A.-D.T.; Liang, C.; Ladwa, R.M.; Patel, K.K.; Patel, I.H.; Mukherjee, J.
[18F]Nifene PET/CT Imaging in Mice: Improved Methods and Preliminary Studies
of α4β2*Nicotinic Acetylcholinergic Receptors in Transgenic A53T Mouse Model of
-Synucleinopathy and Post-Mortem Human Parkinson’s Disease. Molecules 2021, 26,
7360. https://doi.org/10.3390/molecules26237360.

L15. Handula, M.; Chen, K.-T.; Seimbille, Y. IEDDA: An Attractive Bioorthogonal Reaction
for Biomedical Applications. Molecules 2021, 26, 4640. https://doi.org/10.3390/
molecules26154640.

9



Molecules 2024, 29, 265

L16. Khanapur, S.; Yong, F.F.; Hartimath, S.V.; Jiang, L.; Ramasamy, B.; Cheng, P.; Narayanaswamy,
P.; Goggi, J.L.; Robins, E.G. An Improved Synthesis of N-(4-[18F]Fluorobenzoyl)-
Interleukin-2 for the Preclinical PET Imaging of Tumour-Infiltrating T-cells in CT26
and MC38 Colon Cancer Models. Molecules 2021, 26, 1728. https://doi.org/10.3390/
molecules26061728.

L17. Haskali, M.B.; Roselt, P.D.; O’Brien, T.J.; Hutton, C.A.; Ali, I.; Vivash, L.; Jupp, B.
Effective Preparation of [18F]Flumazenil Using Copper-Mediated Late-Stage Radioflu-
orination of a Stannyl Precursor. Molecules 2022, 27, 5931. https://doi.org/10.3390/
molecules27185931.

L18. Stokke, C.; Kvassheim, M.; Blakkisrud, J. Radionuclides for Targeted Therapy: Physi-
cal Properties. Molecules 2022, 27, 5429. https://doi.org/10.3390/ molecules27175429.

L19. Sakulpisuti, C.; Charoenphun, P.; Chamroonrat, W. Positron Emission Tomography
Radiopharmaceuticals in Differentiated Thyroid Cancer. Molecules 2022, 27, 4936.
https://doi.org/10.3390/molecules27154936.
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Abstract: Malignant transformation is characterised by aberrant phospholipid metabolism of cancers,
associated with the upregulation of choline kinase alpha (CHKα). Due to the metabolic instabil-
ity of choline radiotracers and the increasing use of late-imaging protocols, we developed a more
stable choline radiotracer, [18F]fluoromethyl-[1,2-2H4]choline ([18F]D4-FCH). [18F]D4-FCH has im-
proved protection against choline oxidase, the key choline catabolic enzyme, via a 1H/2D isotope
effect, together with fluorine substitution. Due to the promising mechanistic and safety profiles
of [18F]D4-FCH in vitro and preclinically, the radiotracer has transitioned to clinical development.
[18F]D4-FCH is a safe positron emission tomography (PET) tracer, with a favourable radiation dosime-
try profile for clinical imaging. [18F]D4-FCH PET/CT in lung and prostate cancers has shown highly
heterogeneous intratumoral distribution and large lesion variability. Treatment with abiraterone or
enzalutamide in metastatic castrate-resistant prostate cancer patients elicited mixed responses on
PET at 12–16 weeks despite predominantly stable radiological appearances. The sum of the weighted
tumour-to-background ratios (TBRs-wsum) was associated with the duration of survival.

Keywords: [18F]Fluoromethyl-(1,2-2H4)choline; positron emission tomography; choline; cell membrane
metabolism; in vivo; in vitro; dosimetry; metastatic castrate-resistant prostate cancer

1. Introduction

Choline is one of the components of phosphatidylcholine (PC), an essential element
of phospholipids in the cell membrane [1] and is required for structural stability and cell
proliferation. Tumours show a high proliferation and increased cell membrane components
that will lead to an increased uptake of choline. The progression of normal cells to malignant
phenotypes is associated with altered membrane choline phospholipid metabolism [2].

Molecules 2023, 28, 8018. https://doi.org/10.3390/molecules28248018 https://www.mdpi.com/journal/molecules12
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Choline kinaseα (CHKα), the first enzyme in the Kennedy pathway [3], is responsible
for the de novo synthesis of PC and the generation of phosphorylcholine (PCho) from its
precursor, choline. CHKα has been extensively linked to cell proliferation and human
carcinogenesis [4–6]. A strong correlation between CHKα activity and cancer onset has been
established by providing evidence that CHK dysregulation is a frequent event occurring in
a variety of human tumours, such as breast, lung, colorectal, and prostate tumours [6,7].
Therefore, choline kinase activity represents a potential biomarker for diagnostic use
in oncology [8,9]. The use of positron emission tomography (PET) to measure choline
transport and CHKα activity is the subject of this review article.

Nature-identical radiolabelled choline represented the first probe to be established for
measuring choline tumour uptake by using PET; the main biological variable of interest
being the maximum voxel Standardised Uptake Value (SUVmax). Hara et al. in the first
report of the use of [11C]choline in prostate cancer, noted that the SUVmax of prostate
cancer was three-fold greater than that of normal prostate tissue or of benign prostatic
hyperplasia (BPH) [10]. Although [11C]choline injection is approved for use in men with
recurrent prostate cancer by the US Food and Drug Administration, the short half-life
of carbon-11 (t1/2 = 20.1 min) limits the application of [11C]choline to centres with an
on-site cyclotron. As a result, fluorine-18 (t1/2 = 109.8 min)-labelled choline analogues
were independently developed by Hara et al. [11] ([18F]fluoroethylcholine (FEC)) and by
DeGrado et al. [12] ([18F]fluoromethylcholine (FMC)). In theory, the longer half-life of [18F]
(109.8 min) is potentially advantageous in permitting the late imaging of tumours when
sufficient clearance of the parent tracer in systemic circulation has occurred.

2. Deuterated Choline

[11C]Choline and [18F]FMC are readily oxidized by choline oxidase mainly in kidney
and liver tissues, with metabolites detectable in the plasma soon after injection of the
radiotracer [13–15]. This causes difficulty in highlighting the relative contributions of
parent radiotracers and catabolites to the PET signal when a late-imaging protocol is used.
A more metabolically stable fluorocholine analogue, [18F]fluoromethyl-[1,2-2H4]choline
([18F]D4-FCH), has been developed based on the deuterium isotope effect [16]. The simple
substitution of deuterium (2D) for hydrogen (1H) and the presence of 18F reduces the
degradation of the parent tracer and improves stability [15,17,18]. This modification is
hypothesised to increase the net availability of the parent tracer for phosphorylation and
intracellular trapping leading to a better signal-to-background contrast, thus improving sen-
sitivity. The translational studies of [18F]D4-FCH from bench to bedside are summarised in
Table 1. In this article, we elaborate the development of the more stable choline radiotracer,
[18F]D4-FCH (Figure 1a; [18F]D4-FCH has improved protection against choline oxidase, the
key choline catabolic enzyme, via a 1H/2D isotope effect, together with fluorine substitu-
tion). We discuss the steps in the translation of the new radiotracer from in vitro discovery
to preclinical imaging, in first in-human studies, in an evaluation in lung cancer patients,
and then finally in an evaluation of its role in response assessment in metastatic prostate
cancer patients. The initial part of the paper reviews the various preclinical and clinical
studies of [18F]D4-FCH. In the section on response assessment, we discuss our findings
regarding the role of [18F]D4-FCH in the response assessment to novel antiandrogens in
metastatic prostate cancer patients.

Table 1. Summary of [18F]D4-FCH studies: Translation from bench to bedside.

Setting Findings/Comments

In vitro stability [15], 2011

• Chromatographic analyses showed that [18F]fluoro-[1,2-2H4]choline ([18F]D4-FCH) was ~80% intact after
treatment for 1 h with potassium permanganate, which oxidizes choline to betaine. Conversely, only 40% of
[18F]Fluorocholine ([18F]FCH) was intact.

• Therefore, [18F]D4-FCH is more stable than [18F]FCH against oxidation.
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Table 1. Cont.

Setting Findings/Comments

In vivo biodistribution
[15], 2011

• [18F]D4-FCH exhibited higher accumulation in the tumours than [18F]FCH, particularly at later time points.
• The distribution of the three radiotracers, [18F]FCH, [18F]fluoro-[1-2H2]choline, and [18F]D4-FCH, showed a

similar uptake profile in most organs, with prominent radioactivity in the kidneys and liver.
• The plasma concentrations of both tracers were <0.1% ID/g at 2 min after injection, with <10% of [18F]FCH

intact and ~50% of [18F]D4-FCH intact as predicted from the deuterium isotope effect.
• A reduced uptake of [18F]D4-FCH, relative to [18F]FCH and [18F]fluoro-[1-2H2]choline, in lung tissue may make

imaging of thoracic tumours using this radiotracer superior to [18F]FCH.

In vivo response
assessment
[17], 2009

At day 10 after drug treatment, compared with the pretreatment group, the following observations were seen:

• Reduction in tumour size by 12%.
• Marked reduction in radiotracer retention in the treated tumours.
• Decrease in all imaging variables.

[18F]D4-FCH can be used for response assessment even under conditions where large changes in tumour size
reduction are not seen.

In vitro and in vivo
comparison

[18], 2012

• Deuteration and fluorination combine to provide protection against choline oxidation in vivo.
• Uptake of [18F]D4-choline was the same in three different tumour types, suggesting that [18F]D4-choline has

utility for cancer detection irrespective of histologic type.

Human biodistribution
[19], 2014

• [18F]D4-FCH was well tolerated, with no radiotracer-related serious adverse events reported.
• The mean effective dose averaged over both males and females (±SD) was estimated to be 0.025 ± 0.004 (male

0.022 ± 0.002; female 0.027 ± 0.002) mSv/MBq.
• Highest-absorbed dose (mGy/MBq) was in the kidneys (0.106 ± 0.03), liver (0.094 ± 0.03), pancreas

(0.066 ± 0.01), urinary bladder wall (0.047 ± 0.02), and adrenals (0.046 ± 0.01). Elimination was through the
renal and hepatic systems.

• [18F]D4-FCH is a safe radiotracer with a dosimetry profile comparable to other common [18F]PET tracers.

First in-patient evaluation
(lung cancer) [20], 2020

• Oxidation of [18F]D4-FCH to [18F]D4-fluorobetaine was suppressed, confirming the slow catabolism of
[18F]D4-FCH.

• Early (5 min) and late (60 min) images showed specific uptake of tracer in all 51 lesions (tumours, lymph nodes,
and metastases) from 17 patients analysed.

• [18F]D4-FCH-derived uptake (SUVmax) in index primary lesions (n = 17) ranged between 2.87 and 10.13; lower
than that of [18F]FDG-PET [6.89, 22.64].

• Mathematical modelling demonstrated net irreversible uptake of [18F]D4-FCH at steady-state, and parametric
mapping of the entire tumour showed large intratumoural heterogeneity in radiotracer retention, which
highlights the potential for radiotherapy dose delivery and treatment response monitoring.

Impact of hypoxia on
D4-FCH kinetics [21],

2021

• The export of phosphorylated [18F]D4-FCH and [18F]D4-FCHP via HIF-1α-responsive efflux transporters,
including ABCB4, when the HIF-1α level is augmented.

• This is supported by a graphical analysis of human data with a compartmental model (M2T6k + k5) that
accounts for the efflux.

• Hypoxia/HIF-1α increases the efflux of phosphorylated radiolabelled choline species, thus supporting the
consideration of efflux in the modelling of radiotracer dynamics.

Prostate cancer
response assessment

(Current Study)

• Metastatic castrate-resistant prostate cancer (mCRPC) patients (n = 9) prospectively recruited for
abiraterone/enzalutamide therapy. [18F]D4-FCH was performed at baseline, 4–6 and 12–16 weeks and
compared to prostate-specific antigen (PSA), Prostate cancer working group 3 (PCWG3) response criteria and
survival duration.

• Heterogeneity of response: A wide-ranging response profile is seen in both bone and soft-tissue lesions.
Changes in [18F]D4-FCH PET/CT variables at 12–16 weeks are likely to reflect an escape of individual lesions
from selective pressures of therapy. We show bioinformatically, that the choline transporters may also contribute
to the cholinic phenotype in addition to the phenotype being a proliferation-independent phenotype in
advanced prostate cancer.

• Strong association between [18F]D4-FCH-detectable cholinic phenotype (sum of weighted
tumour-to-background ratios (TBRs-wsum)) and PSA response.

• TBR-wsum could reflect disease burden: Patients with larger TBR-wsum changes survived longer, with a
TBR-wsum >30% giving a PFS advantage of >25 months. Superiority of TBR-wsum to PSA change or PCWG3
classification is demonstrated by inability of these latter routine measures to predict survival. TBR-wsum should
be explored in future studies (together with individual TBR values signifying heterogeneity) to account for
aggregate cholinic phenotype from multiple lesions.
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(a)

(b)

(c)

Figure 1. Chemical structure and synthesis of [18F]D4-FCH, and images of [18F]D4-FCH-PET
in patients with non-small cell lung cancer (NSCLC). (a) Chemical structure of [18F]D4-FCH.
(b) Synthesis of [18F]D4-FCH. No-carrier-added [18F]D4-FCH is synthesised by reacting
[18F]fluorobromomethane, synthesised from dibromomethane by [18F]fluoride-bromide substitution,
with D4-N,N-dimethylaminoethanol precursor. (c) [18F]D4-FCH (top row) and [18F]FDG PET/CT
images (bottom row) in a patient with NSCLC right upper lobe primary (red arrows) demonstrating
tumour heterogeneity, and right paratracheal lymph node (green arrows).

3. Synthesis and Stability

[18F]D4-FCH was prepared in a two-step reaction with a 12% overall yield, a final
radiochemical purity of >99%, and a total synthesis time of 150 min. Alkylation with
[18F]fluoromethyl tosylate proved to be the most reliable radiosynthetic route [15].

The effect of deuterium substitution on bond strength was tested by evaluation of the
chemical oxidation pattern using potassium permanganate. Chromatographic analyses
showed that [18F]D4-FCH was ~80% intact after treatment for 1 h with potassium perman-
ganate, which oxidizes choline to choline betaine. Conversely, only 40% of nondeuterated
FCH was intact. In the presence of choline oxidase, [18F]D4-FCH was 29 ± 4% intact after
treatment for 1 h, whereas only 11 ± 8% of FCH was intact. Therefore, [18F]D4-FCH is
more stable than FCH against oxidation [15].

4. In Vivo Biodistribution

In a murine HCT116 human colon xenograft model, in vivo biodistribution patterns
of [18F]D4-FCH, and [18F]FCH were compared at 2, 30, and 60 min after injection [15].
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[18F]D4-FCH exhibited a higher accumulation in the tumours than [18F]FCH. The dis-
tribution of all FCH radiotracers showed a similar uptake profile in most organs, with
prominent radioactivity in the kidneys and liver. A pronounced increase in tumour uptake
of [18F]D4-FCH at the later time points was evident. A reduced uptake of [18F]D4-FCH,
relative to [18F]FCH, in lung tissue may make imaging of thoracic tumours using this
radiotracer superior to [18F]FCH.

5. In Vivo Metabolic Stability

[18F]D4-FCH was validated for imaging tumours preclinically and was found to be
a very promising, metabolically stable radiotracer for imaging choline metabolism in
tumours [17,18]. The improved stability (protection against oxidation by choline oxidase)
is conferred by a 1H/2D isotope effect, together with fluorine substitution [17,18].

6. In Vivo Response Assessment

The use of [18F]D4-FCH for imaging response to CHK inhibition represents the most
direct biomarker investigation. Trousil et al. showed that [18F]D4-FCH reports reduction
in phosphocholine formation when mice are treated with the CHK inhibitor ICL-CCIC-
0019 [22]. Furthermore, Leyton et al. have demonstrated a marked reduction in radiotracer
retention (all imaging variables) in the tumours treated with a mitogenic extracellular kinase
inhibitor, despite a reduction in tumour size by only 12% after 10 days of treatment [17].
This suggests that [18F]D4-FCH can be used to detect treatment response early during
the course of therapy prior to any potential tumour size reduction. More recent studies
highlight the role of hypoxia in [18F]D4-FCH tumour biomarker response, suggesting
that HIF-1α-responsive efflux transporters, including ABCB4, can modulate [18F]D4-FCH
uptake; consideration of efflux is supported in a mathematical analysis of [18F]D4-FCH
PET data [20]. Incidentally, an RNA-Seq analysis has identified an upregulation of ABCB1
and ABCB4 transporters as the main mechanisms involved in therapy resistance to CHK
inhibitors in pancreatic cancer [23].

7. In Vitro and In Vivo Comparison of [11C] and [18F]choline Analogues

Witney et al. carried out biodistribution, metabolism, small-animal PET studies,
and kinetic analysis of [11C]choline, [11C]methyl-[1,2-2H4]-choline ([11C]D4-choline), and
[18F]D4-FCH uptake in human colon (HCT116), melanoma (A375), and prostate cancer
(PC3-M) xenograft-bearing mice [18]. All tracers were converted intracellularly to their
respective phosphocholine analogues. Their analyses have confirmed that deuteration
and fluorination combine to provide protection against choline oxidation in vivo. Up-
take of [18F]D4-FCH was quantitatively similar in three tumours—HCT116, A375, and
PC3-M—with similar radiotracer delivery (K1) and CHKα expression, suggesting that
[18F]D4-FCH may have utility for cancer detection irrespective of histologic type.

8. Healthy Volunteer Biodistribution

In order to extend the pharmacokinetic aspects of the preclinical findings into hu-
man application, a first in-human study of [18F]D4-FCH was performed on eight healthy
volunteers to evaluate dosimetry, biodistribution, and safety [19]. [18F]D4-FCH was well
tolerated in all subjects, with no radiotracer-related serious adverse events reported. No
significant changes in vital signs, clinical laboratory blood tests, or electrocardiograms
were observed. The mean effective dose averaged over both males and females (±SD)
was estimated to be 0.025 ± 0.004 (male 0.022 ± 0.002; female 0.027 ± 0.002) mSv/MBq,
which is comparable with the ED of [18F]FDG (0.019 mSv/MBq) [24]. The five organs
receiving the highest-absorbed dose (mGy/MBq) were the kidneys (0.106 ± 0.03), liver
(0.094 ± 0.03), pancreas (0.066 ± 0.01), urinary bladder wall (0.047 ± 0.02), and adrenals
(0.046 ± 0.01). Elimination was through the renal and hepatic systems. The human biodis-
tribution study has concluded that [18F]D4-FCH is a safe PET radiotracer with a dosimetry
profile comparable to other common [18F] PET tracers.
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9. First In-Patient (Lung Cancer) Evaluation

Given the low background uptake of [18F]D4-FCH in the thorax [19], [18F]D4-FCH
was studied in 17 newly diagnosed non-small cell lung cancer (NSCLC) patients to evaluate
tumour heterogeneity [20]. PET/CT scans were acquired concurrently with radioactive
blood sampling to permit mathematical modelling of the blood-tissue transcellular rate con-
stants. Comparisons were made with diagnostic [18F]fluorodeoxyglucose (FDG) scans. The
[18F]D4-FCH-derived uptake (SUVmax) in index primary lesions (n = 17) ranged between
2.87 and 10.13, which was lower than that of [18F]FDG-PET (6.89 and 22.64, respectively).
Mathematical modelling demonstrated the net irreversible uptake of [18F]D4-FCH at steady-
state, and parametric mapping of the entire tumour showed large intratumoural hetero-
geneity in radiotracer retention (Figure 1b). This highlights the potential for radiotherapy
dose escalation.

As aforementioned, hypoxia is known to regulate CHKα activity and choline trans-
port through hypoxia-inducible factor-1α (HIF-1α). This may confound the uptake of
[18F]D4-FCH. Moreover, in dynamic PET scans, most tumours exhibit a rapid radiotracer
uptake phase followed by a plateaued time versus radioactivity (TAC) curve, regardless
of their oxidative stability [15,18]. This suggests that other mechanisms are at play in
tumour-radiolabelled choline biodistribution dynamics [20]. Li et al.’s work relating to
the effect of hypoxia on [18F]D4-FCH uptake [21] highlighted the export of phosphory-
lated [18F]D4-FCH and [18F]D4-FCHP via HIF-1α-responsive efflux transporters, including
ABCB4. These findings are supported by the graphical analysis of NSCLC patient data
with a compartmental modelling that accounts for the efflux [20].

10. Longitudinal Case Study in a Brain Tumour Patient

[18F]FMC has been previously used to evaluate choline metabolism in patients with
primary brain tumours, with one study showing that a combination of [18F]FMC uptake on
PET/CT and MR spectroscopy correlated with the tumour grade [25]. In order to assess
the utility of choline uptake in the prediction of high-grade transformation of low-grade
gliomas, a longitudinal case study was carried out using [18F]D4-FCH. A patient with a
low-grade glioma was recruited to the study following ethical approval and consent. The
patient had two PET and MRI scans, 6 months apart. At baseline, a faint tracer uptake was
visible in the lesion (Figure 2), which was stable on imaging 6 months later. There has been
no history of transformation on routine follow-up.

Figure 2. [18F]D4–FCH PET/CT in a left thalamic low-grade glioma 6 months apart (top row, baseline;
bottom row, 6 months later) showing minimal tracer uptake above background in the lesion, stable
between scans, high signal on T2–weighted MRI imaging with no significant enhancement post-
contrast. (Note physiological activity in the choroid plexus). Stable on continued follow-up 6 years
later (not shown).
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11. Response Evaluation in Metastatic Castrate-Resistant Prostate Cancer (mCRPC):
Proof of Concept Study

Limitations of RECIST 1.1 [26], particularly in mCRPC patients with bone metas-
tases [27], has led to the investigation of metabolic PET imaging methods. Other studies
using [18F]FCH have demonstrated the potential of choline tracers to monitor treatment
to abiraterone or enzalutamide at early (3–6 weeks) times post-treatment [28,29]. In this
original research, we examined temporal variations of [18F]D4-FCH in mCRPC patients on
abiraterone or enzalutamide in a prospective nonrandomized feasibility study.

mCRPC patients due to receive abiraterone (1000 mg with twice-daily 5 mg pred-
nisolone in 28-day cycles)/enzalutamide (daily at 160 mg) were enrolled. PET/CT anal-
yses were conducted at baseline, 4–6 weeks, and 12–16 weeks (detailed methodology in
Supplementary Table S1). In brief, index lesions ≥10 mm with increased tracer uptake
above background structures were outlined. For the follow-up visits, the same index
lesions were outlined. For lesions no longer visible above the background, the background
activity at the site of the lesion was outlined. Changes in the semiquantitative Standardized
Uptake Value (SUV), both SUVmax and SUVmean, were calculated. In addition, for index
lesions, tumour-to-background ratios (TBRs) were documented (SUVmax lesion/SUVmean
background) using background muscle for nodes and soft-tissue lesions and background
bone for bone metastases, for both the early 4–6 week post-therapy scan and the 12–16 week
post-therapy scan. For follow-up data, per-patient and per-lesion analyses were performed.
[18F]D4-FCH PET changes were compared to prostate-specific antigen (PSA) levels, prostate
cancer working group 3 (PCWG3) response criteria [30], and survival duration. All statisti-
cal tests were run in Matlab (Mathworks, R2018b).

Patient Characteristics and Optimal Imaging Time for [18F]D4-FCH PET in mCRPC

In this ‘no-benefit trial’, nine patients underwent a baseline PSA measurement, con-
ventional staging, and [18F]D4-FCH scan (Table 2). Of these, five patients had an early
post-treatment scan at 4–6 weeks post-therapy (median 5.5 weeks; range 3.9–6.4) and
seven patients completed midtreatment time points (12–16 weeks) post-therapy (median
15.3 weeks; range 13.1–17.3) (Figure 3). Six patients had stable disease, and one was a
partial responder. A total of 55 lesions were documented. Of these, only 8 out of the 55
were measurable by RECIST 1.1 (two peritoneal, five nodes, and one bone, which had
a soft-tissue component). Imaging features of mCRPC demonstrate significant response
heterogeneity within and between patients (per-lesion analyses).

We found substantial temporal response heterogeneity in patients having either abi-
raterone or enzalutamide treatment. Significant reduction in [18F]D4-FCH uptake on PET
was seen in lesions, which were stable on conventional imaging (Figure 4). An initial
decrease in TBR was seen in most bone lesions and soft-tissue lesions at visit 2, with subse-
quent increases in TBR in most lesions by visit 3. This could represent a ‘flare effect’ in the
bone lesions. Another pattern was a mixed response (Figure 5). The heatmaps in Figure 6
show that the absolute uptake variable, as opposed to % change, was moderate (at TBR
of 6.7) at visit 3 in patient (#2) who recorded a partial response; the bone lesion in this
patient recorded a low uptake (TBR of 2.4) at visit 3. Notably, patients # 2, 4, and 5 all had
one or more individual lesions with TBR values > 5 at visit 3 (Figure 6) signifying an escape
from therapeutic pressures. The aggregate lesion uptake correlates with baseline PSA and
associates with survival (per-patient analyses).
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Figure 3. Cont.
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.

Figure 3. Study design and PET images. (A) Details of the PET study and summary of patients
and lesions analysed. (B) Typical [18F]D4-FCH uptake. MIP, axial, and sagittal views of PET and
PET/CT of PT02, showing right external iliac node and T8 bone metastasis (red arrows). (C) Typical
[18F]D4-FCH uptake. MIP, axial, and sagittal views of PET and PET/CT of PT04, showing multiple
bone metastases and a left paraaortic nodal metastasis (blue arrows).

TBR-wsum ensured that changes in lesions with low and high cholinic phenotypes
alike were adequately captured. Baseline PSA or PSA at different time points was not
associated with TBR-wsum variables (Supplementary Figure S1A,B). In contrast, change
in PSA at 3 months compared to baseline correlated with similar changes in TBR-wsum
(Supplementary Figure S1C). Generally, patients with larger TBR-wsum changes survived
longer, with the exception being patient# 2 who had one lesion that showed TBR > 5 at visit
3 (Figure 6); this was not the case for PSA or PCWG3 (Supplementary Figure S2A–D). With
the exception of patient# 2, TBR-wsum >30% gave a PFS advantage of >25 months, while
<30% gives a PFS of <14 months (Supplementary Figure S2A–D). We did not have patients
with PD or CR at 3 m post-therapy initiation; hence, the interpretation of these results
should be restricted to patients with SD and PR. Neither baseline PSA nor TBR-wsum
predicted survival (p > 0.05).

In this first use of [18F]D4-FCH PET/CT in patients with prostate cancer, we show
large interlesion heterogeneity, together with temporal heterogeneity in mCRPC patients
undergoing treatment with abiraterone or enzalutamide. The treatment elicited mixed
responses on PET at 12–16 weeks despite predominantly stable radiological appearances.
We identify lesions that have escaped the selective pressures of cancer therapy and show
that aggregate measures of [18F]D4-FCH PET/CT from multiple lesions correlate with
PSA and are associated with survival, thus providing a quantitative visual reflection of
response heterogeneity.
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Figure 4. Response heterogeneity—changes in activity of lesions within individual patients at
different times—detected by using [18F]D4-FCH PET/CT. Representative PET images acquired at
baseline (t1), early post-treatment (4–6 weeks; t2), and midtherapy (14–16 weeks; t3) demonstrating
decreasing radiotracer uptake in a left seminal vesicle lesion (white arrows) and right iliac bone
metastasis (red arrows).

Figure 5. Relative lesional radiotracer uptake at the different time points represented as ‘waterfall’ plots
of the percentage variation (%Δ1/2/3) of the tumour-to-background ratio (TBR). We only included
patients who completed at least visit 1 and 3 scans within this analysis to avoid bias. The variations were
evaluated as follows: %Δt1 = ((t2 − t1)/t1) × 100, n = 28 lesions; %Δt2 = ((t3 − t1)/t1) × 100, n = 48 le-
sions; %Δt3 = ((t3 − t2)/t2) × 100), n = 28 lesions. TBRBoneMet = SUVmaxBoneMet/SUVmeanBackgBone.
TBRSoftTissueMet = SUVmaxSoftTissueMet/SUVmeanBackgMuscle (Backg: background). Soft-tissue
metastases are identified with black-outlined bars (rest are bone metastases). Subject P02 is classified as
partial responder based on PCWG3.
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Figure 6. Response plots of the absolute TBR (per-lesion analysis) evaluated at the three time points,
represented as ‘heatmaps’. Of the seven patients who had both t1 and t3 scans, those who did not
have t2 scans were excluded from the analysis. N: Node; SV: Seminal vesicle; PD: Peritoneal Disease;
B: Bone. *: progressive bone metastasis in patient #2.

12. Discussion

Malignant transformation is characterised by aberrant phospholipid metabolism of
cancers [6], associated with an upregulation of CHKα [2]. Choline metabolism has been
studied utilizing magnetic resonance spectroscopy (MRS) of tumour tissue biopsies, as well
as noninvasive tissue measurement [31]. PET-labelled choline tracers provide improved
sensitivity when compared to MRS and enable dynamic measurements of the early steps
of choline metabolism. Due to the metabolic instability of choline radiotracers and the
increasing use of late-imaging protocols (~60 min, to permit elimination of nonspecific
metabolites), we developed a more stable choline radiotracer, [18F]D4-FCH [15]. Preclinical
studies (Table 1) showed that [18F]D4-FCH has improved protection against choline oxi-
dase, the key choline catabolic enzyme, via a 1H/2D isotope effect, together with fluorine
substitution [15,17,18].

To date, [11C]choline and [18F]FCH have been extensively used for the clinical imaging
of prostate, brain, breast, hepatocellular (HCC), and esophageal carcinomas [32,33]. Choline
metabolism is altered in gliomas, and pilot clinical studies have shown a differential uptake
of choline radiotracers between glioma and normal brain tissue and between gliomas and
other disease processes. Sollars et al. have shown that [18F]FMC PET/CT differentiated
WHO (World Health Organization) grade IV from grade II and III tumours. Tumoural
[18F]FMC PET-CT uptake was higher than in normal-appearing white matter across all
grades and markedly elevated within regions of contrast enhancement. This uptake was
independent of choline kinase expression [25].

Tumour differentiation is a major predictive factor of post-operative recurrence in
HCC [34]. However, the histological analysis of tumour differentiation, which remains
the gold standard, is currently carried out only in atypical cases. Conventional imaging is
essential for the management of HCC patients [35], but its limited value motivated the use
of PET imaging although still not consensually recommended. As [18F]FDG shows limited
sensitivity to detect HCC, choline PET has been proposed as a complementary diagnostic
tool [36]. The [18F]FDG/[18F]choline dual-tracer PET behaviour of uptake shows a high
overlap between well- and less-differentiated HCC, making the characterization of tumours
challenging based on such a PET combination [9]. Using [18F]D4-FCH may potentially
improve the sensitivity and is worth further evaluation.

We have shown previously that the choline-based radiotracer, [11C]choline, which
correlates with CHKα expression and represents a proliferation-independent phenotype in
prostate cancer [37], decreased predictably following androgen deprivation [38], interpreted
as a reduction in choline transport/metabolism or loss of cell viability (similar directionality
of change) [39].

Recently, prostate-specific membrane antigen (PSMA)-PET has taken centre stage
in functional imaging of prostate cancer and is superseding choline PET. A recent meta-
analysis of a head-to-head comparison of detection rates (DRs) between radiolabelled
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choline and PSMA PET/CT has shown that the overall DR of radiolabelled PSMA PET/CT
on a per-patient-based analysis is higher compared to that of radiolabelled choline PET/CT
(78% versus 56%, respectively) in the setting of biochemical relapse [40]. This is due to the
higher contrast and tumour uptake of PSMA than radiolabelled choline.

In rationalising the use of choline and PSMA PET, it is appreciated that PSMA ex-
pression is inversely related to androgen response; androgen deprivation, or abiraterone
treatment of human castration-resistant PCa cell line VCaP-stimulated PSMA expression
and increased PSMA-based radiotracer uptake [41]. On the other hand, a loss of cell vi-
ability will be expected to decrease radiotracer uptake; thus, while human studies with
PSMA-PET to monitor therapy response following arbiraterone or enzalutamide have been
reported [37,42], the interpretation of the data is challenging [38].

[18F]D4-FCH PET/CT shows large lesion variability in response to abiraterone or
enzalutamide, suggesting an escape from selective pressures of therapy. PET variables
including TBR-wsum predicted the duration of survival, depending on individual lesion
response. Future studies should elaborate how this variable, together with progression
(escape of the resistant lesion(s)) on PET influences progression-free and overall survival in a
larger patient cohort and encourages exploration of choline-transport-targeted theranostics
as recently suggested [43].

Choline PET/CT imaging is gathering momentum in the localisation of parathyroid
adenomas to guide parathyroid surgery with high detection rates in patients with primary
hyperparathyroidism [44]. However, in the more challenging persistent/recurrent primary
hyperparathyroidism cases, detection rates are lower and the potential improved sensitivity
of [18F]D4-FCH PET could be explored in this setting.

Paired [18F]FCH and [18F]FDG PET have been shown to predict a 6-month response
to 90Y-transarterial radioembolisation in hepatocellular carcinoma (HCC) [45]. It also
has the potential to identify metabolically active tumour remnants after 90Y-transarterial
radioembolisation in HCC [46].

As CHKα is overexpressed in a number of cancers and has a role in the onset and
progression of some cancers, choline kinase inhibitors have been proposed as novel thera-
peutic targets [47]. CHKα inhibitors are being evaluated in a first in-human phase 1 trial
in patients with advanced solid tumours [48]. [18F]D4-FCH PET imaging may provide a
noninvasive biomarker for developing and assessing the mechanism of action of future
choline kinase inhibitors.

13. Conclusions

[18F]D4-FCH has improved protection against choline oxidase, the key choline catabolic
enzyme, via a 1H/2D isotope effect, together with fluorine substitution. Due to the promis-
ing mechanistic and safety profiles of [18F]D4-FCH in vitro and preclinically in vivo, the
radiotracer has transitioned to clinical development. [18F]D4-FCH is a safe PET tracer, with
a favourable radiation dosimetry profile for clinical imaging. [18F]D4-FCH PET-CT in lung
and prostate cancers has shown highly heterogeneous intratumoural distribution and large
lesion variability suggesting a use for potential radiotherapy dose escalation and treatment
response monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28248018/s1, Figure S1: Patient level comparison of PSA
with [18F]D4-FCH PET/CT; Figure S2: Patient level prediction of progression-free survival using
current approaches and by [18F]D4-FCH PET/CT. Table S1: Methodology of [18F]D4-FCH studies.
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Abstract: [177Lu]Lu-PSMAI&T is widely used for the radioligand therapy of metastatic castration-
resistant prostate cancer (mCRPC). Since this kind of therapy has gained a large momentum in
recent years, an upscaled production process yielding multiple patient doses in one batch has been
developed. During upscaling, the established production method as well as the HPLC quality
control were challenged. A major finding was a correlation between the specific activity and the
formation of a pre-peak, presumably caused by radiolysis. Hence, nonradioactive reference standards
were irradiated with an X-ray source and the formed pre-peak was subsequently identified as
a deiodination product by UPLC-MS. To confirm the occurrence of the same deiodinated side
product in the routine batch, a customized deiodinated precursor was radiolabeled and analyzed
with the same HPLC setup, revealing an identical retention time to the pre-peak in the formerly
synthesized routine batches. Additionally, further cyclization products of [177Lu]Lu-PSMAI&T were
identified as major contributors to radiochemical impurities. The comparison of two HPLC methods
showed the likelihood of the overestimation of the radiochemical purity during the synthesis of
[177Lu]Lu-PSMAI&T. Finally, a prospective cost reduction through an optimization of the production
process was shown.

Keywords: [177Lu]Lu-PSMA-I&T; radiolysis; radioligand therapy; upscaling; quality assurance;
HPLC; UPLC-MS

1. Introduction

[177Lu]Lu-PSMAI&T (INN: Lutetium (177Lu) zadavotide guraxetan) [1] is one of the
main PSMA-directed radiopharmaceuticals that are successfully used for the treatment of
metastatic castration-resistant prostate cancer in nuclear medicine departments around the
world [2]. Lutetium-177 decays via β−/γ emission to its daughter nuclide hafnium-176
(176Hf). With a physical half-life of 6.647 days and a maximum tissue penetration range of
<2 mm of its emitted β particles, it displays beneficial properties for the deposition of high
radiation doses to tumor lesions and metastases while sparing the surrounding tissue [3].

The success of PSMA-directed radioligand therapy is not only reflected by the very
recent approval of [177Lu]Lu-PSMA-617 (Pluvicto®) for mCRPC in the US and EU, but also
by the increasing clinical demand for comparable agents [2,4,5]. In the literature, adminis-
tered activities ranging from 3.7 to 9.3 GBq were described for [177Lu]Lu-PSMA therapy
in metastatic castration-resistant prostate cancer (mCRPC) [6]. In our clinic, 7.4 GBq of
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[177Lu]Lu-PSMAI&T every six weeks represents the current standard in mCRPC treatment,
based on the marketing authorization of Pluvicto®. However, lower levels have been
administered in earlier stages of prostate carcinoma in recent pilot studies [7,8].

In the Division of Nuclear Medicine at the General Hospital of Vienna, the number
of mCRPC patients referred to [177Lu]Lu-PSMAI&T therapy under named patient use has
constantly increased throughout recent years. This development is in accordance with a
recent study that showed an increasing prevalence of mCRPC in the United States, with
stable incidence rates between 2010 and 2017, mostly attributable to the introduction of
novel therapies (e.g., taxane-based chemotherapy, androgen deprivation therapy) [9]. To
ensure the supplying of all our patients with this treatment using the available resources, it
became necessary to upscale our production process from two patients per batch to at least
four patients per batch (18 to 36 GBq starting activity/batch). Due to the increasing amount
of radioactivity, radiolysis was suspected to constitute a major problem with regard to
radiochemical purity results during upscaling.

The degradation of a radiopharmaceutical under the influence of its incorporated
radionuclide (radiolysis) is a phenomenon known to occur during the production of
[177Lu]Lu-PSMAI&T and other radiopharmaceuticals labeled with α or β− emitters. The
process is mediated predominantly by solvated electrons, radicals and highly reactive
molecules that result from the irradiation of water and thereby formed reactive oxygen
species (ROS). To a lower extent, radiolysis is mediated by direct effects of radiation on the
radiopharmaceutical. Different radiolysis quenchers have been investigated to maintain
the radiochemical purity of therapeutic radiopharmaceuticals during storage [10]. The
major radiolysis product of [177Lu]Lu-PSMAI&T was recently suggested to be the result of
deiodination of the iodotyrosin moiety (see Figure 1) [11].

 

Figure 1. Molecular structure of PSMAI&T with Glu-urea-Lys-binding motif (red, left) and iodotyro-
sine moiety (center, blue).

For [177Lu]Lu-PSMAI&T, the radiolabeling with up to 30 GBq in the presence of gentisic
acid, ascorbic acid and sodium acetate followed by the dilution of the reaction mixture
with an ascorbic acid solution showed excellent radiochemical purity results of >97% after
storage for 30 h [12]. The effectiveness of ascorbic acid/gentisic acid combination buffers
can be explained by the oxidation of gentisic acid via ROS and the subsequent reduction of
the primary radicals via ascorbic acid, hence sparing the radiopetide [13].

Apart from radiolysis, the chemical rearrangement of the product was also considered
to have a possible influence on the formation of radioactive side products, although not
necessarily related to the increased radioactivity amounts. Recently, the heat-dependent
formation of hydantoins via cyclization of the PSMA binding motif was shown to occur
during the radiosynthesis of [177Lu]Lu-PSMA-617. These hydantoins showed no bind-
ing affinity to PSMA and were rapidly excreted by the kidneys. It was shown that these
byproducts constitute >2% of the sum of radiochemical impurities, even under optimized
conditions [14]. To the best of our knowledge, the formation of hydantoins in the PSMA
binding motif has not been described for [177Lu]Lu-PSMAI&T yet. Given the likelihood of
the formation of these by-products in [177Lu]Lu-PSMA-I&T, we suspect that an overestima-
tion of radiochemical purity could be prevalent throughout the existing literature, possibly
due to the use of unsuitable HPLC methods for the detection of the cyclization products.
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The aim of this study was therefore to investigate the formation and identity of
radiolysis and cyclization products during the upscaling of [177Lu]Lu-PSMAI&T production.

2. Results and Discussion

2.1. Investigation of the Production Process of [177Lu]Lu-PSMAI&T

Due to the recent publications on radiolysis-generated side products [10,12,15] in
Lutetium-177-labeled radiopharmaceuticals, the radiochemical purity (RCP) depending
on the radioactivity concentration was defined as a key parameter to be investigated and
prioritized in the upscaling process. Hence, several batches with different starting activity
concentrations (AC, 0.5–2.5 GBq/mL) were analyzed with HPLC method 1 (see chapter
“Methods”) for possible radiolysis products. The batches were produced according to the
method referred to as “original method” (see Section 3.4). A pre-peak (Rt = 3.88 min) was
detected in all cases and all activity concentrations, with a slightly shorter retention time
than the main product (Rt = 4.20 min; see Figure 2). Its integral was below the in-house
limit of 5% by that time for ACs up to 1 GBq/mL. No other peaks were detected in the
radioactivity channel.

Figure 2. Typical γ-HPLC chromatogram (method 1) of [177Lu]Lu-PSMAI&T with main product
(Rt = 4.20 min) and radiolysis-induced side product (Rt = 3.88 min).

Depending on the AC, the integral of the impurity was rising, revealing a correlation
between the pre-peak and the AC (see Figure 3).

2.2. HPLC Optimization Studies and HPLC Validation

In the next step, our HPLC quality control methods were revised, as the relatively
poor separation of the product from the radiolysis pre-peak was identified as problematic.
Hence, the HPLC method described as “method C” by Martin et al. [14] was slightly
modified and the resulting method will be called “method 2” throughout this text [14] (for
details see the chapter “Methods”). The method was originally used to detect cyclization
products of [177Lu]Lu-PSMA-617 in patient urine samples. For comparison, simultaneous
measurements of test batches in two identical HPLC setups were conducted to compare
the performance of method 1 and method 2. The direct comparison showed significant
underestimations of the presence of impurities by method 1 (see Figure 4).

The validation results of HPLC method 2 are displayed in Table 1.
To improve the radiochemical purity of the product, the need for a modified production

process and storage formulation to suppress the suspected radiolysis became obvious. As
described in the section “Methods: Radiosyntheses”, a manual process described by Di Orio
et al. [12] was modified and automatized (called “adapted method” in this text, whereas
“original method” describes our previously used procedure, for details see Section 3.4).
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The implementation of the new production method combined with HPLC method 2
showed a maximum of ≤10% total impurity for syntheses with a maximum AC of 1.8 GBq/mL
in the product solution, as displayed in Figure 5.

It is also shown that, in addition to the baseline separated radiolysis product, hy-
drophobic substances eluting after the main product additionally appeared in HPLC
method 2 (contribution of 2.87 ± 0.85% to total impurities) and furthermore formed inde-
pendently from the activity concentration. A typical HPLC chromatogram acquired with
method 2 is displayed in Figure 6.

Stability measurements were performed on three batches containing 8.6, 26.3 and
26.5 GBq. All batches showed >95% radiochemical purity (HPLC) after 4 h. Long term
stability studies were not conducted since no shipment to other facilities or commercial use
was intended.

In the next step, the radiochemical by-products were identified.
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Figure 3. Graphical correlation between the integral of the suspected radiolysis-induced side product
and the AC. Each blue dot refers to a single production batch. The orange line indicates the in-house
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Table 1. Validation of HPLC method 2.

Radiodetector

Parameter Radiochemical Identity Radiochemical Purity Acceptance Criteria Results

Precision (repeatability) CV% ≤ 5% complies

Specificity (radiolysis product) Rs ≥ 1.5 complies

Linearity R2 ≥ 0.99 complies

UV detector

Parameter Acceptance Criteria Results

Precision (repeatability) CV% ≤ 5% complies

LOD ([natLu]Lu-PSMAI&T) Based on calibration curve 0.0361 μg/μL

LOD (PSMAI&T) Based on calibration curve 0.0149 μg/μL

LOQ ([natLu]Lu-PSMAI&T) Based on calibration curve 0.1269 μg/μL

LOQ (PSMAI&T) Based on calibration curve 0.0531 μg/μL

Linearity [natLu]Lu-PSMAI&T R2 ≥ 0.99 complies

Linearity PSMA I&T R2 ≥ 0.99 complies
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Figure 5. Total amount of radioactive impurities by using the new production and HPLC method in
dependence of AC (blue dots: radiolysis pre-peak; orange circle: condensation side products; purple
triangles: total impurities).

Figure 6. Representative chromatogram of a routine batch of [177Lu]Lu-PSMAI&T with HPLC method 2.
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2.3. Identification of the Radiolysis By-Products: Irradiation Experiments and Coelution

At this stage of the project, the identity of the pre-peak in [177Lu]Lu-PSMAI&T was
not yet clear (a study by Kraihammer et al. with a similar experimental setup has been
published since then [11,13]). Due to the almost linear correlation between the intensity
of the by-product and the radioactivity concentrations as described above, radiolysis was
highly likely to be the cause of the formation. The dissociation of the iodine atom in the
iodotyrosine moiety of the molecule (see Figure 7), which was shown to be caused by
reactive oxygen species (ROS) induced by external radiation in aqueous media [16], was
suspected to be the most probable cause.

Figure 7. Molecular structure of the deiodinated PSMAI&T by-product with the intact binding motif
and missing iodine atom on the tyrosine side chain.

Hence, radiolysis was investigated by simulation. The intact Gd-PSMAI&T was at first
subjected to LC-MS and showed a retention time of 7.721 min and [M+2H]2+ was found to
be 828.30 (calculated: 828.31).

Then, the non-radioactive reference compound Gd-PSMAI&T was irradiated in both
the reaction buffer (ascorbate buffer from POLATOM) as well as in the reaction buffer plus
ethanol with our in-house X-ray irradiation device (see “methods: Radiosyntheses”). Due
to the similar chemical behavior and lower cost, a gadolinium salt was used as a surrogate
for lutetium.

First, a simplified dose calculation was performed under the following four assump-
tions: 1. The β− emitter Lutetium-177 was causing substance damage comparable to X-rays.
2. The radionuclide was evenly distributed throughout the reaction vessel in 19.6 mL
total volume. 3. Only ß− particles contributed to the total dose. 4. The storage time was
45 min. The physical dose for the ACs of 0.4, 0.9, 1.8 and 2 GBq/mL, corresponding to
batch activities of 7, 18, 36 and 40 GBq per batch (for the calculation, see the chapter “Dose
Calculations” in the Section 3), was calculated. Then, the samples were irradiated with
the calculated doses and analyzed via LC-MS to identify potentially formed side products.
In the samples without ethanol, two side products could be detected, whose intensities
increased with rising dose equivalents (Figure 8) and were barely present in the ethanol
containing samples kept for the same time in the same buffer.

Figure 8. MS trace of an exemplary LC-MS measurement of a sample without buffer adjustments,
irradiated with X-rays equivalent to 130 Gy. The blue arrows indicate the pre-peaks newly formed
due to the irradiation.
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In the corresponding MS spectra, one of the pre-peaks (Rt = 7.095 min) could in fact be
identified as the deiodinated Gd-PSMAI&T (see Figure 9) with a molecular mass of 1527
(m/z = 763.8 [M-I+H]+2). The other side product, with a retention time of Rt = 7.442 min,
showed multiple mass peaks (m/z = 104.4; 740.8; 521.2) and could not be identified unam-
biguously (Figure 9). The main peak, however, showed intact Gd-PSMAI&T (Rt = 7.709 min;
m/z = 828.8 [M+2H]2+; 839.1 [M+H+Na]2+; see Figures 8 and 9).

A

B

C

Figure 9. MS spectra corresponding to the impurities detected (Rt = 7.095 (A); 7.442 (B) and 7.709 (C));
after irradiation of Gd-PSMAI&T without adjusted buffer system, as described further above.

To quantify the effect of the irradiation on Gd-PSMAI&T in the two different reaction
buffers, the peak of the identified deiodinated compound was integrated and correlated
with the radiation dose (Figure 10). The effect of the radiolysis quencher EtOH was shown
to be very effective in the dose ranges up to 117 Gy (equivalent to 36 GBq or 1.8 GBq/mL).
In the batch with the highest irradiation dose, the deiodinated compound could be detected
in both buffer formulations. Since the primary goal was to identify the major radiolysis
product, the irradiation experiment was performed only once (in duplicates).
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Figure 10. Integrals of the deiodinated compound determined via UPLC-MS in correlation with the
applied dose in the two different reaction buffers. N = 1, performed in duplicate.

To further prove the suspicion of deiodination as a radiolysis mechanism, customized
“deiodinated” PSMAI&T was labeled with Lutetium-177. Using the optimized synthesis
method, the overlay chromatogram showed highly comparable retention times, Rt = 11.967
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vs. 11.950 min, for the radiolabeled custom peptide and the radiolysis peak of the [177Lu]Lu-
PSMAI&T routine batch from the same day (Figure 11).

Figure 11. Overlay chromatogram of deiodinated [177Lu]Lu-PSMAI&T (blue) and a routine [177Lu]Lu-
PSMAI&T batch (orange) from the same day.

Next to the radiolysis side products, a side product in the peak tail of the main product
was also found by UPLC-MS. The area showed a mass difference of 18 in comparison to
the parent compound, indicating a cyclization process under the dissociation of water
(Figure 12).

Figure 12. UPLC-MS chromatogram of [natLu]Lu-PSMAI&T with the MS spectrum of the peak tail
(Rt = 7.878 min); clearly visible are condensation products of natLu-PSMA (m/z = 835.0 + [M+2H]2+)
with the mass of m/z = 827 [M-H2O+2H]2+.

This product was attributed to the heat-dependent condensations of the PSMA-binding
motif, as published earlier by Martin et al. [14] for [177Lu]Lu-PSMA-617, resulting in three
possible side products (Figure 13). As already mentioned in Section 2.2, the condensation
products did not correlate with the activity concentration.
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Figure 13. The PSMA binding motif and its possible heat-dependent condensation products, as
proposed by Martin et al. [14].

2.4. Economical Optimization

Lastly, a radiochemical yield analysis of the new production method yielded a possible
reduction in starting activity per patient from 9 to 8 GBq. Given the daily limit of 42 GBq
Lutetium-177 in our department, serving up to 5 patients per batch became possible due
to the successful upscaling process, reducing relative radiation exposure for the involved
staff, overall costs and the relative formation of the deiodination product at the same time
(Table 2).

Table 2. Retrospective analysis of 26 routine batches of [177Lu]Lu-PSMAI&T with average yields
shows excellent yields with the possibility of reduction in starting activity; SA = starting activity; * 1
patient receives a therapeutic dose of 7.4 GBq.

Patients */Batch
SA Original

Method [GBq]
SA Adapted

Method [GBq]
av. RCY [%]

av. Absolute Yield
[GBq]

Minimum Final
Activity [GBq]

5 40 - 97.7 ± 0.5 41.5 ± 0.2 37.0

4 36 32 96.3 ± 1.2 36.8 ± 0.8 29.6

3 27 24 96.5 ± 2.6 27.4 ± 2.0 22.2

2 18 16 93.6 ± 5.3 17.6 ± 1.3 14.8

3. Methods

3.1. Chemicals

All chemicals and substances were used as received without further purification.
GMP-grade PSMAI&T was purchased from SCINTOMICS (Fürstenfeldbruck, Germany).
Custom-synthesized Glu-CO-Lys[(Sub)DLys-DPhe-DTyr-DOTAGA] trifluoroacetate was
obtained from piCHEM Forschungs- und Entwicklungs GmbH (Raaba-Grambach, Austria).
Sodium ascorbate buffer (Polatom; kit ASC-01 containing 50 mg ascorbic acid and 7.9 mg
NaOH) was received from Polatom (Warsaw, Poland) and diluted as indicated with Trace
Select™ water (Honeywell Austria, Vienna, Austria). N.c.a. [177Lu]LuCl3 was purchased
either from Isotope Technologies Munich (Munich, Germany) or Isotopia (Petah Tikva,
Israel) in GMP quality. For dilutions and HPLC, deionized water generated from a MilliQ
device (Merck Millipore) or Aqua ad injectabilia (B. Braun, Maria Enzersdorf, Austria)
was used.

3.2. Chromatography
3.2.1. UPLC-MS Measurements

Analytical UPLC-MS runs were performed on an Agilent 1260 Infinity II system
equipped with a flexible pump, an Agilent 1260 UV detector with variable wavelength
(λ = 220 nm) and an LC/MSD mass detector, in combination with either a Chromolith
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performance RP-18 (100 × 4.6 mm, flow = 1 mL/min) or an Acquity BEH C18 column,
1.7 μm, 3.0 × 50 mm (flow = 0.6 mL/min). A binary mobile phase of H2O + 0.1% TFA (A)
and acetonitrile + 0.1% TFA (B) was used.

3.2.2. HPLC Measurements

All HPLC measurements of the radioactive products were performed on a VWR
Hitachi Chromaster System which included a column oven and UV detection unit, equipped
with a Ramona Star Beta radiation detector (Elysia Raytest, Straubenhardt, Germany).
HPLC measurements were performed at RT with a UV detection wavelength of 250 nm
with a binary mobile phase of H2O + 0.1% TFA (A) and acetonitrile + 0.1% TFA (B).

For method 1, a chromolith performance RP-18 (100 × 4.6 mm, flow = 2 mL/min)
column (Merck, Darmstadt, Germany) was applied. The respective gradient was 5% to
50% B for 5.5 min.

For method 2, a Jupiter Proteo 4 μm RP (250 × 4.6 mm, flow = 1 mL/min, Phenomenex,
Phenomenex Inc., Torrance, CA, USA) was used with the gradient displayed in Table 3. The
validation of HPLC method 2 was analyzed via Validat® software (v1) (GUS LAB GmbH,
Gera, Germany) and based on the current ICH Q2(R1) and EANM guidelines [17,18].

Table 3. Solvent gradient for HPLC method 2 (flow = 1 mL/min).

Time [min] A (%) B (%)

1 90 10

2 88 12

3 84 16

5 80 20

7 76 24

8 74 26

9 72 28

10 71 29

11 70.5 29.5

12 70 30

14 69.5 30.5

17 5 95

18 95 5

20 95 5

3.3. Validation of HPLC Method 2

Calculations were performed automatically via Validat® software. Intermediate blank
injections were performed between measurements and checked for residuals of the respec-
tive test compounds. Injection volume was 20 μL for all measurements. Acceptance criteria
are displayed in Table 1. Specificity regarding [177Lu]Lu-PSMAI&T and the deiodinated
product was calculated by Validat® according to the retention times of the substances and
the resulting resolution.

For the determination of linearity and LOD/LOQ of the precursor, seven different
concentrations between 1 μg/μL and 0.005 μg/μL were prepared by dilution in water for
injection. Each concentration was measured as triplicate.

Precision measurement of the reference standard was performed as follows: 10 μL
(1 μg/μL) reference standard were mixed with 10 μL water for injection and the measure-
ment was repeated 6 times.

For linearity and LOD/LOQ of the reference standard, seven different concentrations
between 1 μg/μL and 0.005 μg/μL were prepared by dilution in water for injection. Each
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concentration was measured as triplicate. For the determination of the linearity of the
radiodetetor, 5 different activities of Lutetium-177 between 3.780 and 0.034 MBq were
injected. To determine the repeatability of the radiodetector, a sample of 3.8 MBq was
injected 5 times and total peak areas were analyzed.

3.4. Radiosyntheses

Radiosyntheses were performed on a Modular-Lab PharmTracer (Eckert & Ziegler
GmbH, Berlin, Germany) using the corresponding single-use disposable cassettes.

Before each synthesis, an automated cassette pressure test was performed to ensure
the leak-proofness of the synthesis cassette. The production was performed automatically
and step-wise by the Modular Lab (version 6.2). The steps are displayed in Table 4.

Table 4. Automated radiosynthesis procedure; the reaction buffer, radiosynthesis conditions in step 3
and the final formulation buffer and volume in step 6 vary between the original and adapted method
and are described in Table 5.

# Step

1 Conditioning of the Sep-Pak® C18 Plus cartridge with water/ethanol (50/50 mixture)
followed by the formulation buffer

2 Transfer of radioactivity to reactor and rinsing of the activity vial with 1.4 mL of reaction buffer

3 Radiosynthesis

4 Transfer of the reaction mixture to the Sep-Pak® C18 Plus Cartridge

5 Elution of the product with EtOH/H2O (2.5 mL, 50/50 mixture)

6 Formulation of the product to a final volume of 20 mL with formulation buffer

Table 5. Differences between the original and the adapted synthetic procedure.

Parameter Original Method Adapted Method

Product vial preparation
Sterile filtration of 0.15 mL

(=30 mg DTPA) Ditripentat-Heyl®

(200 mg/mL) solution into product vial

Sterile filtration of 0.15 mL
(=30 mg DTPA) Ditripentat-Heyl®

(200 mg/mL) solution and 1.4 mL
reaction buffer into product vial

Reaction buffer

35.7 mg/mL L (+)-ascorbic acid,
11.1 mg/mL NaOH

(commercial buffer kit, Polatom®) in
1.4 mL Trace Select® water

92.1 mg/mL L (+)-ascorbic acid,
111.4 mg/mL sodium acetate trihydrate,
34 mg/mL gentisic acid in 1.4 mL water

for injection, adjusted to pH 5.2
with 2 N NaOH

Precursor amount 125 μg/~9 GBq n.c.a. Lutetium-177

EtOH present during synthesis 200 μL+ 0.5 μL per μg precursor 0.5 μL per μg precursor

T [◦C] 90 95

t [min] labelling reaction 10 30

Formulation buffer 16 mL phys NaCl 0.9%
24 mg/mL sodium ascorbate +
2.4 mg/mL L (+)-ascorbic acid

in 16 mL phys NaCl 0.9%

Total volume EOS [mL] 18.6 20.0

After each synthesis, a fully automated filter test of the product sterile filter, as pro-
grammed in the software, was performed. Differences between the old and new synthesis
method are displayed in Table 5.
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3.5. Syntheses of natLu-PSMAI&T and natGd-PSMAI&T

Briefly, 250 μg (167 nmol) PSMAI&T was dissolved in 200 μL of sodium ascorbate
buffer (1 M, pH 4.5). Then, 10 equivalents (1.67 μmol) of either Gadolinium(III) nitrate
or Lutetium(III) chloride in 1 mM aqueous solution were added. The vial containing the
mixture was heated at 95 ◦C in an aluminum heating block for 10 min. After cooling to
RT, qualitative LC-MS was performed without further workup. LC-MS conditions were
RP-LCMS, Chromolith performance; 5–50% MeCN + 0.1% TFA over 10 min.

3.6. Dose Calculations

To estimate the radiation dose absorbed in a sample, the contributions of all particles
resulting from any decay have to be considered. 177Lu decays to 177Hf by four possible
β− transitions. The relative intensities of these transitions are 11.6%, 0.016%, 8.89% and
79.44% [19]. The average energies <Eβ> of the corresponding β particles are 47.23 keV,
78.12 keV, 111.20 keV and 148.84 keV, respectively. During the subsequent transition of the
resulting excited state to the ground state additional conversion electrons, Auger electrons,
γ photons and X-rays are emitted. The total energy of β particles and electrons is 146 keV
(2.34 × 10−14 J) per decay and the total energy of photons is 33 keV (5.29 × 10−15 J) per
decay. If a sample is sufficiently large, the energy of all β− particles and electrons is
deposited within the sample. For the dose estimation, the dose of the photons will be
neglected, since only a small fraction of the energy will be absorbed within the sample.
Thus, the absorbed dose D is given by

D =
NEe−

m
(1)

where N is the number of decays, Ee− is the total energy per decay of β particles and
electrons and m is the mass of the sample.

The number of disintegrations within a time interval t is given by

N =
∫ T

0
Ae

− tln 2
t1/2 dt = A

ln 2
T1/2

(
1 − e

− tln 2
t1/2

)
(2)

with A being the activity and t1/2 the half-life.
If t is large with respect to the half-life t1/2, N approaches N = A ln 2

t1/2
. For t much

shorter than t1/2, N can be approximated as N ≈ A T using the Taylor series of the
exponential function. Assuming an approximate density of 1 g/cm3 and t much shorter
than t1/2, the dose can be calculated as

D = t×Ac × 2.34 × 10−2Gy ∗ mL (3)

where t is the time in seconds, D is the dose in Gy and Ac is the activity concentration in
GBq/mL.

3.7. Irradiations

After the preparation of one batch of Gd-PSMAI&T and another batch of Gd-PSMAI&T

mixed with 280 μL of ethanol, each batch was divided into 8 portions. The samples were
irradiated in duplicates with 4 different doses of X-rays, according to Table 6.

For that, an YXLON reference irradiator (Maxishot, YXLON International GmbH,
Hamburg, Germany) was used, as previously described [20]. In brief, irradiation was
performed at 200 kV, 20 mA with a focus size of 5.5 mm, using a 0.5 mm copper filter and a
3 mm aluminum filter. The average dose rate was about 1.1 Gy/min. After irradiation, the
samples were subjected to LC-MS measurements.
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Table 6. Irradiation parameters (actual dose and calculated activity equivalents) of the irradiated
samples.

Sample Number

Gd-PSMAI&T
Sample Number

Gd-PSMAI&T + EtOH
Dose
[Gy]

Activity Equivalent for
45 min Storage Time [GBq]

1.1 2.1 22.8 7

1.2 2.2 58.6 18

1.3 2.3 117.1 36

1.4 2.4 130 40

3.8. Conclusions

In this study, a thorough analysis of the quality control parameters of [177Lu]Lu-
PSMAI&T was performed. Major optimizations in HPLC analyses and irradiation exper-
iments followed by UPLC-MS studies revealed a significant contribution of cyclization
and radiolysis products to the amount of radioactive impurities in the production of
[177Lu]Lu-PSMAI&T.

The pre-peak, now known to consist of deiodinated [177Lu]Lu-PSMAI&T and induced
by radiolysis, is expected to show altered pharmacokinetics and might reduce the overall
tumor dose, but still demonstrated cell uptake in a previous study [15]. Our findings
regarding the identity of the pre-peak are in accordance with a recently published study [11]
and corroborate them by the approach of radiolabeling of the suspected radiolysis product
and comparing the HPLC retention time with that of a [177Lu]Lu-PSMAI&T routine batch.

The cyclization products were already shown to lack tumor cell binding, due to the altered
PSMA binding motif. Further, NMR studies were performed to elucidate the definite structure of
the cyclization products [14]. In our study, the conclusion was drawn based on the combination
of UPLC-MS, HPLC elution profile and independency from activity concentration.

A risk-based approach resulted in the extension of our radiochemical purity thresholds
for the sum of hydantoins and deiodinated product for 90%, given the fact that the cycliza-
tion products constitute the most critical impurity with respect to therapeutic efficacy and
only represented 2.87 ± 0.85% of the total radioactivity in the samples. As expected, the for-
mation of the main radiolysis product was shown to depend on the activity concentration
and represented 2.8 ± 0.1% of the total radioactivity in the samples.

To our knowledge, this is the first time that the discussed cyclization peaks were shown
to contribute to the overall amount of radiochemical impurities in [177Lu]Lu-PSMAI&T and
the question of how adequate HPLC methods should be used to detect them was addressed.

Further, an overall improvement of processes for the routine supply of [177Lu]Lu-
PSMAI&T was achieved and it was possible to keep up with the increasing demand for
this radioligand therapy. Due to the reduction in starting activity, a possible cost reduction
through quality assurance procedures was also shown in this work.

Author Contributions: Conceptualization, S.S., J.R., E.-M.P. and M.R.B.; Formal analysis, S.S. and
S.W.; Investigation, S.S., J.R., S.W. and M.R.B.; Project administration, T.L.M., M.H. and M.M.;
Resources, L.N., M.O. and V.W.; Supervision, E.-M.P., M.O., T.L.M., M.H., W.W., M.R.B. and M.H.;
Validation, S.S., E.-M.P., L.N., M.O. and M.R.B.; Visualization, S.S. and J.R.; Writing—original draft,
S.S., J.R. and M.R.B.; Writing—review and editing, J.R., S.W., E.-M.P., V.W., T.L.M., W.W., M.R.B. and
M.M. All authors have read and agreed to the published version of the manuscript.

Funding: Open Access Funding by the University of Vienna.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data can be provided on an individual basis by the authors.

Acknowledgments: The authors thank the radiopharmaceutical routine team, especially R. Bartosch
for the production and quality control of [177Lu]Lu-PSMAI&T. We also thank C. Vraka, S. Mairinger
and J. Cardinale for scientific discussions.

40



Molecules 2023, 28, 7696

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pubchem Entry for [177Lu]Lu-PSMA-I&T. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/Unii-G5B860B0G1
#section=NCI-Thesaurus-Tree (accessed on 15 September 2023).

2. Sadaghiani, M.S.; Sheikhbahaei, S.; Werner, R.A.; Pienta, K.J.; Pomper, M.G.; Solnes, L.B.; Gorin, M.A.; Wang, N.Y.; Rowe, S.P. A
Systematic Review and Meta-analysis of the Effectiveness and Toxicities of Lutetium-177-labeled Prostate-specific Membrane
Antigen-targeted Radioligand Therapy in Metastatic Castration-Resistant Prostate Cancer. Eur. Urol. 2021, 80, 82–94.

3. Emmett, L.; Willowson, K.; Violet, J.; Shin, J.; Blanksby, A.; Lee, J. Lutetium (177) PSMA radionuclide therapy for men with prostate
cancer: A review of the current literature and discussion of practical aspects of therapy. J. Med. Radiat. Sci. 2017, 64, 52–60. [CrossRef]

4. European Medicines Agency. Pluvicto Entry European Medicines Agency. Available online: https://www.ema.europa.eu/en/
medicines/human/EPAR/pluvicto (accessed on 30 May 2023).

5. U.S. Food and Drug Administration. FDA Approves Pluvicto for Metastatic Castration-Resistant Prostate Cancer 2022. Available
online: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-pluvicto-metastatic-castration-
resistant-prostate-cancer (accessed on 16 September 2023).

6. Kratochwil, C.; Fendler, W.P.; Eiber, M.; Baum, R.; Bozkurt, M.F.; Czernin, J.; Delgado Bolton, R.C.; Ezziddin, S.; Forrer, F.; Hicks,
R.J.; et al. EANM procedure guidelines for radionuclide therapy with (177)Lu-labelled PSMA-ligands ((177)Lu-PSMA-RLT). Eur.
J. Nucl. Med. Mol. Imaging 2019, 46, 2536–2544.

7. Privé, B.M.; Peters, S.M.; Muselaers, C.H.; van Oort, I.M.; Janssen, M.J.; Sedelaar, J.M.; Konijnenberg, M.W.; Zámecnik, P.;
Uijen, M.J.; Schilham, M.G.; et al. Lutetium-177-PSMA-617 in Low-Volume Hormone-Sensitive Metastatic Prostate Cancer: A
Prospective Pilot Study. Clin. Cancer Res. 2021, 27, 3595–3601. [CrossRef]

8. Golan, S.; Frumer, M.; Zohar, Y.; Rosenbaum, E.; Yakimov, M.; Kedar, D.; Margel, D.; Baniel, J.; Steinmetz, A.P.; Groshar, D.;
et al. Neoadjuvant (177)Lu-PSMA-I&T Radionuclide Treatment in Patients with High-risk Prostate Cancer Before Radical
Prostatectomy: A Single-arm Phase 1 Trial. Eur. Urol. Oncol. 2022, 6, 151–159.

9. Wallace, K.L.; Landsteiner, A.; Bunner, S.H.; Engel-Nitz, N.M.; Luckenbaugh, A.N. Increasing prevalence of metastatic castration-
resistant prostate cancer in a managed care population in the United States. Cancer Causes Control 2021, 32, 1365–1374. [CrossRef]

10. Larenkov, A.; Mitrofanov, I.; Pavlenko, E.; Rakhimov, M. Radiolysis-Associated Decrease in Radiochemical Purity of 177Lu-
Radiopharmaceuticals and Comparison of the Effectiveness of Selected Quenchers against This Process. Molecules 2023, 28, 1884.
[CrossRef]

11. Kraihammer, M.; Garnuszek, P.; Bauman, A.; Maurin, M.; Alejandre Lafont, M.; Haubner, R.; von Guggenberg, E.; Gabriel, M.;
Decristoforo, C. Improved Quality Control of [177Lu]Lu-PSMA I&T. EJNMMI Radiopharm. Chem. 2023, 8, 1–3.

12. Di Iorio, V.; Boschi, S.; Cuni, C.; Monti, M.; Severi, S.; Paganelli, G.; Masini, C. Production and Quality Control of [(177)Lu]Lu-
PSMA-I&T: Development of an Investigational Medicinal Product Dossier for Clinical Trials. Molecules 2022, 27, 4143.

13. Joshi, R.; Gangabhagirathi, R.; Venu, S.; Adhikari, S.; Mukherjee, T. Antioxidant activity and free radical scavenging reactions of
gentisic acid: In-vitro and pulse radiolysis studies. Free Radic. Res. 2012, 46, 11–20. [CrossRef]

14. Martin, S.; Tonnesmann, R.; Hierlmeier, I.; Maus, S.; Rosar, F.; Ruf, J.; Holland, J.P.; Ezziddin, S.; Bartholoma, M.D. Identification,
Characterization, and Suppression of Side Products Formed during the Synthesis of [(177)Lu]Lu-PSMA-617. J. Med. Chem. 2021,
64, 4960–4971. [CrossRef]

15. Hooijman, E.L.; Ntihabose, C.M.; Reuvers, T.G.; Nonnekens, J.; Aalbersberg, E.A.; van de Merbel, J.R.; Huijmans, J.E.; Koolen,
S.L.; Hendrikx, J.J.; de Blois, E. Radiolabeling and quality control of therapeutic radiopharmaceuticals: Optimization, clinical
implementation and comparison of radio-TLC/HPLC analysis, demonstrated by [(177)Lu]Lu-PSMA. EJNMMI Radiopharm. Chem.
2022, 7, 29. [CrossRef]

16. Das, T.N.; Priyadarsini, K.I. Characterization of Transients Produced in Aqueous Medium by Pulse Radiolytic Oxidation of
3,5-Diiodotyrosine. J. Phys. Chem. 1994, 98, 5272–5278. [CrossRef]

17. Gillings, N.; Todde, S.; Behe, M.; Decristoforo, C.; Elsinga, P.; Ferrari, V.; Hjelstuen, O.; Peitl, P.K.; Koziorowski, J.; Laverman, P.; et al.
EANM guideline on the validation of analytical methods for radiopharmaceuticals. EJNMMI Radiopharm. Chem. 2020, 5, 7. [CrossRef]

18. ICH Guideline Q2(R2) on Validation of Analytical Procedures Step 2b European Medicines Agency. 2022. Available on-
line: https://www.ema.europa.eu/en/documents/scientific-guideline/ich-guideline-q2r2-validation-analytical-procedures-
step-2b_en.pdf (accessed on 15 January 2023).

19. Kondev, F.G. Nuclear Data Sheets for A=177�. Nuclear Data Sheet 2019, 159, 1–412.
20. Raitanen, J.; Barta, B.; Hacker, M.; Georg, D.; Balber, T.; Mitterhauser, M. Comparison of Radiation Response between 2D and 3D

Cell Culture Models of Different Human Cancer Cell Lines. Cells 2023, 12, 360.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

41



Citation: Skulska, M.; Falborg, L. A

Simple Kit for the

Good-Manufacturing-Practice

Production of [68Ga]Ga-EDTA.

Molecules 2023, 28, 6131. https://

doi.org/10.3390/molecules28166131

Academic Editor: Svend Borup

Jensen

Received: 23 June 2023

Revised: 8 August 2023

Accepted: 9 August 2023

Published: 18 August 2023

Copyright: © 2023 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 (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

A Simple Kit for the Good-Manufacturing-Practice Production
of [68Ga]Ga-EDTA

Monika Skulska and Lise Falborg *

Department of Nuclear Medicine, Gødstrup Hospital, 7400 Herning, Denmark
* Correspondence: lisefalb@rm.dk

Abstract: Glomerular filtration rates for individual kidneys can be measured semi-quantitatively by a
gamma camera using [99mTc]Tc-DTPA, with limited diagnostic accuracy. A more precise measurement
can be performed on a PET/CT scanner using the radiotracer [68Ga]Ga-EDTA, which has been
validated in animal studies. The purpose of this study was to develop an easy kit-based synthesis
of [68Ga]Ga-EDTA that is compliant with good manufacturing practice (GMP) and applicable for
human use. The production of the cold kit and its labeling were validated, as were the radiochemical
purity measurement and analytical procedures for determining the Na2EDTA dihydrate content in
the kits. In this study, we validated a GMP kit for the simple production of [68Ga]Ga-EDTA, with the
intention of applicability for human use.

Keywords: [68Ga]Ga-EDTA; PET; renography; GMP-production; Kit; 68Ga-colloids

1. Introduction

With the current widespread distribution of positron emission tomography (PET)
scanners, the interest in gallium-68 (68Ga)-labeled radiopharmaceuticals has increased.
68Ga’s high positron-emission fraction (89% maximum energy; 1899 keV) and its 67.71 min
half-life provide sufficient levels of radioactivity for high-quality images, while minimizing
the radiation dose that is given to patients [1]. The parent radionuclide, germanium-68
(68Ge), with a half-life of 271 days, provides an easily available method of producing 68Ga,
with a shelf-life of approximately one year, from an efficient and medically approved
68Ge/68Ga generator [2].

Early 68Ge/68Ga-generators were eluted using ethylenediaminetetraacetic acid (EDTA)
and provided the direct production of [68Ga]Ga-EDTA for use in brain imaging as well as
the quantitative assessment of blood–brain barrier abnormalities that are associated with
multiple sclerosis [3,4]. However, since the equilibrium constant for the formation of the
complex is high (KML = 7.9 × 1018), the [68Ga]Ga-EDTA complex has high thermodynamic
stability and, therefore, its decomposition is difficult [5]. This drastically limited the
development of other 68Ga-labelled radiopharmaceuticals for these early radionuclide
generators. Consequently, modern 68Ge/68Ga-generators use acidic eluent (hydrochloric
acid) and provide 68Ga in cationic form to enable further labeling chemistry [5].

Therefore, 68Ga is also used to label ligands, such as peptides, antibodies, or hormones,
which can be targeted to specific biologically accessible proteins, such as receptors, that
are over-expressed by tumor cells. Examples include [68Ga]Ga-DOTATATE, [68Ga]Ga-
DOTANOC, and [68Ga]Ga-DOTATOC, all of which play important roles in the diagnosis of
neuroendocrine tumors due to their affinity with somatostatin receptors [6], or 68Ga-PSMA,
which is used for the clinical imaging of prostate cancer [7].

[68Ga]Ga-EDTA is known to be cleared from the blood via the kidneys with a rate
that depends on the renal glomerular filtration function [8]. In 2016, Hofman et al. proved
that [68Ga]Ga-EDTA can be used as a substitute for [99mTc]Tc-DTPA, which is used in
conventional gamma camera single-photon nuclear medical imaging for a wide variety of
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clinical indications [9]. The quantitative capabilities of PET, combined with its inherent
ability to perform 3D tomographic imaging, provide major advantages over conventional
planar imaging, as has been shown in recent animal studies [10,11]. However, earlier
methods for the production of [68Ga]Ga-EDTA, as, described in the literature, cannot be
directly transferred to a GMP-compliant production method for human use. Therefore, we
aimed to implement a local kit-based synthesis, analogous to the standard 99Mo/99mTc-
generator/kit preparation of radiopharmaceuticals used for gamma-camera and single-
photon emission computed tomography (SPECT) examinations.

The goal of the present work was to develop, establish, and validate a kit-based pro-
duction of [68Ga]Ga-EDTA, in which labeling takes place in a simple one-pot synthesis,
where the generator is eluted into a vial containing disodium EDTA dihydrate. We devel-
oped a kit (hereinafter referred to as the EDTA kit) containing EDTA and the necessary
buffer system. The production of an EDTA kit and the 68Ga-labeling reaction to obtain
[68Ga]Ga-EDTA must be GMP-compliant and in accordance with the national regulations
of the Danish Medicine Agency (DMA).

2. Results

2.1. EDTA Kits
2.1.1. EDTA-Kit Composition

The composition of EDTA kits was designed with respect to the following require-
ments: appropriate amounts of reagents to provide the correctly labeled product without
toxic effects; an appropriate ion strength and pH for intravenous injection and the correct
pH to avoid possible side reactions during the labeling reaction. At pH values higher than 3,
68Ga3+-ions form oxide or hydroxide species of the 68Ga3+-ion with low solubility, some of
which form insoluble colloids [12]. The introduction of buffers that act as stabilizing ligands
in the reaction mixture prevents the formation of colloids and supports complexation with
the intended ligand, which, in our case, is EDTA. Bauwens et al. showed that the optimal
buffer choices for the radiosynthesis of 68Ga-Dotatoc are HEPES, acetate, or succinate
with a pH of 3.5–5.0 [13]. The colloids are impurities, which are hereinafter referred to as
68Ga-colloids. The composition of a single EDTA kit is presented in Table 1. Such kits are
stored in a freezer. The constraint requirements for kit design are further described in the
Discussion section of this article.

Table 1. Composition of an EDTA kit.

Reagent Amount per EDTA Kit

Disodium EDTA dihydrate 1.86 mg
Sodium acetate trihydrate 136 mg
NaOH 7.99 mg
Sterile water Up to 3.00 mL

2.1.2. EDTA Kit Validation

A GMP-compliant production of three batches of the EDTA kit was performed. A
comparison of the measured parameters with the pharmaceutical/chemical specifications
showed that the production of the EDTA kit using the described method was robust and
highly reproducible (Table 2). Stability studies of the EDTA kits were performed over a
period of up to 14 months by executing repeated measurements of pH and full quality
control (QC) programs for the labeling of the three validation batches.

2.1.3. Na2EDTA Dihydrate Content Determination in EDTA Kits

The amount of Na2EDTA dihydrate (Table 2) in the EDTA kits was determined using
a complexation reaction with Fe3+ followed by HPLC analysis, Figure 1. The peak at
1.5 min corresponds to Fe3+ ions, the peak at 1.9 min to Fe(OAc)3 and the peak at 3.0 min to
Fe-EDTA [14–16]. A calibration curve was produced by analyzing solutions with various
known concentrations of disodium EDTA dihydrate. The curve was constructed by plotting
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the area under the Fe-EDTA peak as a function of Na2EDTA dihydrate concentration
(Figure 2). The linearity of the investigated EDTA concentrations was validated for the range
0.01–0.1 mg/mL. Samples of EDTA kits were diluted by a factor 10 prior to complexation
with Fe3+, followed by HPLC analysis. Thus, using the slope of the standard curve, the
concentrations of Na2EDTA dihydrate in the three batches of EDTA kit were 0.64, 0.69, and
0.69 mg/mL, respectively.

Table 2. Specifications and validation of three productions of EDTA kits.

Test (Method) * Specifications
EDTA Kit

Batch 1
EDTA Kit

Batch 2
EDTA Kit

Batch 3

pH (pH meter) 12.0–13.0 12.4 12.3 12.4
Filter integrity
(Manual) Intact Intact Intact Intact

Sterility No growth No growth No growth No growth
Volume (Visual) 3.0 ± 0.5 mL 3.0 3.0 3.0
Appearance (Visual) Clear without particles Clear without particles Clear without particles Clear without particles
Identity (Fe-EDTA)
(HPLC) 2.5–3.5 min 3.0 3.0 3.0

Na2EDTA·2H2O
(HPLC)

0.62 g/mL ± 20%
(0.50–0.74 mg/mL) 0.64 0.69 0.69

Labelling (full QC
program) Comply Comply Comply Comply

* Results are from analyses performed immediately after production, except the HPLC results, which are obtained
after 14 months.

Figure 1. HPLC chromatogram.

Figure 2. Calibration curve with area of Fe-EDTA peak as a function of concentration of
Na2EDTA dihydrate.
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2.1.4. Buffer Capacity: Labelling Process’ Robustness

The buffer capacity of the kit, both during and after elution of the generator, is
important for the robustness of the overall labelling process. Thus, the challenge was to
design an EDTA kit and labelling process that did not lead to stable insoluble 68Ga-colloid
production as a radiochemical impurity whilst eluting the generator into the EDTA kit.
Since the EDTA kit itself had a high pH value and the formation of 68Ga-colloid is known
to take place at moderately acidic-to-basic conditions, the elution needs to be fast enough
to obtain a low enough pH in time to avoid the formation of these impurities. The quality
control results of the labelled product show that this was achieved.

Additionally, using the syringe module of the PharmTracer, the generator is eluted
with 7 mL 0.1 N HCl, 2 mL/min. However, small leaks in the cassette can cause a reduced
volume of 0.1 N HCl. Therefore, the pH of the solution in the final product vial after
complete elution of the generator should be stable and robust for varying volumes of 0.1 N
HCl. Figure 3 illustrates the pH profile w.r.t. the addition of different volumes of 0.1 N HCl
into an EDTA kit, which mimics the pH of [68Ga]Ga-EDTA with different volumes of 0.1 N
HCl added from the generator during the elution of the generator into the vial. A pH of
4.65, which is optimal for a good labelling reaction as well as avoiding the formation of
68Ga-colloid and having an appropriate pH for i.v. injection, was obtained by the addition
of 7 mL. The labelling process robustness showed a resultant pH range of 4.5–5.0 in the
situation where the volume of eluent differed due to possible variations of ±2 mL in the
automatic dispensing of the eluent while eluting the generator.

Figure 3. pH of EDTA kit during the addition of different volumes of 0.1 N HCl.

2.2. [68Ga]Ga-EDTA

Nine labelling procedures were performed using Modular-Lab PharmTracer: three for
validation of the radiolabelled product, three for bioburden testing and three for stability
studies. Three different batches of EDTA kits were used for each of the above procedures.

2.2.1. EDTA Kit Labelling with 68Ga
68Ge/68Ga-generator qualification and validation were conducted prior to use. The

identity of 68Ga was confirmed by radionuclide purity testing (half-life = 68.7 min; 68Ge-
breakthrough = 0.00003% and gamma spectrum analysis (only 511 keV and 1077 keV
photons characteristic to 68Ga were detected). The microbiological testing of eluate (sterility
and endotoxin levels) detected no microbial contamination. The generator was eluted a
minimum of 24 hours prior to labeling.

During synthesis, 7 mL of 68Ga-eluate was automatically transferred by the Pharm-
Tracer directly to the EDTA kit, where the conjugation reaction proceeded immediately.
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Bioburden testing showed no growth in the controlled batches. Specifications and results
of the three validation runs are presented in Table 3.

Table 3. Specifications and validation for three productions of [68Ga]Ga-EDTA.

QC (Method) * Specifications [68Ga]Ga-EDTA Batch 1 [68Ga]Ga-EDTA Batch 2 [68Ga]Ga-EDTA Batch 3

Radioactivity (dose
calibrator) ≤1373 MBq at EOS 1363 1373 1329

Volume (visual) 9.0–11.0 mL 9.0 9.5 9.5

Appearance (visual) Clear without
particles

Clear without
particles

Clear without
particles

Clear without
particles

Filter integrity (manual) Intact Intact Intact Intact
pH (indicator paper) 4.0-6.0 4.7 4.7 4.7
68Ga-colloid (paper
chromatography)

<3% 0.3 0.3 0.2

RCP (paper
chromatography) >95% 99.8 99.7 99.8

Identity (paper
chromatography) 0.7 < Rf < 1.3 1.1 1.0 1.1

Radionuclidic purity
(Gamma counter)

<0.001% activity from
68Ge <0.00001 <0.00001 <0.00001

Endotoxin (EndoSafe) <17.5 EU/mL <5.00 <5.00 <5.00
Sterility No growth No growth No growth No growth

* Displayed results are from analyses performed immediately after production.

The stability studies proved stability up to 2 hours after end of synthesis (EOS). The speci-
fication for bioburden was less than one colony-forming unit (CFU) per 10 mL (<1 CFU/10 mL)
of the product. The test for bioburden in the three batches resulted in 0 CFU.

2.2.2. Paper Chromatography of [68Ga]Ga-EDTA

Quality control of [68Ga]Ga-EDTA included the analytical procedures shown in Table 3.
The paper chromatography method for the determination of the radiochemical purity

of [68Ga]Ga-EDTA was performed using Whatman Grade 1 Chr paper as the stationary
phase and 0.9% sodium chloride as the mobile phase. The plate was 2 cm × 12 cm, and
the sample was added 2 cm from the bottom edge and developed to 8 cm from the bottom.
Typical chromatograms of 68Ga-colloid and [68Ga]Ga-EDTA are shown in Figure 4. The
method is specific, precise and robust.

(a) (b)

Figure 4. Chromatograms of (a) 68Ga-colloid; (b) [68Ga]Ga-EDTA.

Validation, with respect to the specificity (successful) and accuracy (attempted) of
the paper chromatography method for the determination of the radiochemical purity
of [68Ga]Ga-EDTA, was performed according to EANM guidelines for the validation of
analytical methods for radiopharmaceuticals [17].

To determine the method’s specificity, individual chromatograms were produced of
68Ga-colloid and [68Ga]Ga-EDTA. The resolution factor (Rs) was determined to be 3.70
from [17]:

Rs =
1.18a(R 2 − R1)

Wh2 − Wh1
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where R1,2 are the retention factors, Wh(1,2) are the peak widths at half-height and α is
the migration distance of the solvent front. Indices 1 and 2 stand for 68Ga-colloid and
[68Ga]Ga-EDTA, respectively. The requirement for Rs is typically higher than 1.5.

To evaluate the accuracy of the method, a standard solution of [68Ga]Ga-EDTA spiked
with a known activity of 68Ga-colloid (3.0%) was analyzed to determine the amount of
impurity in the product using the analytical method. Only 1.8% of activity of the 68Ga-
colloid was detected (Figure 5a). By mixing an EDTA kit with 68Ga-colloid, [68Ga]Ga-EDTA
was formed, indicating that 68Ga-colloid can be unstable in the presence of a strong chelator
EDTA (Figure 5b). Due to this, it was not possible to design a method to determine
the accuracy.

(a) (b)

Figure 5. Chromatograms of (a) [68Ga]Ga-EDTA spiked with 3% of 68Ga-colloid.; (b) EDTA kit
mixed with 68Ga-colloid. In both chromatograms, Region 1 corresponds to 68Ga-colloid and Region
2 corresponds to [68Ga]Ga-EDTA.

The analysis results were independent of whether the sample run was performed
immediately after application of the spot or the spot was allowed to dry first. Thus, the
method was robust. It was also precise, as shown from repeated measurements and
comparison of the individual results (Table 3).

See the Discussion section for a further description of the development of the paper
chromatography method used for this validation.

3. Discussion

Positron Emission Tomography has become a widespread diagnostic technique, which
provides the possibility of a both accurate quantitative and qualitative assessment of
physiological processes. 68Ga is one of the most common radionuclides used in PET-
imaging. 68Ga conjugated with EDTA is a physiologically stable metal chelate that can be
used for glomerular filtration rate (GFR) estimation and is reported to be suitable for renal
function assessments. Gündel et al. have investigated and demonstrated the suitability of
[68Ga]Ga-EDTA as a tracer for GFR calculation from PET-imaging in small animals, which
is shown to conform well to the gold standard of inulin-based GFR-measurement. He also
found that [68Ga]Ga-EDTA had no protein binding, whereas [68Ga]Ga-DTPA had a high
level of protein binding, which resulted in the underestimation of GFR [18]. Others have
also demonstrated the potential of this radiotracer for split GFR calculations in animals and
expect it to have clinical application in human patients in the coming years [10,11].

At present, however, there is no commercially available cold kit for the preparation
of [68Ga]Ga-EDTA that allows for diagnostic use directly after labeling, and hence has
easy applications in clinical practice. The aim of this work was, therefore, to develop and
validate a simple cold-kit, stored as a solution in a freezer, to enable the easy production
of [68Ga]Ga-EDTA for clinical use, which conforms to the regulations set by the Danish
regulatory authorities (DMA).
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3.1. Determination of EDTA Kit Composition

Determination of the simple cold-kit composition provided a sterile and soluble
product with the correct pH for both the conjugation reaction and the final labelled [68Ga]Ga-
EDTA product. The volume of the labelled product was set to 10 mL and the volume of
0.1 N HCl eluent from the 68Ge/68Ga-generator was set at 7 mL. Consequently, the volume
of the EDTA kit was 3 mL. Thereafter, the composition of the EDTA kit was designed with
the following order.

3.1.1. Amount of Na2EDTA Dihydrate

The concentration of Na2EDTA dihydrate in the radiolabelled product was determined
to be 0.0005 M. This corresponded to 0.005 mmol in each EDTA kit and 0.0620 g in 100 mL
EDTA kit solution. With a maximum injected volume of 10 mL, i.e., a maximum injected
amount of Na2EDTA of 1.86 mg (which was also the total amount in an EDTA-kit), this
corresponded to the EDTA kit containing 3 mL, with a concentration of Na2EDTA dihydrate
of 0.62 mg/mL.

For higher concentrations, a better radiochemical yield of the complexation reaction
is to be expected; however, as a trade-off, more toxicologic considerations need to be
applied. Our aim was to maintain a low concentration of Na2EDTA dihydrate. Na2EDTA
is used in therapy doses with a maximum of 3 g over 24 hours for the emergency treatment
of hypercalcemia and the control of ventricular arrhythmias associated with digitalis
toxicity [19]. Other concentrations of Na2EDTA have been reported in the literature, e.g.,
[51Cr]Cr-EDTA, which was previously used to measure GFR, with EDTA doses of up to
50 mg [20], and similarly for [68Ga]Ga-EDTA administered by i.v. injection, with doses of
0.05 M (18.6 mg/mL) with a maximum injected volume of 10 mL (i.e., a maximum injected
Na2EDTA of 186 mg [9]). In this context, the 0.0005 M concentration of Na2EDTA dihydrate
in our radiolabelled product was low.

3.1.2. Amount of NaOAc Trihydrate

The amount of NaOAc trihydrate in the radiolabelled product was set to 0.1 M, as per
Hofman et al. [9], corresponding to 1.00 mmol in each EDTA kit and 4.54 g in 100 mL EDTA
kit solution.

3.1.3. Amount of NaOH

The amount of 3 M NaOH was adjusted according to the following principles: half
of the sodium acetate (0.5 mmol in each EDTA kit) should be protonated to offer a good
acetate buffer capacity. This was achieved during the addition of 0.1 N HCl from the
generator, where a total amount of 0.7 mmol HCl was added. The excess of 0.2 mmol of
HCl should be neutralized by NaOH contained in the EDTA kit, resulting in 2.22 mL of
3 M NaOH in the 100 mL EDTA kit solution.

The kit was designed for use with a GalliaPharm 68Ge/68Ga-generator (Eckert&Ziegler)
using 0.1 N HCl for elution. If other generators are considered, with other eluents or other
volumes of eluent, the design can be adjusted accordingly, following the description and
rationales provided above. However, this will require a separate validation.

3.2. Na2EDTA Dihydrate Concentration Determination as a Quality Control of EDTA Kit

The HPLC method used to determine the concentration of Na2EDTA dihydrate was
implemented as a quality control test of the EDTA kit. Since EDTA itself does not absorb UV
light, a Fe3+ complex was formed, which could be measured by UV detection on a HPLC
system [14–16]. The method described in the following determined the concentration of
Na2EDTA dihydrate with a certainty of ±10%, which was acceptable as we only required a
rough estimate of the content to ensure no larger error was introduced during production.
Furthermore, the amount given to the patient depends on the radioactivity concentration at
the time of injection. This precision could be enhanced by introducing an internal standard
in the chromatographic method; however, this was not the scope of this work.
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3.3. Development of Labeling Method

An automatic, preprogrammed production method using the ModularLab Pharm-
Tracer was used to ensure the radiation safety of the personnel. The method needs to be
rapid, reproducible and yield a high radiochemically pure product. Labeling reactions were
carried out in the disposable cassettes, providing an easy and fast method that routinely
achieved very high radiochemical yield and purity >99%. Elution of the generator into
the kit takes 3.5 minutes and the complexation reaction between 68Ga3+ and EDTA takes
place immediately. Thus, labeling of the product can be performed immediately prior to
diagnostic examinations, ensuring minimum loss of radioactivity between production and
patient administration.

3.4. Development of Chromatographic Method for [68Ga]Ga-EDTA

Thin-layer chromatography (TLC) and paper chromatography are commonly uti-
lized, easy methods for the determination of impurities in radiopharmaceuticals. We
aimed to develop a method to determine the formation of the 68Ga-colloid impurity in
the [68Ga]Ga-EDTA product. Ga3+ ions are prone to hydrolysis in aqueous solutions and
form different mono- and polynuclear hydroxide species depending on pH, temperature
and ionic strength conditions [12]. Free 68Ga-ions are not expected in the product, since
the strong chelator EDTA will ensure that all 68Ga-ions are coordinated to EDTA (details
on experimental proof are explained at the end of this section). Technically, it should be
possible to separate [68Ga]Ga-EDTA and 68Ga-colloid, so we investigated the chromatogra-
phy systems described in the literature for 68Ga-labelled peptides and [68Ga]Ga-EDTA to
determine their applicability to our system.

For this investigation, we wanted to prepare the 68Ga-colloid impurities. During
our studies, the method for its preparation, as described in the Ph.Eur. [21], was replaced
by the Bench titration method [22], which provides a more precise pH adjustment and
which, in our opinion, is a superior method. The 68Ga-colloid formation was influenced
by pH, and unstable oxides or hydroxides were able to complex with EDTA, leading to
[68Ga]Ga-EDTA [23].

The applied methods using iTLC-SG as the stationary phase are summarized in Table 4.
One examined method was based on the analysis of the radiochemical purity of [68Ga]Ga-
PSMA-HBED-CC in the Ph.Eur. monograph [21], which provides a nice sharp peak at
Rf = 0.0 for the 68Ga-colloid. However, this method was not suitable for [68Ga]Ga-EDTA,
since this complex provided a broad tailing peak (Table 4, entry 1). The three other applied
methods (Table 4, entries 2–4) had the common feature that the 68Ga-colloid peak did not
stay at Rf = 0, which, according to the literature, was to be expected [24–26]. A plausible
reason for this is that the 68Ga-colloids used as reference samples in ours and published
studies may not have the same stability. In our studies, it could be argued that the eluents
containing either EDTA or TFA can lead to transchelation from 68Ga-colloid, or rather
68Ga-oxides or 68Ga-hydroxides, to complexes with EDTA or trifluoroacetate as ligands.

Another stationary phase was examined using Whatman Grade 1 Chr as the stationary
phase and the eluent was a mixture of water:ethanol:pyridine (4:2:1) [23,27]. Here, [68Ga]Ga-
EDTA produced a clean peak, whereas the 68Ga-colloid peak was not sharp (Table 4, entry 5).

The results presented here indicate that iTLC-SG strips do not provide a perfect
stationary phase for the development of [68Ga]Ga-EDTA chromatograms, since the obtained
peaks were wide, asymmetric and tailed. Due to this observation, it was decided to proceed
with Whatman Grade 1 Chr strips for further trials. Of all the combinations tested in this
study, only one system resulted in 68Ga-colloid peaks, with Rf = 0 (Table 4, entry 1). The
others showed some transchelation, resulting in Rf > 0.
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Table 4. Results from TLC-studies with reference to the literature. SP: stationary phase, MP: mobile phase.

Entry TLC System 68Ga-Colloid [68Ga]Ga-EDTA

1

SP: iTLC-SG
MP: 77 g/L
NH4OAc(aq)/MeOH (1/1)
68Ga-colloid: Ph.Eur.
Reference: [21]

2

SP: iTLC-SG
MP: 0.1M EDTA in 0.25 M
NH4Ac, pH 5.5
68Ga-colloid: Ph.Eur.
Reference: [24]

3

SP: iTLC-SG
MP: TFA 4%
68Ga-colloid: Ph.Eur.
Reference: [25]

4

SP: iTLC-SG
MP: 0.9% NaCl/MeCN (1/1)
+ 0.08% TFA
68Ga-colloid: Bench titration
Reference: [26]

5

SP: Whatman Grade 1CHR
MP:
Water/ethanol/pyridine
(4/2/1)
68Ga-colloid: Ph.Eur.
Reference: [23,27]

To address this issue, we also investigated HCl with pH = 5.6 as an eluent, i.e. the
same pH as the method used to prepare 68Ga-colloid. The simple mobile phase of HCl,
adjusted with NaOH to pH = 5.6, gave the best and most well-defined 68Ga-colloid peak
using both iTLC-SG and Whatman Grade 1 Chr as stationary phases (Table 5, entries 1 and
2). Thus, it was concluded that a chromatography system consisting of the combination
of Whatman Grade 1 Chr and HCl (pH 5.6) was the optimum method for quality control
of the labelled product (Table 5, entry 2). Additionally, since this method required the
adjustment of HCl to pH = 5.6 with NaOH, we also investigated whether the use of saline
as a mobile phase instead of HCl was useful. Table 5, entry 3, demonstrates this alternative
method of using a system consisting of Whatman Grade 1 Chr as a stationary phase and
saline as a mobile phase as a routine quality control for [68Ga]Ga-EDTA. The advantage of
this method is that it is simple, fast, cheap and reproducible.

50



Molecules 2023, 28, 6131

Table 5. Results from TLC- and paper chromatograpy studies using local combinations of stationary
and mobile phases with inspiration taken from the results presented in Table 4. SP: stationary phase,
MP: mobile phase.

Entry TLC System 68Ga-Colloid [68Ga]Ga-EDTA

1
SP: iTLC-SG
MP: HCl pH 5.6
68Ga-colloid: Bench titration

2
SP: Whatman Grade 1CHR
MP: HCl pH 5.6
68Ga-colloid: Bench titration

3
SP: Whatman Grade 1CHR
MP: 0.9% NaCl
68Ga-colloid: Bench titration

R

In this study, we do not expect the presence of free [68Ga]Ga3+ in the product, with the
hypothesis being that any free ions would either coordinate to EDTA or form 68Ga-colloid
immediately under the production conditions. To provide supporting evidence for this
assumption, we created three solutions, ((i) generator eluate, (ii) kit without EDTA and
(iii) [68Ga]Ga-EDTA product), on which a) paper chromatography using the optimized
paper chromatography method and b) HPLC were performed to determine EDTA content,
as described in Sections 2.1.3 and 2.2.2, respectively.

i Generator eluate consisting of [68Ga]GaCl3 was analyzed using Whatman paper, showing
that radioactivity developed to the eluent front only as [68Ga]Ga-EDTA. Therefore, if free
[68Ga]Ga3+ exists, it cannot be separated from the intended product.

ii The 68Ge/68Ga-generator was eluted into a kit prepared without EDTA (analogous to
the production of [68Ga]Ga-EDTA). On the Whatman paper, the product stayed at Rf = 0
showing that, if EDTA is not present, free [68Ga]Ga3+ does not exist in the solution.

iii The intended [68Ga]Ga-EDTA product analyzed using HPLC provided a single clear
peak at Rt = 5.9 min. However, the eluate solution and the kit without EDTA did not
produce signals on the HPLC chromatograms, thus indicating that 68Ga was trapped
on the HPLC column in both cases.

These observations confirm that there is no considerable free [68Ga]Ga3+ present in the
product solution and, as such, it is not necessary to analyze this under general production.

4. Materials and Methods

4.1. EDTA kit Production

The raw materials used to prepare 100 mL of EDTA kit solution were: TRIPLEX
III (ethylenedinithrilotetraacetic acid disodium salt dihydrate = Na2EDTA·2H2O; Merck,
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1.37004.1000, VWR), sodium acetate trihydrate (Merck, 1.06235.1000, VWR), sodium hy-
droxide: sterile 3 M solution 10 × 10 mL (Hospital Pharmacy) and sterile water (SAD,
solvent for parenteral use, 100 mL bottles).

EDTA kit production was aseptically performed in a Laminar Air Flow cabinet (GMP
grade A) situated in a clean room (grade C), with microbiological monitoring using set-
tle plates and particle monitoring (MET One 3415 particle counter) under the complete
duration of critical processing.

In the clean room, reagents were weighed in sterile weight bottles with their lids
and transferred to the LAF-cabinet. In the LAF-cabinet, reagents were transferred to the
volumetric flask (100 mL) and dissolved in sterile water. After complete dissolution using
a magnet stirrer, the product was sterile-filtered (filter unit Cathivex GV 0.22 μm Merck
Millipore), portioned manually with a Finnpipette with a sterile tip and sealed in sterile
10 mL glass vials with 3 mL of product in each vial. Vials were frozen at −18 ◦C.

The ingredients for 100 mL EDTA kit solution are shown in Table 6.

Table 6. Amount of reagents in 100 mL EDTA kit solution.

Reagent Molar Weight (g/mol) Amount of Substance (mol) Mass (g)
Volume

(mL)

Disodium EDTA dihydrate 372.24 0.000167 0.0620 -
Sodium acetate trihydrate 136.08 0.0333 4.54 -
NaOH (3 M) - 0.00666 - 2.22
Sterile water - - - Up to 100

4.2. EDTA Kit Quality Control

The sterile filter used for the bulk production was tested manually for integrity. For
this purpose, 3 mL of sterile water was drawn into a 10 mL syringe, followed by air. The
filter was then attached to the syringe and the syringe’s content rapidly expelled. The filter
was intact if the syringe’s piston returned to its starting position. The produced EDTA kits
were individually tested visually for appearance and volume, determined by comparison
to a standard volume. The product pH was measured on a single sample using a calibrated
ISO 9001 certified pH-meter (HACH HQ411d with provided PHC705 electrode). Sterility
testing of a single sample of the product was carried out by the hospital microbiology
department to determine the amount of CFU in the product.

The content of Disodium EDTA dihydrate in the EDTA kit was measured using High-
Pressure Liquid Chromatography analysis (HPLC), based on a complexation reaction
between EDTA and Fe3+ (formation constant for Fe-EDTA, Kf = 1.3 × 1025) [14], reversed
phase column and ion pair reagent, as described in [14–16]. The HPLC system consisted of
LC-20AD UFLC Shimadzu pump, SPD-20A HPLC UV-VIS detector (wavelength 254 nm),
chromatographic column (Kinetex 5 μm XB-C18 100a 150 × 4.6 mm) and associated LabSo-
lutions software. The following HPLC parameters were used: flow: 1 mL/min; injection
volume: 30 μL; eluent: 4.5 g sodium acetate trihydrate with 800 mL of water added, pH
adjusted to 4.0. Thereafter, 4.0 g tetrabutylammonium bromide was added and filled up to
1 L with water. To create a calibration curve, 10 reference samples of Na2EDTA dihydrate
in water were produced with concentrations ranging from 0.01 mg/mL to 0.1 mg/mL
in steps of 0.01 mg/mL. A solution of FeCl3·6H2O in 30% acetic acid/water (V/V) with
a concentration of 0.175 mg/mL was produced. For HPLC analysis, 10 samples were
prepared by mixing the Na2EDTA dihydrate reference sample and FeCl3·6H2O solution
1/1. Samples from EDTA kits were diluted 1/10 with water and mixed with FeCl3·6H2O
solution 1/1 prior to HPLC analysis.

Finally, a complete labelling reaction of an EDTA kit with 68Ga, producing [68Ga]Ga-
EDTA according to the procedure described below, was required for approval of each EDTA
kit batch.
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4.3. [68Ga]Ga-EDTA Production

The production of [68Ga]Ga-EDTA was performed in a grade C clean room, with all
critical processes conducted in a GMP-grade A Laminar Air Flow cabinet. Microbiological
monitoring with settle plates, glove print and particle monitoring (MET One 3415 particle
counter) was performed for the complete duration of critical processing. Synthesis was
performed automatically using a PharmTracer ModularLab.

The critical sterile procedure in which the thawed, sterile, sealed vial with 3 mL of
on-site, pre-produced EDTA kit, was equipped with a vent needle and a needle with a filter
unit for sterile filtering (Cathivex GV 0.22 mm Merck Millipore), which was performed in a
GMP-grade A LAF cabinet. The product vial was then connected to the elution cassette’s
outlet and placed into the shielded container, after which PharmTracer’s elution software
was executed.

The GMP-compliant (production and test compliance with Ph.Eur. and DMA regula-
tions) GalliaPharm 68Ge/68Ga-generator (Eckert and Ziegler 1.85 GBq), was eluted with
7 mL of sterile ultrapure 0.1 N HCl for the direct elution of GalliaPharm into the thawed
sterile, sealed vial containing the on-site pre-produced EDTA kit. The process was fully
automated using the elution cassette for Modular-Lab PharmTracer (Eckert and Ziegler
Eurotop GmbH), Figure 6.

 

Figure 6. Synthesis setup. A: 0.1 N HCl; B: GalliaPharm 68Ge/68Ga-generator; C: dispensing syringe;
D: Stopcock manifold; E: lead shield with product vial.
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The use of Modular-Lab PharmTracer system, together with Software Modular-Lab
and elution/synthesis cassettes (Eckert and Ziegler Eurotope GmbH), provides an efficient,
routine GMP production of radiopharmaceuticals and prevents cross-contamination issues.
The system was fully qualified and validated to perform [68Ga]Ga-EDTA synthesis based on
the use of 0.1 N HCl for the elution of the 68Ge/68Ga-generator. Additionally, the automatic
synthesis was reproducible and provided the benefit of reductions in the radiation dose to
the staff. The elution cassette was inserted into the PharmTracer’s stopcock manifold, and
the generator connected to the inlet port of the cassette.

The shielded GalliaPharm system is an approved radionuclide generator for medical
use, allowing for the elution of [68Ga]GaCl3 from a titanium dioxide column, onto which
the parent radionuclide 68Ge is adsorbed. 68Ga is eluted using sterile ultrapure 0.1 N HCl.
The sterile ultrapure HCl solution was connected to the generator’s inlet port and the
eluate collected at the outlet port with intended use in medicinal production. The generator
was eluted a minimum of 24 h prior to labeling in order to avoid the accumulation of free
long-life 68Ge ions and metal impurities, e.g., zinc ions (Zn2+) arising as the decay product
from 68Ga, which can interfere with the labeling reaction [2,28].

The 68Ga eluate was regularly investigated for sterility as well as for 68Ge breakthrough
by a gamma spectrum test in the laboratory. Other potential metal ion impurities, such as
Fe and Zn ions, were defined by the manufacturer (Eckert and Ziegler, Berlin, Germany) as
being lower than the levels allowed by the European Pharmacopeia.

4.4. [68Ga]Ga-EDTA Quality Control

Routine quality control of the labelled product included pH verification with indicator
papers and the visual determination of appearance and volume, as assessed by comparison
with a standard. Testing of the filter integrity was performed as described earlier for EDTA
kits and radionuclide purity was tested by measuring the half-life and 68Ge-breakthrough in
a product sample. The product's radionuclide identity was confirmed by half-life determi-
nation according to the Ph.Eur. monograph for 68Ge/68Ga generators: three measurements
of radioactivity within 15 min in a dose calibrator (Capintec CRC-55TR), which was rou-
tinely checked for stability and accuracy. Results were plotted logarithmically as a function
of time. 68Ge breakthrough was determined at a minimum 48 h after the [68Ga]Ga-EDTA
end of synthesis (EOS) in an automatic gamma-counter (Perkin Elmer, Wizard 2480). In
accordance with the Ph.Eur., the results were expressed as a percentage of total eluted 68Ga.

Standard paper chromatography method was used to determine the radiochemical pu-
rity (RCP) and identity of [68Ga]Ga-EDTA. The product was applied 2 cm from the bottom
of a Whatman Grade 1 Chr (GE Healthcare) chromatography paper strip (12 cm × 2 cm)
and directly transferred to a chromatography tank with 10 mL of 0.9% sodium chloride
(NaCl). When the solvent front reached 8 cm from the bottom, the strip was removed from
the tank and analyzed using a LabLogic TLC-scanner Scan-RAM (Laura software and PS
Plastic/PMT radio-detector; 120 mm; speed 1 mm/s). To validate this paper chromatogra-
phy method, 0.9% NaCl was used as an eluent and Whatman Grade 1 Chr plates as the
stationary phase; a standard solution of [68Ga]Ga-EDTA (product) and a reference solution
of 68Ga-colloid (impurities) were used. Since the presence of 68Ga-ions was not expected in
a product with large excess of EDTA, 68Ga-ions were not considered. [68Ga]Ga-EDTA was
produced using the method described in the previous method section. 68Ga-colloid was
prepared using the bench titration of 68Ga-eluate with sodium hydroxide solutions to pH
5.6 ± 0.2 [22].

Quantitative endotoxin detection in the product was measured by an EndoSafe Nexgen
PTS (Charles River) spectrophotometer, which utilized disposable cartridges with Limulus
amebocyte lysate (LAL) reagents (product number PTS201F).

Additional extended quality control procedures (XQC), carried out at regular inter-
vals, included: (1) gamma spectrum measurement by a high purity germanium detector;
(2) sterility testing analyzed by the Department of Microbiology, as described above, for
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EDTA kits and (3) stability studies (repetition of pH and RCP/ID measurements), no less
than 2 h post-EOS.

5. Conclusions

This paper describes the development and validation of methods for the production
and quality control of a simple EDTA kit and its labeling with 68Ga. Both production
procedures are performed under aseptic conditions compliant with GMP regulations.

Quality control of both the simple kit and labelled product consisted of a visual
assessment, volume designation, pH measuring, filter integrity test and test for sterility.
The EDTA kit was controlled using the HPLC method to measure precursor (EDTA) content.
The final product, [68Ga]Ga-EDTA, was controlled for radiochemical purity using the
developed, validated and established paper chromatography method with Whatman Grade
1 Chr strips as the solid phase and 0.9% NaCl as an eluent, together with measurements
of the radionuclidic purity from the determination of the half-life, gamma spectrum and
68Ge-breakthrough.

It was shown that the developed processes are reliable, highly reproducible, and easily
implemented for local clinical use.
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Optimization of Deuteron Irradiation of 176Yb for Producing
177Lu of High Specific Activity Exceeding 3000 GBq/mg
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Abstract: The irradiation of 176Yb with deuterons offers a promising pathway for the production of the
theranostic radionuclide 177Lu. To optimize this process, calculations integrating deuteron transport,
isotope production, and decay have been performed. In pure 176Yb, the undesired production of
174g+mLu occurs at higher deuteron energies, corresponding to a distribution slightly shallower than
that of 177Lu. Hence, 174g+mLu can be effectively filtered out by employing either a low-energy
deuteron beam or stacked foils. The utilization of stacked foils enables the production of 177Lu using
a high-energy linear accelerator. Another unwanted isotope, 176mLu, is produced roughly at the same
depth as 177Lu, but its concentration can be significantly reduced by selecting an appropriate post-
irradiation processing time, owing to its relatively short half-life. The modeling approach extended
to the mapping of yields as a function of irradiation time and post-irradiation processing time. An
optimized processing time window was identified. The study demonstrates that a high-energy
deuteron beam can be employed to produce 177Lu with high specific activity exceeding 3000 GBq/mg.
The effect of different purity levels (ranging from 98% to 100%) was also discussed. The impurity
levels have a slight impact. The modeling demonstrates the feasibility of obtaining 177Lu with
a specific activity > 3000 GBq/mg and radionuclidic purity > 99.5% when using a commercially
available 176Yb target of 99.6% purity.

Keywords: isotope production; theranostic radionuclide; accelerator; lutetium; cancer treatment;
medical isotope

1. Introduction

Theranostics is an emerging approach that combines therapeutic and diagnostic ele-
ments for effective cancer treatment [1]. In this approach, radionuclides emitting low-energy
gamma rays are used for diagnostic purposes, while those emitting charged particles such
as beta rays and alpha particles are utilized for therapy. This fusion of diagnostics and
therapy represents a significant advancement in personalized cancer treatment [2,3]. 177Lu
has garnered considerable interest as a theranostic radionuclide due to its emission of beta
rays with an energy of 134 keV and low-energy gamma rays at 208 keV [4,5]. Combining
177Lu with other therapeutic radionuclides, such as 90Y/177Lu and 67Cu/177Lu, has shown
great promise in cancer treatment [6,7]. The efficacy of 177Lu in neuroendocrine tumors has
been acknowledged by the US Food and Drug Administration (approved in 2018) and the
European Medicines Agency (approved in 2017) [8].

The term “carrier-free” is used to describe radionuclides with the highest specific activ-
ity. This means that the final product has 100% isotopic abundance and is not contaminated
with stable isotopes. 177Lu, which has a high specific activity, is particularly important in
certain radiation therapies, although it may not be necessary for all types. For instance,
in peptide receptor radionuclide therapy, the limited concentration of different cellular
cognate receptors expressed on the tumor cell surface necessitates the use of 177Lu with
high specific activity.

Currently, the production of 177Lu relies primarily on reactors using two production
routes [9,10]: the “direct” route and the “indirect” route. In the direct route, the 176Lu
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target is subjected to neutron irradiation via 176Lu(n,γ)177Lu reactions. In comparison, the
indirect route involves the use of a 176Yb target via 176Yb(n,γ)177Yb → 177Lu reactions.
Each route has its advantages and disadvantages.

The direct route benefits from the high thermal neutron capture cross-sections of
176Lu, which is as high as 2090 barn [11,12]. However, a drawback of the direct route is
the production of 177mLu as an impurity of concern. 177mLu has a relatively long half-
life of 160.5 days, leading to an increasing ratio of 177mLu/177Lu over time. This poses
challenges in hospital preparations, as the presence of 177mLu triggers concerns regarding
radioactive waste management. Currently, the average specific activity of the direct route
is approximately 740 to 1100 GBq/mg, which needs further improvement.

The indirect production route is based on the 176Yb(n,γ)177Yb → 177Lu reactions. This
route offers the advantage of producing high specific activity, approximately 2960 GBq/mg,
as it does not generate 177mLu as an impurity. Furthermore, the product obtained via the
indirect route can be carrier-free. However, there are some disadvantages associated with
the indirect production route. It has low production yields due to the low cross-section of
176Yb, which is only 2.5 barns. Additionally, the chemical properties of Yb and Lu are very
similar, posing challenges in the separation of Yb and Lu [13]. For more information on the
various methods under development for Yb/Lu separation, a comprehensive review can
be found in reference [13].

Considering the anticipated high market demand, alternative approaches utilizing
accelerators have been investigated. These methods involve the use of protons [14],
deuterons [15–18], alpha particles [19], and electron beams [20]. Among various accelerator-
based techniques, the most efficient method for producing 177Lu is via the irradiation of
a pure Yb target with deuterium [21]. This method has the highest yield in comparison
with other possible choices, including natYb(d,x)177Lu, natHf(p,x)177Lu, natHf(d,x)177Lu,
natLu(p,x)177Lu, natLu(d,x)177Lu, and natYb(α,x)177Lu.

Previous studies have modeled the utilization of deuteron irradiation on a Yb target
for 177Lu production [22,23]. Kambali compared the production yields between (d,n) and
(d,p) reactions [22]. Nagai et al. systematically modeled the activities and specific activities
of 177Lu using deuteron beams of different energies and Yb targets of varying purities [23].
Both studies suggested the feasibility of the overall processes. The present study aims
to accomplish two objectives: firstly, to assess the feasibility of producing 177Lu using a
high-energy linear accelerator (LINAC); secondly, to optimize both the irradiation time and
the post-irradiation processing time to attain the highest achievable specific activity.

LINAC is a unique type of accelerator that can achieve very high beam energy at a rel-
atively low cost. However, both the ion species and beam energies are fixed characteristics
determined by the beam design. In other words, if it is designed at high energy, it cannot be
operated at low energies. A high-energy LINAC provides opportunities for isotope produc-
tion that requires high threshold beam energies. Conversely, a high-energy beam may be
less suitable for isotope production that necessitates low threshold energies. An example of
such a high-energy accelerator is the LINAC, located in Denton, Texas. Originally manu-
factured as part of the superconducting supercollider project, it was designed to operate
at a beam energy close to 70 MeV for isotope production. This LINAC utilized a design
that originated from Los Alamos National Laboratory in the 1980s, specifically tailored
for an energy range of 70 to 90 MeV for the nuclear medicine program at that time [24,25].
Therefore, exploring the applications of high-energy LINACs for isotope production holds
commercial value. It is worthwhile to investigate the feasibility of utilizing high-energy
accelerators as versatile instruments capable of accommodating a wide range of isotopes
requiring thermal energy at different energy levels, both low and high.

The current study utilized 80 MeV as an illustrative example of a high-energy LINAC.
However, the proposed methodology is applicable to various high-energy LINACs, regard-
less of whether they operate at 80 MeV or not. The multiple foil target configurations, as
proposed in the present study, can be adjusted based on the specific beam energy of any
LINAC, making the approach versatile and not limited to Denton LINAC. For the same
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reason, the beam current was chosen to be typical of the Denton LINAC. Nevertheless, the
obtained yields can be readily converted for other LINACs. Hence, the impact of this study
extends to general high-energy LINACs and is not specific to the Denton LINAC.

2. Modeling Procedure

The modeling approach employed in this study consists of the following steps: (1) a
Monte Carlo simulation code was utilized to determine the energy of deuterons at different
penetration depths; (2) the localized energy is converted into localized isotope production
using energy-dependent activation functions; (3) the effects of continuous ion bombardment
(gain) and decay (loss) are calculated as functions of irradiation time and post-irradiation
processing time; and (4) the amount of produced isotopes is integrated over the region of
interest to calculate activity and specific activity.

The Stopping and Range of Ions in Matter (SRIM) code has been widely used in
materials science for irradiation studies [26]. However, SRIM does not directly provide
detailed information about the local beam energy at different penetration depths as an
output. Nevertheless, this information can be estimated reasonably well by analyzing the
projected range of ions at various incident energies. Figure 1 plots the projected ranges of
deuterons as a function of incident energy. For instance, at an incident energy of 80 MeV,
the projected range of deuterium in Yb is approximately 9.2 mm. Conversely, at a lower
energy of 60 MeV, the projected range reduces to 8 mm. This difference of 1 mm in range
suggests that, in order for an 80 MeV beam to stop at 9.2 mm, its energy at a depth of 1 mm
must be around 60 MeV. In other words, if we denote the projected range curve as R(E),
where E is the incident energy as a variable, then for a selected incident energy E0, the
energy at a depth of R(E0)− R(E) from the surface is E. Figure 2 plots the local energy as a
function of depth for different incident energies, calculated using the procedure described.

Figure 1. Projected ranges of deuteron as a function of deuteron incident energy in Yb.
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Figure 2. Local deuteron energy as a function of depth in Yb for incident energies of 20, 40, 60, and
80 MeV.

The utilization of Figure 2 to convert local beam energy into isotope production, based
on energy-dependent cross-sections, assumes that straggling can be neglected. As a result,
for a given incident energy, the energy values at each depth point are precise and have min-
imal uncertainty. This approximation holds true for protons and deuterons because their
collisions with target atoms are primarily influenced by glancing angle collisions. Conse-
quently, the ion trajectory remains a straight line for most of the penetration, except towards
the very end, where low-energy collisions favor the creation of small damage cascades.

The available cross-section data for deuterium bombardment of 176Yb and other
Yb isotopes are quite limited. Khandaker et al. conducted measurements on natural
Yb and reported cross-section data for (d,x) reactions up to 24 MeV [27]. Nagai et al.
fitted these cross-section data and experimentally validated the integrated yields [23].
Figure 3 plots the experimental activation functions for producing 177Lu in pure 176Yb [27],
along with the fitted functions [23]. Two reactions result in the production of 177Lu. The
first reaction is 176Yb(d, n)177Lu, and the second reaction is 176Yb(d, n)177g+mYb → 177Lu .
The cross-section of the 176Yb(d, n)177g+mYb → 177Lu reaction is higher than that of the
176Yb(d, n)177Lu reaction. 177Yb undergoes β emission followed by gamma transitions
in 177Lu, with a relatively short half-life of 1.88 h. Therefore, 177Lu can be approximated
as the direct product of deuteron irradiation. It is important to note that the available
experimental data is limited to energies up to 24 MeV. Further validation is required to
assess the accuracy of the data at higher energies.

To maximize the specific activity of 177Lu, minimizing the production of other isotopes
is crucial. This is why purified 176Yb is preferred over natural Yb. Natural Yb consists
of seven stable isotopes: 176Yb, 174Yb, 173Yb, 172Yb, 171Yb, 170Yb, and 168Yb, with 174Yb
being the most abundant at 31.8% of natural abundance. Figure 4a–f presents the fitted
cross-sections for producing isotopes other than 177Lu in 176Yb, 174Yb, 173Yb, 172Yb, 171Yb,
and 170Yb, respectively. 168Yb is not included due to its very low abundance (0.126%). It is
observed that almost all cross-sections of (d,x) reactions are higher than that for producing
177Lu in 176Yb (Figure 3). Therefore, utilizing purified 176Yb instead of natural Yb is the
most effective approach to avoid the generation of unwanted isotopes.
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Figure 3. Cross-sections of producing 177Lu as a function of deuteron energy, from experiments [26]
and fitting [23].

Table 1 summarizes Lu isotopes (only relevant ones are selected) and their half-lives
and decay modes [28,29]. As for specific isotope products in Figure 4, 173Lu produced
from the bombardment of 174Yb or 173Yb decays into 173Yb via electron capture (EC) with
a half-life of 1.37 years. For 172g+mLu produced from both 173Yb and 172Yb, 172Lu decays
into 172Yb via β+ decay with a half-life of 6.7 days. 172mLu decays into 172Lu via isomeric
transition (IT) with a half-life of 3.7 min. For 171g+mLu produced from 172Yb and 171Yb,
171Lu decays to 171Yb via b β+ decay with a half-life of 8.24 days. 171mYb decays to 171Lu
via IT decay with a half-life of 79 s. For 170g+mLu produced from 171Yb and 170Yb, 170Lu
undergoes β+ decay into 170Yb with a half-life of 2 days. 170mLu decays rapidly into 170Lu
via IT decay with a half-life of 670 milliseconds. For 169Lu produced from bombarding
170Yb, it decays into 169Yb with a half-life of 34 h.

Table 1. Selected Lu isotopes and their decay characteristics [28,29].

Nuclide Half-Life Decay Daughter Isotope

169Lu 34.06(5) h β+ 169Yb
170Lu 2.012(20) d β+ 170Yb

170mLu 670(100) ms IT 170Lu
171Lu 8.24(3) d β+ 171Yb

171mLu 79(2) s IT 171Lu
172Lu 6.70(3) d β+ 172Yb

172mLu 3.7(5) min IT 172Lu
173Lu 1.37(1) y EC 173Yb
174Lu 3.31(5) y β+ 174Yb

174mLu 142(2) d
IT (99.38%) 174Lu
EC (0.62%) 174Yb

176Lu 38.5(7) × 109 y β− 176Hf

176mLu 3.664(19) h
β− (99.9%) 176Hf
EC (0.095%) 176Yb

177Lu 6.6475(20) d β− 177Hf
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Figure 4. Cross-sections of various (d,x) reactions in deuteron-irradiated (a) 176Yb, (b) 174Yb, (c) 173Yb,
(d) 172Yb, (e) 171Yb, and (f) 170Yb, as a function of deuteron energy [23].

Figure 4a is important in minimizing the presence of unwanted isotopes when using a
purified 176Yb target. 176mLu, in particular, undergoes β− decay into 176Hf (99.9%) and EC
decay into 176Yb (0.095%). With a relatively short half-life of 3.664 h, it is feasible to wait
for a sufficient time period for 176mLu to decay before initiating the chemical separation
process. By optimizing the timing, the specific activity of 177Lu can be maximized while
minimizing the presence of 176mLu and its decay products.

174gLu, with a half-life of 3.31 years, decays into 174Yb via β+ decay. The long half-life
of 174gLu poses a challenge in achieving a high specific activity of 177Lu. However, the
reactions leading to its production start above 15 MeV and become significant above 20 MeV.
Therefore, the concentration of 174gLu can be minimized by optimizing the beam energy
(E < 20 MeV). Regarding 174mLu, it undergoes IT decay into 174Lu (99.38%) and EC decay
into 174Yb (0.62%). Its relatively long half-life of 142 days presents concerns about quality
control. However, since 174mLu has a higher threshold energy at 20 MeV, its concentration
can also be minimized via beam energy optimization (E < 20 MeV).

The distinctive energy dependence of the production of 177Lu and other isotopes
in pure 176Yb leads to the difference in their isotope distribution profiles, as shown in
Figure 5 for the case of 80 MeV deuteron irradiation. The dashed line in Figure 5 represents
the local deuteron energy as a function of penetration depth. The symbols represent the
cross-section of producing 177Lu, 176mLu, 174gLu, and 174mLu. At shallow depths, where
the deuteron energy is high, the production of isotopes is relatively low. As the deuteron
energy decreases to approximately 40 MeV, corresponding to a depth of around 6 mm,
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the cross-section for producing 174g+mLu increases (as shown in Figure 4a). At an energy
of approximately 30 MeV, corresponding to a depth of about 7.5 mm, 177Lu production
starts to increase. At an energy of around 20 MeV and a corresponding depth of 8.3 mm,
the cross-section for 176mLu production begins to rise. The 174mLu cross-section reaches
its peak at a depth of approximately 7.7 mm and then decreases to almost zero at a depth
of 8.3 mm. For 174gLu, its cross-section reaches its peak at a depth of around 7.9 mm
and drops to almost zero at a depth of 8.5 mm. For both 177Lu and 176mLu, they exhibit
increasing cross-sections and peak at a depth of approximately 8.8 mm. The corresponding
deuteron energy at this depth is approximately 13 MeV. Both 177Lu and 176Lu cross-sections
decrease and approach zero at a depth of approximately 9 mm. As to be discussed shortly,
the differences in in-depth profiles of different isotopes are important in maximizing the
specific activity of 177Lu.

× − −

Figure 5. Local deuteron energy (dashed line) and cross-sections of producing 177Lu (red circle),
176mLu (blue square), 174gLu (green triangle), and 174mLu (orange triangle), as a function of depth, for
the case of 80 MeV deuteron irradiation of pure 176Yb.

The depth-dependent cross-sections are used to calculate the quantity of isotope
products at different depths for specific bombardment time and processing time. The
change of isotopes per unit volume (N) is determined by the following equation [30],

dN =

{
(R − λN)dt : 0 < t < tb
−λNdt : tb < t

,

with the solution

N =
R
(
1 − e−λtb

)
e−λ(t−tb)

λ
( f or t > tb)

λ = 0.693/t1/2

R = σN0Φ
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where t is time, tb is the end of irradiation time, R is the reaction rate per unit volume, λ is
the decay constant, N0 denotes the atomic density (which is 2.422 × 1022 atoms/cm3 for
Yb), and Φ the number of deuterons arriving on the surface per unit area per unit of time.
For Φ, a value of 1 × 1016 deuterons/cm2/s is used, which is typical for a high-performance
plasma source. Note that 1 × 1016 deuterons/cm2/s corresponds to 1.6 mA/cm2. The
decay constants λ used in the calculations are based on the half-life times t1/2: 6.65d for
177gLu, 3.66h for 176mLu, 3.31y for 174gLu, and 142d for 174mLu.

Figure 6 plots the calculated depth profiles of 177Lu in 80 MeV deuteron-irradiated
176Yb at three different time points: 0 h, 3 h, and 24 h after the completion of irradiation.
The irradiation time is set to 3 days. Three hours after the irradiation, the concentration
changes of 177Lu due to its decay are minimal. In 24 h after the irradiation, concentration
decreases become apparent. However, the overall concentration changes are not significant.
At the depth of peak concentration, 8.8 mm, the concentration of 177Lu decreases from
1.24 × 1019 atoms/cm3 to 1.21 × 1019 atoms/cm3 after three hours and further decreases
to 1.12 × 1019 atoms/cm3 after 24 h.

× − −

Figure 6. Concentrations of 177Lu as a function of depth in 80 MeV deuteron-irradiated 176Yb. The
irradiation time is 3 days. For comparison, the post-irradiation processing times considered are 0 h,
3 h, and 24 h. The beam current is 1.6 mA. The beam spot size is 1 cm2. This corresponds to 1 × 1016

deuterons/cm2/s.

As a result of its much faster decay, the concentration change of 176mLu differs signifi-
cantly from that of 177Lu. Figure 7 plots the 176mLu concentration profiles at the same time
points as shown in Figure 6. At the end of irradiation, the peak concentration of 176mLu is
1.09 × 1018 atoms/cm3. After 3 h, the concentration decreases to 4.22 × 1017 atoms/cm3

and further decreases to 1.16 × 1016 atoms/cm3 after 24 h. In contrast, both 174gLu and
174mLu exhibit negligible concentration changes, as shown in Figures 8 and 9. This lack
of changes is due to their relatively long half-lives, which are 3.31 years for 174gLu and
142 days for 174mLu. It is worth noting that the peak concentrations of both isotopes, at
2.5–3.5 × 1019/cm3, are higher than the peak concentration of 177Lu (about 1 × 1019/cm3).
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× − −

Figure 7. Concentrations of 176mLu as a function of depth in 80 MeV deuteron-irradiated 176Yb. The
irradiation time is 3 days. The post-irradiation processing times are 0 h, 3 h, and 24 h. The beam
current is 1.6 mA. The beam spot size is 1 cm2. This corresponds to 1 × 1016 deuterons/cm2/s.

× − −

Figure 8. Concentrations of 174gLu as a function of depth in 80 MeV deuteron-irradiated 176Yb. The
irradiation time is 3 days. The post-irradiation processing times are 0 h, 3 h, and 24 h. The beam
current is 1.6 mA. The beam spot size is 1 cm2. This corresponds to 1 × 1016 deuterons/cm2/s.

Considering the differences in concentration distributions and decay rates, we propose
two methods to increase the specific activity of 177Lu. The first method involves reducing
the deuteron beam energy to a value close to 21 MeV. This energy is high enough to activate
the production of 177Lu but not high enough to produce significant amounts of 174gLu and
174mLu. Figure 10 compares the isotope profiles for an incident energy of 80 MeV and an
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incident energy of 21 MeV. The calculations correspond to a post-irradiation processing
time of 24 h, with the irradiation time set to 3 days. In the case of 21 MeV, 177Lu reaches its
peak concentration at a depth of 0.6 mm and drops to zero at approximately 1 mm depth.
The unwanted isotope 174gLu is present in small quantities near the surface and rapidly
decreases to nearly zero at a depth of around 0.4 mm. The concentration of 174mLu is
located at even shallower depths and is negligible. Due to its rapid decay, the concentration
of 176mLu is reduced to a negligible level as well.

× − −

Figure 9. Concentrations of 174mLu as a function of depth in 80 MeV deuteron-irradiated 176Yb. The
irradiation time is 3 days. The post-irradiation processing times are 0 h, 3 h, and 24 h. The beam
current is 1.6 mA. The beam spot size is 1 cm2.

× − −

Figure 10. Concentration profiles of 177Lu (red circle), 176mLu (blue square), 174gLu (black triangle),
and 174mLu (green triangle) for the incident energies of 80 MeV and 40 MeV. The irradiation time is
3 days. The calculations correspond to 24 h after the irradiation. The beam current is 1.6 mA. The
beam spot size is 1 cm2.
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The second method involves the use of a stacked foil target. The stacked-foil technique
is commonly employed to measure excitation functions of nuclear reactions involving
light ions as projectiles [31–33]. In this technique, a target composed of multiple foils is
used. In the present study, stacked foils are proposed to harvest isotopes at specific beam
energies. Figure 11 illustrates the arrangement where 176Yb targets with approximately
1 mm thickness are stacked and exposed to deuteron beams. The thickness of the target
foils is slightly adjusted to ensure that the last foil corresponds to a depth ranging from
8.22 mm to 9.22 mm. The gray colored box indicates the last foil, where the specific activity
of 177Lu is maximized, and the unwanted isotopes are minimized.

× − −

Figure 11. Concentration profiles of 177Lu (red circle), 176mLu (blue square), 174gLu (black triangle),
and 174mLu (green triangle) for the incident energies of 80 MeV in a stacked foil target configuration.
The irradiation time is 3 days. The calculations correspond to 24 h after the irradiation. The beam
current is 1.6 mA. The beam spot size is 1 cm2.

Tables 2 and 3 compare the daily isotope production from different depth regions:
8.22 mm to 9.22 mm (the last foil) and the entire depth range of 0 to 9.22 mm (all foils). The
daily production is based on two rounds of irradiation, with each round lasting 12 h. For
each round, the post-irradiation chemical separation time is 28 h. This condition arises
after optimization to maximize specific activities. It does not represent the conditions to
maximize radionuclidic purity nor the conditions optimized to balance both specific activity
and radionuclidic purity. The conditions for different optimization needs will be discussed
shortly. Table 2 presents the first optimization condition, prioritizing specific activity. The
tables provide information on the activity, mass, specific activity, and radionuclidic purity
of 174mLu, 174gLu, 176mLu, and 177Lu.

In Table 2, which pertains to the last foil only, the activity of daily produced 177Lu is
304 GBq, and its specific activity is 3084 GBq/mg. Although the activity is relatively low,
the specific activity is remarkably high. Note that the majority of reactor-based neutron
irradiation produces 177Lu with a specific activity ranging from 740 to 1100 GBq/mg. In
Table 3, which covers the entire depth region from 0 to 9.22 mm, the activity of 177Lu is
1119 GBq, with an average specific activity of 1022 GBq/mg. Even though the specific

67



Molecules 2023, 28, 6053

activity is lower compared to the previous cases, it is still comparable to the quality of
reactor-produced isotopes.

Table 2. The daily production of Lu isotopes in the depth region of 8.22 mm to 9.22 mm in 80 MeV
deuteron-irradiated pure 176Yb. The beam current is 1.6 mA. The beam spot size is 1 cm2. The
irradiation time is 12 h for each batch. The post-irradiation processing time is 28 h. This is the
condition optimized to maximize specific activity. The conditions to maximize radionuclide activity
and the conditions to balance both specific activity and radionuclide activity are different and will be
separately discussed shortly.

Activity (GBq) Mass (mg)
Specific Activity

(GBq/mg)
Radionuclidic Purity

174mLu 0.555 0.003 5.92 0.2%
174gLu 0.481 0.021 5.18 0.1%
176mLu 13.7 7.02 × 10−5 139 4.3%
177Lu 304 0.074 3084 95.4%

Table 3. The daily production of Lu isotopes in the depth region of 0 mm to 9.22 mm. The irradiation
condition is the same as in Table 2.

Activity (GBq) Mass (mg)
Specific Activity

(GBq/mg)
Radionuclidic Purity

174mLu 62.5 0.32 57 5.1%
174gLu 11.5 0.50 10.4 0.9%
176mLu 30.3 1.56 × 10−4 27.8 2.5%
177Lu 1119 0.27 1022 91.5%

To maximize 177Lu production, both in terms of total activity and specific activity,
calculations were performed to determine the optimized conditions. The calculations
changed both the irradiation time and the post-irradiation processing time incrementally.
Figures 12 and 13 compare the isotope quality of the last foil and all foils. These plots
emphasize the significance of selecting the appropriate processing time window. In the
calculations, irradiation time changes using a step of 12 h, while post-irradiation processing
time changes using a step of 4 h. All plots are normalized to one day of operation. If each
batch requires a 12 h irradiation period, then one day of operation combines the yields
from two batches. The post-irradiation processing start time is not limited to a duration
shorter than one day. The calculation takes into account continuous operations, allowing
the post-irradiation processing time to extend beyond one day if necessary.

Figure 12 provides a summary of the product quality of the last foil. All figures
correspond to one day of operation (two batches per day). In Figure 12a, the total activity
of 177Lu reaches the maximum of approximately 337 GBq/day for an irradiation time of
12 h and a post-irradiation processing time of 4 h. Increasing either the irradiation time
or the post-irradiation processing time leads to a decrease in activity. Figure 12b plots the
specific activity and exhibits the existence of a peak region. At a given irradiation time,
the specific activity initially increases and then decreases with increasing post-irradiation
processing time. The peak value is approximately 3071 GBq/mg. For maximizing specific
activity, the optimal post-irradiation processing time is around 20 h for short irradiation.
The optimal post-irradiation processing time slightly reduces to about 12 h for long irra-
diation. Prolonged irradiation and post-irradiation processing times result in a drop in
specific activity, with the lowest value reaching approximately 2590 GBq/mg, representing
the worst scenario in the mapping. However, an overall high specific activity can still
be ensured.
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Figure 12. Cont.
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Figure 12. (a) Activity, (b) specific activity, and (c) radionuclidic purity of 177Lu collected from the last
foil (corresponding to a depth from 8.22 mm to 9.22 mm) of 176Yb irradiated using 80 MeV deuterons.
The x-axis represents the irradiation time, and the y-axis represents the post-irradiation processing
time. All yields are normalized to six days of operation. The flux is 1 × 1016 deuterons/cm2/s, which
is equivalent to a beam current of 1.6 mA over a beam spot size of 1 cm2.

Figure 13. Cont.
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Figure 13. (a) Activity, (b) specific activity, and (c) radionuclidic purity of 177Lu collected from all
foils (corresponding to a depth from 0 mm to 9.22 mm) of 176Yb irradiated using 80 MeV deuterons.
The x-axis represents the irradiation time, and the y-axis represents the post-irradiation processing
time. All yields are normalized to one day of operation. The flux is 1 × 1016 deuterons/cm2/s, which
is equivalent to a beam current of 1.6 mA over a beam spot size of 1 cm2.
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In Figure 12c, the radionuclidic purity of the last foil is plotted. Unlike activity and
specific activity, the radionuclidic purity approaches a saturated maximum of 99.6%. To
achieve a high radionuclidic purity, an extended post-irradiation processing time is needed.
By combining Figure 12a–c, an optimized time window can be identified. In summary,
maximizing activity requires a short irradiation time and a short post-irradiation processing
time, maximizing specific activity necessitates a post-irradiation processing time window
of approximately 20 h, and maximizing radionuclidic purity calls for a prolonged post-
irradiation processing time. A balanced condition can be achieved, such as selecting a
12 h irradiation time and a 28 h post-irradiation processing time, resulting in an activity of
304 GBq/day, a specific activity of 3084 GBq/mg, and a radionuclidic purity of 95.4%. As
mentioned earlier, this is not the condition to maximize radionuclidic purity. The condition
for maximizing radionuclidic purity will be discussed shortly.

Figure 13a–c plots the activity, specific activity, and radionuclidic purity for all foils
(corresponding to a depth region of 0 to 9.22 mm). As mentioned earlier, including these
foils containing a high concentration of 174gLu and 174mLu degrade the overall isotope
quality. However, these foils can still be used in certain medical applications where low
specific activity is acceptable. In Figure 13a, it is evident that including all foils significantly
increases the total activity. The highest activity of ~1260 GBq/day can be achieved by
minimizing both the irradiation time (12 h) and the post-irradiation processing time (4 h).
Regarding specific activity, as shown in Figure 13b, the highest value of about 1100 GBq/mg
can be obtained by minimizing the irradiation and post-irradiation processing time. Even
in the worst-case scenario with a prolonged post-irradiation processing time exceeding 60 h,
the specific activity remains at approximately 740 GBq/mg or above, which is comparable to
typical products obtained via reactor irradiation. For radionuclidic purity, a prolonged post-
irradiation processing time is favored, and the maximum value saturates at around 93%.

Different from Figure 12b, which shows a post-irradiation processing time window for
achieving maximum specific activity, there is no such window observed from Figure 13b.
This discrepancy arises from the high sensitivity of specific activity to the changes of
176mLu quantity in the last foil, given that 176mLu and 177Lu are the predominant isotopes
present, with 176mLu having a rapid decay. In contrast, when all foils are considered, the
mass changes contributed by 176mLu are relatively insignificant due to the substantial
contributions from 174gLu and 174mLu, which have almost negligible changes due to their
relatively long half-lives. Consequently, the specific activity becomes less sensitive to
changes in 176mLu and more responsive to the activity changes of 177Lu itself.

Back to the approach of harvesting 177Lu from the last foil only, the obtained 177Lu
under optimized conditions, as shown in Figure 12b, exhibits a remarkably high spe-
cific activity of about 3084 GBq/mg. This makes the process very attractive for hospital
applications. This specific activity clearly surpasses the current achieved results using
reactors. Table 4 provides a summary of the typical specific activities of 177Lu from dif-
ferent sources [13]. It is worth noting that 3084 GBq/mg is about 75% of the highest
specific activity achievable in carrier-free 177Lu. The theoretically predicted maximum is
4104 GBq/mg [13].

Table 4. Summary of the specific activity ranges of 177Lu commercially available [13].

Suppliers Specific Activity (GBq/mg)

Perkin Elmer, USA ~740
ORNL, USA 1850–2960
MURR, USA 925

MDS Nordion, Canada 1665
ITG, Garching, Germany 2960

IDB Holland BV ~740

Having all foils made of 176Yb is not a requirement in the stacked foil approach.
Sacrificial materials of less expensive materials can be used in the other foils while reserving

72



Molecules 2023, 28, 6053

the last foil specifically for 176Yb. Alternatively, for isotope production other than 177Lu,
different target materials can be used to replace the other foils. This flexibility is particularly
valuable for isotopes that require a higher threshold energy for production.

The discussion above has assumed a 176Yb target with a purity level of 100%, which
represents an ideal scenario. In reality, targets of a purity level of >99.6% are commercially
available (i.e., from ISOFLEX USA, San Francisco, CA, USA). In commercially enriched
176Yb targets, impurity levels of other Yb isotopes decrease significantly as the mass num-
bers of Yb decrease [23]. Consequently, 174Yb is more abundant than other isotope im-
purities in 176Yb-enriched targets. The three unwanted products originating from 174Yb
are 174g+mLu and 173Lu. These isotopes have relatively long lifetimes compared to others,
resulting in their minimal contribution to the radionuclide impurities of 177Lu.

To model the effect of purity, calculations were performed for the production and
decay of 177Lu, 174mLu, 174gLu, 176mLu, and 173Lu. The production calculations utilized
cross-section data from Figures 4 and 5, while the decay calculations were based on the
half-life times provided in Table 1. Table 5 compares the activity, specific activity, and
radionuclidic purity of 177Lu in 176Yb targets at purity levels of 100%, 99.6%, 99%, and
98%, respectively. All values correspond to daily production, assuming two rounds of
irradiation per day with a 12 h irradiation time for each batch and a 28 h post-irradiation
processing time for each batch. The conditions include an 80 MeV beam energy, 1.6 mA
beam current, and a 1cm2 beam spot size. The comparison is made for collecting Lu from
all foils (0 to 9.22 mm) and from the last foil (8.22 mm to 9.22 mm).

Table 5. The daily production of 177Lu in 176Yb targets with purities of 100%, 99.6%, 99%, and 98%.
Comparison was made for the depth region of 8.22 mm to 9.22 mm (the last foil) and the range of
0 mm to 9.22 mm (all foils) under 80 MeV deuteron irradiation. The beam current is 1.6 mA. The beam
spot size is 1 cm2. The irradiation time for each batch is 12 h, and the post-irradiation processing time
is 28 h as the optimized conditions. The condition is not optimized to maximize radionuclidic purity.

Starting 176Yb
Purity

Depth Region
Activity (GBq)

per Day
Mass (mg) per

Day
Specific Activity

(GBq/mg)
Radionuclidic

Purity

100%
8.22 mm to 9.22 mm 304 0.074 3084 95.4%

0 mm to 9.22 mm 1119 0.273 1022 91.5%

99.6%
8.22 mm to 9.22 mm 302 0.074 3052 95.4%

0 mm to 9.22 mm 1115 0.272 1017 91.4%

99%
8.22 mm to 9.22 mm 301 0.073 3004 95.3%

0 mm to 9.22 mm 1108 0.270 1008 91.4%

98%
8.22 mm to 9.22 mm 297 0.073 2912 95.3%

0 mm to 9.22 mm 1097 0.267 994 91.3%

Table 5 shows that there is no significant difference when the purity is reduced from
100% to 99.6%. In the case of the last foil, the activity changes from 304 to 302 GBq and the
specific activity changes from 3084 to 3052 GBq/mg. Even in the worst-case scenario of
98% purity, the activity is 335 GBq, and the specific activity is 2912 GBq/mg. These results
suggest that a purity level of around 98% and above does not significantly degrade the
quality of the final product.

Using 99.6% purity as the example, Table 6 lists the activity, mass, and specific activity
of each Lu isotope, giving further details about the impurity effect. Judged by the radionu-
clidic purity, the largest impurity effect comes from 176mLu, at a value of 4.3%. 176mLu has
a specific activity of 137 GBq/mg. Although its mass is not the largest, its short half-life of
3.66 h makes its contribution large. On the other hand, 173Lu, as a unique product from
174Yb, has the smallest contribution in influencing 177Lu radionuclidic purity.
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As one highlight of the present study, irradiation, and processing conditions are iden-
tified to provide the quality range that is of particular interest to the isotope production
community. The most demanded quality is specific activity > 2960 GBq/mg and radionu-
clidic purity > 99.5%. Figure 14a–d are for 176Yb of 100% purity and for the last foil only
(depth from 8.22 mm to 9.22 mm). Figure 14a maps the region where the activity exceeds
185 GBq/day, a condition that can be easily achieved based on the modeled conditions.
The majority of regions surpass 259 GBq/day, except for a specific corner associated with
significantly longer irradiation time and post-irradiation processing times. In Figure 14b,
the plot showcases the region that surpasses 99.5% radionuclidic purity, which can be
attained with post-irradiation processing times longer than 40 h. This region appears to
be less sensitive to variations in irradiation times. Figure 14c presents the region of the
specific activity exceeding 2960 GBq/mg. It shows a trade-off between irradiation time
and post-irradiation processing times, whereby a longer irradiation time necessitates a
shorter post-irradiation processing time. Figure 14d provides a summary of the region that
satisfies the combined criteria of activity > 259 GBq/day, specific activity > 2960 GBq/mg,
and radionuclidic purity > 99.5%. It represents the optimized conditions obtained by
considering all restrictions. This region corresponds to irradiation times shorter than 60 h
and post-irradiation processing times between 44 and 64 h.

Figure 14. (a) Activity, (b) specific activity, (c) radionuclidic purity of 177Lu obtained from 80 MeV
deuteron irradiation of 176Yb with 100% purity, and (d) processing time window capable of achieving
activity > 259 GBq/day, specific activity > 2960 GBq/mg, and radionuclidic purity > 99.5%. Only the
last foil is processed. The beam current is 1.6 mA, and the beam spot size is 1 cm2.
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For a purity of 99.6%, Figure 15a–d plots the corresponding activity, specific activity,
radionuclidic purity, and the optimized conditions for achieving activity > 259 GBq/day,
specific activity > 2960 GBq/mg, and radionuclidic purity > 99.5%. These maps exhibit
similarities to the case of 100% purity, with the expected difference that the regions are
slightly smaller. The shrinking specific activity region and specific activity region impose
further constraints on the conditions. As shown in Figure 15d, although conditions are
narrowed down, a region still exists for attaining the required quality. The necessary
irradiation time ranges from 12 to 24 h, while the post-irradiation processing time is around
48 h.

Figure 15. (a) Activity, (b) specific activity, (c) radionuclidic purity of 177Lu obtained from 80 MeV
deuteron irradiation of 176Yb with 99.6% purity, and (d) processing time window capable of achieving
activity > 259 GBq/day, specific activity > 2960 GBq/mg, and radionuclidic purity > 99.5%. Only the
last foil is processed. The beam current is 1.6 mA, and the beam spot size is 1 cm2.

As pointed out in the introduction, the present study used 80 MeV as one example of
high-energy LINAC facilities. However, the proposed multiple foil targets can be easily
adjusted for other energies. The deuteron ions enter into the last foil at an energy of about
21 MeV. For other beam energies, as long as the foils prior to the last one can reduce beam
energies down to 21 MeV, the product of the same quality can be obtained.

As shown in Figure 2, for deuterons reaching 21 MeV, deuterons penetrate about
4.7 mm for an initial beam energy of 60 MeV and about 1.9 mm for an initial beam energy
of 40 MeV. As long as the foils ahead of the last one have a combined thickness matching
these numbers, the same optimized conditions can be reached for the last foil.

Currently, isotope production is primarily dominated by reactor irradiation and cy-
clotrons. Most cyclotrons operate at relatively lower beam energies, typically around
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40 MeV or lower. In contrast, LINACs are capable of delivering beam energies exceeding
40 MeV. LINACs can serve as versatile devices for isotope production, even for isotopes
that favor lower beam energies, utilizing techniques like the one proposed in this study. It
is important to note that typical beam currents for cyclotrons are around 100s μA, whereas
LINACs can achieve beam currents of a few mA. For a high-energy LINAC, it is not ideal
for Lu isotope production since much power is wasted if only the last foil is used. However,
the design allows replacing these wasted foils with targets for producing other isotopes
that require higher threshold (or optimized) energy.

Table 6. The daily production of various Lu isotopes in the 176Yb target with a purity of 99.6%.
Collection is limited to the last foil of the depth region of 8.22 mm to 9.22 mm. The beam current
is 1.6 mA, and the beam spot size is 1 cm2. The irradiation time for each batch is 12 h, and the
post-irradiation processing time is 28 h as the optimized conditions. The parameters are optimized
to maximize specific capacity. If radionuclidic purity needs to be maximized, a different condition
is needed.

Nuclide
Activity (GBq)

per Day
Mass (mg) per

Day
Specific Activity

(GBq/mg)
Radionuclidic

Purity

177Lu 302 0.0737 3052 95.36%
174mLu 0.555 0.003 5.74 0.17%
174gLu 0.518 0.022 5.07 0.16%
176mLu 13.6 0.00007 137 4.30%
173Lu 0.0296 0.0005 0.296 0.01%

3. Conclusions

By employing a simulation approach that combines particle transport and isotope
production/decay simulations, the process of producing 177Lu via deuteron irradiation
of 176Yb has been optimized, with a particular focus on maximizing the specific activity
of 177Lu. Stacked foils have been proposed as the target for a linear accelerator operating
at relatively high design energies. The selection of foils can be tailored to minimize the
presence of 174mLu and 174gLu due to their distinct energy-dependent cross-sections. To
minimize the production of 176mLu, optimization of the post-irradiation processing time
times has been investigated. Upon optimization, deuteron irradiation at 80 MeV and at
a flux of 1 × 1016 deuterons/cm2/s (equivalent to a beam current of 1.6 mA over a beam
spot size of 1 cm2) can result in daily production of 304 GBq of 177Lu, with a high specific
activity of 3084 GBq/mg and a high radionuclidic purity of 95.4%. If specific activity
and radionuclidic purity need to be balanced, there is an optimized condition that can
obtain activity greater than 259 GBq/day, specific activity greater than 2960 GBq/mg, and
radionuclidic purity greater than 99.5%.The study suggested the feasibility of utilizing a
high energy, high current linear accelerator for the production of 177Lu at a specific activity
level better than a typical reactor produced 177Lu.
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Abstract: [13N]Ammonia is one of the most commonly used Positron Emission Tomography (PET)
radiotracers in humans to assess myocardial perfusion and measure myocardial blood flow. Here, we
report a reliable semi-automated process to manufacture large quantities of [13N]ammonia in high
purity by proton-irradiation of a 10 mM aqueous ethanol solution using an in-target process under
aseptic conditions. Our simplified production system is based on two syringe driver units and an
in-line anion-exchange purification for up to three consecutive productions of ~30 GBq (~800 mCi)
(radiochemical yield = 69 ± 3% n.d.c) per day. The total manufacturing time, including purification,
sterile filtration, reformulation, and quality control (QC) analyses performed before batch release,
is approximately 11 min from the End of Bombardment (EOB). The drug product complies with
FDA/USP specifications and is supplied in a multidose vial allowing for two doses per patient, two
patients per batch (4 doses/batch) on two separate PET scanners simultaneously. After four years of
use, this production system has proved to be easy to operate and maintain at low costs. Over the last
four years, more than 1000 patients have been imaged using this simplified procedure, demonstrating
its reliability for the routine production of large quantities of current Good Manufacturing Practices
(cGMP)-compliant [13N]ammonia for human use.

Keywords: [13N]Ammonia; cGMP production; semi-automated production system; PET imaging

1. Introduction

[13N]Ammonia is one of the most commonly used Positron Emission Tomography
(PET) radiotracers to perform myocardial perfusion imaging and to quantitatively measure
myocardial blood flow and myocardial flow reserve in patients with suspected coronary
artery disease and multiple other cardiac conditions [1,2]. The [13N]ammonium cation
is extracted from the blood and metabolically trapped in the tissue of interest, including
myocardium, mainly as [13N]glutamine according to blood flow [3]. While [201Tl]thallium
chloride, [99mTc]technetium sestamibi and [99mTc]technetium tetrofosmin provide qualita-
tive images of relative blood flow distribution, [13N]ammonium cation allows both qualita-
tive measurements of relative flow and myocardial blood flow quantification [4,5]. Unlike
Single Photon Emission Computed Tomography (SPECT) radioisotopes (i.e., thallium-201
and technetium-99m), the positron-emitting radionuclide nitrogen-13 has two 511 keV
annihilation gamma rays detected in coincidence by the PET scanner to accurately assess
the blood-flow dependent distribution of [13N]ammonia in the heart and quantitatively
measure flow [6].

[82Rb]RbCl and [15O]water are also used for the evaluation of myocardial blood
flow as positron-emitting radiopharmaceuticals. However, to date, only [13N]ammonia
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and generator-produced [82Rb]RbCl are FDA approved as PET myocardial perfusion
agents. While a rubidium-82 generator is certainly an interesting option for centers with
a high volume of patients, [13N]ammonia is an attractive option for centers with an on-
site cyclotron, as it exhibits better physical characteristics for PET imaging [7], such as
lower positron energy of N-13 1.199 MeV (β+ Emax) versus Rb-82 3.378 MeV (β+ Emax)
reducing the positron range significantly before annihilation with an electron and thus
improving image resolution [8]. However, the nitrogen-13 half-life of 9.96 min makes
the manufacturing and time delivery of [13N]ammonia challenging. Hence, different
strategies for [13N]NH3 production have been adopted by several labs varying from simple
in-target production (without further purification) to more complex procedures with in-
line purification, dedicated production systems or automated synthesis modules. The
in-target production of [13N]ammonia with aqueous ethanol (5 mM) as a radical scavenger
under pressurized conditions is considered the classic synthetic route [9]. Nonetheless, the
absence of purification steps renders the final formulation less than optimal due to the low
isotonicity and potential presence of radionuclidic contaminants from the target material.
To circumvent these problems, a purification process through an anion-exchange resin has
been utilized to remove all anionic impurities with a subsequent reformulation in saline for
dispensing 13[N]NH3 in the form of 13[N]NH4

+ ions [10].
Complex dedicated production systems have been evaluated to increase product yields

and faster manufacturing processes. Frank et al. [11] proposed a dedicated production
system consisting of nine parallel Waters CM-Light Sep-Pak cartridges connected to an ISAR
chip. The compact microfluidic system allows nine consecutive productions to produce
[13N]ammonia at >96% radiochemical yield (RCY) per batch, including approximately five
minutes for the purification and reformulation processes. Despite all these advantages,
this system is yet in the prototype stage and still needs to be thoroughly evaluated. In
recent years, the widespread use of commercial synthesis modules was also applied in the
automated production of 13[N]ammonia. Several examples can be found in the literature,
with a synthesis time of around five minutes and RCYs of 90% or higher. Notably, Yokell
et al. [12] set out a simple method that could also be adapted and validated on commercially
available synthesis units. This approach utilizes quaternary methyl ammonium (QMA)
and carboxymethyl (CM) cartridges in series to accomplish the purification, formulation,
and sterile filtration of [13N]ammonia (21 ± 2 GBq, 572 ± 60 mCi) in about five minutes.
Considering that [13N]NH3 is among the oldest clinically used PET radiopharmaceuticals
whose cost have historically been low (due to the low cost of the target material and
the process), the price and availability in radiochemistry laboratories of such commercial
modules and their often-cumbersome usage to customized productions have limited its
widespread utilization in nuclear medicine.

In this paper, we present our institutional experience to reliably produce [13N]ammonia
in large quantities for clinical use. The proposed [13N]ammonia production system has
been in operation since 2018 allowing an average of two doses per patient, two patients
per batch (four doses/batch) on two separate PET scanners simultaneously. So far, more
than 1000 patients have been scanned, demonstrating system reliability for the routine
production of large quantities of [13N]ammonia for human use.

2. Results

The results of six productions (two consecutive batches per day) using the 2XL target
at 10 mM aqueous ethanol solution are presented in Table 1. All batches were found
to meet the FDA/USP product specifications with slight variations of pH but within
the acceptance range (4.5–7.5 at time of injection) after extensive dilution of [13N]NH3
with 0.9% sodium chloride in the nuclear medicine PET unit before administration to
patients. Analytical High-Performance Liquid Chromatography (HPLC) chromatograms
for [natN]NH4Cl standard and [13N]ammonia samples are presented in Figure 1a–c. The
radiochemical identity was determined by peak comparison of the retention times (tR)
between the conductivity peaks of [natN]ammonium chloride and [13N]ammonia (both at
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tR = 2.83 min, Figure 1a,b). The radiation signal from [13N]ammonia came out after the
conductivity peak (tR = 3.17 min, Figure 1c) since the radiation detector is placed after the
conductivity detector. In this HPLC system, the [13N]ammonium cation can be adequately
separated from the known negatively charged impurities, [18F]fluoride and [13N]nitrous
oxide (NOx

-) eluted with the void volume of IC-Pak cation exchange column. None of
these impurities were observed in any [13N]ammonia batches. Particular interest was given
to the analysis of long-lived radionuclidic impurities by HP(Ge) spectrometry, where no
detectable radionuclide contaminants from the cyclotron target body or window were
observed in any validation runs. The system described in this article was able to routinely
produce 29 ± 2 GBq (793 ± 49 mCi, n = 345) of [13N]ammonia per batch with the cyclotron
2XL target at 55 μA for up to 40 min of bombardment. [13N]Ammonia was produced in
approximately five minutes at yields higher than 90% (d.c.). The whole process, including
QC testing until batch release, was carried out in approximately 11 min from EOB. The
product was found to be stable at room temperature up to 60 min after EOM, and thus,
expiry time was set at 60 min post-EOM. To meet clinical needs, up to three batches can be
produced per day.

 
Figure 1. Representative analytical HPLC chromatograms for [13N]ammonia production:
(a) [natN]ammonium chloride standard by conductivity detection, tR = 2.83 min; (b) [13N]ammonia
sample analysis from product vial by conductivity detection, tR = 2.83 min; (c) [13N]ammonia sam-
ple analysis from product vial by radioactivity detection, tR = 3.17 min. Differences in retention
times are intrinsic to the HPLC system due to the fact that the radiation detector is placed after the
conductivity detector.
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Table 1. Quality control test results of [13N]ammonia for three production days (two consecutive
batches per day).

Specification Acceptance Criteria Day 1 * Day 2 * Day 3 *

Activity EOB
GBq/mCi - 43.03/1163

44.55/1204
40.33/1090
42.18/1140

42.74/1155
43.07/1164

Activity EOM
(GBq/mCi) - 28.19/762

28.82/779
29.23/790
29.97/810

29.49/797
29.49/797

Elapsed time
EOB to EOM - 5 min

5 min, 15 s
4 min, 40 s
4 min, 42 s

4 min, 55 s
5 min, 15 s

Yield (d.c. to EOB) - 0.93
0.93

1.00
0.99

0.97
0.99

Appearance
Clear colourless
solution with no

particulate matter
Pass Pass Pass

pH 3.5–8.5 4.0
4.0

4.7
4.4

4.5
4.0

Filter integrity
≥manufacturer
specification of

0.34 MPa (50 psi)
Pass Pass Pass

Radionuclide
identity

Half-life:
t1/2 = 10 ± 1 min

9.03 min
9.84 min

9.86 min
9.91 min

10.39 min
9.95 min

Photopeak:
466 keV < E <

556 keV
Pass Pass Pass

Radiochemical
identity and Purity

HPLC tR 3.0 to
3.8 min

3.17 min
3.27 min

3.33 min
3.25 min

3.26 min
3.19 min

Purity ≥ 95% 99.99%
99.98%

99.99%
99.99%

99.98%
99.99%

Radionuclidic
purity Purity ≥ 99.5% 99.98%

99.92%
99.99%
99.99%

99.74%
99.98%

Bacterial
endotoxins # ≤175 EU/vial Pass Pass Pass

Sterility # No growth after
14 days Pass Pass Pass

* Second lines correspond to the data from the second batch of the day. # Test performed with the pooled fraction
of all batches of the day. Abbreviations: EOB: End of Bombardment, EOM: End of Manipulation, d.c.: decay
corrected, tR: retention time, EU: endotoxin units. Note: “Pass” means all six productions passed QC.

3. Discussion

Manufacturing large quantities of [13N]ammonia for patient PET studies can be chal-
lenging, taking into account the duration of the methodological process and the quality
control (QC) assays. For instance, producing [13N]NH3 using Devarda’s alloy process usu-
ally takes 20 min. However, the determination of residual alumina is mandatory, adding
an extra QC test before release [13,14]. Despite the fact that the final formulation usually
displays values within specifications, this approach has an inevitable drawback given
the length of the whole process before batch release and the short half-life of nitrogen-13
(9.96 min) preventing access to large quantities of [13N]ammonia for patients. The intro-
duction of ethanol (5–10 mM in water) as a radical scavenger in the target solution has
become the current method of choice for the in-target production of [13N]ammonia. In this
manuscript, manufacturing of large quantities of [13N]ammonia in high purity was carried
out by proton-irradiation of a 10 mM aqueous ethanol solution followed by QMA cartridge
purification and sterile filtration using a dedicated semi-automatic system designed to
speed up and simplify the production process. In addition to the simplicity of the method,
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the fact that it does not require an automated radiosynthesis unit or expensive cassette-
based systems sold in sealed sterile containers reduces the costs of the whole process, which
adds to the workflow of operations.

The production system comprises two syringe drivers, both connected to the cyclotron
2XL target and the cyclotron helium-unload mechanism to transfer liquids to a class A
dispensing hot cell. The rinsing syringe driver was programmed to work separately from
the cyclotron software using a minimalist syntax in MS-DOS language. Two dedicated
homemade short programs for rinsing and cleaning the cyclotron transfer lines from the
target to the dispensing hot cell are carried out by a simple “one-click” procedure. These
processes were intended to facilitate the chemist’s work during the preparation of the
production and for the post-production sanitization with ethanol to achieve manufacturing
with current Good Manufacturing Practices (cGMP) compliance. Before the first batch of
the day, the target and transfer lines are rinsed with the freshly prepared target solution,
followed by the preconditioning and drying of the QMA Sep-Pak cartridge. The design
of a serial arrangement of a QMA cartridge and a 0.22 μm filter allowing purification
and sterile filtration in-series has a considerable impact on shortening the duration of the
production process and on the reduction in manipulation errors. In fact, each batch takes
approximately five minutes for completion. Considering the presence of radionuclide
impurities that come from the activation of HAVAR foils and niobium material and the
natural presence of 0.2% oxygen-18 in target water (that produces fluorine-18) [15–17], most
[13N]ammonia production processes use in-series anion-cation cartridges aided by valves
to purify [13N]NH3 [11,12,18]. Hence, an anion exchange resin is mainly utilized to trap
negatively charged impurities ([18F]F−, [13N]NOx

− or [48V]VO4
3−), and a cation exchange

resin is used to reformulate [13N]NH4
+ in 0.9% saline [14]. According to our experience,

the fact that our system does not utilize the trap and release of [13N]NH4
+ (available in

most automated synthesis modules) can be considered an advantage since operators do
not need to turn valves with manipulator arms to purify and isolate [13N]ammonia for
reformulation. However, our approach requires sufficient dilution with saline to guarantee
the pH and isotonicity of the final [13N]ammonia formulation.

Considering the aforementioned, one might think that a set of two ion exchange
(IEX) cartridges is strictly necessary to have the radionuclidic contaminants at their lowest
level during [13N]ammonia production. However, several authors have demonstrated that
using only a CM cartridge (cation exchange) to selectively trap [13N]NH4

+ from anionic
impurities in the flow-through is sufficient to achieve more than 99.96% radionuclidic
purity [10,11,19,20]. Taking this into account, we based our simplified procedure on a single
QMA cartridge which gave [13N]ammonia with a radionuclidic purity higher than 99.5%.
As reported by Bormans et al. [21], the purification of [13N]NH3 with an anion exchange
cartridge (5 × 10 mm, Dowex AG 1-X8) also revealed the presence of other unidentified
radionuclidic impurities but in low concentration (≤0.001% EOB) after two days decay
analysis by gamma spectrometry.

Given the duration of PET scans usually performed at rest/stress, batches of around
26–33 GBq (717–885 mCi) are normally produced back-to-back to fulfill patient demands in
our PET unit. The production time and yields were similar to those using other prototype
systems [11,18,19] or commercial synthesis modules [12,20]. Therefore, our simplified
manufacturing method allows the production of large quantities of [13N]ammonia with
less automation or manual interventions, thus providing an alternative to laboratories
without access to automated technology. To date, the number of lots produced since 2018
demonstrates the robustness and reliability of our simplified cGMP-compliant [13N]NH3
production system for human use. Importantly, with this production set-up, we continue to
guarantee consistent and uninterrupted on-demand [13N]ammonia to meet clinical needs.
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4. Materials and Methods

4.1. Chemical and Reagents

All chemicals and reagents were commercially available and used without
further purification.

4.2. System Description

• Materials:

The system consists of two syringe pumps (model: V6 48K, Norgren, Denver, CO,
USA) installed in a panel located outside the vault, a six-position Valco valve (model:
C5-2036, VICI, Houston, TX, USA) and the nitrogen-13 target controlled by the IBA C18/9
cyclotron (software version: Bill), a four ports valve (model: C2-3184UMH, VICI, Houston,
TX, USA) that allows selecting between helium or target solution, and a pneumatic Valco
valve (model: C5-2034UMH, VICI, Houston, TX, USA) to select the liquid transfer between
two dispensing hot cells (optional).

• System operation:

The syringe pump is controlled by volume, valve position, number of cycles, and
speed with a dedicated laptop located in the production cleanroom (ISO 7/class 10,000). A
programmed script file (Batch file) sends the signal to the syringe pump board to perform
the required tasks during the production process. The operator selects the execution of
specific files depending on where the [13N]ammonia manufacturing is. For rinsing the
target and transfer lines (Figure 2(a1)), the operator sets the cyclotron valve position to
”Unload” to connect the target solution and the transfer line. Then, the corresponding
script file is selected, and the pump starts pushing the target solution to fill all lines and the
cyclotron target. To rinse the Overflow line (Figure 2(a2)), the operator sets the cyclotron
Target valve on the “Load” position and starts several successive fillings to rinse this line.
The target overflow goes directly to a bottle installed beside the cyclotron. At the end of
these operations, the lines are dried with high-purity helium (grade 5.0) for a few minutes
by activating the three-way valve. The target is then loaded with the target solution using
the loading system before starting the beam (Figure 2b). Once the target is loaded, the
cyclotron valve software closes all ports, and the system is ready to start the beam. After
beaming, the activity is transferred with He from the target to the selected dispensing hot
cell (Figure 2c) by changing the position of the cyclotron Target valve to unload.

4.3. Production of [13N]Ammonia Injection

[13N]Ammonia is manufactured in two steps, starting with the nitrogen-13 production
in the cyclotron target followed by the reformulation and filtration to render [13N]ammonia
isotonic, sterile and non-pyrogenic. Prior to each production, the transfer line from the
cyclotron to the class A dispensing hot cell (Comecer, Castel Bolognese, Italy, ISO 5/class
100) is rinsed with a freshly prepared 60 mL target solution (10 mM ethanol USP in water
for injection (WFI) using the rinsing system presented in Figure 2(a1). Then, the anion
exchange cartridge (Sep-Pak Accell plus® QMA plus light, Waters, Milford, MA, USA)
is connected to the cyclotron line as depicted in Figure 3a and eluted with 50 mL target
solution for eight minutes (Figure 2(a1)), followed by drying with He for five minutes.
Each month, the production system (target and delivery line) is sanitized with ethanol USP
followed by five flushes of 10 mL target solution.
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Figure 2. Schemes describing the [13N]ammonia production system consisting of two syringe drivers
connected to the cyclotron target. The line highlighted in red displays the production workflow:
(a1) For rinsing, a dedicated syringe driver transfers the freshly prepared target solution through the
target towards the class A dispensing hot cell (Disp_HC); (a2) For loading, a separate syringe driver
fills the target prior to the bombardment; (b) Beaming sequence; and (c) Unloading sequence with
helium and transfer to the selected dispensing hot cell.
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(a) (b) 

Figure 3. Aseptic set-up for [13N]ammonia production: (a) Receiving formulation vial and connection
from cyclotron target; (b) Class A dispensing hot cell with a class B pre-chamber (passthrough) for
material entrance.

• [13N]Ammonia is produced with a Cyclone® 18/9 cyclotron (IBA, Louvain-La-Neuve,
Belgium) via the nuclear reaction 16O(p,α)13N with 18-MeV protons degraded to
16 MeV using an aluminum degrader (300–400 μm) installed in the target collimator to
prevent the production of oxygen-15 via the 16O(p,pn)15O nuclear reaction. The 2XL
target is filled with 3.5 mL of target solution (10 mM ethanol in WFI) (Figure 2(a2))
and bombarded at a current of 55 μA for 20–40 min (Figure 2b). The target body is
made of niobium, and the entrance windows are made of a 12.5 μm thick titanium foil
(ø 23.5 mm) and a 35 μm thick Havar foil (ø 43 mm).

• The set-up of the Class A dispensing hot cell consists of two vial assemblies containing
either four (first batch of the day) or three (second batch) 10 mL vials (Hollister Stier,
Montréal, QC, Canada), enough syringes and needles of the appropriate size for the
manipulation to be performed, along with a 3 mL syringe containing 2.5 mL of 3%
saline. Using the manipulating gloves, before the transfer of the dose, a hydrophilic
0.22 μm vented filter (Millex GV, Millipore, Burlington, MA, USA) and a venting
0.22 μm filter (PharmAssure, Pall, Port Washington, NY, USA) are inserted into the
patient (receiving) 10 mL vial. The vented filter is then connected to the rinsed and
dried (see above) QMA + delivery line, as shown in Figure 3a. The remaining three
vials are used for QC, retain and sterility/endotoxin samples, respectively (Figure 3b).
Since the sterility sample of the second batch is pooled with the first one, the vial
assembly for the second batch contains only three 10 mL vials. An acrylic plate with
three pH strips (0 to 6) and a vented 100 mL vial full of target solution to perform the
filter integrity test complete the setup for the [13N]ammonia production.

• At the EOB, the irradiated water/ethanol/[13N]NH3 solution is flushed out of the
target (Figure 2c) with 0.25–0.5 MPa (2.5–5 bar) flow of He through an in-line QMA
cartridge to trap any anionic impurities such as [18F]fluoride and [13N]NOx

−, into a
dispensing hot cell previously set up for the aseptic preparation (see above). Right
after, an additional target rinse with 2.5 mL of target solution is performed to recover
the remaining activity.

• Approximately 0.1 mL of [13N]NH3 is withdrawn to start the QC, then 2.5 mL of
3% saline is added to the bulk vial to produce isotonic [13N]ammonia final product.
From this, it is understood that the QC steps start before finishing the sampling and
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reformulation of the final product (both stages overlapping). Sterility/endotoxin
and retain samples (0.3 mL sterility/endotoxin + 0.1 mL retain) are taken at this step
of the process (Figure 3b) while visual inspection, pH and filter integrity tests are
performed subsequently. Sterility/endotoxin samples of all batches of the day are
pooled, while retained samples from each batch are kept separately in case a sterility
and/or endotoxin re-test is required afterwards.

• The final [13N]ammonia product is removed from the dispensing hot cell using a
dedicated drawer (Figure 3b) and transferred to the Nuclear Medicine department in
less than a minute by a built-in pneumatic system while the QC assays are performed
in order to save time.

After EOB, the total manufacturing time from the target, purification (via QMA),
sterile filtration, reformulation and QC testing until the batch release of [13N]ammonia
is approximately 11 min. Our validation studies have revealed that the same steps as
described above can be repeated for up to three cGMP-compliant back-to-back production
batches per day. In that case, the same target solution and QMA are used, but different vial
assemblies containing new product vials, filters and syringes are changed after each batch
of the day.

4.4. Quality Control Testing of [13N]Ammonia Injection

The quality control tests of [13N ammonia are performed for each batch in about eight
minutes (some QC assays are started before the EOM in order to save time) to ensure
the final drug product meets all the specifications for human use. Radiochemical identity
and purity are determined by analytical HPLC (column: Waters IC-Pak Cation exchange
M/D 150 × 3.9 mm, mobile phase: 3 mM HNO3/0.1 mM EDTA, flow rate: 1.3 mL/min)
using a conductivity (Waters 432, Milford, MA, USA) and radioactivity (Raytest Gabi
Star, Straubenhardt, Germany) detectors. The retention time of [13N]NH3 is compared to
that of the [natN]NH4Cl reference standard solution and must be ± 10% (see example in
Figure 1). Stability testing by analytical HPLC was conducted at 0, 30, and 60 min after
EOM. Radionuclidic identity is assayed for half-life (10 ± 1 min) and annihilation peak
(466–556 keV) using a Capintec CRC®-15tW Dose Calibrator containing a NaI(Tl) well-
counter coupled to a multichannel analyzer. Radionuclidic purity (>99.5%) is analyzed by
HP(Ge) gamma spectrometry as a periodic quality indicator test during the validation runs
and re-tested annually afterwards at Nuclear Activation Analysis Lab (Ecole Polytechnique,
Montréal, QC, Canada). Bacterial endotoxins (<175 EU per dose) are quantified as a
post-release test by LAL EndoSafe Portable Testing System (Charles River, Wilmington,
MA, USA) on the pooled samples from each batch of the day. Sterility testing is assayed
(on the pooled samples) for no growth after 14 days following USP 71 with a contracted
organization (Isologic Innovative Radiopharmaceuticals, Montréal, QC, Canada).

5. Conclusions

Our institutional experience of producing large quantities of [13N]ammonia using
two syringe drivers and in-line anion-exchange resin purification have been thoroughly
validated after four years of continuous production. Hence, [13N]NH3 injection was found
to meet all the product specifications. The simplified production system described in this
work has been demonstrated to be reliable and easy to operate and maintain, aiding to
keep the [13N]ammonia production costs low while satisfying clinical needs.
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Abstract: Availability of PET imaging radiotracers targeting α-synuclein aggregates is important for
early diagnosis of Parkinson’s disease and related α-synucleinopathies, as well as for the development
of new therapeutics. Derived from a pyrazole backbone, 11C-labelled derivatives of anle138b (3-(1,3-
benzodioxol-5-yl)-5-(3-bromophenyl)-1H-pyrazole)—an inhibitor of α-synuclein and prion protein
oligomerization—are currently in active development as the candidates for PET imaging α-syn
aggregates. This work outlines the synthesis of a radiotracer based on the original structure of
anle138b, labelled with fluorine-18 isotope, eminently suitable for PET imaging due to half-life and
decay energy characteristics (97% β+ decay, 109.7 min half-life, and 635 keV positron energy). A three-
step radiosynthesis was developed starting from 6-[18F]fluoropiperonal (6-[18F]FP) that was prepared
using (piperonyl)(phenyl)iodonium bromide as a labelling precursor. The obtained 6-[18F]FP was
used directly in the condensation reaction with tosylhydrazide followed by 1,3-cycloaddition of
the intermediate with 3′-bromophenylacetylene eliminating any midway without any intermediate
purifications. This one-pot approach allowed the complete synthesis of [18F]anle138b within 105 min
with RCY of 15 ± 3% (n = 3) and Am in the range of 32–78 GBq/μmol. The [18F]fluoride processing
and synthesis were performed in a custom-built semi-automated module, but the method can be
implemented in all the modern automated platforms. While there is definitely space for further
optimization, the procedure developed is well suited for preclinical studies of this novel radiotracer
in animal models and/or cell cultures.

Keywords: α-synuclein; fluorine-18; radiofluorination; 6-[18F]fluoropiperonal; [18F]anle138b;
one-pot synthesis

1. Introduction

Positron emission tomography (PET) is a sensitive and versatile imaging modality,
often used in conjunction with CT or MRI, offering unique opportunity for a dynamic 3D-
visualization of in vivo processes with a mm-scale resolution. The method employs molec-
ular probes labeled with short-lived positron-emitting radionuclides (PET-radiotracers)
interacting with specific protein targets of interest. Apart from widespread diagnostic
application in oncology, PET has become an essential tool for assessing pathological pro-
cesses in a variety of neurodegenerative disorders [1]. Parkinson disease (PD) is the second
most widespread neurodegenerative condition worldwide, the prevalence of which is
increasing as population ages. PD is characterized by progressive degeneration of the
dopaminergic system with loss of dopaminergic neurons in the substantia nigra, associ-
ated with clinical presentation of motor symptoms. For in vivo assessment of the central
dopaminergic function, the 6-L-[18F]fluoro-3,4-dihydroxyphenyl-alanine has been seen
as the “gold standard” since 1983 [2]. Following metabolic pathway of L-DOPA, the

Molecules 2023, 28, 2732. https://doi.org/10.3390/molecules28062732 https://www.mdpi.com/journal/molecules90



Molecules 2023, 28, 2732

18F-fluorinated analogue crosses the blood-brain barrier and is subsequently decarboxylated
to 6-[18F]fluorodopamine, which is accumulated within vesicles of dopaminergic neurons [3].
Synaptic dopamine levels are regulated by dopamine reuptake via dopamine transporter
(DAT), whereas reduced levels of DAT indirectly reflect degeneration of nigrostriatal neu-
rons [4,5]. PET imaging of DAT with [18F]FE-PE2I [6,7] enables the detection of presynaptic
dopamine deficiency and provides another biomarker for PD progression assessment.

Together with the loss of midbrain nigrostriatal dopaminergic neurons, the pathologic
processes in idiopathic PD and related disorders, such as dementia with Lewy bodies (DLB)
and multiple system atrophy (MSA), are characterized by accumulation of α-synuclein
aggregates [8–10]. α-Synuclein (α-syn) is an intrinsically disordered protein that is seen as
a major component in Lewy bodies (LBs), Lewy neurites, and glial cytoplasmic inclusion
type aggregates [11–13]. It has been assumed that a nigrostriatal dopaminergic tract related
symptoms are preceded by LBs formation [11,12]. Development of molecular probes
that enable in vivo visualisation and quantification of α-syn aggregates may allow for an
earlier and more accurate diagnosis of PD and related α-synucleinopathies, and aid in the
development of new treatments.

Over the past few years, extensive efforts have been focused on finding α-syn-specific
PET radioligands (for the recent rev., see [13–16]). In 2022, the first human study on α-syn
imaging using [18F]ACI12589 developed by AC Immune was reported [17]. The radiotracer
is said to have high affinity and selectivity for α-syn and shows uptake in the brain areas
(such as the basal ganglia and cerebellar white matter) known to be affected by pathological
processes in patients with MSA—a rare, atypical parkinsonian syndrome. However, it
remains unclear whether [18F]ACI12589 is able to detect α-syn depositions in the subjects
with more common α-synucleinopathies, such as idiopathic PD and LBD [17].

The importance of α-syn as a target continues to stimulate research in the area, and
numerous studies are ongoing, with the aim to develop other labelled small molecules
allowing for imaging of α-syn aggregates. Derived from pyrazole backbone, labelled ana-
logues of anle138b (3-(1,3-benzodioxol-5-yl)-5-(3-bromophenyl)-1H-pyrazole) (Figure 1)—
an inhibitor of α-syn and prion protein oligomerization [18,19]—are in active development
as the candidates for α-syn imaging. Anle138b was designed for treatment of the rapidly
progressing MSA and PD with potential to be applied to other synucleinopathies, such
as DLB. It was demonstrated that anle138b interacts with aggregate forms of α-syn with
moderate affinity (Kd of 190 ± 120 nM) [20] and strongly inhibited formation of patholog-
ical oligomers and neuronal degeneration in mouse models of α-syn and prion disease
with improved survival rates [18–21]. The compound showed a high oral bioavailability
and excellent blood-brain barrier penetration. In a range of different mouse models of
PD and MSA, anle138b administration reduced protein aggregate deposition in the brain
and improved dopamine neuron function and movement, even when treatment began
after development of motor symptoms [21]. Recently, anle138b safety, tolerability and
pharmacokinetics has been evaluated in healthy volunteers [22]. Phase I clinical trials in
PD patients are currently ongoing.

The first PET tracer based on the lead structure from the library of the reported 3,5-
diarylpyrazoles [18] has been the carbon-11 labelled anle253b—a molecule with a suitable
position for 11C-labelling [23]. Evaluation of the radiotracer in healthy rats showed low
brain uptake and suboptimal pharmacokinetics [23]. Soon after, the same group introduced
a derivative of anle253b called MODAG-001 [24], in which one of the phenyl groups was
replaced with pyridine. PET imaging in mice showed excellent brain uptake but detected
the formation of two brain-penetrating radio-metabolites—something that hampers quan-
tification of [11C]MODAG-001 uptake. To inhibit the metabolic demethylation process, a
deuterated derivative (d3)-[11C]MODAG-001 was developed and was shown to be able to
bind to pre-formed α-syn fibrils (α-PFF) in a protein deposition rat model [25]. However, no
evidence of binding to aggregated α-syn was observed in human brain sections from DLB
patients. Further evaluation of (d3)-[11C]MODAG-001 in a porcine brain with intracerebral
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injection of α-PFF and post-mortem human AD revealed that the radiotracer was not very
selective for α-syn and exhibited significant binding in the AD regions [25].

 

Figure 1. Chemical structures of 3,5-diarylpyrazole derivatives: anle138b, [18F]anle138b, [11C]anle253b
and [11C]MODAG-001.

Despite mixed results of anle138b/MODAG development when it came to carbon-11
labelling [24,25], we considered it worthwhile to attempt synthesis of a radiotracer based
on the original structure of anle138b but labelled with longer-lived fluorine-18 isotope (T1/2
110 min) which displays excellent decay characteristics for PET imaging (97% β+ decay,
635 keV positron energy). The structure–activity (SAR) studies revealed that the placement
of bromine in meta-position of the 5-phenyl ring led to the highest inhibitory activity of
anle138b, whereas further modification of that part of the molecule may result in reduced
inhibition [18]. Therefore, in the present work, the 3-substituted aryl moiety was chosen
as a suitable labelling position for [18F]anle138b (Figure 1). To introduce fluorine-18 into
this non-activated position of the aromatic ring, a three-step radiolabelling strategy was
attempted starting from 6-[18F]fluoropiperonal, obtained through different radiolabelling
approaches. As suitability for automation is one of the most important requirements for
the labelling method application, a one-pot procedure without intermediate purifications
was developed and implemented in a semi-automated module. As a result, [18F]anle138b
was obtained in 15.1 ± 2.3% (n = 3) radiochemical yield (decay-corrected) and Am in the
range of 31.5–79.5 GBq/μmol within a total synthesis time of ca. 105 min.

2. Results and Discussion

2.1. Radiolabeling Approach for [18F]Anle138b

The most common method for introduction of fluorine-18 into majority of PET ra-
diotracers is an aliphatic nucleophilic substitution reaction between no-carrier-added
[18F]fluoride and a precursor possessing a suitable leaving group in the presence of phase-
transfer catalyst (PTC) to enhance [18F]fluoride reactivity. For aromatic compounds, the clas-
sical SNAr method requires presence of a leaving group as well as an electron-withdrawing
group, preferably in ortho- or para-position [26]—a requirement difficult to accommodate or
engineer in case of complex compounds, such as anle138b. Therefore, the labelling often
necessitates multi-steps “built-up” procedures where fluorine-18 is initially introduced
into the aromatic ring of a simple and reactive substrate. All nucleophilic fluorinations
begin with isolation of [18F]fluoride ion from proton-irradiated [18O]water; typically, this
is achieved by trapping [18F]F− on a quaternary ammonium ion-exchange resin followed
by elution with a basic solution of a phase-transfer agent (e.g., Kryptofix K2.2.2/K2CO3
mixture in CH3CN/H2O). The [18F]fluoride ion complex with the PTC can then be dried to
remove water and provide a reactive intermediate. In some instances, bulky counter-ions
used for solubilisation of the [18F]fluoride, such as R4N+ (R = Et or nBu), are introduced

92



Molecules 2023, 28, 2732

separately as salts (e.g., HCO3, tosylate, triflate); use of such phase-transfer catalysts can
simplify trapping/elution procedures [27].

The multi-step labelling strategy for [18F]anle138b—(5-(3-bromophenyl)-3-(6-[18F]
fluorobenzo[d][1,3]dioxol-5-yl)-1H-pyrazole)—has been drafted by Zarrad et al. [28,29],
and consisted of 1,3-cycloaddition between 18F-fluorinated phenyldiazomethane gener-
ated in situ from the corresponding tosylhydrazone with 3′-bromophenyl acetylene as
a key synthesis step (Scheme 1). The 18F label was introduced into the commercially
available precursor—4,5-methylendioxy-2-nitrobenzaldehyde (6-nitropiperonal, Step 1,
Scheme 1, Figure 2)— possessing carbonyl functional group in ortho-position, acting as
an electron-withdrawing group. Fluorination was performed with Et4NHCO3 as a PTC
and was followed by the isolation of the obtained 6-[18F]fluoropiperonal (6-[18F]FP) via
semi-preparative HPLC and two solid-phase extraction (SPE) purifications. As a result,
the 6-[18F]FP was obtained in 22% radiochemical yield (RCY, decay-corrected) with high
radiochemical and chemical purity. Without this time-consuming and difficult to automate
intermediate step aimed at the removal of unreacted 6-nitropiperonal, the condensation
reaction of 6-[18F]FP with tosylhydrazide (Step 2, Scheme 1) would not proceed to yield
[18F]anle138b. The suggested three step labelling procedure with intermediate purifications
afforded [18F]anle138b with RCY of 1% (decay-corrected) which, while being sufficient for
in vitro studies, would generally be seen as too low to be practical for most other uses [29].

 

Scheme 1. Proposed radiosynthesis route for [18F]anle138b (Zarrad, 2017) [29]; RCY—radiochemical
yield, decay-corrected.

 

Figure 2. Radiolabelling routes to 6-[18F]FP. Conditions: (A) [29] (i) elution of [18F]F− with Et4NHCO3

in MeOH; (ii) evaporation of MeOH; and (iii) 1 in DMSO, 130 ◦C for 10 min with two SPE and one
HPLC purifications; (B) (i) elution of [18F]F− with Bu4NOTf in 2-PrOH directly to the solution of 2a

or 2b and Cu(OTf)2(py)4 in CH3CN; (ii) 65 ◦C for 10 min, and then 110 ◦C for 10 min; (C) (i) elution
of [18F]F− with Et4NHCO3 in MeOH; (ii) evaporation of MeOH; (iii) 3 and Cu(CH3CN)4OTf in DMF,
90 ◦C for 20 min; (D) (i) elution of [18F]F− with 4a or 4b in MeOH/PC; (ii) 85 ◦C for 10 min, and then
120 ◦C for20 min; RCC—radiochemical conversion as determined by radioTLC; RCY—radiochemical
yield corrected for radioactive decay; procedures (B) and (D) avoid any azeotropic drying or solvents
evaporation steps.
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Based on this proof-of-concept study, we have focused our efforts on the development
of a simplified one-pot labelling procedure for [18F]anle138b with the aim of eliminating
most, if not all, intermediate purification steps in the preparation of the 6-[18F]FP.

Taking into consideration the recent advances in radiofluorination of electron-rich
aromatic strictures [30–33], we explored alternative routes to 6-[18F]FP using different
radiolabelling precursors and conditions (Figure 2B–D).

2.2. Synthesis of 6-[18F]FP via Copper-Mediated 18F-Fluorodeboronation (Method B)

As a starting point, we investigated the feasibility of a copper-mediated approach using
the commercially available catalyst Cu(py)4(OTf)2, originally developed for radiofluorina-
tion of pinacol arylboronates (ArylBPin) [34]. Its use was further extended to fluorination of
organoborons [35] and (hetero)aryl organostannanes [36] and has been found to be useful
in the preparation of a wide range of radiotracers [33]. As this methodology has been taken
up for the labelling of various precursors, a number of factors have been shown to influence
this complex catalytic process. Among them are the sensitivity of the Cu-mediated pro-
cess to the basic conditions during PTC-controlled solubilisation of [18F]fluoride, reaction
solvents used, precursor/copper catalyst ratio and others [30,37–39].

The feasibility of 18F-fluorodeboronation for the synthesis of 6-[18F]FP was previ-
ously examined using two labeling precursors—commercially available derivatives of
boronic acid—6-formylbenzo[d][1,3]dioxol-5-yl)boronic acid (2a, Figure 2) and pinacol-
boronate 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[d][1,3]dioxole-5-carbaldehyde
(2b, Figure 2) [29] through application of the so-called “alcohol-enhanced” radiofluorina-
tion method [37]. After elution of [18F]F− from the quaternary methyl ammonium (QMA)
resin with a solution of Et4NHCO3 in MeOH and evaporation of MeOH, a solution of
precursor and Cu(py)4(OTf)2 in DMA/n-BuOH was added to [18F]Et4NF, followed by
heating. The beneficial effect of alcohols as co-solvent in the Cu-mediated process was
confirmed for various ArylBPIn substrates [40]. However, according to [29], the attempted
Cu-mediated radiofluorination of 2a and 2b in DMA/n-BuOH 7/3 (100 ◦C, 10–20 min,
Et4NHCO3 as PTC) did not result in the formation of 6-[18F]FP.

Using the two labelling precursors—2a and 2b—we applied our previously developed
[18F]fluoride trapping-elution protocol by replacing Et4NHCO3 [29] with the non-basic
Bu4NOTf (10 μmol) in conjunction with 2-PrOH (0.6 mL) as the eluting solvent [41,42]. The
fluoride-PTC complex was eluted directly into the reaction vial containing the labelling
precursor and Cu(py)4(OTf)2 in a suitable solvent (0.8 mL), avoiding any evaporation
steps. Optimisation of radiofluorination parameters in terms of the solvents used and
amounts of the reactants was realized using commercially available boronic acid derivative
2a (Figure 2). From several solvents investigated (Table 1), the highest fluorination (RCC of
96 ± 2%, Table 1, Entry 5) was achieved carrying out radiofluorination in the mixture of
2-PrOH/CH3CN (2/3) at precursor-to-copper catalyst ratio of 20/20 μmol. This protocol
worked equally for radiofluorination of ArylBPin precursor 2b, providing the desired
6-[18F]FP with RCC of >97%. For practical reasons, the use of 2a as a commercially available
precursor would of course be preferable. Further reduction in the reactants amounts down
to 10/10 μmol has resulted in ca. 50% decrease in the yield of radiofluorination of 2a

(Table 1, Entry 6). No product formation could be observed when radiofluorination of
2a was carried out in DMA, a solvent typically used in Cu-mediated radiofluorinations,
with 2-PrOH as co-solvent (Table 1, Entry 1). The relatively low conversion rates of 2a

(Table 1, Entries 3, 4) were accompanied by substantial losses of radioactivity on the inner
surfaces of the reaction vessel (up to 70% of total radioactivity in the case of neat 2-PrOH)
and substantial RCC variability. This could be explained by poor solubility of the labelling
precursor in the solvents used.
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Table 1. Optimization of Cu-mediated radiofluorination of 2a; elution of [18F]F− by 10 μmol Bu4NOTf
in 2-PrOH (0.6 mL); precursor/catalyst in 0.8 mL of 2-PrOH/solvent; reaction mixture volume of
1.4 mL; a 110 ◦C, 20 min; b 65 ◦C, 10 min followed by 110 ◦C, 10 min; RCC—radiochemical conversion
of 2a into 6-[18F]FP as determined from radioTLC data.

Entry 2a/Cu(py)4(OTf)2, μmol Radiofluorination Conditions RCC, %

1 10/20 2-PrOH/DMA a 0; 5

2 10/20 2-PrOH/acetone a 13; 26

3 10/20 2-PrOH a 29 ± 20 (n = 3)

4 20/20 2-PrOH a 32 ± 22 (n = 3)

5 20/20 2-PrOH/CH3CN b 96 ± 2 (n = 6)

6 10/10 2-PrOH/CH3CN b 48 (n = 1)

7 15/15 2-PrOH/CH3CN b 86 (n = 1)

8 20/15 2-PrOH/CH3CN b 64 (n = 1)

2.3. Synthesis of 6-[18F]FP via Diaryliodonium Salts Precursors (Methods C and D)

Another effective approach to the incorporation of [18F]fluoride into (hetero)aromatic
substrates is the use diaryliodonium (DAI) salt precursors—route pioneered by the Pike
group [43]. A very practical approach for performing radiofluorination has been introduced
for the onium and DAI salts precursors [44]. The advantageous feature of this approach
is that the [18F]fluoride retained on the anion-exchange resin is eluted directly with the
solution of the DAI precursor in MeOH; following quick removal, the solvent is then directly
followed by a fluorination reaction. This type of procedure uses neither the PTC/base nor
other additives, it reduces the number of operational steps, saves time and is compatible
with base-sensitive precursors and products.

For the synthesis of 6-[18F]FP, two types of iodonium salts precursors were investigated
(Figure 2): (piperonyl)(mesityl)iodonium p-toluenesulfonate (3), and (piperonyl)(phenyl)
iodonium p-toluenesulfonate (4a) and bromide (4b).

A copper-mediated radiofluorination of (mesityl)(aryl)iodonium (MAI) salts using the
commercially available (CH3CN)4CuOTf complex and [18F]KF/18-crown-6 for the activa-
tion of the fluorine-18 was suggested in 2014 [45] as an effective route for radiofluorination
of the electron rich arenes. It was shown that when involving the use of a bulky mesityl
group as an auxiliary force, the nucleophilic substitution acted towards the less sterically
hindered site on the arene ring [45]. A recently developed protocol has been applied for the
synthesis radiotracers using MAI salts as labelling precursors [46]. In brief, [18F]fluoride is
eluted from the anion-exchange matrix with solution of MAI precursor in MeOH/DMF
(20% MeOH), followed by Cu-mediated fluorination in the same solvent mixture. Despite
the high [18F]F− elution and fluorination efficiency achieved for a series of 18F-fluorinated
aromatic amino acids [46], utilising this approach for the preparation of 6-[18F]FP from
MAI salt 3 (Figure 2) resulted in elution efficiency from anion-exchange matrix using 3

(20 μmol) in 20% MeOH/DMF (0.72 mL) being low, as was the radiofluorination reaction
yield (Table 2, Entry 1). Eluting [18F]F− with solution of 3 (20 μmol) in pure MeOH (1 mL)
provided over 90% [18F]F− elution efficiency; however, heating for the purpose of MeOH
removal resulted in a complete decomposition of the labelling precursor 3. As a result, no
product was formed (Table 2, Entry 2).
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Table 2. Synthesis of 6-[18F]FP via radiofluorination of diaryliodinium salts 3, 4a, and 4b using
various [18F]F− sorption/elution and radiofluorination protocols; RCC—radiochemical conversion
of 3, 4a, and 4b into 6-[18F]FP as determined from radioTLC data.

Entry Eluent Composition Evaporation Step Precursor/μmol (CH3CN)4 CuOTf, μmol
Radiofluorination

RCC, %
Solvent, mL T, ◦C/t, min

1 3 (20 μmol) in 20%
MeOH/DMF (0.72 mL) - - 20 MeOH/DMF

(0.72) 90/20 10

2 3 (20 μmol) in MeOH (1 mL) + - 20 DMF (0.5) 90/20 0

3 Et4NHCO3/MeOH (1 mL) + 3/20 20 DMF (0.5) 90/20 35

4 Et4NHCO3/MeOH (1 mL) + 3/30 30 DMF (0.5) 90/20 43

5 Bu4NOTs/MeOH (1 mL) + 3/20 20 DMF (0.5) 90/20 27

6 Bu4NOTs/MeOH (1 mL) + 3/30 30 DMF (0.5) 90/20 52

7 4a (20 μmol) in 20%
MeOH/DMF (0.72 mL) - - - MeOH/DMF

(0.72) 100/20 3

8 4a (20 μmol) in 20%
MeOH/DMF (0.72 mL) - - - MeOH/DMF

(0.72) 140/20 11

9 4a (20 μmol) in MeOH (1 mL) - - - MeOH/DMSO
(1/0.5) 160/15 5

10 4a (20 μmol) in MeOH (1 mL) + - - DMSO (0.5) 160/15 0

11 Et4NHCO3/
MeOH (1 mL) + 4a/20 - DMSO (0.5) 130/15 4

12 Et4NHCO3/
MeOH (1 mL) + 4a/20 - DMSO (0.5)

CH3CN (0.5) 160/15 3

13 Et4NHCO3/
MeOH (1 mL) + 4a/20 - DMSO (0.5)

CH3CN (0.5) 80/20 3

14 4a (20 μmol) in 44%
MeOH/PC (0.9 mL) - - - MeOH/PC

(0.9)
(1) 75–85/10
(2) 120/20

3 ± 1
(n = 3)

15 4b (20 μmol) in MeOH
(0.8 mL) + - - PC (0.6) 110/15 0

16 4b (20 μmol) in 44%
MeOH/PC (0.9 mL) - - - MeOH/PC (0.9) (1) 75–85/10

(2) 120/20
84 ± 5
(n = 6)

Consequently, we moved on to the more conventional approach for nucleophilic
radiofluorination using tetraalkylammonium salts as PTCs for the activation of [18F]fluoride.
Radionuclide was eluted from the cartridge using 4 μmol of Et4NHCO3 or Bu4NOTs in
1 mL of MeOH followed by the solvent evaporation. The reactive [18F]fluoride thus
obtained was allowed to react with 3 in the presence of the Cu(I)-catalyst in DMF, affording
6-[18F]FP in the RCC of ca. 40–50% when high amounts of the reactants were used (Table 2,
Entries 4 and 6). However, despite the improvement in radiofluorination efficiency, the
radioactivity yield was not high enough considering the desired 6-[18F]FP is an intermediate
in a multistep synthesis.

A second strategy which does not involve transition metal catalysts is the radioflu-
orination of the (phenyl)iodonium salts precursors 4a and 4b with different counter ions
(Figure 2). Starting with the tosylate salt 4a, we failed to produce 6-[18F]FP consistently
using either approach described earlier (Table 2, Entries 7–10) or employing tetralkylam-
moinum salt for the activation of [18F]fluoride (Table 2, Entries 11–14). Gratifyingly, we
were able to reach high RCC of 84 ± 5% (n = 4) (Supplementary Materials, Figure S18)
in radiofluorination of bromide iodonium salt 4b (Table 2, Entry 16) when performing
radiofluorination with two-step heating sequence. Introduction of such a heating proce-
dure was based on our UV-HPLC analysis of samples of the reaction mixture that revealed
decomposition of 4b during the MeOH evaporation step (Table 2, Entry 15). To prevent
precursor decomposition, MeOH was removed during the first heating step at 75–85 ◦C
under gentle agitation with nitrogen gas flow, while the radiofluorination step was per-
formed at 120 ◦C for 20 min in a neat propylene carbonate (PC), affording 6-[18F]FP in
high RCC. However, using the same protocol, only around 3% RCC was observed in the
radiofluorination of the tosylate salt 4a (Table 2, Entry 14). Such a low radiofluorination
efficiency of 4a, as compared to the bromide salt 4b, is not supported by the literature

96



Molecules 2023, 28, 2732

data demonstrating that tosylate is one of the most reactive salts towards the [18F]fluoride
ion [47]. We assume that the radiofluorination might be suppressed by the presence of
residual silver in 4a that was prepared from 4b by reaction with silver tosylate.

Finally, from all of the investigated radiolabeling procedures, highest RCCs for 6-
[18F]FP were achieved with Cu-mediated radiofluorination of commercially available 2a

using [18F]Bu4NOF in 2-PrOH/CH3CN (Table 1, Entry 5). However, the radiofluorination
of (phenyl)iodonium salt 4b in MeOH/PC (Table 2, Entry 15) avoiding Cu-catalyst turned
out to be most suitable route for preparing 6-[18F]FP with additional benefits for the syn-
thesis automation through the use of a fairly simple and straightforward trapping/elution
protocol for [18F]F− (elution efficiency was over 85%).

2.4. Radiosynthesis of [18F]Anle138b

Radiolabeling of [18F]anle138b starting from 4b as a labelling precursor is depicted
in Scheme 2.

 

Scheme 2. Radiosynthesis scheme for [18F]anle138b. Conditions—step 1: Elution of [18F]F− with
20 μmol 4b in 44% MeOH/PC (0.9 mL). Heating for 85 ◦C, 10 min, then 120 ◦C, 20 min; step 2:
NH2NHTs (40 μmol) in MeOH (1 mL). Heating for 90 ◦C, 10 min under stirring by N2 flow; step 3:
Bu4NOH (26 μmol in 0.4 mL CH3CN, 65 ◦C, 5 min), then 3′-bromophenylacetylene (0.4 mmol in
0.4 mL CH3CN, 90 ◦C, 25 min).

When developing our method for [18F]anle138b, we were, in a significant part, guided
by the previously outlined synthetic strategy [29], while focusing our attention on making
the synthesis as simple as possible by eliminating intermediate purification steps and
employing the one-pot approach. The [18F]fluoride isolation and synthesis itself were
conducted in a custom built synthesis module, described in the experimental part. For
monitoring of radiolabelling progress, aliquots of the relevant reaction mixture were taken
after each synthesis step (Scheme 2) and analyzed by radio-HPLC (Figure 3).

As described above, the first synthesis step—the radiofluorination of aryliodonium
bromide 4b afforded 6-[18F]FP in the RCC of ca. 84%. Non-isolated 6-[18F]FP (solution
in MeOH/PC) was used directly in the tosyl hydrazide condensation step (40 μmol of
hydrazide in 1 mL of MeOH) at 90 ◦C for 10 min (step 2, Scheme 2). The reaction proceeded
with almost quantitative conversion to 6-[18F]fluoro-3,4-methylendioxybenzylidene tosyl-
hydrazone (6-[18F]FTH) (Figure 3B). The 6-[18F]FTH obtained was converted in situ into
the corresponding 6-[18F]fluorophenyldiazomethane (6-[18F]FDM) by addition of Bu4NOH
in CH3CN and heating to 65 ◦C for 5 min. Finally, the cycloaddition reaction of 6-[18F]FDM
with 3′-bromophenylacetylene afforded crude [18F]anle138b. Remarkably, the efficiency of
the cycloaddition reaction greatly depends on the nature of base employed in the previous
step. From several bases investigated (DBU, NaOH, K2CO3 and LiOtBu) [29], the highest
conversion rate of ca. 50% was achieved using LiOtBu. Unfortunately, LiOtBu is insoluble
in most organic solvents, including PC that was an essential component of the reaction
mixture in our one-pot three-step synthesis procedure. To address this issue, Bu4NOH
soluble in both CH3CN and PC was used as a base. Furthermore, according to the data
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previously reported [48], the efficiency of one-pot cycloaddition process could be improved
by sequential introduction of the base and corresponding acetylene into reaction mixture.
Taking those considerations into account, we adjusted our procedure to employ sequential
addition of reagents in the following order: The solution of Bu4OH in CH3CN was added
first with heating at 65 ◦C for 5 min, followed by 3′-bromophenylacetylene addition and a
second round of heating at 90 ◦C for 25 min. With this approach, we were able to obtain
[18F]anle138b in the RCC of 60% (Figure 3C) using 0.4 mmol 3′-bromophenylacetylene and
26 μmol Bu4NOH.

 

Figure 3. Analytical radioHPLC chromatograms of the reaction mixture (A,B) and final product
(C) in the synthesis of [18F]anle138b. (A) 6-[18F]FP; (B) 6-[18F]FTH; and (C) [18F]anle138b. HPLC
column X-Bridge C18, 150 × 4.6 mm (Waters), gradient of 0.1%TFA/CH3CN, and flow rate
of 2.0 mL/min.

For the identification of the target product, the authentic reference standard [19F]anle138b
was prepared (Scheme 3); the synthesis is described in the experimental part.

 

Scheme 3. Synthesis of [19F]anle138b. Reagents and conditions: (i) BBr3, DCM, −80–20 ◦C, 30 h;
(ii) CH2Br2, K2CO3, DMF, 110 ◦C, 5 h; (iii) TsNHNH2, CH3OH, 20 ◦C, 4 h; and (iv) LiOtBu, CH3CN,
reflux, 23 h.
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2.5. Purification and Quality Control of [18F]Anle138b

Due to high lipophilicity of anle138b, isolation of the 18F-fluorinated derivative by
conventional semi-preparative HPLC presents a challenge. Given the “one-pot” synthesis
approach and the resulting multicomponent reaction mixture, the purification task becomes
even more complicated.

The isolation of [18F]anle138b from the reaction mixture for two different HPLC sys-
tems was evaluated. The first one (System A) is an integral part of the GE Tracerlab FX C Pro
module, equipped with UV- and β-radioactivity flow detectors. The HPLC separation was
performed on a reverse-phase Ascentis RP-Amide semi-preparative column, 250 × 10 mm
(Sigma-Aldrich GmbH, Steinheim, Germany). The content of the reaction vessel (1.2 mL)
was diluted with the mobile phase and transferred to the 2 mL injection loop. For practical
reasons, biocompatible ethanol-containing eluent would be preferable. However, when
using H2O/EtOH gradient system (gradient conditions 1, Materials and Methods) at a flow
rate of 3.0 mL/min, only 5% of the injected radioactivity was recovered as [18F]anle138b
(Rt of 25–26 min) with radiochemical purity (RCP) in order of 80%. Replacing EtOH with
CH3CN in the mobile phase and modifying gradient (gradient conditions 2, Materials
and Methods) afforded [18F]anle138b in 90% RCP with slightly increased recovery of the
radioactivity (8%) in the product fraction (Rt of 28–32 min).

Alternatively, we investigated applicability of a different HPLC column, Chromolith
SemiPrep RP-18e, 100 × 10 mm equipped with a UV and radioactivity detector, a gradient
pump and the Rheodyne-type injector with a 100 μL loop (System B). Under gradient
conditions using EtOH-based mobile phase at a flow rate of 4 mL/min, the [18F]anle138b
(fraction with Rt 9.7–9.9 min, 1 mL volume, 26% recovery of the product) was obtained
in more than 98% RCP according to radioHPLC (Figure 4), and ca. 100% according to
radioTLC (Supplementary Materials, Figure S19) As the ethanol-containing eluent was
applied, cartridge based reformulation of the product was not required.

Figure 4. HPLC analysis of the formulated [18F]anle138b. Conditions: HPLC column X-Bridge C18,
150 × 4.6 mm (Waters Corporation (Millford, CT, USA), gradient of 0.1%TFA/CH3CN with a flow rate
2.0 mL/min, UV is254 nm: (A) reference standard [19F]anle138b; (B) the formulated [18F]anle138b.

The main limitation of this method is a small maximum injection volume (100 μL);
with higher injected volumes, the column performance would degrade due to overloading.
Therefore, multiple injections would be required for purification of all reaction volume
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produced in the synthesis (1.2 mL total). Nonetheless, the procedure developed is well
suited for preclinical studies where small amounts of the radiotracer are typically injected.

Recalculating the radioactivity of the volume injected (100 μL) to total reaction volume
(1.2 mL), decay-corrected RCY of [18F]anle138b was 15.1 ± 2.3% (n = 3) with synthesis time
of ca. 105 min. Am was in the range of 31.5–79.5 GBq/μmol.

3. Materials and Methods

3.1. General Chemistry

All commercially available chemicals were used without any further purification.
Analytical thin-layer chromatography (TLC) on Merck 60 F254 silica gel plates with UV
visualization, 254 nm (Merck KGaA, Darmstadt, Germany) was performed. Column
chromatography has been carried out on silica gel 60 (0.035–0.070 mm (Acros Organics,
Geel, Belgium) with the indicated eluents. NMR spectra were recorded on a Bruker Avance
400 spectrometer (Bruker Optik GmbH, Ettlingen, Germany) in CDCl3 or DMSO-d6 (1H,
13C and 19F at 400.17, 100.62 and 376.54 MHz, respectively). HRMS (ESI) analysis was done
on a Bruker micrOTOF mass spectrometer (Bruker Optik GmbH, Ettlingen, Germany).

3.1.1. The 4 Steps Synthesis of 3-(6-Fluoro-1,3-benzodioxol-5-yl)-5-(3-bromophenyl)-1H-
pyrazole ([19F]Anle138b) (Scheme 3)

2-Fluoro-4,5-dihydroxybenzaldehyde [49]

Under inert atmosphere, 6-fluoroveratraldehyde (1.00 g, 5.43 mmol) was dissolved in
anhydrous DCM (10 mL). The mixture was cooled near −80 ◦C and then boron tribromide
(4.4 g, ~17 mmol) was added dropwise for 5 min. The reaction mixture was allowed to
warm to room temperature and stirred for 30 h. The red–violet mixture was poured on the
ice (150 g) and extracted with ethyl acetate (3 × 20 mL). After drying with MgSO4 and con-
centrating under reduced pressure, the residue was purified by column chromatography
on silica gel (heptane/ethyl acetate: 1/1) to afford 2-fluoro-4,5-dihydroxybenzaldehyde
(0.65 g, yield of 77%) as dark solid. NMR spectra have been shown in the Supplemen-
tary Materials. 1H-NMR (400 MHz, DMSO-d6) δ 6.65 (d, 3JHF = 11.9 Hz, 1H, C3H); 7.10
(d, 4JHF = 6.9 Hz, 1H, C6H); 9.59 (br s, OH); 9.98 (s, 1H, CHO); 10.69 (bs, OH). 13C-NMR
(101 MHz, DMSO-d6) δ 103.05 (d, JCF =24.5 Hz); 112.23; 115.24 (d, JCF =8.9 Hz); 142.64;
153.82; 159.26 (d, 1JCF =249.4 Hz, C2); 185.61 (d, 3JCF =5.7 Hz, CHO).

6-Fluorobenzo-1,3-dioxole-5-carbaldehyde [50]

Under inert atmosphere, the mixture of 2-fluoro-4,5-dihydroxybenzaldehyde (0.65 g,
4.16 mmol), dibromomethane (1.50 g, 8.62 mmol) and K2CO3 (1.38 g, 10.00 mmol) in DMF
(10 mL) was stirred at 110 ◦C for 5 h. After cooling, ethyl acetate (10 mL) was added, and
mixture was filtered. The solid was washed with ethyl acetate (20 mL). The liquid was
concentrating under reduced pressure to the volume of ~2 mL. The residue was purified by
column chromatography on silica gel (heptane/ethyl acetate: 1/1) to afford 6-fluorobenzo-
1,3-dioxole-5-carbaldehyde (0.35 g, yield of 50%) as yellow solid. NMR spectra have been
shown in the Supplementary Materials. 1H-NMR (400 MHz, CDCl3) δ 6.04 (s, 2H, OCH2O);
6.60 (d, 3JHF = 9.7 Hz, 1H, C7H); 7.16 (d, 4JHF = 5.6 Hz, 1H, C4H); 10.12 (s, 1H, CHO).
13C-NMR (101 MHz, CDCl3) δ 97.97 (d, JCF =28.9 Hz); 102.97 (OCH2O); 104.94 (d, JCF
=3.0 Hz); 117.87 (d, JCF =9.0 Hz); 144.87; 154.09 (d, JCF =14.8 Hz); 162.60 (d, 1JCF =254.0 Hz,
C6); 185.48 (d, 3JCF =8.5 Hz, CHO). 19F-NMR (376.5 MHz, CDCl3) δ -126.1.

N′-((6-Fluorobenzo-1,3-dioxole-5-yl)methylene)-4-methylbenzenesulfonohydrazide

A mixture of 6-fluorobenzo-1,3-dioxole-5-carbaldehyde (0.45 g, 2.68 mmol) and
p-toluenesulfonyl hydrazide (0.55 g, 2.95 mmol) in methanol (10 mL) was stirred at room
temperature for 4 h. Yellow precipitate was filtered and washed with MeOH (2 × 2 mL) to
afford the title compound (0.50 g, yield of 56%) as a grey solid. NMR spectra have been
shown in the Supplementary Materials. 1H-NMR (400 MHz, DMSO-d6) δ 2.36 (s, 3H, CH3);
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6.10 (s, 2H, OCH2O); 6.98 (d, 3JHF = 10.0 Hz, 1H, C7H); 7.05 (d, 4JHF = 6.0 Hz, 1H, C4H); 7.41
(d, J = 8.0 Hz, 2H); 7.76 (d, J = 8.0 Hz, 2H); 7.97 (s, 1H); 11.44 (br s, NH). 13C-NMR (101 MHz,
DMSO-d6) δ 21.10; 98.20 (d, JCF = 30.0 Hz); 102.71 (OCH2O); 113.64 (d, JCF = 11.8 Hz);
127.35; 129.81; 135.93; 139.90; 139.95; 143.69; 144.52; 150.14 (d, JCF =15.1 Hz); 156.58 (d,
1JCF =244.0 Hz, C6). 19F-NMR (376.5 MHz, DMSO-d6) δ -126.4.

(6-Fluoro-1,3-benzodioxol-5-yl)-5-(3-bromophenyl)-1H-pyrazole ([19F]Anle138b)

Under inert atmosphere, lithium tert-butoxide (0.22 g, 2.76 mmol) was added into a so-
lution of N′-((6-fluorobenzo-1,3-dioxole-5-yl)methylene)-4-methylbenzenesulfonohydrazide
(0.34 g, 1.01 mmol) in dry acetonitrile (10 mL) and stirred at room temperature for 15 min.
Then, 3-bromophenylacetylene (0.50 g, 2.76 mmol) was added and the reaction was refluxed
for 23 h. The mixture was evaporated in vacuo, and water (10 mL) was added. After ex-
traction with ethyl acetate (2 × 20 mL), the organic phase was concentrated under reduced
pressure. The residue was purified by column chromatography on silica gel (heptane/
ethyl acetate: 1/1) to afford [19F]anle138b (0.10 g, yield of 28%) as a grey solid. 1H-NMR
(400 MHz, CDCl3) δ 6.05 (s, 2H, OCH2O); 6.72 (d, J = 10.6 Hz, 1H); 6.82 (s, 1H); 7.13 (br d,
J = 6.0 Hz, 1H); 7.30 (t, J = 8.0 Hz, 1H); 7.47 (m, 1H); 7.74 (br d, J = 8.0 Hz, 1H); 7.97 (br s,
1H); 10.61 (br s, NH). 19F-NMR (376.5 MHz, CDCl3) δ -121.4. HRMS (ESI): m/z [M + H]+

calculated for C16H10BrFN2O2: 360.9982; found: 360.9985. This process involved correct
isotopic pattern.

3.1.2. (6-Formylbenzo-1,3-dioxole-5-yl)(phenyl)iodonium Bromide (4b) (Figure 2) [44]

Boron trifluoride etherate (0.74 g, 5.21 mmol) was added dropwise to an ice cold solu-
tion of 2-formyl-4,5-methylenedioxyphenylboronic acid (0.50 g, 2.58 mmol) in anhydrous
DCM (15 mL) under Ar. The resulting yellow suspension was stirred for 30 min at 0 ◦C.
(Diacetoxyiodo)benzene (1.25 g, 3.87 mmol) was added, and the mixture was stirred for
1 h at 20 ◦C. The solvent was removed under reduced pressure. The residue was taken
into saturated NaBr-H2O (15 mL) for 10 min. The resulting yellow suspension was filtered
and washed with a H2O/CH3CN mixture (8/1, 10 mL). The solid was refluxed in DCM
(10 mL). Insoluble material was filtered off and dried in vacuo to afford 4b (0.95 g, yield
of 85%) as grey solid. 1H-NMR (400 MHz, DMSO-d6) δ 6.27 (s, 2H, OCH2O); 7.27 (s, 1H);
7.56 (t, J = 7.8 Hz, 2H); 7.68–7.76 (m, 1H); 7.72 (s, 1H); 8.24 (d, J = 7.8 Hz, 2H); 10.06 (s,
1H, CHO). 13C-NMR (101 MHz, DMSO-d6) δ 104.20; 112.65; 113.13; 114.04; 116.93; 127.72;
131.76; 132.21; 136.01; 150.27; 154.44; 192.43.

3.1.3. (6-Formylbenzo-1,3-dioxole-5-yl)(phenyl)iodonium Tosylate (4a) (Figure 2)

The solution of TsOAg (0.42 g, 1.50 mmol) in MeOH/MeCN mixture (1/3; 8 mL) was
added to the suspension of compound 4b (0.60 g, 1.38 mmol) in MeOH/MeCN mixture
(1/1; 10 mL) at 20 ◦C. After stirring for1 h, the suspension was filtered, and the resulting
solution was evaporated under reduced pressure. The residue was refluxed in DCM (10 mL)
and filtered (7 times). Insoluble material was dried in vacuo to afford 4a (0.23 g, yield of
32%) as grey solid. 1H-NMR (400 MHz, DMSO-d6) δ 2.28 (s, 3H); 6.30 (s, 2H, OCH2O);
7.07 (s, 1H); 7.10 (d, J = 7.9 Hz, 2H, TsO); 7.46 (d, J = 7.9 Hz, 2H, TsO); 7.65 (t, J = 7.8 Hz,
2H); 7.81 (m, 1H); 7.83 (s, 1H); 8.28 (dd, J = 8.2; 1.0 Hz, 2H); 10.06 (s, 1H, CHO). 13C-NMR
(101 MHz, DMSO-d6) δ 20.80; 104.54; 107.36; 113.23; 113.76; 114.25; 125.49; 127.53; 128.05;
132.19; 133.07; 136.57; 137.60; 145.75; 150.61; 154.96; 192.70.

3.1.4. (6-Formylbenzo-1,3-dioxole-5-yl)(2,4,6-trimethylphenyl)iodonium Bromide

This compound was prepared analogously to compound 4b using 2,4,6-trimethyl
(diacetoxyiodo)benzene; the crude solid was refluxed in acetone (10 mL) instead of DCM
for purification. 6-formylbenzo-1,3-dioxole-5-yl)(2,4,6-trimethylphenyl)iodonium bromide
(0.65 g, yield of 66%) was obtained as a grey–yellow solid. 1H-NMR (400 MHz, CDCl3)
δ 2.38 (s, 3H, CH3); 2.58 (s, 6H, 2CH3); 6.14 (s, 1H); 6.15 (s, 2H, OCH2O); 7.14 (s, 2H); 7.57 (s,
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1H); 10.02 (s, 1H, CHO). 13C-NMR (101 MHz, CDCl3) δ 21.16; 26.91; 103.90; 109.77; 112.17;
115.88; 121.21; 127.89; 129.97; 141.96; 143.84; 149.98; 155.99; 191.45.

3.1.5. (6-Formylbenzo-1,3-dioxole-5-yl)(2,4,6-trimethylphenyl)iodonium Tosylate (3) (Figure 2)

The solution of TsOAg (0.23 g, 0.82 mmol) in MeOH/MeCN mixture (3/1; 4 mL) was
added to the solution of compound (6-formylbenzo-1,3-dioxole-5-yl)(2,4,6-trimethylphenyl)
iodonium bromide (0.36 g, 0.75 mmol) in a MeOH/MeCN mixture (5/1; 6 mL) at 20 ◦C.
After stirring for 1 h, the suspension was filtered and resulted solution was evaporated
under reduced pressure. The residue was refluxed in DCM (10 mL) and filtered. The
solution was evaporated under reduced pressure to afford 3 (0.23 g, yield of 54%) as a grey
solid. 1H-NMR (400 MHz, CDCl3) δ 2.29 (s, 3H); 2.37 (s, 3H); 2.50 (s, 6H, 2CH3); 6.14 (s,
1H); 6.16 (s, 2H, OCH2O); 6.98 (d, J = 7.7 Hz, 2H, TsO); 7.05 (s, 2H); 7.43 (d, J = 7.7 Hz, 2H,
TsO); 7.71 (s, 1H); 10.16 (s, 1H, CHO). 13C-NMR (101 MHz, CDCl3) δ 21.41; 21.42; 26.93;
104.22; 104.73; 109.35; 116.62; 118.38; 125.94; 127.98; 128.37; 130.08; 139.05; 143.03; 143.46;
144.55; 150.78; 156.35; 192.09.3.5.

3.2. Radiochemistry
3.2.1. General

Unless otherwise stated, reagents and solvents were commercially available and were
used without further purification. Anhydrous acid free MeCN (max 10 ppm H2O) was pur-
chased from Kriochrom, St. Petersburg, Russia. The precursors 3, 4a, 4b, reference standard
6-fluorobenzo-1,3-dioxole-5-carbaldehyde (6-[19F]FP) and reference standard [19F]anle138b
were prepared as described above. The 6-formylbenzo[d][1,3]dioxol-5-yl)boronic acid (2a)
was obtained from Sigma-Aldrich GmbH (Steinheim, Germany). Cu(MeCN)4OTf and
Cu(OTf)2(py)4 were obtained from Sigma-Aldrich GmbH (Steinheim, Germany) and stored
under argon. Deionized water (18.2 MOhm*cm) from an in-house Millipore Simplicity
purification system (Merck KGaA, Darmstadt, Germany) was used for the preparation of all
aqueous solutions. [18O]H2O (97% enrichment) was purchased from Global Scientific Tech-
nologies, Sosnovyi Bor, Russia. Sep-Pak Accell Plus QMA Plus Light Cartridges (130 mg)
were acquired from Waters Corporation (Millford, CT, USA) and were conditioned with
10 mL of 0.05 M NaHCO3, followed by 10 mL of H2O before application.

Radio-TLC analyses were carried out on silica gel plates (60 F254, Merck or Sorbfil,
Lenchrom, Russia); radioactivity distribution was determined using a Scan-RAM radioTLC
scanner controlled by the chromatography software package Laura (v6.0.4.92) for PET
(LabLogic, Sheffield, UK). An aliquot (2–3 μL) of the crude reaction mixture diluted with
acetonitrile, was applied onto a TLC plate, and the plate was then developed in ethyl
acetate. The Rf values for [18F]fluoride, 6-[18F]FP and [18F]anle138b were 0.05, 0.57 and
0.67, correspondingly. The radiochemical conversion (RCC) measured by radioTLC was
defined as the ratio of the product peak area to the total peak area on the TLC. RCC values
were not corrected for radioactive decay.

Analytical HPLC was performed on a Dionex ISC-5000 system (Dionex, Sunnyvale,
CA, USA). It was equipped with a gradient pump, Rheodyne type injector with a 20 μL
loop and a UV absorbance detector with variable wavelength (set to 254 nm) connected in
series with a radiodetector (Carrol and Ramsey Associates, CA, USA, model 105-S) giving
a delay of 0.1 min. The identity, radiochemical and chemical purity of the [18F]anle138b
and analysis of the reaction mixture at each stage of the synthesis were determined under
the following HPLC conditions: X-Bridge C18 HPLC column, 150 × 4.6 mm (Waters
Corporation, Millford, CT, USA), eluent with 5–95% gradient (0.1% aq. TFA/MeCN),
and a flow rate of 2.0 mL/min. Overall, there was a 0–8.0 min 5–95% MeCN linear
increase; 8.0–11.0 min 95% MeCN isocratic; 11.0–11.2 min 95–5% MeCN linear decrease;
and an 11.2–15.0 min 5% MeCN isocratic. The Rt values for the precursor, reference and
radiolabelled intermediates are presented in Table 3.
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Table 3. Rt values for the precursor 4b, reference [19F]anle138b and radiolabelled intermediates.

Synthesis Step Compound Retention Time by γ-Detector, min Retention Time by UV-254, min

Precursor 4b 2.9

Step 1 6-[18F]FP 4.7

6-[19F]FP 4.6

Step 2 6-[18F]FTH 6.1

Step 3 [18F]anle138b 7.1

Reference [19F]anle138b 7.0

For the isolation of [18F]anle138b, two different HPLC systems were used.
System A employed an HPLC package available on GE Tracerlab FX C Pro module

(GE Healthcare, Waukesha, WI, USA), consisting of a SYCAM S1122 pump, UV detector
KNF (λ = 254 nm), LAB LABOPORT, 2 mL injection loop and a β-radioactivity detector.
Conditions for this system consisted of a column Ascentis RP-AMIDE, 250 × 10 mm, 5 μm
(Supelco, Bellefonte, PA, USA). For gradient 1 (H2O /EtOH), the flow rate was 3.0 mL/min
with 0–10.0 min 60% EtOH, 10.0–30.0 min 80% EtOH; gradient 2: (H2O/CH3CN), flow rate
of 4.5 mL/min with 0–27.0 min 55% CH3CN; 27.0–35.0 min CH3CN.

System B employed Dionex ISC-5000 HPLC system (Dionex, Sunnyvale, CA, USA),
described above, with a 100 μL injection loop and Chromolith SemiPrep RP-18e col-
umn, 100 × 10 mm (Merck KGaA, Darmstadt, Germany). Conditions: 5 to 95% gradient
(H2O/EtOH) with a flow rate of 4.0 mL/min; 0–10.0 min 5–95% EtOH linear increase;
10.0–12.0 min 95% EtOH isocratic; 12.0–12.1 min 95–5% EtOH linear decrease; and 12.1–16.0
5% EtOH isocratic.

3.2.2. Production of [18F]Fluoride

[18F]Fluoride was produced via the 18O(p,n)18F nuclear reaction by irradiation of
[18O]H2O (97% enrichment, Global Scientific Technologies, Sosnovyj Bor, Russia) in a
niobium target (1.4 mL) with 16.4 MeV protons at a PETtrace 4 cyclotron (GE Healthcare,
Uppsala, Sweden). The irradiated [18O]H2O was transferred from the target using a flow
of helium into the collection vial.

3.2.3. Synthesis of 6-[18F]Fluoropiperonal (6-[18F]FP)

Method B (Figure 2). Cu-mediated radiofluorination of pinacol arylboronates (2a, 2b).
A solution of [18F]F– (0.5–1.0 GBq) in [18O]H2O was loaded from the male side onto a

QMA cartridge. The cartridge was flushed from the male side with 2-PrOH (4 mL) and
dried with N2 gas for 2 min. 18F– was eluted from the female side of the cartridge with
a solution of Bu4NOTf (4 mg, 10 μmol) in 2-PrOH (0.6 mL) into the 2 mL reaction vessel
prefilled with a solution of 2a or 2b (20 μmol) and Cu(py)4(OTf)2 (20 μmol) in MeCN
(0.8 mL). The reaction mixture was heated at 65 ◦C for 10 min, followed by a second round
of heating 110 ◦C for 10 min, while the reactor was sealed via valve 16 (Figure 5). Then, the
reaction vessel was cooled down to 40 ◦C.

Method C (Figure 2). Cu-mediated radiofluorination of (piperonyl)(mesityl)iodonium
p-toluenesulfonate (3).

A solution of [18F]F– (0.5–1.0 GBq) in [18O]H2O was loaded from the male side onto
a QMA cartridge. The cartridge was flushed from the male side with MeOH (2 mL) and
dried with N2 gas for 2 min. 18F– was eluted from the female side of the cartridge with a
solution of Et4NHCO3 (0.8 mg, 4.2 μmol) in MeOH (1 mL) into the 2 mL reaction vessel.
The solvent was evaporated by heating to 75 ◦C under gas flow, and the reaction vessel was
then cooled to 50 ◦C. The solution of 3 (30 μmol) and Cu(MeCN)4OTf (30 μmol) in DMF
(0.5 mL) was then added to the dried residue and the reaction mixture, and the reaction
mixture was heated at 90 ◦C for 20 min, while the reactor was sealed via valve 16 (Figure 5).
Then, the reaction vessel cooled down to 40 ◦C.
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Figure 5. Process flow diagram (PFD) for the semi-automated radiosynthesis of [18F]anle138b.
(A) a solution of precursor 4b (20 μmol) in 44% MeOH/PC (0.9 mL); (B) a solution of NH2NHTs
(40 μmol) in MeOH (1 mL); (C) a solution of Bu4NOH (26 μmol) in MeCN (0.4 mL); and (D) a solution
of 3′-bromophenylacetylene (0.4 mmol) in CH3CN (0.4 mL); E and F are not used.

Method D (Figure 2). Radiofluorination of diaryliodonium salts 4a, 4b.
A solution of [18F]F– (0.5–1.0 GBq) in [18O]H2O was loaded from the male side on a

QMA cartridge. The cartridge was flushed from the male side with MeOH (2 mL) and
dried with N2 gas for 2 min. 18F– was eluted from the female side of the cartridge with a
solution of the respective radiolabelling precursor 4a or 4b (20 μmol) in 44% MeOH/PC
(0.9 mL). The reaction mixture was heated at 85 ◦C for 10 min with stirring N2 followed by
the second round of heating at 120 ◦C for 20 min, while the reactor was sealed via valve 16
(Figure 5). The reaction vessel was cooled down to 40 ◦C.

3.2.4. Synthesis of [18F]Anle138b from 4b (Scheme 2)

Step 1. Radiofluorination of diaryliodonium salt 4b (Method D).
A solution of [18F]F– (9.0–11.0 GBq) in [18O]H2O was loaded onto a QMA cartridge

from the male side followed by flushing with MeOH (2 mL) and drying with N2 gas for
2 min. 18F– was eluted from the female side of the cartridge with a solution of 4b (20 μmol)
in 44% MeOH/PC (0.9 mL). The reaction mixture was heated at 85 ◦C for 10 min with
stirring by nitrogen flow followed by the second round of heating at 120 ◦C for 20 min,
while the reactor was sealed via valve 16 (Figure 5). The reaction vessel was cooled down
to 40 ◦C.

Step 2. Synthesis of 6-[18F]fluoro-3,4-methylendioxybenzylidene tosylhydrazone (6-
[18F]FTH).

The solution of NH2NHTs (40 μmol) in MeOH (1 mL) was added to the reaction
mixture obtained at step 1; the content was heated for 10 min at 90 ◦C under stirring by
nitrogen flow. The reaction vessel was cooled down to 65 ◦C.
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Step 3. Synthesis of [18F]anle138b.
The solution of Bu4NOH (26 μmol) in MeCN (0.4 mL) was added to the reaction

mixture obtained at step 2 and the content was heated for 5 min at 65 ◦C. Then the solution
of 3′-bromophenylacetylene (0.4 mmol) in MeCN (0.4 mL) was added and the reaction
mixture was heated for 25 min at 90 ◦C. The reaction vessel was cooled down to 40 ◦C.

3.2.5. HPLC Purification

System A. The content of the reaction vessel (1.2 mL volume) was diluted with 0.8 mL
50% EtOH or with 0.8 mL of CH3CN. The resulting solution was transferred to 2 mL HPLC
loop. The fraction containing [18F]anle138b (Rt of 25–26 min under gradient 1 conditions or
28–32 min under gradient 2 conditions) was collected and analysed for radiochemical and
chemical purity.

System B. The aliquot (100 μL) of the reaction mixture (from 1.2 mL total volume) was
loaded onto 100 μL of HPLC loop. The fraction containing [18F]anle138b (Rt of 9.7–9.9 min,
1 mL volume) was collected through a 0.22 μm filter (Millipore, Burlington, MA, USA)
attached to a vented sterile vial prefilled with the formulation buffer.

3.3. Semi-Automated Synthesis of [18F]Anle138b (Figure 5)

The [18F]fluoride processing and all the synthesis steps were completed in a custom-
built synthesis module described in detail elsewhere [46]. The reactions were performed
in a 5 mL V-vial (RV, Figure 5) with a screw cap (Wheaton-vials, Sigma-Aldrich GmbH,
Steinheim, Germany). Nitrogen gas was applied for the reagents transfer.

1. Loading of [18F]fluoride (9.0–11.0 GBq) onto a QMA anion exchange cartridge.
2. Washing of the cartridge with MeOH (2 mL) and drying with N2 gas for 2 min.
3. Elution of [18F]fluoride from the QMA cartridge with a solution of 4b (20 μmol) in

44% MeOH/PC (0.9 mL) into reaction vessel (RV).
4. Heating reaction mixture in the RV at 85 ◦C for 10 min with stirring by N2 with valve 16

open; then, valve 16 is closed and the reaction mixture is heated at 120 ◦C for 20 min.
5. Cooling down RV to 40 ◦C; valve 16 is open.
6. Addition of NH2NHTs (40 μmol) in MeOH (1 mL).
7. Heating reaction mixture at 90 ◦C for 10 min with stirring by N2 gas..
8. Cooling down RV to 65 ◦C.
9. Addition of Bu4NOH (26 μmol) in MeCN (0.4 mL).
10. Heating reaction mixture at 65 ◦C for 5 min; valve 16 is closed.
11. Addition of the solution of 3′-bromophenylacetylene (0.4 mmol) in MeCN (0.4 mL)

(valve 16 is open).
12. Valve 16 is closed, heating reaction mixture in RV at 90 ◦C for 25 min.
13. Cooling down RV to 40 ◦C; valve 16 is open.
14. Loading reaction mixture (100 μL) into HPLC loop (HPLC system B).
15. Isolation of the product using EtOH-H2O gradient system with flow rate of 4 mL/min.
16. Manual collection of the product fraction into a vented collection vial.

4. Conclusions

In the current paper, we have outlined a novel, but relatively simple, one-pot three-step
procedure for the radiosynthesis of [18F]anle138b bypassing any intermediate purification
steps. Using base- and phase-transfer catalyst-free radiofluorination procedure with di-
aryliodonium salt precursor (4b), 6-[18F]fluoropiperonal—the starting building block for
the entire [18F]anle138b molecule—was obtained with RCC of >85%. Careful optimisation
of the conditions for the following condensation and cycloaddition reactions performed
without solvent exchange steps allowed to complete synthesis of [18F]anle138b within
105 min with RCY of 15 ± 3% (n = 3) and with Am in the range of 32–80 GBq/μmol,
significantly improving upon previously published results in both yield and synthesis
time. While there is still space for further optimization, in particular in the area of HPLC
purification, the procedure developed is well suited for [18F]anle138b production for use
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in preclinical studies in animal or cell models. In addition, the suggested methodology
may find further use in the preparation of other PET imaging agents derived from the
pyrazoles backbone.
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Abstract: 99mTc-based radiopharmaceuticals are the most commonly used medical radioactive tracers
in nuclear medicine for diagnostic imaging. Due to the expected global shortage of 99Mo, the parent
radionuclide from which 99mTc is produced, new production methods should be developed. The
SORGENTINA-RF (SRF) project aims at developing a prototypical medium-intensity D-T 14-MeV
fusion neutron source specifically designed for production of medical radioisotopes with a focus
on 99Mo. The scope of this work was to develop an efficient, cost-effective and green procedure for
dissolution of solid molybdenum in hydrogen peroxide solutions compatible for 99mTc production
via the SRF neutron source. The dissolution process was extensively studied for two different
target geometries: pellets and powder. The first showed better characteristics and properties for the
dissolution procedure, and up to 100 g of pellets were successfully dissolved in 250–280 min. The
dissolution mechanism on the pellets was investigated by means of scanning electron microscopy
and energy-dispersive X-ray spectroscopy. After the procedure, sodium molybdate crystals were
characterized via X-ray diffraction, Raman and infrared spectroscopy and the high purity of the
compound was established by means of inductively coupled plasma mass spectroscopy. The study
confirmed the feasibility of the procedure for production of 99mTc in SRF as it is very cost-effective,
with minimal consumption of peroxide and controlled low temperature.

Keywords: molybdenum; dissolution thermodynamics and kinetics; hydrogen peroxide; neutron
source; fusion

1. Introduction

Technetium-99m (99mTc) is a metastable nuclear isomer of technetium-99 that is used
in tens of millions of medical diagnostic procedures annually [1], making it the most
commonly used medical radioisotope in the world [2]. Radiopharmaceuticals based on
99mTc are used mainly in single-photon emission computed tomography (SPECT), and,
for this reason, this isotope is of great importance in nuclear medicine [3]. None of the Tc
isotopes are stable, the one with the longest half-life being (t1/2) 98Tc, equal to 4.2 million
years [4]. This means that this element can only be found in traces in nature, and, hence, all
isotopes must be artificially produced by nuclear reactions, in particular 99mTc (t1/2 = 6.0 h),
which is normally derived from its transient equilibrium parent, 99Mo (t1/2 = 66 h) [1,2].

99Mo decays by emitting a beta particle (an electron). About 88% of the decays produce
99mTc, which subsequently decays to the ground state, 99Tc, by emitting a gamma ray. About
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12% of the nuclear decays produce 99Tc directly. In turn, it decays to stable ruthenium-99
(99Ru) after emitting a beta particle with a half-life of 211.1 thousand years [3,5].

A technetium-99m generator based on molybdenum-99 is commercially available. The
generator is easy to transport and use, which are some of the reasons why it is so widely
used in hospitals all over the world [6].

99Mo can be produced following different methods, for example, using accelerated
charged-particle beams (α-particle capture via 96Zr (α, n)99Mo reaction or fast proton
interaction with 100Mo via 100Mo (p,2n) 99mTc reaction) or according nuclear reactions in
which fast neutrons are involved: neutron photo-production in 100Mo via 100Mo (γ, n)99Mo
reaction or fast neutron interaction in 100Mo via 100Mo(n,2n)99Mo inelastic reaction [1,7–11].

However, despite these methods, at present, 99Mo is almost exclusively obtained from
fission of 235U-containing targets, irradiated in a small number of research nuclear fission
reactors in the world [2,12,13].

This fact can lead to a series of non-negligible issues. A global shortage of 99Mo is a
risk, and it happened during the late 2000s because of frequent shutdown due to extended
maintenance periods of the main reactors for 99Mo production, namely the Chalk River
National Research Universal (NRU) nuclear fission reactor in Canada and the High Flux
Reactor (HFR) in the Netherlands. They are capable of meeting about two-thirds of 99Mo
world demand [14,15]. These events highlighted vulnerabilities in the supply chain of
medical radionuclides that relies on nuclear fission reactors.

Indeed, as a fission product, 99Mo is produced together with many other isotopes
of various elements, from which it must be purified [13]. This requires development and
implementation of specific and complex radiochemical processes to separate the isotope of
interest from all the rest, which, therefore, constitutes a waste product. Therefore, there is a
general problem of waste management, and the threat of nuclear proliferation must always
be considered [12,15]. It should be kept in mind that 99Mo accounts for only about 6% of
uranium fission products [13,16]. Large volumes of hazardous chemicals, including strong
acids, are required for this purpose [13], and, for this reason, 99Mo production cannot be
considered environmentally friendly.

In this context, the SORGENTINA-RF (SRF) project aims at developing a prototypical
medium-intensity D-T 14-MeV fusion neutron source mostly dedicated to production of
medical radioisotopes, with a special focus on 99Mo. Indeed, the fusion neutron route
is very interesting for a series of reasons, but the lack of a very intense 14 MeV neutron
source is a limitation factor for 99Mo production. SRF will be a prototype plant to assess
this production route [1,17].

Theoretically, an alternative route can be followed in order to produce 99Mo, relying
on use of 14 MeV neutrons from a deuterium–tritium fusion reaction:

D + T → 4He + n + 17.6 MeV

and on inelastic channel 100Mo(n,2n)99Mo [1,8,9,18].
The idea is to exploit the neutrons generated by the fusion process to irradiate a metal

target made up of metallic natural molybdenum, where 100Mo has 10% abundance. The
accelerator will operate with deuterons and tritons that will be implanted onto a titanium
layer a few microns thick where they interact, in turn producing a neutron field, the main
component being that from the D-T reaction mentioned above [19].

First, calculations and projections from a dedicated study indicate that the end of
irradiation (EoI) activity of 99Mo is in the range 2–5 Ci after 24 h continuous irradiation
starting from an initial mass of about 10 kg. This yield is more than enough for the daily
needs of 99mTc of the entire Emilia Romagna, an Italian region, and could be improved
by using samples enriched in 100Mo and higher potencies. The SRF project is, therefore,
extremely promising due to the numerous advantages it can offer compared to more
traditional methods [1].

In contrast to the traditional production methods, with the SRF method, there are no
radiochemical purification issues. The main challenge becomes finding an effective and
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ecologically acceptable method to transform metallic molybdenum into a stock solution of
sodium molybdate, Na2MO4, which is used for feeding the Mo/Tc generators [13].

In the case of the SRF prototype, once irradiated, the molybdenum target is transferred
into shielded hot cells for dissolution and radiochemical processing.

The stock solution could be prepared by dissolving the metal target using concentrated
strong acids or aqua regia, and, in the past, this has usually been completed [13]. However,
a greener and more ecologically acceptable approach is to use less aggressive reagents and
in the smallest amount possible to achieve the same result. Micrometric Mo powders react
vigorously with hydrogen peroxide, even if diluted. In this case, the only by-products
are water vapor and oxygen, which is a clear advantage in terms of the sustainability of
the process. If coarse pieces of a few centimeters are used, the overall process has slower
chemical kinetics (it should also be kept in mind that the molybdenum dissolution process,
in the context of SRF, must be completed in a maximum time equal to that necessary for
irradiation of the target, i.e., 24 h [20]). Nevertheless, it has been reported that a large
amount of highly concentrated hydrogen peroxide can be effective also in the case of
samples with the shape of disks [21,22]. In particular, the authors of [22] used hydrogen
peroxide for direct production of 99mTc from 100Mo by cyclotrons.

The aim of this work is, therefore, to find the most efficient conditions possible to
optimize the dissolution process using hydrogen peroxide in a suitable time. Furthermore,
a description of the chemical path followed to arrive at formation of the stock solution is
also presented.

The chemical behavior of metallic molybdenum towards hydrogen peroxide is studied,
from a thermodynamic and kinetic point of view, by means of scanning electron microscopy,
infrared and Raman spectroscopy, X-ray diffractometry, pH, temperature and conductivity
measurements. Use of metal not exposed to the neutron beam is acceptable in this context
because it can be assumed that the physicochemical properties are not substantially mod-
ified by irradiation. Two different target geometries have been investigated: pellets and
powder. Therefore, once the most suitable conditions for dissolution of the non-irradiated
target have been determined, they can also be applied to the target irradiated by SRF.

2. Experimental Sections

2.1. Materials and Methods

The molybdenum pellets were supplied by Luoyang Combat Tungsten & Molybdenum
Material Co., Ltd. (Luoyang, China). They are shaped as small cylinders, approximately
1.7 mm long and 1.5 mm in diameter. Figure 1 shows the optical micrograph images of
them in order to show the aspect and morphology. All pieces are very similar and just small
variations in volume can be observed. Their surface is usually dark, probably because of
the presence of a very thin layer of molybdenum oxide on the surface. Purity of the samples
has been analyzed by means of ICP-mass spectrometry (see Section 3.3).

 

Figure 1. Optical micrograph of the metallic molybdenum pieces at different magnifications.
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The dissolution process has been studied, performing many experiments with hydro-
gen peroxide solutions whose concentration ranged from to 3% to 35% w/w and using
a mass of metallic molybdenum between 0.5 and 100 g. Different hydrogen peroxide
solutions ranging from 30 to 40% w/w were obtained from Carlo Erba Reagents (Milan,
Italy), Titolchimica (Pontecchio Polesine, Italy) and Sigma-Aldrich (St. Louis, MO, USA),
and they were diluted, if necessary, to the desired concentration for the experiments.

An external ice bath was used in order to control the temperature because the large
exothermicity of the reaction can lead to a very fast increase of the system temperature.

Highly concentrated hydrogen peroxide is unstable and decomposes over time. For
this reason, fresh batches were used and the solutions were kept in freezer at −18 ◦C.

The dissolution experiments were performed under fume hood. For each experiment,
the procedure has been the following: the hydrogen peroxide solution is prepared with
the desired concentration from a stock solution. The solution is then transferred in the
flask with an ice-cooled water bath, the molybdenum pellets are weighed with analytical
scale and then are added slowly to the hydrogen peroxide solution under magnetic stirring.
A circuit with a peristaltic pump connected to an inlet of cold water ensures circulation
of the water bath. The low temperature of the solution delays the initial states of the
reaction and prevents formation of foam. Furthermore, if the solution is poured directly
over the molybdenum pellets, the reaction starts too vigorously and a considerable fraction
of the peroxides are consumed via self-decomposition and subsequent formation of a huge
amount of foam can overflow from the flask, leading to failure of the experiment. The
procedure described above is, therefore, much cleaner and milder and avoids drastic and
uncontrollable changes in the temperature reaction.

2.2. Characterization Methods

In the present work, Raman spectra of the compounds were acquired by a BWTEK
i-Raman plus spectrometer equipped with a 785 nm laser to stimulate Raman scattering,
which is measured in the range 100–3500 cm−1 with a spectral resolution of 3.5 cm−1.
The measurement parameters, acquisition time, number of repetitions and laser energy
have been selected for each sample in order to maximize the signal to noise ratio. For
each spectrum, reference acquisition with the same parameters was previously carried out
to subtract the instrumental background. Infrared spectra were acquired with a Thermo
Fisher Scientific Nicolet 6700 FT-IR with SMART iTX ATR System (Thermo Fischer Scientific,
Waltham, MA, USA) in the mid-, far- and near-IR ranges from 4000 to 400 cm−1).

On selected materials, X-ray powder diffraction (XRPD) investigations were performed
in order to determine the crystalline phases present using a Philips X’Pert PRO 3040/60
diffractometer operating at 40 kV, 40 mA, Bragg–Brentano geometry, equipped with a Cu
Kα source (1.54178 Å), Ni filtered and a curved graphite monochromator. PANalytical
High Score software was utilized for data elaboration.

Characterization of the samples, morphology and composition has been performed by
scanning electron microscopy (SEM-FEI Inspect-S) coupled with energy-dispersive X-ray
spectroscopy (EDX-EDAX Genesis).

The pH and EC of the solutions during the dissolution process were measured using a
Crison Basic 20 pH-meter and a Crison Basic 30 EC-Meter (Crison, HachLange, Spain).

A triple quadrupole inductively coupled plasma mass spectrometer (QQQ-ICP-MS,
8800 model, Agilent Technologies, Santa Clara, CA, USA) equipped with two quadrupoles,
one (Q1) before and one (Q2) after the octopole reaction system (ORS3), installed in a
dedicated Clean Room ISO Class 6, (ISO 14644-1 Clean room) with controlled pressure,
temperature and humidity was used for trace analysis of residual metals in the molybde-
num.

The instrument was calibrated with reference samples from a multi-element stock
standard solution containing 13 elements (100 mg/L, each in 7% HNO3 v/v, P/N: CCS-6)
supplied by Inorganic Ventures (Christiansburg, VA, USA) as an external calibration. The
multi-element standard includes 13 elements that are mainly transition metals that are used
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in the metallurgic industries, namely V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ag, Cd, Hg, Tl, Pb. Hg,
Tl, Pb, which were also added in the analysis for their toxicological concerns even though
they are not commonly present in metallic matrixes.

All data collection and analysis were performed in ICP-MS Tandem MS/MS Helium
Mode using Mass Hunter software. Quality control standards (QCs) were added in the
batch of analysis in order to control the accuracy of the analytical method. The analyte
recoveries were within 90% of the true values.

LODs and LOQs were estimated, respectively, as three and ten times the standard de-
viation (σ) of 10 consecutive measurements of the reagent blanks according to EURACHEM
recommendation [23].

The collision cell in Helium Mode MS (MS/MS) configuration ensures removal of
any spectroscopic interferences are caused by atomic or molecular ions that have the same
mass-to-charge as analytes of interest. Regarding those isobaric interferences for the case of
molybdenum, some of its oxide’s ions can lead to overestimation of Cadmium isotopes; in
fact, 95Mo16O+ is isobaric to 111Cd and 98Mo16O+ is isobaric to 114Cd [24].

All the reagents used in the experiment were analytical reagent grade. Trace SELECT®

grade 69% HNO3 and 37% HCl and ultra-pure grade 30–32% H2O2 were acquired from
Sigma-Aldrich (St. Louis, MO, USA) and Carlo Erba Reagents (Milan, Italy), respectively.

High-purity de-ionized water (resistivity 18.2 MOhm cm−1) was obtained from a
Milli-Q Advantage A10 water purification system (Millipore, Bedford, MA, USA).

3. Discussion

3.1. Studies on the Dissolutions Process

Molybdenum has many industrial applications because of its excellent physical prop-
erties: for instance, high resistance versus corrosion [25], much slower than steel [26],
low linear expansion coefficient, relatively high thermal and electrical conductivity and
excellent mechanical characteristics, even at very high temperature, such as high tensile
strength and stiffness [27]. Therefore, many of its chemical physical features have been
deeply studied.

It is a transition metal with moderate reactivity, which is strongly determined by
specific surface, presence of impurities and traces of oxide and, in general, by presence
of defects on the surface as they can act as catalytic starting points for any reaction or
transformation [28].

This metal belongs to the chromium group and has a rich chemistry because it has
oxidation states ranging from −II to +VI and coordination numbers from 0 to 8 [29]. It can
form several oxides [30], among which the most important and commonly observed are
MoO3 (that has, in turn, some different polymorphs [31]) and MoO2, but at least seven other
oxides with molybdenum oxidation state comprised between 4 and 6 exist, for instance,
Mo8O23 [32] and Mo17O47 [33]. The oxide of trivalent Mo ion Mo2O3 also exists; indeed,
some hydrated compounds have been reported, such as MoO3–2H2O or MoO3–H2O. In
aqueous solutions, higher oxidation states are more relevant, and, in general, compounds
of Mo (VI) are more soluble, so the goal of the dissolution process is to form a solution
containing molybdate ions (MoO4

2−) [29,34].
This metal also has several commonalities with the chemistry of tungsten (W), even if

it reacts more easily with strong inorganic acids and oxidants, such as hydrogen peroxide.
In the case of reaction with hydrogen peroxide, schematically, the process can be

described according to the following formal steps:

1. Oxidation of metallic molybdenum from the surface toward the center to form a
mixture of low- and intermediate-valence molybdenum oxide.

2. Strong oxidation of these ions to the highest valence state by reaction with concen-
trated hydrogen peroxide to form some soluble oxyhydroxides and peroxides of
molybdenum, such MoO2(O2)2

2− or MoO2HO(O2)2− [34].
3. Reaction of these species with NaOH to form Na2MoO4.
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The stoichiometry of the first two steps cannot be perfectly defined, so an overall
formal reaction can be written as such:

Mo(s) + 3 H2O2 (l) + 2 NaOH (l) → Na2MoO4 (l) + 4 H2O (1)

Figure 2 shows the stages of dissolution: on the left, the initial stage with ice bath
and the peristaltic pump for a temperature-controlled reaction; in the center, the orange
solution at the end of the dissolution with the intense orange color due to molybdenum-
peroxo complexes species; on the right, the transparent solution of sodium molybdate after
addition of sodium hydroxide.

 

Figure 2. Images of the dissolution process of the molybdenum pieces.

It has been previously studied by Tkac et al. [35] that the dissolution rates and foam
produced by the reaction are highly dependent on the specific brand of peroxide solutions
using sintered Mo disk. This is presumably caused by the different peroxide stabilizers used
in the final product. The most common stabilizers are metal-based (such as Sn or Al) or
phosphate-based; they can both affect the dissolution reaction, and the metals can produce a
catalytic effect, increasing the dissolution rate, for example, or the stabilizer simply reduces
formation of free peroxide radicals, leading to a different reaction rate. They also reported
that dissolution rate is dependent on the specific surface of the sintered disk, as expected.
In the preliminary phases of this study, experiments have been conducted regarding how
the different peroxides brands can affect reaction rate with a specific ice-cooled bath and
peristaltic pump set-up. The reaction rate experiments were not affected by the different
peroxide type: Titolchimica, Carlo Erba or Sigma-Aldrich. This is probably because of
the controlled temperature that disadvantages collateral reactions, such as parasitic self-
decomposition of peroxide itself. For these reasons, for subsequent experiments, a single
brand has been chosen in order to enhance repeatability and only the Sigma-Aldrich “For
Trace Analysis” grade has been used.

Electrochemical methods have also been investigated. Cieszykowska et al. [36] studied
electrochemical dissolution of sintered molybdenum disks in the scale of about 10 g using
additional peroxide solution and potassium hydroxide as electrolyte with current density
of 365 mA/cm2 and temperature of 55 ◦C.

In general, the dissolution processes of solids in liquids are faster if the reaction surface
is greater. For this reason, molybdenum powders would be preferable and they react with
the peroxide much faster than macroscopic pieces due to the fact that, for the same mass,
the surface is bigger. Therefore, very large pieces are not suitable for achieving this purpose,
which is to have rapid formation of the stock solution, because the process would take too
long or require much greater quantities of peroxide.

Use of molybdenum metal powders makes the reaction very fast, to the point that,
as has been observed during the present research, a great deal of foam can form during
the process even when the reaction is ice-cooled. Associated with this phenomenon, it has
also been observed that even small quantities of powders, when they are quickly brought
into contact with the liquid, lead to a large increase in system temperature, up to about
380 K. Furthermore, the foam could easily fill the chemical reactor and eventually overflow,
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with obvious safety problems, and can remove the smallest and lightest metallic particles
from the reaction environment, making it difficult to achieve complete dissolution. The
strong increase in temperature leads to decomposition of hydrogen peroxide before it has
completely reacted, and, consequently, a large excess of solution will be necessary.

However, powders are not suitable within the SRF project for one fundamental reason:
once irradiated, the molybdenum target becomes strongly radioactive and cannot be
manipulated or transported by a human operator. This means that all the phases following
irradiation must be automated. The target will be automatically transferred by means of
a pneumatic system from the bunker where the neutron irradiation is carried out to the
hot cells for radiochemical processing. For this reason, small particles or powders cannot
be used because they can clog the filters, remain attached to the walls of the pipes and be
easily and dangerously dispersed into the facility. The ideal geometry has, therefore, been
identified as pellets or beads of millimeter size.

Several tests were carried out using different concentrations of hydrogen peroxide
ranging from 3% to 30% w/w. Taking constant all the other parameters, the time required
for the dissolution process decreases almost linearly with peroxide concentration, sug-
gesting that the control steps are phenomena occurring at metallic pellets surface. It is
interesting to note that, during this rapid reaction, the color of the solution can change long
before reaching the final orange–yellow one because different oxyanions and molybdenum
complexes are formed. Even though, from a formal point of view, the reaction is quite
simple, in reality, the chemical path leading to formation of the desired products is rather
complex [34,37].

It has been observed experimentally in this study that temperature does not increase
immediately when the reactants come into contact; there is an initial induction time before
which the temperature remains practically constant, and, immediately after, it increases
dramatically. This induction time is generally of few seconds and depends on peroxide
concentration (as well as temperature and other experimental factors), suggesting that
the reaction acts as if it were self-catalytic, as can be seen in Figure 3. It shows the trend
of the time required for appearance of the first bubbles and its inverse as a function of
concentration of hydrogen peroxide solution, when the metallic pieces are thrown into the
liquid. In this case, just a few milligrams of Mo and a few milliliters of peroxide were used.

Figure 3. Dependence of time of appearance of the first bubbles at surface of metallic pieces and its
inverse as a function of concentration.

The trend of the inverse time clearly suggests that the concentration of the peroxide is
the fundamental factor and the kinetics of the process are likely controlled by phenomena
at solid/liquid interface.

A possible explanation for this phenomenon can be found in the fact that the molybde-
num pieces are covered with a very thin layer of MoO2 that acts as a passivation layer, and
that is why they appear dark and somehow dusty on the surface. Indeed, because of this
layer, generally, in aqueous conditions, molybdenum exhibits considerably lower corrosion
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rates than many metals, such as iron [34,38]. This oxide forms easily because of favorable
redox potentials in these two half-reactions (0.152 V and 1.23 V, respectively) [34,39]:

Mo + 2 H2O → MoO2 + 4 H+ + 4 e−

O2 + 4 H+ + 4 e− → 2H2O

The reaction path must necessarily involve this layer as well. Tyurin [40] suggested
that, in alkaline, neutral and weakly acidic solutions, this passive layer is stable.

However, this oxide can be oxidized to the +VI state at higher potentials and low
pH, as shown in Figure 4 regarding the E–pH diagram for pure molybdenum [40–42].
Hydrogen peroxide itself is a weak acid, but, as the reaction proceeds, the pH decreases so
that the conditions favor dissolution.

Thus, molybdenum dissolves at more positive potentials as an oxyanion of molybdic
acid depending upon pH, i.e., as molybdic acid H2MoO4 at low pH, as hydrogen molybdate
anion between pH 3 and 5 and as molybdate anion above about pH 5–6. Some more
complex equilibria can exist and other polyoxomolybdates may form [43,44].

Figure 4. E-pH diagram for molybdenum taken from [41].

As the oxidation process proceeds, according to Badawy [45], other oxides form, such
as Mo2O5, with lower protective capacity and formation of a thick oxidation product. This
could offer a clue as to whether induction time is observed. As long as the passivating
layer of MoO2 exists, the oxidation reaction of the metal cannot take place; on the contrary,
the more this passivation layer is destroyed, the more the underlying metal reacts quickly.
Furthermore, as the reaction proceeds, pH decreases because the main chemical species
with which the molybdenum passes into solution is anion HMoO4

−, making the reaction
even faster. For electroneutrality of a system, pH obviously decreases.

Figure 5a shows the trend of pH and electroconductivity as a function of time during
the dissolution process of 20 g of molybdenum using a 30% peroxide solution with external
ice bath, and Figure 5b shows the trend of the temperature during the experiment. The
mass variation (defined as (Mi − Mf)/Mi × 100, where Mi and Mf are the initial and final
mass, respectively) of the undissolved metal was also measured in other experiments and
shown in the same figure. The final yield of this test after 300 min was over 99%, meaning
that dissolution of the metal is complete under these conditions.

It is important to note that, due to the external ice bath, in the first half of the experi-
ment, pH, electrical conductivity of the solution and temperature are almost constant and
the mass of metal remains almost constant, indicating that the reaction is very slow at this
stage. However, after about 200 min, all these parameters change drastically. The pH of the
solution decreases by about 0.5 units and the conductivity increases more than ten times.
The temperature, which, until then, had remained roughly stable, increases more than
303 K in a few minutes despite the ice bath, and the mass of the samples begins to decrease
dramatically and the inflection points coincide with a drastic increase in temperature.
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(a) (b) 

Figure 5. (a) pH and electroconductivity of solution during the dissolution process and (b) tempera-
ture and mass variation dependence on time during the same process.

The onset of temperature rise coincides with the moment when pH and conductivity
begin to vary significantly. The pH fluctuations must be evaluated even though the
measurement conditions were not optimal due to the increase in viscosity and the different
complexes present in the solution. It is possible that the final rise in pH may be linked to a
variation in the anionic species present in the solution and their equilibria. For example,
monomeric molybdate ion can easily form polymolybdate anions [43,44] (in most cases,
with general formula MoxO3x+12

− or HMoxO3x+1
−) and possibly peroxopolymolybdates,

in particular when the concentration, as in this case, is high [46]. Indeed, under particularly
acidic conditions, anion MoO4

2− can be subject to some protonation reaction, which leads
to formation of species such as MoO3(OH)− and MoO2(OH)2(OH2)2. All these chemical
equilibria can lead to an increase in pH [46]. After complete dissolution of the molybdenum,
an orange-colored limpid solution is obtained.

All these observations are in excellent agreement with the proposed model for molyb-
denum dissolution. In fact, by using the ice bath, it is possible to slow down the first step of
the process so that it is easier to observe the drastic variation in the reaction after induction
time. As long as the MoO2 passivation layer is almost intact [42,46,47], the process is very
slow, whereas, after its removal, it becomes extremely fast and self-catalytic. At this point,
the temperature spikes and the electrical conductivity of the system increases dramatically,
meaning that the concentration of ions in solution increased significantly. In fact, it is also
observed that the mass of the sample begins to decrease only in correspondence with these
phenomena and the pH also decreases, in agreement with the hypothesis that, initially, the
main molybdenum species in the solution is anion HMoO4

−.
These observations also suggest that, in order to optimize the reaction rate for larger

batches, the system temperature should be controlled; it should not be too low, i.e., below
about 300 K; otherwise, the process is too slow, and it should not be too high as this would
lead to competitive decomposition of the peroxide before complete dissolution, thus requir-
ing larger amounts of hydrogen peroxide, and this is not suitable for an environmentally
cleaner process. The optimum process temperature appears to be around 320 K.

It is also observed, in excellent agreement with this chemical path model, that the
molybdenum pellets appear with a metallic-silvery surface and no longer black just before
sudden changes take place.

Finally, solid sodium hydroxide was added to the intensely orange acid solution until
complete discoloration, obtaining a final pH of 14. During the reaction, the NaOH reacts
with the peroxides according to the reaction 2 NaOH + H2O2 → Na2O2 + 2 H2O. The
reaction is exothermic and, therefore, favors removal of the residual hydrogen peroxide.
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3.2. Microscopic Characterization

In order to investigate the dissolution mechanism more deeply, some pieces of molyb-
denum were observed under electron microscope at different reaction times, keeping all
the other parameters constant.

Figure 6 shows the temporal evolution of their surface and the appearance of corrosion
signs.

 

Figure 6. SEM images of some molybdenum pieces from top row to bottom row: 0 min ((a) basal
view, (b) lateral view) 30 min ((c) basal view, (d) lateral view), 60 min ((e) basal view, (f) lateral view),
120 min ((g) basal view, (h) lateral view).

In this figure are shown low-magnification secondary electron-SEM pictures of Mo
pellets dissolved in peroxide solution at different reaction times, basal (left column) and
lateral (right column) overviews of: Figure 6a,b starting Mo pellets; Figure 6c,d Mo pellets
after 30 minutes; Figure 6e,f after 60 minutes and Figure 6g,h after 120 minutes of reaction;
all scale bars are 200 μm).

Figure 6a,b reports a representative starting Mo pellet showing the basal face without
any cavities and holes. After dissolution in peroxide solution, the surface becomes defective
and the pieces become smaller on average. Specifically, pristine Mo pellets clearly present
dissolution and corrosion signs. The basal faces display presence of numerous cavities and
lateral overviews provide direct observation of corrosion lines focused on the edges of the
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cylinder (Figure 6d,f,h). Upon increasing reaction time, extent of corrosion lines increases
such that, after 120 min of reaction time, some pellets achieve a barrel shape (Figure 6h).

Obviously, as the atoms are oxidized to the hexavalent state and pass into solution,
the mass of the metallic piece decreases.

However, the size reduction is not uniform in all directions. Although the pieces are
not all exactly alike, this observation is absolutely general. In other words, the diameter
decreases in percentage much more slowly than length, indicating that, even at the micro-
scopic level, the process follows a particular path. Loss of mass is, therefore, not a simple
and progressive release of matter from the external surface of the beads towards the liquid
phase until they are completely consumed.

The effects upon corrosion lines of reaction time are reported in Tables 1 and 2; the
trend is similar to behavior already observed with regard to pellet evolution: the diameter
is almost constant, whereas the length rapidly decreases.

Table 1. Mean dimensions of the diameter and the lengths of the pellets at various dissolution times
in peroxide solution 30%.

Reaction Time Mean Pellet Diameter (μm) Mean Pellet Length (μm)

0 min 1490 ± 10 1710 ± 10
30 min 1253 ± 10 1113 ± 10
60 min 1265 ± 10 935 ± 10
120 min 1210 ± 10 626 ± 10

Table 2. Mean dimensions of the diameter and the lengths of the pellets and maximum values for
diameter and length of corrosion lines as obtained by SEM image analysis at various dissolution
times in peroxide solution 30%.

Reaction Time
Mean Corrosion
Lines Diameter

(μm)

Mean Corrosion
Lines Length

(μm)

Max Value of
Corrosion Lines
Diameter (μm)

Max Value
Corrosion Lines

Length (μm)

30 min 1253 ± 10 1113 ± 10 118 271
60 min 1265 ± 10 935 ± 10 108 408
120 min 1210 ± 10 626 ± 10 126 626

EDX-SEM investigations (not reported here) were carried out on the entire surface
of our four samples to provide compositional information, with a particular focus on
understanding the presence of oxygen. Slight oxidation was reported both on flat and
lateral surfaces, with uniform distribution of Mo and oxygen content. However, comparing
the analysis of the four samples, no significant difference was detected, both in terms of
content and distribution of two elements.

Corrosion of a solid surface by liquids can be a very complex phenomenon from a
physicochemical point of view and there are many different microscopic mechanisms that
can be involved [48].

There are some cases where corrosion occurs in a uniform manner on the whole
surface, often called uniform or general corrosion, referring to a process that proceeds at
approximately the same rate over the whole exposed surface. However, often, corrosion
preferentially starts where the surface energy is greater, i.e., in correspondence with cracks,
defects, grain boundaries and presence of impurities [49]. Localized corrosion leads to
pitting, which greatly enhances dissolution process kinetics [50]. Regardless of the specific
mechanism, localized corrosion begins at specific sites, and, once the process has begun,
these initial sites become larger over time and involve the entire surface.

Corrosion can be intragranular or intergranular [51], being the second a form of attack
where the boundaries of crystallites of the material are more susceptible to the dissolution
process than their insides. Intergranular corrosion is a form of localized corrosion, where
the corrosion takes place in a quite narrow path preferentially along the grain boundaries
in the metal structure.

119



Molecules 2023, 28, 2090

It seems realistic to imagine that these small pieces are manufactured by hot extrusion
and that, therefore, the grains align themselves preferentially along their axis. Then it
can be imagined that they are mechanically cut to the desired size. Their shape can be
approximated to cylinders. Often, traces of carbon used as a lubricant for extrusion can
remain on the side surfaces, but not on the planar ones. These molybdenum pieces are
of high purity, so the planar surfaces are quite uniform. Furthermore, it is possible that
the MoO2 layer on the side surface may be thicker because it can be formed during a heat
treatment.

Based on the SEM images, it appears that molybdenum dissolution by peroxide is a
very complex combination of uniform and localized corrosion. The fact that the sample
pieces progressively shorten while their diameter remains roughly the same indicates
uniform corrosion, which mainly affects flat surfaces. The metallic pieces progressively
lose mass from them, without any particular corrosion points appearing in the first stages
at least. On the contrary, the lateral surface shows evident signs of very localized corrosion,
with lines that become progressively more evident. In this case, the corrosion is more of the
intergranular type since a combination of the two processes cannot be completely ruled out
at least initially; once the process has taken hold, it becomes prevalent.

It is, therefore, possible to suppose a different mechanism on the different sides:
uniform corrosion on the planar faces and localized corrosion on the lateral surface.

Dissolution on the planar faces starts at the beginning uniformly over the entire surface
and on both sides in a similar manner. However very soon, there is formation of some deep
corrosion points on these surfaces, with morphology that is quite reminiscent of pitting
(Figure 7c). These craters have a conical appearance in the sense that, the deeper they
are, the smaller their radius. These corrosion marks, especially the larger ones, are often
separated by thin walls that meet at angles of about 120◦. In general, pitting is a form of
extremely localized corrosion that leads to random creation of small holes and often is due
to the de-passivation of a small area. The corrosion rate is, among other factors, determined
by the size of the surface that is corroded: the greater, the faster the process. In this case, as
the signs of corrosion appear new, surface attackable by the peroxide is created, making the
dissolution faster and faster.

 

Figure 7. Backscattered SEM images of Mo pellet as obtained after 120 min of reaction time. Lateral
(a,b) and basal (c) overview of Mo pellet presenting evident localized corrosion. (b) Zoom of Figure 7a
showing the corrosion lines run along the lateral surface until reaching the middle of the barrel-shaped
pellet. All scale bars are of 50 μm.

Since this does not occur on the lateral surface, this can offer an explanation for the
fact that the loss of mass occurs mainly from the basal surface rather than from the lateral
surface.

Actually, the later surface does not participate to the dissolution process in the very
early stages; only its extremities are involved and, in these positions, the signs of corrosion
are very evident. After some time, some dissolution lines propagate from these initial
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points and run along the lateral surface from both sides until they arrive to touch and
cover the entire lateral surface (Figure 7a,b). At this point, corrosion proceeds quickly and
also inwards. The possible microscopic dissolution mechanism that has been discussed is
depicted schematically in Figure 8.

 
Figure 8. A model representation of the proposed microscopic mechanism.

3.3. Spectroscopic Characterization

As described in the previous sections, the final aim of the radiochemistry task within
the SRF project is to efficiently and quickly prepare a stock solution to obtain 99mTc. How-
ever, one of the indirect ways to prove the quality of the method used in this work and
demonstrate the purity of the solution is to obtain crystals of sodium molybdate, Na2MoO4,
and characterize them spectroscopically. Furthermore, this compound is an interesting
material on its own due to its various properties and is worth studying as it stands. For
example, it is a promising material for optoelectronics [52].

After preparation of the sodium molybdate solution, the crystals have been slowly
evaporated, dried in a laboratory oven and analyzed.

Sodium molybdate at room temperature and pressure crystallizes in the spinel type
structure, with Fd-3 m symmetry and cell parameter a = 9.10888 Å [53–55]. It is possible to
observe high purity and excellent quality of the sample obtained in this way since almost
all the peaks of the diffractogram can be uniquely attributed only to the pure Na2MoO4
compound and there are only few spurious signals that are due to a very small quantity
of sodium carbonate, Na2CO3, which, in turn, very likely derives from small quantity
of impurities in the NaOH and can, therefore, be avoided using this reagent with better
quality and higher purity. This also means that the method, when perfectly controlled, is
very effective in obtaining the stock solution for feeding the Mo/Tc generators.

Figure 9 below shows the XRD pattern of a sample crystallized from this solution by
evaporating the liquid, and Figures 10 and 11 show Raman spectrum and IR spectrum of
the same sample, respectively.
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Figure 9. XRD pattern of sodium molybdate.

 

Figure 10. Raman spectrum of sodium molybdate.

 

Figure 11. IR spectrum of the same sample.
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All the Raman bands and signals in IR spectrum can be uniquely attributed only to
the pure anhydrous Na2MoO4 compound and no spurious peaks can be detected.

The crystalline structure consists of isolated MoO4 tetrahedra and the crystals have
eight formula units per unit cell [36–38]. In the crystal, MoO4 groups occupy Td sites and
Na ions occupy D3d sites. Vibrational modes of these tetrahedra are the main features that
can be observed in both types of spectra and the position of observed bands depends on
the characteristic vibrations of the O–Mo–O bonds and MoO4 blocks, even if collective
modes of the whole crystalline lattice can have a role. According to standard group theory,
the irreducible representation Γ admits 39 optical modes that are [53–55].

Γ = A1g + Eg + F1g + 3F2g + 2A2u + 2Eu + 4F1u + 2F2u

Selection rules enable A1g, Eg, and F2g modes to be Raman-active due to symmetric
stretching (υ1), asymmetric stretching (υ3), symmetric bending (δ2) and asymmetric bend-
ing (δ4) of the MoO4 units. The measured bands match what has been reported in the
literature: 891 cm−1, 808 cm−1, 380 cm−1 and 302 cm−1. In addition to these bands, it is
possible to note a further signal at about 115 cm−1 that can be assigned to translational
collective mode of the crystalline lattice [53]. The assignments are reported in Table 3. In
the case of IR spectrum instead, the band at about 550 cm−1 can been attributed to the
bending vibration of the MoO4

2− tetrahedron, while the signals in the range 650–800 cm−1

are due to the stretching vibration of the tetrahedra observed also; in particular, the very
intense band at about 830 cm−1 is due to O–Mo–O stretching [54,55].

It is important to note the absence of signals in around 3000 cm−1, which is the
region due to hydrogen–oxygen stretching. This indicates significant absence of water, of
crystallization nature or absorbed, in the sample.

Table 3. Assignments of the Raman bands of sodium molybdate.

Wavenumber (cm−1) Attribution

115 Collective Mode (MoO4)
302 δ (Mo–O)
380 δ (Mo–O)
808 νas (Mo–O)
891 νs (Mo–O)

The purity of starting materials and final product have been verified by ICP-mass
spectrometry and resulted in very high values, as can been seen in Table 4.

Table 4. Impurities concentration in the initial molybdenum pieces and in the final product (* below
LOQ).

Element Concentration (ppb)

Pellets (LCTMM Co.) Powder (Merck, DE)
Purified Sodium

Molybdate

V 0.361 1.061 0.252
Cr 23.72 12.18 8.793
Mn 2.998 1.184 1.620
Fe 161.2 75.78 76.81
Co 8.181 2.478 9.574
Ni 16.99 18.51 9.995
Cu 2.204 1.397 0.901
Zn 4.130 2.446 1.242
Ag 0 * 0 * 0 *
Cd 71.28 53.69 77.63
Hg 0.449 0.452 0 *
Tl 0 * 0 * 0 *
Pb 1.653 1.026 8.556
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The molybdenum samples were prepared in a clean laboratory for sample treatment
and preparation of the ICP-MS analysis with a microwave digestion system, Speedwave
Four model (Berghof, Germany), equipped with temperature and pressure control for
digestion vessels made of PTFE.

Both the molybdenum pellets, which are the chosen geometry for this study, and the
molybdenum powder, which was used in the preliminary phases of this research, were
analyzed and compared to the purified crystal of sodium molybdate at the end of the
process. In this way, it has been possible to evaluate any unexpected contamination from
the beginning to the end of the process.

The values of the analyzed elements were all well beyond the limits of the certificate
analysis of the products (<500 ppm for both powder and pellets), and the requirements for
trace metal analysis are met, confirming the high purity of the starting material. Importantly,
secondary elements concentration did not increase (with the only exceptions of lead and
cadmium, whose concentrations remain, in any case, far below the safety limits); on the
contrary, it decreased, meaning that the dissolution/recrystallization process increases
purity.

RSD for all measurements were below 5%.

4. Conclusions

In this experimental study, a green, mild and cost-effective molybdenum dissolution
procedure has been investigated. Up to 100 g of solid molybdenum have been successfully
dissolved in less than 6 h, demonstrating the feasibility of the process for preparation
of the solution used in Mo99/Tcm99 generators. The developed method is rapid and
involves mild reaction conditions, minimal reagents consumption and quantitative yields.
Furthermore, reaction temperature is easily controlled with ice bath, and, therefore, risks
and hazards are minimized.

Chemical and kinetic measurements have also been performed for parameters opti-
mization, such as solution pH and EC, hydrogen peroxide concentration and induction
time during the dissolution process.

Sodium molybdate crystals have been successively recrystallized and characterized by
means of X-ray diffractometry, Raman spectroscopy, infrared spectroscopy and inductively
coupled plasma mass spectroscopy, showing the very high purity of the compound and the
extremely low contamination of other metals (<80 ppb).

We further studied the mechanism of dissolution and corrosion of molybdenum pellet
via scanning electron microscopy and EDX analysis in order to better understand the
dissolution chemistry of the specific solid molybdenum geometry and optimize future
larger-scale experiments with specifically designed reaction vessels.

We can, therefore, conclude that the method fits the standards needed for radiochemical
processing of irradiated molybdenum by 14 MeV fusion neutron source SORGENTINA-RF.
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Abstract: Positron emission tomography (PET) is a molecular imaging technique that makes use
of radiolabelled molecules for in vivo evaluation. Carbon-11 is a frequently used radionuclide for
the labelling of small molecule PET tracers and can be incorporated into organic molecules without
changing their physicochemical properties. While the short half-life of carbon-11 (11C; t 1

2
= 20.4 min)

offers other advantages for imaging including multiple PET scans in the same subject on the same day,
its use is limited to facilities that have an on-site cyclotron, and the radiochemical transformations are
consequently more restrictive. Many researchers have embraced this challenge by discovering novel
carbon-11 radiolabelling methodologies to broaden the synthetic versatility of this radionuclide. This
review presents new carbon-11 building blocks and radiochemical transformations as well as PET
tracers that have advanced to first-in-human studies over the past five years.

Keywords: Carbon-11; positron emission tomography (PET); radiochemistry; radiotracer; first-in-human

1. Introduction

Positron emission tomography (PET) is a molecular imaging technique that utilizes
radiotracers for in vivo studies. The radionuclides fluorine-18 and carbon-11 are the most
commonly used for labelling PET tracers because of the growing use of organofluorine
drugs and as carbon is ubiquitous in nearly every drug or biomolecule. Additionally, their
suitable decay characteristics and half-lives match the in vivo pharmacokinetics of small
molecules. Consequently, developing new radiochemistry methods for the introduction of
these short-lived radionuclides into organic molecules has emerged as one of the greatest
challenges in PET radiopharmaceutical chemistry. Our ultimate goal is to radiolabel any
molecule for medical imaging—a concept analogous to total synthesis that we introduced
as “total radiosynthesis” [1]. Because the radiochemistry of fluorine-18 has been extensively
reviewed in recent years [for example see: [2–11]], the focus of this review is on recent
radiochemistry methodologies with carbon-11 and translation of 11C-labelled PET tracers
to first-in-human (FIH) PET imaging studies.

Carbon-11 (11C) has a half-life of 20.4 min and is produced in a cyclotron by proton
bombardment of nitrogen gas in presence of trace amounts of oxygen (0.1–2%) or hydrogen
(5–10%) where it is obtained as [11C]CO2 or [11C]CH4, respectively [12,13]. [11C]CO2 and
[11C]CH4 can either be used directly in radiolabelling reactions or further converted to other
11C-building blocks (see Scheme 1) [14]. The most common carbon-11 labelling strategy for
PET tracers is 11C-methylation of hydroxy or amino groups using [11C]methyl iodide or
[11C]methyl triflate, which are routinely obtained from [11C]CO2 and/or [11C]CH4. The
advantages of 11C-methylation are the accessibility of precursors and carbon-11 methylating
agents, as well as the general prevalence of methyl groups in pharmaceutical compounds.
However, amongst molecules targeting the central nervous system (CNS) the prevalence of
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such methyl groups is rather low (<35%). Furthermore, metabolic demethylation can lead
to cleavage of the radiolabel in vivo [15,16].

Scheme 1. Selected carbon-11 labelled building blocks.

Synthetic efforts have been made in recent years to expand the toolbox for 11C-
chemistry beyond 11C-methylation (Scheme 1). Particular interest has been paid to the
development of [11C]CO and [11C]CO2 chemistry, in order to gain access to 11C-labelled
carbonyl-based functional groups. These radiochemistry methods open the door to labelling
>75% of the compounds in CNS drug pipelines [15]. And other promising building blocks
and synthetic strategies have been developed, such as new reactions with [11C]methyl io-
dide and related alklylating reagents, [11C]hydrogen cyanide, [11C]fluoroform, [11C]carbonyl
difluoride, [11C]carbon disulfide, [11C]thiocyanate and [11C]formaldehyde (vide infra),
further broadening the scope of compounds that can be labelled with carbon-11 and paving
the way for our ultimate goal of total radiosynthesis.

It should be noted that all yields are reported as they are stated or defined in their orig-
inal articles (radiochemical yield (RCY), radiochemical conversion (RCC), radiochemical
purity (RCP)) and might not necessarily reflect their definition as reported in the nomencla-
ture guidelines [17,18]. The molar activity (Am) depends on several factors including the
starting amount of radioactivity and is therefore difficult to compare.

2. Carbon-11 Methodologies

2.1. [11C]Carbon Dioxide

Historically, [11C]CO2 has been a challenging building block for radiochemists to use
due to its moderate reactivity and potentially low Am caused by isotopic dilution with at-
mospheric CO2. The introduction of bulky organic “fixation” bases such as 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU) and 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-
1,3,2-diazaphosphorine (BEMP) for trapping of [11C]CO2 [19–21] was inspired by green
chemistry for capturing atmospheric CO2 and represents a major advance for 11C-chemistry:
the “fixation” bases allow [11C]CO2 to be easily trapped in a reaction vessel at room temper-
ature and enable access to high oxidation state functional groups such as carbon-11 labelled
carboxylic acids, amides, formamides, ureas, carbamates and other functional groups [22].
This methodology has contributed to the accessibility of [11C]CO2 as a building block and,
in consequence, a wide array of new [11C]CO2 chemistry applications and PET tracers have
emerged over the past decade. This review will focus on novel [11C]CO2 fixation reactions
reported within the last five years.
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While [11C]CO2 is directly produced in the cyclotron, the irradiated cyclotron target
gas contains many undesired chemical and radiochemical entities. To purify [11C]CO2 from
carrier gases and other by-products, it is typically trapped using liquid nitrogen or by physi-
cal adsorption on porous polymers, such as carbon molecular sieves or polydivinylbenzene
copolymers. A new method for purifying [11C]CO2, also inspired by green chemistry
literature, has recently been reported by our laboratories which employs chemisorption
by solid polyamine-based adsorbents. This method uses small amounts of silica-grafted
polyethyleneimine to trap [11C]CO2 at room temperature and quantitatively release it
under mild heating (85 ◦C). Trapping efficiencies (TEs) as high as 79 ± 12% were observed
but decreased over multiple cycles, indicating a limited reusability of the capture material.
This technology was applied to synthesize a PET tracer by [11C]CO2 fixation reactions, and
could potentially be applied for solid phase reactions as well as enable the transportation
of carbon isotopes [23].

Traditionally, direct use of [11C]CO2 is achieved by use of Grignard reagents, organo-
lithiums or silanamines to yield 11C-labelled amides or carboxylic acids. However, these
reagents are challenging to implement in automated PET tracer production due to their
hygroscopic nature, tendency to absorb atmospheric CO2, and corrosiveness [22]. As such,
many new methodologies for the preparation of [11C]carboxylic acids have been developed
over the past five years by novel [11C]CO2 fixation reactions that employ the aforemen-
tioned “fixation” bases. Our laboratory reported the use of aryl and heteroaryl stannanes
as precursors which were carboxylated in a copper(I)-mediated reaction with [11C]CO2
(see Scheme 2A) [24]. The method was fully automated and applied for an alternative
synthesis of [11C]bexarotene (previously synthesized by reaction of [11C]CO2 with a boronic
ester precursor mediated by a copper(I) source [25,26]), and was obtained with a RCY of
32 ± 5% (decay-corrected (dc)) and a Am of 38 ± 23 GBq/μmol. The strategy was also
applied by García-Vázquez et al. to the synthesis of 11C-carboxylated tetrazines for the
labelling of trans-cyclooctene-functionalized PeptoBrushes [27]. After optimization of the
original reaction conditions (CuI instead of CuTC, NMP instead of DMF and addition
of TBAT as fluoride ion source), two tetrazines were successfully 11C-carboxylated with
RCYs of 10–15% and “clicked” to the TCO-PeptoBrushes. It is noteworthy that Goudou
et al. reported the copper-catalyzed radiosynthesis of [11C]carboxylic acids by reaction of
[11C]CO2 with terminal alkynes in presence of DBU (see Scheme 2B) [28]. A small library
of [11C]propiolic acids was obtained with RCYs between 7 and 28%. A different approach
using trimethyl and trialkoxy silanes as precursor has been described by Bongarzone et al.
(see Scheme 2C) [29]. In this desilylative carboxylation reaction, aromatic silane precursors
were activated by fluoride, forming a pentavalent silicate which was then reacted in a
copper-catalyzed reaction with [11C]CO2. [11C]Carboxylic acids were obtained with RCYs
of 19–93% and TEs of 21–89%. A more general approach for the synthesis of [11C]carboxylic
acids was introduced by Qu et al. (see Scheme 2D) [30]. Sp-, sp2- and sp3-hybridized
carbon-attached trimethylsilanes were 11C-carboxylated in a fluoride-mediated desilylation
(FMDS) reaction, resulting in a broad substrate scope and high RCYs (up to 98%). The
applicability of the method was demonstrated by synthesizing two carboxylic acid PET
tracers via the FMDS approach.

[11C]Carboxylic acids can also be synthesized by isotopic exchange reactions. Destro
et al. reported the isotopic exchange reaction of cesium salt precursors with 13C, 14C, and a
few selected examples of 11C (see Scheme 3A) [31]. While good yields were obtained for
[13C]CO2 and [14C]CO2, yields were low for [11C]CO2 (3–50%) due to low TEs. Another
take on this strategy was demonstrated by Kong et al., who employed photoredox catalysis
and obtained similar results (see Scheme 3B) [32]. In both cases, Am was low, as expected
(<0.2 GBq/μmol). A very recent addition to the portfolio of carboxylic acid labelling strate-
gies by isotopic exchange was presented by Bsharat et al. [33]. These authors developed an
aldehyde-catalyzed carboxylate exchange reaction in α-amino acids (see Scheme 3C) with
13C and 11C. For the 11C-reactions, imine carboxylates were pre-formed by condensation of
α-amino acids with aryl aldehydes and subsequently subjected to the carboxylate exchange
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reaction with [11C]CO2. An array of α-amino acids was labelled with RCYs of 4–24%, and
the modest yields were also attributed to low TEs of the [11C]CO2. Phenylalanine was
isolated by this reaction with a Am of 8.4 GBq/mmol.

 
Scheme 2. New synthetic strategies for [11C]carboxylic acids [24,28–30].

Scheme 3. Synthesis of [11C]carboxylic acids via isotopic exchange [31–33].

Scheme 4 gives an overview of the proposed mechanism of [11C]CO2 fixation with
fixation bases such as BEMP and DBU and formation of the [11C]isocyanate, as well as
the 11C-labelled functional groups that can be obtained via this pathway [18]. While early
works focused on the synthesis of carbamates, the scope of 11C-labelled functional groups
has broadened immensely over time.
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Scheme 4. [11C]CO2 fixation, [11C]isocyanate formation and 11C-products.

The efficient syntheses of carbon-11 labelled amides, ureas, and formamides have been
a longstanding goal in PET radiochemistry and have seen an emergence of interest in recent
years. Bongarzone et al. reported a rapid one-pot synthesis of amides via a Mitsunobu reac-
tion (see Scheme 5A) [34]. [11C]CO2 was trapped with DBU, converted to [11C]isocyanate
(or an [11C]oxyphosphonium intermediate) using Mitsunobu reagents and subsequently
reacted with a Grignard reagent to form the respective amide. RCYs of up to 50% were
obtained. The substrate scope was not investigated for [11C]CO2, but [11C]melatonin was
synthesized to demonstrate the applicability of this method to biologically relevant com-
pounds. Mair et al. used organozinc iodides as alternatives to Grignard reagents in a
rhodium-catalyzed addition to [11C]isocyanates (see Scheme 5B) [35]. The isocyanates were
generated similarly to the previous method and reacted with the organozinc iodides in pres-
ence of a rhodium catalyst with RCYs of 5–99%. One model compound was isolated with a
RCY of 12% and Am of 267 GBq/μmol to demonstrate suitability for PET tracer production.
In order to develop an efficient synthesis strategy for the benzimidazolone PET tracer (S)-
[11C]CGP12177, Horkka et al. reported a BEMP/Mitsunobu-based strategy for the synthesis
of cyclic aromatic ureas: ortho-Phenylenediamines were reacted with [11C]CO2 in presence
of BEMP as fixation base. Mitsunobu reagents (DBAD, nBu3P) were added to form the
[11C]isocyanate intermediates which then reacted intramolecularly to yield the respective
11C-labelled urea (see Scheme 5C) [36]. The strategy was also applied to cyclic carbamates
and thiocarbamates, as well as the tracer (S)-[11C]CGP12177, which was obtained in 23%
RCY (dc) with a Am of 14 GBq/μmol. Luzi et al. reported the synthesis of [11C]formamides
(see Scheme 5D) [37]. [11C]CO2 was trapped with BEMP in diglyme and was reacted with
aromatic and aliphatic primary amines to form the respective [11C]isocyanates, which were
subsequently reduced to the [11C]formamides with sodium borohydride. The method
performed better for aliphatic amines compared to aromatic amines.

In an attempt to make [11C]CO2 fixation with BEMP and DBU more widely accessible
and amenable to automation, two strategies of “in-loop” [11C]CO2 fixation have been
developed. While our laboratory developed this method using a standard stainless-steel
HPLC loop for [11C]CO2 fixation, Downey et al. applied a disposable ethylene tetrafluo-
roethylene loop [38,39]. In both cases, [11C]CO2 was captured in the loop in the presence
of an amine precursor and fixation base, prior to reaction with a model substrate. The
“in-loop” fixation has been applied to synthesize 11C-labelled carbamates, unsymmetrical,
and symmetrical ureas.
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Scheme 5. Synthesis of [11C]amides and [11C]formamides via [11C]isocyanates [34–37].

A different approach to access ureas and carbamates via [11C]isocyanate was presented
by Audisio and co-workers (see Scheme 6). The [11C]isocyanate intermediates were gener-
ated through a Staudinger aza-Wittig reaction from the respective azide, then reacted either
intramolecularly to form cyclic [11C]ureas [40] and [11C]carbamates [41] or intermolecularly
with an amine to form linear ureas [42]. All three strategies were applied for the synthesis
of 13C-, 14C- and 11C-labelled compounds. RCYs of the isolated 11C-compounds generally
ranged between 20 to 50%.

Scheme 6. 11C-labelled ureas and carbamates via the Staudinger aza-Wittig reaction [40–42].

To avoid the multi-step syntheses and limited substrate scope of previously reported
methods, Liger et al. reported a novel radiolabelling strategy for benzimidazoles and
benzothiazoles (see Scheme 7). In this work, [11C]CO2 was reacted with aromatic diamines
and aminobenzenethiols in presence of 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene
(IPr), zinc chloride, and phenylsilane as reducing reagent to obtain various benzimidazoles
and benzothiazoles [43].

Previously, the synthesis of [11C]carbonates could only be achieved using the esoteric
building block [11C]phosgene, which is technically challenging to prepare and requires
specialized apparatus. To access this functional group directly from [11C]CO2, Dheere et al.
developed a procedure involving an alkyl chloride, an alcohol, TBAI and base in DMF (see
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Scheme 8) [44]. The procedure was used for the synthesis of one model compound, and
resulted in either moderate RCY (31 ± 2%) and higher Am (10–20 GBq/μmol; low amounts
of 11C), or high RCY (up to 82%) and lower Am (2 GBq/μmol), depending on the base.

Scheme 7. Synthesis of carbon-11 labelled benzimidazoles and benzothiazoles [43].

 
Scheme 8. Synthesis of a [11C]carbonate from [11C]CO2 (RCY and Am are base-dependent) [44].

A novel method for ring-opening non-activated aziridines with [11C]CO2 using
DBU/DBN halide ionic liquids was developed by our laboratory (see Scheme 9) [45].
[11C]CO2 was introduced to a pre-activated mixture of benzyl aziridine and the ionic liquid
giving 4-benzyl [11C]oxazolidine-2-one with 77% radiochemical conversion (RCC) and 78%
TE. The method was applied to radiolabel an array of [11C]oxazolidinones (RCCs 5–95%)
as well as a MAO-B inhibitor, [11C]toloxatone, as a proof of concept.

 
Scheme 9. Ring-opening of non-activated aziridines with [11C]CO2 [45].

2.2. [11C]Carbon Monoxide

[11C]Carbon monoxide has gained much interest in recent years. Novel 11CO-chemistry
will not be covered within this review but we refer to recent comprehensive reviews of
[11C]CO production methods and 11C-carbonylation chemistry [46–50]. Although many
straightforward routes for [11C]CO production have been established, and a diverse portfo-
lio of [11C]carbonylation reactions has been developed, this branch of carbon-11 chemistry
is still heavily underrepresented in PET tracer synthesis. In fact, of the 100+ labelled
compounds synthesized from [11C]CO, only four are reported for human use to our knowl-
edge [51]. One likely reason for the hampered translation of [11C]CO radiochemistry to the
clinic can be attributed to the historic lack of commercially available automated synthesis
units for [11C]CO. This has now been overcome with systems such as the TracerMakerTM

which is used by our laboratories for the syntheses of N-[11C]acrylamide PET tracers for
imaging Bruton’s tyrosine kinase via a palladium-NiXantphos-mediated carbonylation
using [11C]CO [51,52]. The synthesis of the same class of compounds has also recently been
automated as “in-loop” procedure using the GE TracerLab synthesis modules [53]. Prior
to this recent work, 11C-labelled N-acrylamides were synthesized from [11C]acrylic acid
or [11C]acryloyl chloride (formed by carboxylation of Grignard or organolithium reagents
with [11C]CO2) and were not suitable for human translation.

2.3. [11C]Methyl Iodide and Other 11C-Alkylation Agents

[11C]Methyl iodide and [11C]methyl triflate have been known for many decades [54–57]
and are by far the most commonly used 11C-labelling agents. Their widespread use is
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attributed to their routine radiosyntheses and high reactivity. Both [11C]methyl iodide and
[11C]methyl triflate can be easily synthesized from the primary cyclotron products (i.e.,
[11C]CH4 or [11C]CO2) using the classical wet-chemistry approach with lithium aluminium
hydride and HI or the gas-phase method involving I2, and dedicated synthesis devices with
fully automated procedures are commercially available [58]. Mostly, [11C]methyl iodide
and [11C]methyl triflate are employed in 11C-methylation reactions of hydroxyl, amine or
thiol precursors, but also many different 11C-C coupling reactions have been established,
including Suzuki, Stille, and Negishi couplings. For an overview of 11C-C cross-coupling
strategies, we refer the reader to a comprehensive review from H. Doi [59]. Recent progress
in the field has been made by Rokka et al., who systematically studied the reaction of
various organoborane precursors with [11C]methyl iodide in two different reaction media,
DMF(/water) and THF/water, to determine the best precursor and solvent for Suzuki-type
cross coupling reactions in 11C-chemistry [60]. These authors found that for their model
compound (1-[11C]methylnaphthalene), the boronic acid and pinacol ester precursors gave
the highest yields, while the solvent mixture THF/water was equal or superior in any
tested reaction. Recent work focused on broadening the substrate scope to diversify 11C-
methylation chemistry. Pipal et al. reported the 11C-methylation of aromatic and aliphatic
bromides via metallaphotoredox catalysis (see Scheme 10A) [61]. The applicability of this
labelling strategy was demonstrated by synthesizing 11 11C-labelled biologically active
compounds, including the PET tracers [11C]UCB-J and [11C]PHNO, in RCYs of 13–72%
for proof of concept. Qu et al. extended their fluoride-mediated desilylation of organosi-
lanes, initially developed for [11C]CO2 fixation (vide supra), to [11C]methyl iodide and
succeeded in labelling a diverse library of silane substrates with RCYs of up to 93% (see
Scheme 10B) [25].

 

Scheme 10. Recent progress in [11C]CH3I chemistry [25,61–64].
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As an alternative to [11C]CO or [11C]acetyl chloride chemistry, Dahl and Norde-
man developed a procedure for 11C-acetylation of amines with [11C]methyl iodide (see
Scheme 10C) [62]. Bis(cyclopentadienyldicarbonyliron) was used as the CO source in the
Pd-mediated reaction. The reaction was established for a range of primary amine precur-
sors, including three biologically relevant compounds, and a few examples of secondary
amines. A different approach to the same functional group was presented by Doi et al.,
whereby [11C]acetic acid was synthesized in a palladium-mediated cross-coupling reaction
from [11C]methyl iodide and carboxytriphenylsilane, then converted to the [11C]acetic
acid phthalimidyl ester or succinimidyl ester (see Scheme 10D) [63]. The imidyl esters
were subsequently employed in a 11C-acetylation reaction with small, medium-sized, and
large molecules.

In an effort to develop a stereoselective 11C-alkylation procedure for diastereomerically
enriched dipeptides, Filp et al. investigated the use of various quaternary ammonium
salts as chiral phase-transfer catalysts in the 11C-alkylation of N-terminal glycine Schiff
bases (see Scheme 10E) [64]. Next to [11C]methyl iodide, the procedure was also applied
to [11C]benzyl iodide. RCCs of >80% and high diastereomeric ratios (d.r.) of up to 95:5
were obtained. A similar strategy has been used by Pekošak et al. for the stereoselective
11C-labelling of the tetrapeptide Phe-D-Trp-Lys-Thr with [11C]benzyl iodide [65]. [11C]Phe-
D-Trp-Lys-Thr was synthesized over five steps starting from [11C]CO2 and isolated with
high stereoselectivity (94% de), RCYs of 9–10% (dc), and Am of 15–35 GBq/μmol.

To address the shortcomings of current cross-coupling strategies with [11C]methyl
iodide, Helbert et al. developed a new cross-coupling procedure with [11C]methyllithium.
[11C]Methyllithium was developed as a more reactive alternative for [11C]methyl iodide
and can be synthesized by reaction of [11C]methyl iodide with n-butyllithium [66,67]. In
the procedure of Herbert et al., [11C]methyllithium was added without intermediate purifi-
cation to the aryl bromide precursors and a selection of relevant PET tracers was labelled
by palladium-mediated 11C-C cross-coupling with RCYs of 33–57% (see Scheme 11) [68].

Scheme 11. 11C-C cross-coupling with [11C]methyllithium [68].

2.4. [11C]Hydrogen Cyanide

Since its inception in the 1960s [69], [11C]HCN has developed into a versatile building
block for the 11C-labelling of neurotransmitters, amino acids, and other molecules. This
is mainly due to its versatility: It can function as nucleophile as well as electrophile,
and [11C]cyanide incorporation generates many different functionalities, such as nitriles,
hydantoins, (thio)cyanates and, through subsequent reaction, carboxylic acids, aldehydes,
amides and amines. Two extensive reviews on [11C]hydrogen cyanide have been recently
published, therefore this 11C-building block will not be discussed in detail herein [70,71].
Since [11C]hydrogen cyanide is one of the few 11C-building blocks used for FIH PET tracers
in recent years (vide infra), we will provide a brief summary of recent work that has not
been covered by other reviews.

[11C]Hydrogen cyanide is typically produced by reacting [11C]CH4 with NH3 gas on a
platinum catalyst at 1000 ◦C. While fully automated production systems are commercially
available, [11C]HCN is not widely used. In an effort to make [11C]hydrogen cyanide more
accessible, Kikuchi et al. developed a novel synthesis strategy from widely available
[11C]methyl iodide (see Scheme 12) [72]. This method involves passing [11C]methyl iodide
over a heated reaction column, in which it is first converted to [11C]formaldehyde and
subsequently to [11C]hydrogen cyanide. The [11C]hydrogen cyanide is obtained fast and
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with RCYs comparable to the traditional method (50–60% at EOB), without the need for
specialized equipment.

 
Scheme 12. Production of [11C]hydrogen cyanide from [11C]methyl iodide [72].

2.5. [11C]Fluoroform

Due to the prevalence of CF3 groups in drugs and other biologically active com-
pounds, there has been much interest in labelling this group with carbon-11 and fluorine-18.
Haskali et al. published a synthesis procedure for carbon-11 labelled fluoroform in 2017,
where cyclotron-produced [11C]methane was fluorinated by passing it over a CoF3 column
at elevated temperatures (270 ◦C) [73]. [11C]Fluoroform was obtained with RCYs of ~60%.
The process was not only fast and reproducible, but the developed system also required
very little maintenance. [11C]Fluoroform was reacted with various model compounds (see
Scheme 13), in addition to three biologically active compounds.

Scheme 13. [11C]Fluoroform chemistry [73–75].

Whereas flourine-18 labelled fluoroform generally suffers from low molar activities
(≤1 GBq/μmol) and only few examples of higher molar activities are known, high molar
activities of >200 GBq/μmol were easily obtained with carbon-11 labelled fluoroform. In
later works, the substrate scope of reactions with [11C]fluoroform was broadened from aryl
boronates, aryl iodides, ketones, diazonium salts, and diarylsulfanes to aryl amines and
arylvinyl iodonium tosylates (see Scheme 13) [74,75].

2.6. [11C]Carbonyl Difluoride

As an alternative strategy to access carbon-11 labelled ureas, carbamates, and thiocar-
bamates, Jakobsson et al. presented the [11C]carbonyl group transfer agent [11C]carbonyl di-
fluoride [76]. [11C]Carbonyl difluoride was synthesized quantitatively by passing [11C]CO
over a AgF2 column at room temperature. The building block was subsequently reacted
with diamines, aminoalcohols, and aminothiols to form the corresponding cyclic azolidin-2-
ones (see Scheme 14) under mild conditions with very low precursor quantities, and even in
presence of water. The same laboratory expanded their procedure to linear unsymmetrical

137



Molecules 2023, 28, 931

ureas and established reaction conditions for a broad scope of aryl and aliphatic amines [77].
For the aryl amines, [11C]carbonyl fluoride was trapped in a solution with the aryl amine
precursor and subsequently reacted with another amine. For the aliphatic amines, alkylam-
monium tosylate precursors were used in the first step to lower the reactivity of the amine
and prevent symmetrical urea formation. Pyridine was used to improve [11C]carbonyl
fluoride trapping. Suitability for PET tracer synthesis was demonstrated by labelling the
epoxide hydrolase inhibitor [11C]AR-9281, which was obtained after optimization in high
RCYs of 80%.

Scheme 14. [11C]Carbonyl difluoride synthesis and subsequent reaction to cyclic products and linear
unsymmetrical ureas [76,77].

2.7. [11C]Carbon Disulfide

[11C]Carbon disulfide, the sulfur analog of [11C]carbon dioxide, is an interesting 11C-
building block for the synthesis of organosulfur compounds. It has first been described
in 1984, and had limited utility until a decade ago when Miller and Bender proposed a
new synthesis strategy, which was further improved by Haywood et al. [78–80]. It can
now be readily obtained through the reaction of [11C]CH3I with elemental sulfur and has
been used to synthesize [11C]thioureas, thiocarbamates and related structures. Cesarec et al.
recently published a procedure for the synthesis of late transition metal complexes with
[11C]dithiocarbamate ligands [81]. To this end, [11C]carbon disulfide was reacted with
diethyl amine or dibenzyl amine to form the respective ammonium [11C]dithiocarbamate
salt and subsequently reacted with Au(I), Au(III), Pd(II) or Pt(II) complexes to form the
respective complexes in RCYs > 70% (see Scheme 15).

 
Scheme 15. Synthesis of [11C]carbon disulfide and formation of [11C]dithiocarbamate transition
metal complexes [81].

2.8. [11C]Thiocyanate

[11C]Thiocyanate is an interesting 11C-building block because of its reactivity and
potential to give access to a wide range of organosulfur derivatives. Up until recently,
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its production relied on the use of [11C]HCN [82]. Haywood et al. presented a new
way to synthesize this 11C-building block by reacting [11C]carbon disulfide with ammo-
nia at 90 ◦C to form ammonium [11C]thiocyanate in near quantitative RCC [83]. The
ammonium [11C]thiocyanate was subsequently reacted with benzyl bromide, a range of
α-ketobromides, and mannose triflate in high RCYs of ≥75% (see Scheme 16). The α-
[11C]thiocyanatophenones could also be cyclized in the presence of sulfuric and acetic acid
to 11C-thiazolones.

Scheme 16. Synthesis of and reactions with ammonium [11C]thiocyanate [83].

2.9. [11C]Formaldehyde

[11C]Formaldehyde is an established and versatile building block for carbon-11 chem-
istry (see [84] and references therein). Many different synthetic strategies have been pro-
posed, traditionally involving reduction in cyclotron-produced [11C]CO2 to [11C]CH3OH
and subsequent oxidation to [11C]formaldehyde. Nader et al. recently proposed the use
of XeF2 as an oxidizing agent (see Scheme 17) [85]. [11C]Formaldehyde was obtained in
non-decay corrected RCYs of 54 ± 5% starting from [11C]CO2 and was used in a proof-
of principle synthesis to form α-(N-[11C]methylamino)isobutyric acid via reductive 11C-
methylation.

Scheme 17. Synthesis of [11C]formaldehyde using XeF2 as oxidizing agent and reaction to [11C]Me-
AIB [85].

3. First-in-Human Translation

Despite the short physical half-life and the need for an on-site cyclotron, 11C continues
to be a favoured radionuclide for small molecule PET tracers. As discussed in this review,
innovations continue in 11C-radiolabelling strategies for applications in 11C-tracer develop-
ment. Within the past five years, to our knowledge at least 27 novel 11C-labelled PET tracers
have been translated for FIH PET studies (see Figure 1) [86–109]. Unsurprisingly, the vast
majority of these PET tracers were designed to image targets within the CNS (see Table 1).
Carbon-11 is ideal for CNS PET because the substitution of naturally occurring 12C with
11C does not change the physicochemical properties of the compound, thereby enabling
imaging with isotopologues of the molecules of interest for accurate determination of brain
penetrance, target affinity, pharmacokinetics, or pharmacodynamics of the molecule, and
multiple scans can be performed in the same subject in the same day. Interestingly, many
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of the 11C-labelled PET tracers for FIH use focused on imaging markers of neuroinflam-
mation, a critical component in the etiology and pathology of several neurodegenerative
diseases, including Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic
lateral sclerosis (ALS) [110–114]. The remaining PET tracers translated for FIH studies that
were reported in the past five years strived to image non-CNS targets, including bacterial
infection and lung inflammation.

 

 
Figure 1. Cont.
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Figure 1. Chemical structures of the majority of first-in-human PET tracers labelled with 11C since
2017. Targets, publication years and references of the tracers are listed in Table 1.

When sorting the tracers according to the labelling method, it becomes immediately
apparent that the predominant synthetic strategy remains 11C-methylation of hydroxy or
amino precursors: more than 3

4 of all tracers were synthesized via this strategy, either using
[11C]methyl iodide or [11C]methyl triflate as the 11C-buidling block (see Figure 2). This
can be attributed to the accessibility of these building blocks from cyclotron-produced
[11C]CO2 or [11C]CH4 and the availability of commercial synthesis devices (vide supra) [58].
Other tracers have been synthesized by alternate 11C-labelling strategies, using [11C]HCN
or Grignard reactions with [11C]CO2. The latest developments in 11C-chemistry are not
represented among the FIH tracers, which is not surprising since it usually takes time for a
new method to be implemented by the broader community. However, many of the existing
11C-building blocks have not been introduced in the past few years but have been around
for decades and should, therefore, be available for clinical application. As indicated in some
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cases (e.g., [11C]CO chemistry), it may be the historic lack of specialized or commercially
available radiosynthesis equipment that hampers FIH translation of new PET tracers. Other
reasons could be that new 11C-methodologies are often only developed up to the point
of proof-of-principle and not optimized for automated tracer production. Rather than
further broadening the scope of 11C-chemistry, future efforts should focus on closing the
gap between new method development and clinical translation.

Table 1. First-in-human 11C PET tracers and their targets reported since 2017.

Tracer Target 11C-Building Block Year Ref.

[11C]ER176 TSPO [11C]CH3I 2017 [92]
[11C]K-2 AMPA receptors [11C]CH3I 2020 [96]

[11C]rifampin Tuberculosis meningitis [11C]CH3I 2018 [105]
[11C]MC1 COX-2 [11C]CH3I 2020 [98]

(R)-[11C]IPMICF16 TrkB/C receptors [11C]CH3I 2017 [87]
[11C]RO6924963 Tau [11C]CH3I 2018 [109]
[11C]RO6931643 Tau [11C]CH3I 2018 [109]
(R)-[11C]Me-NB1 GluN2B-containing NMDA receptors [11C]CH3I 2022 [86]
[11C]Preladenant Adenosine A2A receptors [11C]CH3I 2017 [103]

[11C]TMP Bacterial infection [11C]CH3I 2021 [107]
[11C]PS13 COX-1 [11C]CH3I 2020 [104]
[11C]TTFD Drug pharmacokinetics [11C]CH3I 2021 [108]

[11C]LSN3172176 M1 muscarinic acetylcholine receptors [11C]CH3I 2020 [97]
[11C]MeDAS Myelin [11C]MeOTf 2022 [100]

[11C]AS2471907 11ß-hydroxysteroid dehydrogenase type 1 [11C]MeOTf 2019 [88]
[11C]CPPC CSF1 receptor [11C]MeOTf 2022 [91]
[11C]CS1P1 Sphingosine-1-phoshate receptor 1 [11C]MeOTf 2022 [93]

[11C]CHDI-00485180-R mHTT [11C]MeOTf 2022 [89]
[11C]GW457427 Neutrophil elastase [11C]MeOTf 2022 [94]

[11C]MDTC CB2 receptor [11C]MeOTf 2022 [99]
[11C]Cimbi-36 5-HT2A receptor [11C]MeOTf 2019 [90]

[11C]CHDI-00485626 mHTT [11C]MeOTf 2022 [89]
[11C]JNJ54173717 P2X7 receptor [11C]MeOTf 2019 [95]

[11C]FPEB mGluR5 [11C]HCN 2017 [106]
[11C]SP203 mGluR5 [11C]HCN 2017 [106]

[11C]MTP38 PDE7 [11C]HCN 2021 [101]
[11C]PABA Renal imaging [11C]CO2 2020 [102]

Figure 2. Graphical representation of the proportions of 11C-labelling strategies used for FIH PET
tracers since 2017.
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Abbreviations

4CzBnBN (2,3,4,6)-3-Benzyl-2,4,5,6-tetra(9H-carbazol-9-yl)benzonitrile
5-HT2A receptor 5-Hydroxy-tryptamine 2A receptor
AD Alzheimer’s disease
ALS Amyotrophic lateral sclerosis
Am Molar activity
AMPA receptor α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
BEMP 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine
CB2 receptor Cannabinoid receptor type 2
CNS Central nervous system
COX-1, -2 Cyclooxygenase-1, -2
CSF1 colony stimulating factor 1
CuTC Copper(I) thiophene-2-carboxylate
DBAD Di-tert-butyl azodicarboxylate
DBN 1,5-Diazabicyclo [4.3.0]non-5-ene
DBU 1,8-diazabicyclo [5.4.0]undec-7-ene
dc Decay-corrected
DCC N,N′-Dicyclohexylcarbodiimide
de Diastereomeric excess
DMA Dimethylacetamide
DMF Dimethylformamide
DMSO Dimethyl sulfoxide
DPSO Diphenyl sulfoxide
d.r. Diastereomeric ratio
dtbbpy 4,4’-Di-tert-butyl-2,2’-bipyridine
FIH First-in-human
FMDS Fluoride-mediated desilylation
HOSA Hydroxylamine-O-sulfonic acid
HPLC High-performance liquid chromatography
IPr 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene)
K222 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo [8.8.8]hexacosane
MAO-B Monoamine oxidase B
mGluR5 Metabotropic glutamate receptor 5
mHTT Mutant huntingtin protein
NMDA N-methyl-D-aspartate
NMP N-Methyl-2-pyrrolidone
PD Parkinson’s disease
PDE7 Phosphodiesterase 7
PET Positron emission tomography
ppy 2-Phenylpyridine
prec precursor
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quant. quantitative
RCC Radiochemical conversion
RCP Radiochemical purity
RCY Radiochemical yield
Ref. Reference
rt Room temperature
t1/2 Half-life
TBAT Tetrabutylammonium difluorotriphenylsilicate
TBAI Tetra-n-butylammonium iodide
TE Trapping efficiency
THF Tetrahydrofuran
TMEDA Tetramethylethylenediamine
TMS Trimetylsilyl
TrkB/C Tropomyosin receptor kinase B/C
TSPO Translocator protein
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Abstract: Many radioactive PSMA inhibitory substances have already been developed for PET
diagnostics and therapy of prostate cancer. Because PET radionuclides and instrumentation may
not be available, technetium-99 m labelled tracers can be considered as a diagnostic alternative.
A suitable tracer is [99mTc]Tc-PSMA-I&S, primarily developed for radio-guided surgery, which has
been identified for diagnostics of prostate cancer. However, there is no commercial kit approved for
the preparation of [99mTc]Tc-PSMA-I&S on the market. This work presents an automated process
for the synthesis of [99mTc]Tc-PSMA-I&S concerning good manufacturing practice (GMP). We used
a Scintomics GRP 4 V module, with the SCC software package for programming sequences for this
development. The optimum reaction conditions were evaluated in preliminary experiments. The pH
of the reaction solution was found to be crucial for the radiochemical yield and radiochemical purity.
The validation of [99mTc]Tc-PSMA-I&S (n = 3) achieved a stable radiochemical yield of 58.7 ± 1.5%
and stable radiochemical purities of 93.0 ± 0.3%. The amount of free [99mTc]TcO4

− in the solution
and reduced hydrolysed [99mTc]TcO2 was <2%. Our automated preparation of [99mTc]Tc-PSMA-I&S
has shown reliability and applicability in the clinical setting.

Keywords: [99mTc]Tc-PSMA-I&S; automated preparation; technetium-99m

1. Introduction

The prostate-specific membrane antigen (PSMA) is an essential target for the diagnosis
and therapy of prostate cancer. It belongs to the membrane-type zinc peptidase family
and has two functions: as a receptor, and as a zinc-protease enzyme. It is overexpressed
in prostate cancer and its metastatic lesions, which makes it an exciting target for imag-
ing and therapy of prostate cancer [1]. [68Ga]Ga-PSMA-11 is currently the most used
radiopharmaceutical for the diagnosis of prostate cancer. However, the instrumentation
and radionuclides for positron emission tomography (PET) applications are not only ex-
pensive but also of limited availability in many countries. Therefore, a lot of effort has
been employed in developing PSMA targeting tracers for single-photon emission com-
puted tomography (SPECT) [2]. [99mTc]Tc-PSMA-I&S was first introduced by Robu et al.,
including the preclinical evaluation and first patient application. The abbreviation I&S
(imaging and surgery) means that the tracer represents a dual function: It can be used for
diagnostic imaging and the surgical resection of PSMA-positive lesions by using a gamma
probe. The bifunctional ligand consists of a mercaptoacetyl-triserin (MAS3) chelator bind-
ing the [Tc≡O]3 + core, coupled to the PSMA-targeting peptide Lys-urea-Glu (Figure 1).
[99mTc]Tc-PSMA-I&S has a high in vivo stability and blood clearance is relatively slow. The
best tissue-to-background ratios are reached at later time points, over 5 h after adminis-
tration, and steadily increase over time due to the long availability of the stable tracer in
the blood [3].
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Figure 1. Chemical structure of [99mTc]Tc-PSMA-I&S.

Due to its tracer kinetics, [99mTc]Tc-PSMA-I&S is highly suitable for radio-guided
surgery [4,5]. According to dosimetry calculations based on the half-life of technetium-99m,
the activity in tumour lesions remains in a detectable range for commercially available
γ-probes for up to 48 h [6]. In the current literature, the tracer application was constantly
performed between 16 and 24 h before surgical treatment [3–5,7,8]. [99mTc]Tc-PSMA-I&S
has been tested in robot-assisted radio-guided surgery using a drop-in gamma probe [7–9].
Currently, the benefits of this procedure are being evaluated in a clinical trial. The first interim
analysis of the study showed that [99mTc]Tc-PSMA-I&S can help surgeons to identify and
remove affected lymphnodes, but is not sensitive enough to identify micrometastatic tissue [8].

In addition the diagnostic performance of [99mTc]Tc-PSMA-I&S is promising. The first
study on the diagnostic use of [99mTc]Tc-PSMA-I&S-SPECT/CT showed that the tracer
is applicable for evaluating of biochemical recurrence, primary staging, and restaging of
prostate cancer. Imaging was performed at 5 h post injection. Although significant tracer
accumulation was observed in the liver, the gastrointestinal tract and urinary bladder at
this time, additional low dose CT allowed good discrimination between physiological
uptake and pathologic lesions. However, at low PSA levels (<4 ng/mL) the detection rate
of [99mTc]Tc-PSMA-I&S is inferior to [68Ga]Ga-PSMA-11 PET/CT, so it requires a careful
patient selection if PET/CT imaging is available [10]. A dosimetry study after administra-
tion of 700 MBq [99mTc]Tc-PSMA-I&S, similar to other 99mTc-tracers, resulted in an average
effective body dose of 3.64 mSv to healthy volunteers [6].

Due to the increasing number of patients, the Division of Nuclear Medicine Graz
decided to introduce [99mTc]Tc-PSMA-I&S as a possible partial substitute for [68Ga]Ga-
PSMA-11. Furthermore, Aalbersberg et al. presented a method of producing [99mTc]Tc-
PSMA-I&S on a Scintomics GRP synthesizer using commercially available single-use kits
for 68Ga-peptides [11]. Our goal was to use the free programmable GRP developer software
to configure and optimise the kit setup and the automated labelling process. For instance,
an additional tubing line to enter technetium-99m pertechnetate ( [99mTc]TcO4

−) was
introduced, and the composition of the reaction mixture was optimised. In addition, the
quality control was carried out similarly to gallium-68 labelled tracers and underwent
a full validation.

2. Results

2.1. Automated Radiolabelling

The automated synthesis was developed on a Scintomics GRP Synthesis module
assembled with modified single use kits for the labelling of 68Ga-peptides. The config-
uration is shown in Figure 2. The process sequences were created with the Scintomics
developer software.

In preparation for the automated process, the PSMA-I&S precursor (40 μg) was diluted
in HEPES (4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid) buffer and transferred into
the reaction vessel. Then, a tin (II) chloride (SnCl2)/ascorbic acid solution, as well as sodium
hydroxide (NaOH), was added to the precursor solution. Furthermore, [99mTc]TcO4

− was
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placed in a V-shaped vial with a lead shielding, which was connected with tubes and
needles to the apparatus via valves 6 and 7.

Figure 2. Configuration of the Scintomics GRP module for the labelling of [99mTc]Tc-PSMA-I&S.

The synthesis started with the preconditioning of the Sep-pak® Light C18 cartridge
with ethanol and water. During the automated process, [99mTc]TcO4

− was flushed from
the V-Vial into the reaction vessel with nitrogen gas (N2). As a result, 99.2 ± 0.2% of the
starting activity was successfully transferred to the reaction solution. The labelling was
performed at 105 ◦C within 20 min. After that, the process was likewise carried out to
68Ga-labelled peptides through purification of the compound over a Sep-Pak® Light C18
cartridge, followed by elution with 50% ethanol and dilution with phosphate-buffered
saline (PBS) via a sterile filter. The total volume of the final product was 17.0 ± 1.0 mL. The
total processing time was 40 min.

2.2. Optimising the Reaction Conditions

The commercially available kit including the reagents and labelling cassettes was
originally designed to label 68Ga-peptides at a pH of about 3.5–5. For the labelling of
[99mTc]Tc-PSMA-I&S, preliminary labelling experiments were conducted to determine the
optimum reaction conditions. The pH adjustment was done through the addition of 10 M
NaOH to the reaction solution. A pH of 5.5 formed a high amount of reduced hydrolysed
technetium-99m ( [99mTc]TcO2), retarded in the reaction vessel and onto the Sep-Pak® Light
C18 cartridge. The radiochemical yield of [99mTc]Tc-PSMA-I&S was only 0.5%. A reaction
pH of 7.2 raised the yield to 46%. The highest radiochemical yields were achieved with
reaction conditions between pH 7.8 and 8.2 (Table 1).

Radiochemical purity specifications with HPLC were adopted from the monographs
for gallium-68 labelled peptides of the European Pharmacopoeia [12,13]. In the radiochro-
matogram, two minor regions next to the principal peak of [99mTc]Tc-PSMA-I&S were
observed (Figure 3). Experiments showed that the pH value of the reaction mixture could
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influence the percentage of region 2. For example, in the first batch prepared with 40 μL of
10 M NaOH, the percentage of the principal peak was 70.7%.In the three batches where
80 μL of NaOH were added, the percentage of the principal peak was 87.9 ± 0.5%. However,
these batches did not meet the radiochemical purity specification of ≥91%. In three batches
prepared with 120 μL of NaOH at pH 8.2, the percentage of the principal peak increased to
93.0 ± 0.3%, which corresponds to the radiochemical purity requirements. The results of
this findings are summarized in Table 1.

Figure 3. Representative radio–HPLC chromatogram of a [99mTc]Tc-PSMA-I&S product solution. In
the radio-trace, the principal peak at 8.59 min (93.2%) and the impurity at 9.48 min (5.5%) are visible.
At the UV-trace, the peak at 9.32 min was assigned to cold PSMA I&S. The peak at 10.45 min was
assigned to the formed dimer.

Table 1. Reaction conditions and radiochemical purity evaluation of [99mTc]Tc-PSMA-I&S.

n = 1 n = 2 n = 3 n = 3

NaOH [mmol] 0 0.4 0.8 1.2

pH value of the reaction solution 5.5 7.2 7.8 8.2

Starting activity [MBq] 1954
(100%)

2383
(100%)

2457 ± 309
(100%)

2378 ± 450
(100%)

[99mTc]Tc-PSMA-I&S (EOS) [MBq]
10

(0.5%)
1098

(46.1%)
1453 ± 193

(59.2 ± 4.1%)
1396 ± 270

(58.7 ± 1.5%)

Retained on Sep-Pak® [MBq]
713

(36.5%)
151

(6.4%)
60 ± 27

(2.4 ± 0.9%)
23 ± 3

(1.0 ± 0.3%)

Residue in reaction vial [MBq] 327
(16.7%)

130
(5.5%)

55 ± 31
(2.2 ± 1.1%)

22 ± 2
(0.9 ± 0.1%)

Proportions of the peaks evaluated
by HPLC
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Table 1. Cont.

n = 1 n = 2 n = 3 n = 3

[99mTc]TcO4
− [%] n.d. 0.09 0.1 ± 0.03 0.1 ± 0.01

Region 1 (impurity) [%] n.d. 1.2 1.6 ± 0.3 1.2 ± 0.03

[99mTc]Tc-PSMA-I&S [%] n.d. 70.7 87.9 ± 0.5 93.0 ± 0.3

Region 2 (impurity) [%] n.d. 28.0 10.5 ± 0.6 5.7 ± 0.3

Amount of reduced hydrolysed
technetium-99m (TLC)

[99mTc]TcO2 [%] n.d. 0.3 0.2 ± 0.1 0.3 ± 0.1

2.3. Validation of the Automated Labelling of [99mTc]Tc-PSMA-I&S

After exploring the reaction conditions, we did a full validation with the three batches
where 120 μL of NaOH were added to the precursor solution. [99mTc]Tc-PSMA-I&S was
produced with a mean total activity of 1396 ± 270 MBq. The mean radiochemical yield was
calculated based on the starting activity (2378 ± 450 MBq) and was 58.7 ± 1.5%.

The radiochemical purity of the compound was evaluated using HPLC and was
93.0 ± 0.3%. The amount of [99mTc]TcO4

− evaluated using HPLC was 0.1 ± 0.03%.The
colloidal [99mTc]TcO2 was 0.3 ± 0.1% (TLC).

The stability of the [99mTc]Tc-PSMA-I&S was confirmed 6 h prior to preparation using HPLC
and TLC (92.8 ± 0.1%) and the amount of free [99mTc]TcO4

− and [99mTc]TcO2 was ≤0.5%.
The amount of Tc-PSMA-I&S, PSMA-I&S, and related substances in the product

solution was evaluated using HPLC by comparing the area under the curve of the peaks
found to an external standard of cold PSMA-I&S (5 μg/mL); it was 1.5 ± 0.2 μg/mL. The
ligand PSMA-I&S owns a MAS3-group (2-mercaptoacetyl-ser-ser-ser) to specifically bind
the technetium-99m (see Figure 1). While working with the unlabelled ligand, we noticed
the appearance of a second peak (Rt = 10.5 min) beside PSMA-I&S (Rt = 9.3 min). It is
probably the dimer formed through oxidation of the mercaptoacetyl group. Therefore,
the dimer peak was also assigned to PSMA-I&S at the HPLC UV trace. Figure 3 shows
a representative radio–HPLC chromatogram of a [99mTc]Tc-PSMA-I&S product solution.

Post-release tests included the determination of the ethanol content and HEPES content
as well as bacterial endotoxins and sterility testing. Table 2 summarizes quality criteria and
the results of the 3 masterbatches of [99mTc]Tc-PSMA-I&S.

Table 2. Results of the quality control of 3 masterbatches of [99mTc]Tc-PSMA-I&S.

Quality Control Method Criteria Result (n = 3)

Appearance visual inspection clear and colourless conforms

pH value pH indicator strips 4–8 6.6

Radioactivity concentration dose calibrator 82 ± 16 MBq/mL

Identity of [99mTc]Tc-PSMA-I&S (comparison
with reference)

HPLC Rt = 8–12 min conforms

Impurity reduced hydrolysed Technetium-99m Radio–iTLC ≤3.0% 0.3 ± 0.1%

Free [99mTc]TcO4
− Radio–HPLC ≤2.0% 0.1 ± 0.03%

Radiochemical purity of [99mTc]Tc-PSMA-I&S Radio–HPLC ≥91.0% 93.0 ± 0.3%

Tc-PSMA-I&S, PSMA-I&S and related substances HPLC ≤2.4 μg/mL 1.5 ± 0.2 μg/mL

Unspecific impurities HPLC ≤2.4 μg/mL ≤1 μg/mL

Ethanol content gas chromatography ≤10.0% (v/v) conforms

HEPES content HPLC ≤40 μg/mL 4.4 ± 3.1 μg/mL
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Table 2. Cont.

Quality Control Method Criteria Result (n = 3)

Bacterial endotoxins LAL test ≤175 IU/V conforms

Sterility Ph. Eur. sterile conforms

3. Discussion

[99mTc]Tc-PSMA-I&S was planned to be introduced at the Division of Nuclear Medicine
in Graz as a potential diagnostic alternative to [68Ga]Ga-PSMA-11 PET. Unfortunately, no
approved kit is available to prepare this tracer; therefore, we decided to synthesize the com-
pound on the Scintomics GRP module according to relevant monographs of the European
Pharmacopoeia [14,15] and current good radiopharmacy practice (cGRPP) guidelines of the
EANM [16]. With the SCC developer software, we created an automated process, including
the transfer of [99mTc]TcO4

− from a V-shaped vial to the reactor and the purification of the
compound via solid phase extraction (SPE).

The precursor was dissolved in 1 mL of HEPES buffer, which is an original part of
the ABX reagent and hardware kit. We added a freshly prepared solution of the reducing
agent SnCl2 and ascorbic acid to the precursor solution and used a 10 M NaOH solution
for pH adjustment. We explored the optimum composition of the reaction solution in
preliminary experiments. The pH value of the reaction solution turned out to be crucial for
the radiochemical yield and radiochemical purity.

After optimizing the reaction conditions, we validated the labelling process by pro-
ducing three consecutive master batches of [99mTc]Tc-PSMA-I&S. The purification of the
compound was successfully carried out with a Sep-Pak® Light C18 cartridge. Only a mini-
mal amount of activity remained on the cartridge after elution of the compound with 50%
ethanol. Free [99mTc]TcO4

− was almost completely removed, and less than 1% of colloidal
[99mTc]TcO2 was found in the product solution.

Within 40 min runtime of the automated process, we prepared up to 1.6 GBq [99mTc]Tc-
PSMA-I&S. A radiochemical yield of over 55% related to the starting activity and a radio-
chemical purity of > 91% was achieved. These results qualify this labelling process for the
clinical application.

We adapted an HPLC method to analyse 68Ga-labelled peptides and validated it
for this new compound. For TLC, the standard solvent for the quality control of 68Ga-
peptides was used to evaluate the amount of reduced hydrolysed technetium-99m. The
complete quality control of [99mTc]Tc-PSMA-I&S is similar to the routine quality control of
68Ga-labelled peptides, and can be easily carried out by experienced personnel.

4. Materials and Methods

4.1. Radiolabelling and Purification of [99mTc]Tc-PSMA-I&S

The radiolabeling was carried out on a Scintomics GRP 4 V module (Fürstenfeldbruck,
Bavaria, Germany). The labelling sequence was programmed with the Scintomics devel-
oper software. The dedicated reagent and hardware kit (SC-01-H) and the cassettes for
synthesis of 68Ga- peptides (SC-01) were purchased from ABX (Radeberg, Saxony, Ger-
many). The configuration of the labelling cassettes included four modifications: A V-Vial
with a perforable seal (DWK, Mainz, Germany) was assembled with two Sterican needles
(B. Braun Melsungen AG, Melsungen, Germany). Using silicone tubing lines, the long
needle (Ø 0.90 × 70 mm) was connected to valve 7 and the short needle (Ø 0.60 × 30 mm)
was connected to valve 6. The position of the silicone tubing to the ventilation port of the
reaction vessel was connected to valve 11. The connection to the N2 outlet was changed to
valve 12. A detailed description of these changes is shown in Table 3.
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Table 3. Summary of modifications of the 68Ga-. V = Vertical port.

Position Materials Details

Modification 1 6 V Silicone tubing to V-Vial
(purge tube)

40 cm, 2 blue Luer male
fittings, short needle

(Ø 0.60 × 30 mm)

Modification 2 7 V Silicone tubing to V-Vial
(transfer tube)

40 cm, 2 white Luer male
fittings, long needle
(Ø 0.90 × 70 mm)

Modification 3 11 V
Silicone tubing to

reaction vial
(ventilation port)

Original part of the cassette

Modification 4 12 V Silicone tubing to MFC Original part of the cassette

The GMP grade precursor PSMA-I&S (40 μg, lyoprotected with 4 mg mannitol in
2 mL vials) was purchased from piChem (Raaba-Grambach, Austria). The specifications of
the reagents used were in accordance with the European Pharmacopoeia. Tin (II) chloride
dehydrate (SnCl2 × 2 H2O), ascorbic acid, and NaOH 10 M in H2O were purchased from
Sigma-Aldrich (Saint Louis, MO, USA) and used without further purification. Hydrochloric
acid 1 M (HCl) was purchased from Merck (Darmstadt, Germany) and diluted with water
for injection (Fresenius Kabi AG, Graz, Austria) at 0.1 mol/L. A SnCl2/ascorbic acid
solution was prepared by dissolving 20 mg SnCl2 × 2 H2O and 20 mg ascorbic acid in
10 mL of 0.1 M HCl. The precursor (40 μg of PSMA-I&S in 4 mg mannitol) was dissolved
in 1 mL HEPES buffer (1.5 M, original part of the ABX reagent kit). Then, we added
50 μL of the SnCl2/ascorbic acid solution (2 mg/mL) and adjusted the pH of the precursor
solution with 10 M NaOH. The reaction mixture was transferred with a 3 mL syringe into
the reaction vial.

Sodium pertechnetate for injection ([99mTc]TcO4
−) was eluted from a Poltechnet

99Mo/99mTc- Radionuclide generator purchased from POLATOM (Otwok, Poland). For the
synthesis, the starting activity was transferred into the V-shaped vial.

4.2. Quality Control by HPLC

HPLC was performed on an Agilent 1260 series (Waldbronn, Baden-Wuerttemberg,
Germany) equipped with a DAD UV detector (UV-VIS at λ = 220 nm) and a GABI star radio-
metric detector (Raytest, Straubenhardt, Germany). An ACE®3 C18 column (150 × 3.0 mm,
Advanced Chromatography Technologies, Aberdeen, UK) was eluted by gradient elution
(0.42 mL/min) with water/TFA 0.1% (solvent A) and ACN/TFA 0.1% (solvent B): Start
24% B; 3–12 min 40% B, 14–16 min 24% B. The total runtime was 30 min. The stock solution
was prepared with 40 μg of the lyoprotected precursor in the 2 mL vial by diluting it with
1 mL of 0.01 M NaOH. The calibration standards were prepared by further diluting the
stock solution with PBS. To analyse the chemical and radiochemical purity of PSMA-I&S,
we validated this HPLC method according to the ICH Q2 (R1) guideline in the operating
range of 1.0–10.0 μg/mL [17]. We evaluated a limit of quantification (LOQ) of 1 μg/mL
within a linearity with a coefficient of correlation of 0.9996.

4.3. Quality Control by TLC

ITLC SG plates (Agilent, Waldbronn, Baden-Wuerttemberg, Germany) and the stan-
dard solvent for the quality control for 68Ga labelled peptides consist of a 1:1 solution
of methanol and 1 M ammonium acetate. The radiolabelled compound [99mTc]Tc-PSMA-
I&S, as well as [99mTc]TcO4

−, moved to the front, while reduced hydrolysed [99mTc]TcO2
remained at the start.
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4.4. Evaluation of the pH Value

We determined the pH value of the reaction solutions and the product solutions by
using PEHANON pH indicator strips (Macherey-Nagel, Düren, Germany).

4.5. Post Release Tests

Instead of a TLC limit test for the HEPES content according to the European pharma-
copoeia [12,13], we used our validated HPLC method, modified from Antunes et al. [18].
A 150 × 4.6 mm XBridge C18 5 μm column (Waters, Milford, MA, USA) was used as
a stationary phase, and 20 mM solution of ammonium formate (pH 8) as a mobile phase.
The flow rate was 0.7 mL/min. The HEPES reference solution (40 μg/mL), the system
suitability test with 2, 5-dihydroxybenzoic acid, and the samples were determined at UV
λ = 195 nm.

For bacterial endotoxin testing, we used a quantitative kinetic chromogenic Limulus
Amebocyte Lysate assay (Kinetic-QCL test kit, Lonza, Walkersville, MD, USA), and apyrogenic
96-well microplates (Corning, NY, USA). The measurements were performed at UV λ = 405 nm
with a FLUOstar Omega microplate reader (BMG Labtech, Ortenberg, Germany) [19].

Accredited laboratory sites tested the ethanol content and sterility according to the
European Pharmacopoeia.

5. Conclusions

An automated process for the preparation of [99mTc]Tc-PSMA-I&S was developed
on a Scintomics GRP synthesizer with respect to good manufacturing practice (GMP)
and cGRPP. An advantage is the use of commercially available hardware and reagent
kits intended for 68Ga-labelled peptides with only minor modifications. For successful
preparations of [99mTc]Tc-PSMA-I&S, the pH of the reaction mixture must be adjusted with
the addition of NaOH. In summary, the presented synthesis, as well as the quality control,
can be easily integrated into everyday clinical practice.
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Abstract: Fluorine-18 labeled 6-fluoro-6-deoxy-D-fructose (6-[18F]FDF) targets the fructose-preferred
facilitative hexose transporter GLUT5, which is expressed predominantly in brain microglia and
activated in response to inflammatory stimuli. We hypothesize that 6-[18F]FDF will specifically
image microglia following neuroinflammatory insult. 6-[18F]FDF and, for comparison, [18F]FDG
were evaluated in unilateral intra-striatal lipopolysaccharide (LPS)-injected male and female rats
(50 μg/animal) by longitudinal dynamic PET imaging in vivo. In LPS-injected rats, increased accu-
mulation of 6-[18F]FDF was observed at 48 h post-LPS injection, with plateaued uptake (60–120 min)
that was significantly higher in the ipsilateral vs. contralateral striatum (0.985 ± 0.047 and 0.819
± 0.033 SUV, respectively; p = 0.002, n = 4M/3F). The ipsilateral–contralateral difference in striatal
6-[18F]FDF uptake expressed as binding potential (BPSRTM) peaked at 48 h (0.19 ± 0.11) and was
significantly decreased at one and two weeks. In contrast, increased [18F]FDG uptake in the ipsilateral
striatum was highest at one week post-LPS injection (BPSRTM = 0.25 ± 0.06, n = 4M). Iba-1 and GFAP
immunohistochemistry confirmed LPS-induced activation of microglia and astrocytes, respectively,
in ipsilateral striatum. This proof-of-concept study revealed an early response of 6-[18F]FDF to
neuroinflammatory stimuli in rat brain. 6-[18F]FDF represents a potential PET radiotracer for imaging
microglial GLUT5 density in brain with applications in neuroinflammatory and neurodegenerative
diseases.

Keywords: fructose; neuroinflammation; PET; fluorine-18; GLUT5; microglia; FDG; FDF

1. Introduction

Neuroinflammation occurs in response to viral or bacterial infections, toxins, as well
as injury to the central nervous system and involves the activation of innate immune
glial cells. Prolonged neuroinflammation is a common feature linked to neurodegenerative
diseases such as Alzheimer’s disease (AD) that has been corroborated by molecular imaging
studies using positron emission tomography (PET) [1–3]. The most common PET imaging
biomarker of neuroinflammation is the 18 kDa translocator protein (TSPO) [4], which is
not specifically expressed on microglia, but is also found on astrocytes [5–7]. Nonetheless,
PET imaging studies targeting TSPO, both in animal models and in humans, have shown
neuroinflammation to be an early event in AD pathogenesis [8,9]. A novel PET radiotracer
capable of specifically imaging microglia would be critical to further our mechanistic
understanding of the link between neuroinflammation and neurodegenerative diseases in
the living human brain [10–14].

More specific molecular targets for microglial imaging are highly sought after.
Macrophage colony stimulating factor-1 receptor (CSF-1R) is one such target, which is
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predominantly found on microglia in the brain, with low-level expression occurring in
neurons [15,16]. Several efforts to develop potent and selective CSF-1R targeted PET ra-
diotracers for neuroimaging in preclinical and human studies are underway [17–25]. Two
other targets of particular interest for PET imaging microglia are the purinergic receptors
P2X7 and P2Y12 because they are found on M1 and M2 microglial phenotypes, respec-
tively [26]. These receptors represent targets that could elucidate the pro-inflammatory
(M1 phenotype) and anti-inflammatory (M2 phenotype) roles of microglia in neuroinflam-
mation. Several PET radiotracers that target the P2X7 receptor have been investigated in
preclinical studies [27–32], and recent efforts have also advanced P2Y12 receptor-targeted
PET radiotracers to preclinical evaluations [26,33–35]. A promising neuroinflammation
target is the glucose transporter (GLUT) 5, a high-affinity fructose-specific facilitative hex-
ose transporter which represents the principal fructose transporter in the body [36]. In
the brain, GLUT5 is predominantly expressed on microglia [37–39], and cerebral fructose
metabolism has been identified as a potential driving mechanism in AD pathology [40].
Thus, GLUT5 represents a novel biomarker for PET imaging of neuroinflammation in
neurodegenerative diseases [41]. A fluorine-18 labeled fructose derivative, 6-deoxy-6-
fluoro-D-fructose (6-[18F]FDF), was developed for PET imaging of fructose metabolism
in breast cancer via GLUT5 [42]. PET imaging studies with 6-[18F]FDF in breast cancer
models also demonstrated the involvement of GLUT2, a low affinity transporter, in the
uptake of 6-[18F]FDF [43,44], but the relative abundance of GLUT2 versus GLUT5 in brain
is unknown. The present study seeks to determine if 6-[18F]FDF can be used to specifically
image microglia in rodent models of neuroinflammation.

The most common radiotracer for PET imaging is 2-[18F]fluoro-2-deoxy-D-glucose
([18F]FDG) which is also a hexose. [18F]FDG-PET imaging generally captures inflammation as
well as changes and differences in glucose metabolism in the brain, and is frequently used for
imaging AD and related dementias for neuronal loss and neuroinflammation [45–47]. In this
study, we compare PET imaging using 6-[18F]FDF with that using [18F]FDG in lipopolysac-
charide (LPS) rat models of neuroinflammation in the context of our laboratory’s pre-
viously published results of imaging in this model with the 2nd generation TSPO PET
radiopharmaceutical, N-acetyl-N-(2-[18F]fluoroethoxybenzyl)-2-phenoxy-5-pyridinamine
([18F]FEPPA) [48].

2. Results

2.1. Early Increase in 6-[18F]FDF Uptake in LPS-Injected Striatum

Following injection in rats, 6-[18F]FDF accumulated slowly in brain parenchyma af-
ter the initial vasculature signal. Due to radiodefluorination of 6-[18F]FDF [42,49], bone
accumulation of the radioactivity (see Figure S1 for an example) also increased with time,
resulting in significant spillover of radioactivity from the skull to adjacent cerebral and
cerebellar cortices, with time–activity curves (TACs) in the cortical areas showing increased
radioactivity uptake throughout the 120 min acquisition similar to that in the skull. Nev-
ertheless, in subcortical areas such as striatum, thalamus and hippocampus, the TACs
plateaued 60 min after the bolus injection and remained stable at 0.8–1.0 standardized
uptake values (SUV) for the remainder of the acquisition (see Figures 1 and 2). In this
proof-of-concept study, we focused on the striatum and hippocampus which had minimal
skull spillover of radioactivity.

As shown in Figure 1, increased 6-[18F]FDF uptake was observed in the LPS-injected
right striatum vs. the left side at 48 h post-surgery in both male (Figure 1A) and female
(Figure 1D) rats. At later time points of one week (Figure 1B,E) and two weeks (Figure 1C,F),
increased 6-[18F]FDF binding in the ipsilateral vs. contralateral striatum was largely di-
minished. Therefore, the early increase in 6-[18F]FDF uptake following LPS was in sharp
contrast to that reported previously for the TSPO ligand [18F]FEPPA, which peaked at ap-
proximately one week post-LPS injection, and to that of the MAO-B ligand [11C]L-deprenyl,
which developed after two weeks of LPS injection [48].
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Figure 1. Representative static iterative transverse PET images of 6-[18F]FDF binding in unilateral
lipopolysaccharide (LPS)–injected rat striatum in male (A–C) and female rats (D–F) at 48 h, 1 week,
and 2 weeks post–LPS, and (G) MRI indicating the regions of interest of striatum (yellow) and
hippocampus (purple).

The results shown in Figure 1 were supported by TAC analyses depicted in Figure 2.
Increased 6-[18F]FDF uptake (SUV, 60–120 min) in the ipsilateral striatum vs. contralat-
eral side was observed at 48 h after surgery (0.985 ± 0.047 vs. 0.819 ± 0.033, n = 4M/3F,
p = 0.0023; Figure 2A). Repeated measures ANOVA across the time course revealed a
significant effect of LPS treatment (i.e., right vs. left striatum; F1,6 = 22.9, p = 0.003), time
(F38,228 = 55.7, p < 0.0001) and time x brain region interaction (F38,228 = 2.81, p < 0.0001),
suggesting significantly increased 6-[18F]FDF retention with time induced by LPS. No
significant difference in TACs between left and right striatum was observed (n = 2M/3F)
at one week (treatment: F1,4 = 6.17, p = 0.07 or time x treatment interaction: F38,152 = 0.96,
p = 0.55; Figure 2B) or two weeks (treatment: F1,4 = 1.20, p = 0.34 or time x treatment interac-
tion: F38,152 = 1.07, p = 0.38; Figure 2C) after LPS. As a control brain area, hippocampus did
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not show any significant left and right side difference in TACs at any time point studied
(p > 0.05; Figure 2D,F), indicating the specificity of LPS-induced local response (see also
Figures S2 and S3 for separate TACs of male and female rats).

Figure 2. Time–activity curves (TACs) of 6-[18F]FDF in striatum and hippocampus of rats injected
unilaterally with lipopolysaccharide (LPS) in the right striatum. Average TACs (±SEM) of 6-[18F]FDF
are shown in combined male and female rats in the ipsilateral and contralateral side of striatum
(A–C) and hippocampus (D–F) at 48 h (n = 4M/3F), 1 week (n = 2M/3F), or 2 weeks (n = 2M/3F),
post-LPS injection. ** p = 0.003, right vs. left striatum at 48 h (repeated measures ANOVA).

With the left-brain region as the reference, the binding potential (BP) on the right side
was estimated with simplified reference tissue model (SRTM) [50]. As shown in Figure 3A,
one-way ANOVA showed significant change of BP with time in LPS injected striatum
(F2,14 = 7.68, p = 0.006), with significantly higher BP at 48 h (0.19 ± 0.11) compared to later
time points. In preliminary analysis comparing male and female rats, a two-way ANOVA
showed a significant effect of sex (F1,11 = 7.9, p = 0.017) and time (F2,11 = 10.3, p = 0.003)
but not sex x time interaction (F2,11 = 1.57, p = 0.25), suggesting that male rats (0.25 ± 0.03;
n = 4) had significantly higher BP in the ipsilateral striatum than the females (0.11 ± 0.03;
n = 3) at 48 h after LPS injection but the response was later diminished with time in both
sexes (Figure 3A, inset).
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Figure 3. Binding potential (BPSRTM, ±SEM) of 6-[18F]FDF (A) and [18F]FDG (B) in unilateral
lipopolysaccharide-injected right striatum of rats. BPSRTM was derived from simplified reference
tissue model (SRTM) using contralateral side as the reference tissue. Inset in (A) shows separate
striatal 6-[18F]FDF data for male and female rats. * p < 0.05, 6-[18F]FDF at 48 h vs. other time points
and [18F]FDG at one week vs. other time points in the striatum; # p < 0.05, male vs. female rats in
6-[18F]FDF uptake at 48 h (one-way ANOVA followed by Bonferroni corrections).

2.2. Increased [18F]FDG Uptake in LPS-Injected Striatum after One Week

We also performed dynamic PET imaging of [18F]FDG in the LPS rat model of neuroin-
flammation for comparison. As expected, [18F]FDG was rapidly taken up and retained in
the rodent brain throughout the 120 min acquisition. PET scans in male rats following LPS-
injection showed increased radioactivity accumulation at one week post-LPS (Figure 4B
vs. 4A and 4C). At one week (Figure 5B), but not at other time points (Figure 5A,C,D),
TAC analyses demonstrated a significant difference in the right vs. left striatum (n = 4;
F1,3 = 10.0, p = 0.05) and time x brain region interaction (F38,114 = 1.58, p = 0.035), which is
consistent with increased [18F]FDG retention local to the LPS-injected striatum. The control
brain region hippocampus did not show any significant difference in the right vs. left
striatum as indicated by the TACs at any time point (p > 0.05; Figure 5E–H). Accordingly,
the BP for [18F]FDG in the ipsilateral striatum vs. contralateral side (Figure 3B) peaked at
one week post-LPS injection (0.25 ± 0.06; n = 4), which was significantly higher than at
other time points (one-way ANOVA F3,11 = 5.67, p = 0.014). This pattern of BP following
LPS-injection into the right striatum is drastically different from that observed following
6-[18F]FDF injection, indicating that fructose and glucose metabolism are not occurring in
the same population of cells.
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Figure 4. Representative static iterative transverse PET images of [18F]FDG binding in unilateral
lipopolysaccharide (LPS)–injected rat striatum. Shown are PET images in male rats at (A) 48 h,
(B) 1 week, and (C) 2 weeks post–LPS injection.

Figure 5. Time–activity curves (TACs) of [18F]FDG in striatum and hippocampus of male rats injected
unilaterally with lipopolysaccharide (LPS) in the right striatum. Average TACs (±SEM) of [18F]FDG
in ipsilateral and contralateral side of striatum (A–D) and hippocampus (E–H) at 48 h (n = 4), 1 week
(n = 4), 2 weeks (n = 4), or 4 weeks (n = 3) post-LPS injection. # p = 0.05, right vs. left striatum at
1 week (repeated measures ANOVA).
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2.3. Immunohistochemistry

Immunohistochemistry shown in Figure 6 demonstrates that an immune response
was induced in our neuroinflammation model with activated microglia/macrophages and
astrocytes being present on the ipsilateral side one week after LPS injection.

Figure 6. Immunohistochemical staining for the presence of microglia and astrocytes in unilateral
lipopolysaccharide (LPS)-injected male rat brains. (A) Glial fibrillary acidic protein (GFAP, activated
astrocytes) and (B) ionized calcium binding adaptor molecule 1 (Iba-1, microglia/macrophages) of an
LPS-injected male rat brain at 7 days post-LPS injection in the right striatum.

3. Discussion

The most common PET biomarker of neuroinflammation is TSPO; however, this target
is not exclusive to microglia cells and many TSPO-targeted radiopharmaceuticals for clinical
research imaging have been confounded by genetic polymorphisms [51], which complicates
the interpretation of TSPO imaging in human brain. Novel PET radiotracers with the ability
to specifically image activated microglial cells at different stages are needed to improve
our understanding of the role of microglia in neuroinflammation and neurodegenerative
diseases [10–14]. In the brain, GLUT5 is predominantly present on microglia [37,39,52], and
represents, to our knowledge, an unexplored PET imaging biomarker of neuroinflammation.
In this proof-of-concept study, we evaluated the suitability of 6-[18F]FDF, a substrate of
microglia-located GLUT5, for PET imaging of neuroinflammation in rats injected with LPS
into the right striatum and revealed increased radioactivity accumulation in the ipsilateral
side compared to the contralateral side (Figure 1). Immunohistochemistry studies have
shown that in widely used LPS-induced rodent models of neuroinflammation, microglia
activation begins within hours then peaks within 1 to 2 weeks, depending on the biomarker
selected for immunohistochemical staining, and then gradually dissipates [53–56]. Indeed,
our longitudinal in vivo PET imaging studies found that radioactivity accumulation in
the right striatum following 6-[18F]FDF administration was highest at 48 h and returned
to baseline by 2 weeks post-LPS injection (Figure 2). Therefore, 6-[18F]FDF uptake peaks
earlier and returns to baseline sooner than that of the TSPO tracer, [18F]FEPPA, in male
LPS-injected rats [48]. This supports our hypothesis that 6-[18F]FDF is likely imaging an
early stage of microglial activation, since microgliosis has been shown to start earlier than
astrogliosis in response to LPS insults [57].

Our preliminary study showed a trend for sex differences in 6-[18F]FDF accumulation
in the LPS-injected right striatum over time, with male rats having a greater response than
the females. These preliminary results might indicate a difference in microglial response
to neuroinflammatory insult with LPS between males and females. Our findings are sup-
ported by preclinical studies that have shown sex-related differences in microglial function,
microglial expression levels during development, and microglial immune response to LPS
injection [58–61]. PET imaging studies have also revealed sex differences in microglia.
Another TSPO PET radiotracer, [18F]GE-180, revealed higher binding in female mice in a
neurodegenerative mouse model for β-amyloid (AppNL-G-F) [62]. Consistently, in human
studies, PET imaging with [11C]PBR28 showed higher TSPO binding in female healthy
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control subjects compared to males [63]. The mechanism underlying the sex difference is
unknown but could be related to estrous cycle and hormonal status. Taken together, further
studies are warranted to confirm the sex differences in male and female cohorts and to
examine the effects of hormones on LPS-induced 6-[18F]FDF uptake.

[18F]FDG is the most widely used PET radiopharmaceutical and is employed for
imaging glucose metabolism in neuroinflammation states, including in traumatic brain
injuries [64], AD and related dementias [46,47]; however, [18F]FDG is not a specific radio-
tracer for studying inflammation since glucose metabolism of inflammatory microglial
and astroglial cells is confounded by glucose metabolism in neurons and other cells in the
brain tissue [65]. Interestingly, our studies show that [18F]FDG uptake at the site of LPS-
injection peaked at 1 week in response to LPS insult (Figure 3B, Figure 5), which coincides
with increased [18F]FEPPA binding [48]. We postulate that the early stage of neuroinflam-
mation including proliferation of microglia and astrocytes is accompanied by increased
energy demand thus glucose metabolism. However, [18F]FDG has high background uptake
throughout the brain, and therefore subtle changes in glucose metabolism are not likely
to be detected by PET imaging. Only male rats were employed in our [18F]FDG study as
female rats are known to show variable uptake and metabolism with this radiotracer in the
brain [66]. Given the sex difference in LPS-induced 6-[18F]FDF uptake, future work could
consider if female rats respond differently than males to LPS challenge with [18F]FDG.

Limitations of this study include a relatively small number of animals examined and
defluorination and/or known residual [18F]fluoride in the formulation of 6-[18F]FDF, as
consistently reported in previous studies [49] (see also Section 4.1 below and Figure S4),
which could reduce the suitability for translation for human brain PET studies in the present
formulation due to proximity to the skull. However, despite bone uptake of [18F]fluoride
in the skull potentially leading to spill over to adjacent brain regions (e.g., cortices), the
partial volume effect was minimal in deep nuclei (e.g., striatum and thalamus) as judged
by plateaued rather than continuously increasing TACs during the 120 min acquisition.
Overall, 6-[18F]FDF was shown to be a promising PET radiotracer for specifically imaging
fructose metabolism in microglia via GLUT5 in the brain, and has potential applications for
PET imaging of neuroinflammatory and neurodegenerative diseases. We demonstrated the
ability of 6-[18F]FDF to specifically image early microglial activation in a rodent model of
neuroinflammation. Further studies could include more detailed histochemical examination
of the expression of GLUT5 and other brain glucose/hexose transporters (e.g., GLUT2),
including their cellular localization and relationship to other markers of glial activation
(e.g., ionized calcium binding adaptor molecule 1 [Iba1] and glial fibrillary acidic protein
[GFAP]) in models of neuroinflammation to correlate with 6-[18F]FDF imaging findings.
Future studies with 6-[18F]FDF could examine PET imaging of neurodegenerative disorders
that involve microglia including AD and Parkinson’s disease. Another area for future study
includes drug addiction as GLUT5 expression and the density of resting microglia have
been reported to be increased in brains of methamphetamine users [52]. Further studies
could also examine whether differences in 6-[18F]FDF uptake among M1 and M2 microglial
phenotypes exist. Pro-inflammatory M1 macrophages increase their glucose metabolism,
while anti-inflammatory M2 phenotypes have significantly lower glucose consumption
than M1 [67]. However, given the inherent heterogeneity of microglia under a pathological
condition, in particular in vivo, the M1/M2 dichotomy of microglia might not capture the
full picture of microglial status [68–70] and should be considered when developing new
biomarkers for neuroinflammation.

4. Materials and Methods

4.1. Radiochemical Synthesis

Radiochemical synthesis of 6-[18F]FDF was performed as previously described [49].
Briefly, the methyl 1,3,4-tri-O-acetyl-6-O-(methylbenzene-sulfonyl)-α/β-D-fructofuranoside
precursor (provided by Dr. Frank Wuest of University of Alberta, Edmonton, AB, Canada)
was labeled using a [18F]KF/Kryptofix (K222) complex, followed by acid hydrolysis, and
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isolation by semi-preparative HPLC (Phenomenex LUNA C18(2) 10 μm 250 mm × 10 mm,
0.1 M sodium acetate buffer, pH = 5, at 2 mL/min). The collected peak was used directly
for injection. Radiochemical identity was verified by HPLC and by co-spotting and staining
by radio-TLC, and radiochemical purity was determined to be >90% (95:5 MeCN:H2O).
The collected 6-[18F]FDF peak can be contaminated by a residual [18F]fluoride because of
similar retention times on the established semi-preparative HPLC conditions (see Figure
S4). [18F]FDG was purchased from Isologic Innovative Radiopharmaceuticals (ISOLOGIC,
Toronto, Canada).

4.2. Lipopolysaccharide Rat Models of Neuroinflammation

Rat models of neuroinflammation were prepared by injecting LPS (L2630, serotype
O111:B4; Sigma-Aldrich, St. Louis, MO, USA) unilaterally into the right striatum (caudate
putamen) as previously described at our laboratory [48]. Briefly, adult male (6-[18F]FDF:
357–435 g, n = 4; [18F]FDG: 274–337 g, n = 4) or female (6-[18F]FDF: 207–219 g, n = 3)
Sprague Dawley rats were anesthetized by isoflurane in O2 (5%, 2 L/min induction; 3%,
1 L/min maintenance) and positioned in a stereotactic head frame (David Kopf Instruments,
Tujunga, CA, USA). Coordinates for the right striatum in relation to bregma were 0.5 mm
anteroposterior, 3 mm lateral, and 5.5/4.5 dorsoventral [71]. The arm on stereotactic frame
was maneuvered to the appropriate coordinates and a small hole was drilled at this location.
A solution of LPS was injected at a rate of 0.5 μL/min via a microinjection pump with the
microinjector placed at the appropriate coordinates for injection into the right striatum at a
depth of 5.5 mm then 4.5 mm for a total of 50 μg in 4 μL injected.

4.3. Dynamic PET/MR and PET/CT Acquisition

PET/ magnetic resonance imaging (MR) or PET/ computed tomography (CT) was
performed with 6-[18F]FDF in LPS rat models of neuroinflammation at 48 h (n = 4M/3F),
1 week (n = 2M/3F), and 2 weeks (n = 2M/3F) post-LPS injection, as well as with [18F]FDG
in another cohort of male rats at 48 h (n = 4M), 1 week (n = 4M), 2 weeks (n = 4M) and
4 weeks (n = 3M) post-LPS injection. Two male rats in the 6-[18F]FDF study were sacrificed
at one week post-LPS injection for immunohistochemistry and one male rat in the [18F]FDG
study died after two weeks post-LPS. PET image acquisition following injection with
the radiotracers was performed as previously described [48]. Rats were anesthetized by
isoflurane in O2 (4%, 2 L/min induction; 1–2%, 1 L/min maintenance) for lateral tail-vein
catheterization then transferred to a nanoScan™ PET/MR 3T or a PET/CT scanner (Mediso,
Budapest, Hungary). Anesthesia was maintained throughout the imaging session while
body temperature and respiration parameters were monitored closely. A scout MR or
CT was acquired for PET field-of-view (FOV) positioning, then MR (gradient echo [GRE]
multi-FOV and fast spin echo [FSE] 2D) or CT images were acquired for PET corrections
of attenuation and scatter with the segmented material map and for PET/MR or PET/CT
co-registration to define anatomic brain regions of interest. Rats were administered a
bolus injection of 6-[18F]FDF (11.83–27.29 MBq) or [18F]FDG (15.39–23.15 MBq) through the
tail-vein catheter and a 120 min scan was acquired.

4.4. PET Data Analysis

Acquired list mode data were sorted into thirty-nine three-dimensional (3D) (3 × 5 s,
3 × 15 s, 3 × 20 s, 7 × 60 s, 17 × 180 s, and 6 × 600 s), true sinograms (ring difference
84). The 3D sinograms were converted in 2D sinograms using Fourier rebinning [72]
with corrections for detector geometry, efficiencies, attenuation, and scatter before image
reconstruction using 2D filtered back-projection with a Hann filter at a cut-off of 0.50 cm−1.
Static images of the complete emission acquisition (0–120 min) and in the time frame of
60–120 min were reconstructed with the manufacturer’s proprietary iterative 3D algorithm
(6 subsets, 4 iterations). The static iterative images were used for PET and MR or CT
co-registration (0–120 min images) and for presentation in figures (60–120 min images;
Figures 1 and 4). All data were corrected for dead time and were decay-corrected to the
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start of acquisition. Dynamic filtered back-projection images were used to extract regional
brain TACs using a stereotactic MR atlas [73] following co-registration with subject’s MR
(T2 weighted 2D FSE, TR 3971 ms, TE 87.5 ms) or CT image implemented in VivoQuant®

2021 software (Invicro, Needham, MA, USA). SUV were calculated by normalizing regional
radioactivity for injected radioactivity and body weight. Radiotracer BP in the right
striatum was estimated with SRTM, using left striatum as the reference tissue, implemented
in PMOD4.203 (PMOD Technologies, Zurich, Switzerland) [50]. TACs of the left and right
hippocampus, which were not affected by LPS injection in the striatum, were analyzed
as control.

4.5. Immunohistochemistry

Immunohistochemistry was performed to examine the expression of Iba-1 and GFAP in
brains of LPS-injected male rats (n = 2) at 1 week post-LPS injection to confirm the presence
of activated microglia and astrocytes, respectively, and also the successful injection of LPS
in the right striatum. Brain tissue was fixed in 10% formalin for 48 h then embedded
in paraffin and prepared in 4 μm sections onto microscope slides. Slides were dewaxed
through changes of xylene, followed by hydration through decreasing grades of alcohol in
water (100%, 95%, and 70%). Slides were blocked with 3% hydrogen peroxide, then antigen
retrieval was performed with slides being heated at 98 ◦C in a microwave for 30 min
for those being stained for Iba-1. Serum block was applied as directed by the MACH-4
Universal HRP-Polymer kit (Intermedico, BC-M4U534L), followed by incubation with a
rabbit anti-Iba1 primary antibody or a rabbit anti-GFAP primary antibody (Abcam, Boston,
USA) at room temperature for 1 h. Color was developed using DAB (Agilent Dako, K3468;
Carpinteria, CA, USA) and counter stained with hematoxylin. Slides were dehydrated by
reversing the rehydration procedure and sections were mounted with mounting medium
(Leica, 3801120; Concord, ON, Canada). Slides were scanned with a slide scanner (Olympus,
Slideview VS200; Tokyo, Japan).

4.6. Statistical Analysis

Data are represented as the mean ± SEM. Statistical analyses were performed by using
StatSoft STATISTICA 7.1 (Tulsa, OK, USA). Differences in average SUV 60–120 min between
left and right side were examined by paired Student’s t-test. Differences in 39-frame TACs
between left and right side of the brain regions were examined by repeated measures
ANOVA. Differences in BP across the time points following LPS injection and between
sexes were examined by one-way or two-way ANOVA.

5. Conclusions

The major finding of this study is an increased response of 6-[18F]FDF to a local
bacteria endotoxin insult in rat brain at 48 h post-surgery, suggesting that 6-[18F]FDF
imaging of fructose metabolism via GLUT5 in microglial cells could be an early biomarker
of neuroinflammatory reactions. The preliminary observation of sex differences in 6-
[18F]FDF response in rats warrants further studies of hormonal influences on microglial
reaction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/molecules27238529/s1, Figure S1: Unstripped static 6-[18F]FDF image of Figure 1A (48 h post-LPS
injection in a male rat), showing radioactivity accumulation in the skull; but also increased uptake in
the LPS-injected right striatum vs. the left side. Figure S2: TACs of 6-[18F]FDF in striatum of male and
female rats injected unilaterally with LPS in the right striatum. Average TACs (±SEM) of 6-[18F]FDF
are shown in the right and left striatum of male (A–C) rats at 48 h (n = 4), 1 week (n = 2), and 2 weeks
(n = 2), re-spectively, post-LPS injection and of female rats (D–F) at 48 h (n = 3), 1 week (n = 3), and 2 weeks
(n = 3), respectively, post-LPS injection. * p < 0.05, right vs left striatum at 48 h (repeated measures ANOVA).
Figure S3. TACs of 6-[18F]FDF in hippocampus of male and female rats in-jected unilaterally with LPS in the
right striatum. Average TACs (±SEM) of 6-[18F]FDF are shown in the right and left hippocampus of male
(AC) rats at 48 h (n = 4), 1 week (n = 2), and 2 weeks (n = 2), respectively, post-LPS injection and of female rats
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(D–F) at 48 h (n = 3), 1 week (n = 3), and 2 weeks (n = 3), respectively, post-LPS injection. Figure S4. Results
of quality control of a 6-[18F]FDF production with residual [18F]fluoride. (A) Radio-HPLC chromatogram
shows 6-[18F]FDF at 3.2 min and residual [18F]fluoride at 2.4 min; (B) Radio-TLC also shows 6-[18F]FDF
(93.3%) at 78 mm and residual [18F]fluoride (6.7%) at 53 mm.
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Abstract: The cyclotron production of gallium-68 via the 68Zn(p,n)68Ga nuclear reaction in liquid
targets is gaining significant traction in clinics. This work describes (1) the synthesis of new arylamino
phosphonates via the Kabachnik–Fields reaction, (2) their use for liquid–liquid extraction of 68Ga from
1 M Zn(NO3)2/0.01 M HNO3 in batch and continuous flow, and (3) the use of Raman spectroscopy
as a process analytical technology (PAT) tool for in-line measurement of 68Zn. The highest extraction
efficiencies were obtained with the extractants functionalized with trifluoromethyl substituents and
ethylene glycol ponytails, which were able to extract up to 90% of gallium-68 in batch and 80%
in flow. Only ppm amounts of zinc were co-extracted. The extraction efficiency was a function
of pKa and the aqueous solubility of the extractant and showed marked concentration, solvent,
and temperature dependence. Raman spectroscopy was found to be a promising PAT tool for the
continuous production of gallium-68.

Keywords: gallium-68; liquid–liquid extraction; liquid target; arylamino phosphonate; cyclotron
production of gallium-68

1. Introduction

Gallium-68 radiopharmaceuticals remain one of the cornerstones of positron emission
tomography (PET). New 68Ga PET tracers significantly improve patients’ clinical outcomes,
and the number of clinical trials and publications involving gallium-68 continues to grow.
68Ga-PSMA and 68Ga-NETSPOT™ (68Ga-SOMAkit-TOC) are becoming the gold standard
for prostate cancer and neuroendocrine tumor diagnostics, [1] and Ga-FAPI is emerging as
a new general PET tracer [2].

The clinical success of 68Ga radiotracers drives the soaring demand for 68Ga radionu-
clide. Most 68Ga is currently supplied by germanium-68 generators, which are convenient
to use but expensive and in limited supply. The short life of germanium/gallium generators
and their decreasing elution yield due to the decay of parent isotopes cause the total cost
of generator ownership to be very high compared to the amount of 68Ga used for scans.
An alternative technology that can potentially solve the 68Ga shortage has emerged. It is
based on irradiation of the stable 68Zn isotope using medical cyclotrons. The 68Zn(p,n)68Ga
nuclear reaction has a large cross-section and can provide 68Ga with high radionuclidic
purity [3]. Traditionally, proton bombardment of solid targets has been used as a primary
method of producing PET radiometals. The production of multi-curie amounts of 68Ga
has been reported by using electrodeposited [4], pressed [5], and fused [6,7] 68Zn solid
targets. However, this requires specialized and costly equipment for target preparation,
irradiation, cooling, transportation, and post-irradiation target dissolution [8]. In 2011,
Jensen and Clark showed that irradiation of a 18F liquid target charged with a concentrated
solution of 68ZnCl2 can produce clinically-relevant yields of 68Ga [9]. It was subsequently
recognized that liquid targets have a number of advantages over solid targets. Most im-
portantly, liquid target-based production could be readily deployed within the existing
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clinical infrastructure designed and built for 18F radiochemistry. The production workflow
benefited from easy target preparation, as well as from fast and automated delivery of
the irradiated target solution to the hot cells for recovery and purification of 68Ga. All
of this could be performed using the standard 18F targets and automated radiosynthesis
modules. The initial challenges associated with significant outgassing during proton bom-
bardment were overcome by the use of nitric acid solutions of metal nitrate salts [10]. Such
solutions are commercially available from Fluidomica (www.fluidomica.pt; accessed on
29 November 2022). The Pandey [11–13] and Alves [14–16] research groups, as well as
others [17,18], reported consistent and reliable production of 68Ga by irradiating liquid
targets containing a zinc-68 nitrate solution made by dissolving 68Zn(NO3)2 (0.6–1.7 M)
in nitric acid (0.01–0.3 M) with 30–45 μA proton beams for 30–60 min, yielding as much
as 5 GBq at the end of the bombardment. Large regional clinics such as the Mayo Clinic
(US) and ICNAS (Portugal) now routinely produce several batches of 68Ga per day using
liquid targets. The European Pharmacopoeia monograph, which regulates the quality of
cyclotron-produced 68Ga, has recently become available [19].

All current solid and liquid target 68Ga production methods use two-column solid
phase extraction (SPE) as the means of purification. The first column, loaded with either
hydroxamate [12,18,20] or a strong cation resin [4,5,15] (Dowex 50W-X8, AG 50W-X8), takes
advantage of the stronger Lewis acidity of Ga3+ retained on the column, while Zn2+ is
eluted with a HCl, HNO3, or acetone/HBr mixture. The second column, which may contain
a phosphine oxide (TK200) [18,20], a cation exchange (AG1) [13,15], or a phosphonate
(UTEVA) [4,5] resin, serves mainly to concentrate activity for elution in a formulation-
friendly media, such as water or 0.1 M HCl. Since the cost of 68Zn has a relatively high
impact on the overall price of cyclotron-produced 68Ga, reuse of 68Zn is desirable. The
main limitation of the SPE methodology, at least at the current level of development,
is that 68Zn cannot be immediately reused after SPE purification. The sorption on the
first column and the subsequent elution changes both the zinc-68 concentration and the
chemical composition of the solution, making it unsuitable for direct use in the cyclotron
liquid target.

We have recently reported a proof-of-principle study describing efficient liquid–liquid
extraction of radiogallium (66,67,68Ga) from ZnCl2/HCl solutions in batch and in flow
using a membrane-based separator [21]. We argued that, compared to SPE, liquid–liquid
extraction in flow (LLEF) has the advantages of scalability, speed, low cost, and easy
recovery of the material through solvent evaporation or back-extraction. Importantly,
LLEF does not change the chemical composition of the cyclotron liquid target, which can
potentially be reused in-line. The ability to reuse the cyclotron target solution of 68Zn,
coupled with the fluidics-compatible design of solution targets, makes the continuous
flow approach an attractive alternative to conventional batch processing. The continuous
process can be envisioned as follows: the separation module S is placed next to the liquid
target T in the cyclotron vault, and the target is irradiated by the cyclotron beam producing
68Ga via the 68Zn(p,n)68Ga nuclear reaction (Figure 1). The irradiated solution is then
transferred into S, where 68Ga is separated from 68Zn. 68Ga is sent into the hot cell for
further downstream processing and radiolabeling. The cyclotron target solution containing
68Zn is returned to T for new irradiation. The process can be performed in a semi-batch
mode, where the target is closed during the bombardment and then opened and processed.
Alternatively, the cyclotron target solution can be recirculated through S.

There are several advantages to the continuous approach: (1) The process is scalable
and can be run on-demand. This flexibility translates into the maximization of PET scanner
occupancy at the hospital. (2) 68Zn is recycled in-line, saving money and securing the hospi-
tal’s 68Ga and 68Zn supply. (3) Radioactive waste remains contained until the completion of
the continuous production campaign. (4) Compatibility with in-line process analytical tech-
nology tools (PAT) is an opportunity to implement the FDA’s Quality by Design approach
to radiopharmaceutical production. In terms of process integration and automatization,
LLEF is fully compatible with downstream SPE-based processing, if additional steps are
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required. Setting the stage for future research, the new liquid extractants can also be used
for transferring the solution chemistry to an SPE platform by grafting the extractant onto a
solid support.

 

Figure 1. Conceptual schematic of the continuous production of 68Ga using a cyclotron solution
target (T). Phase separation is performed in module S using a membrane separator; the 68Ga is
back-extracted from the organic phase with 0.1 M HCl and is sent directly into the hot cell. The
organic phase is discarded.

Central to this conceptual design is a liquid–liquid extraction (LLE)-based separa-
tion module. We previously reported near-quantitative LLE of titanium-45 [22,23] and
radiogallium [21] from concentrated HCl using a membrane separator with integrated pres-
sure control. The same system could be implemented here with one important caveat: no
compound capable of efficient and selective extraction of gallium from nitric acid in the pres-
ence of zinc into an organic phase has been reported. Phosphine oxides (Cyanex 923 [24],
Cyanex 925 [25]) and phosphoric, phosphonic [26], and phosphinic acids (Cyanex 301 [27])
have been previously tested but extraction was poor.

This study had three objectives. First, we set out to design, synthesize, and test a
new family of extractants able to efficiently perform LLE and separation of 68Ga from zinc
nitrate/nitric acid solutions in batch and in flow. Second, we explored the possibility of
implementing Raman spectroscopy as a PAT tool and used the Design of Experiment (DoE)
technique for LLE optimization. Lastly, we sought to rationalize the results in the context
of the extractant’s structure and its physical properties.

2. Results

2.1. System Design

The cyclotron target solutions used in clinics can be prepared in a variety of nitric
acid concentrations: from 0.01 M to 1.5 M [15,18,28,29]. From an extraction standpoint,
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the lowest acidity is preferred. Since 1 M solution of 68Zn(NO3)2 in 0.01 M HNO3 is also
commercially available from Fluidomica for clinical production of 68Ga, it became our
choice of aqueous phase for LLE. In the 1960s, Jagodić reported that arylamino phosphonic
acid 1 was able to extract a broad range of metals from various acids [30]. Therefore, we
have chosen the arylamino phosphonic acid scaffold for further development, recognizing
that it can function as a chelator due to the presence of arylamino moieties (Figure 2). Im-
portantly, the acidity and basicity of NH, and hence the chelation capacity of the arylamino
phosphonic acid extractant, can be controlled by the judicious choice of substituents on the
aryl rings Ar1 and Ar2. Organic and aqueous solubility can be further tuned by controlling
the hydrophilicity of the phosphonic acid monoester moiety.

 
Figure 2. The synthesis of arylamino phosphonic acids 1–9.

2.2. Chemistry

Eight new arylamino phosponic acids 2–9, together with the previously reported acid 1

(Figure 2), were synthesized. Under the conditions of the Kabachnik–Fields reaction [31], a
dialkylphosphite, an aniline, and an aldehyde were refluxed in dry toluene in the presence
of the catalytic amount of para-toluene sulfonic acid (pTSA) providing the corresponding
aminophosphonate as a single product. The subsequent hydrolysis yielded the requested
aminophosphonic monoesters (1–9). The synthesis could be conveniently performed as a
one-pot, two-step reaction with overall yields in the 40–50% range.
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2.3. LLE of 68Ga Using Extractants 1–9 in Batch

The results of LLE of 68Ga in batch and the calculated pKa and aqueous solubility
of extractants 1–9 in different solvents at either room temperature or 50 ◦C are presented
in Table 1.

Table 1. Batch LLE of 68Ga from 1 M zinc nitrate in 0.01 M nitric acid with 10 mM of extractant dissolved
in various solvents and performed at RT or 50 ◦C. The extraction efficiencies (EE), the pKa of the
extractants calculated using Cosmotherm, and the experimentally determined aqueous solubilities are
listed. Experiments were performed in triplicate; results are presented as means ± standard deviation.

Entry Extractant Solvent T, ◦C 68Ga EE (%) pKaCalc Aqueous Solubility, mM

1 Heptane RT 30.6 ± 2.0 1.5 0.22

2 Anisole
RT 8.3 ± 3.1 1.4 0.10

50 ◦C 32.9 ± 2.3

3 CHCl3/Heptane
3/1 (v/v) RT 20.8 ± 2.0 1.4 0.25

4 Bu2O RT 8.1 ± 2.4 1.2 0.08

5 Bu2O RT 34.1 ± 2.0 1.2 0.04

6
Heptane/TFT1:1

(v/v) RT 49.7 ± 2.6 0.7 2.60

Bu2O RT 24.8 ± 1.9

7
Heptane RT 16.4 ± 2.0 0.9 0.08

50 ◦C 37.7 ± 2.3

8

Bu2O RT 41.3 ± 2.5 0.7 1.60

50 ◦C 80.1 ± 3.0

TFT RT 60.5 ± 1.9

9 TFT
50 ◦C 88.2 ± 2.3

RT 69.1 ± 3.0 0.4 1.73

50 ◦C 89.6 ± 3.5

2.4. Estimation of pKa Using COSMO-RS

The pKa for compounds 1–9 was computationally estimated using the conductor-
like screening model for real solvents (COSMO-RS). This computational technique uses
density functional theory to calculate molecular screening charge densities and then applies
statistical thermodynamics to yield chemical potentials [32]. pKa can be calculated from
the Gibbs free energies of the neutral and ionic compounds [33]. Table 1 shows that the
calculated pKa value varies from 1.5 (1) to 0.4 (9). A significant increase in acidity was
noted for all extractants functionalized with the CF3 groups (Table 1, entries 6–9).

2.5. Batch LLE Optimization Studies

Compounds 1–9 demonstrated significant variability in aqueous solubility, pKa calcu-
lations, and extraction efficiency (EE) (Table 1). The compounds where both Ar1 and Ar2
were functionalized with trifluoromethyl groups showed the highest EE. A 7–17% increase
in extraction was observed when the concentration of the extractants increased from 10 mM
to 30 mM (Figure S1). A marked solvent dependence was also noted. For most extractants,
the best results were obtained in TFT, heptane, and Bu2O. Across all tested compounds, an
increase in temperature from RT to 50 ◦C led to a significant increase in EE (Figure 3). In
all cases, clear phase separation between the aqueous and organic phases was observed
with no detectable extraction of zinc into the organic phase as evidenced by 65Zn activity
measurements. Preliminary experiments indicated that, for an extractant in a given solvent,
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the concentration of the extractant and the extraction temperature were the main factors
affecting extraction efficiency. A traditional approach to optimization is to change one factor
(concentration, temperature) at a time. This approach, however, is inefficient as it does not
necessarily lead to the optimal experimental conditions, especially when there is interaction
between the factors. A better approach is to use a statistically-driven experimental design,
called the Design of Experiment (DoE) approach [34]. Guided by a software algorithm,
DoE allows one to define a design space and systematically optimize the response (EE)
while taking into account the interaction between the factors. To optimize the yield of LLE,
we used a central composite face-centered design algorithm implemented in the software
package MODDE 9.1.1 (Table 2). Concentration and temperature were varied between
10–30 mM and 25–50 ◦C, correspondingly. These limits defined the center point (20 mM,
37.5 ◦C) around which four corner and four median experiments were constructed (see
Figure S2 for a graphical representation of the design). The reproducibility of the design
was estimated by running the center points in triplicate.

 

Figure 3. LLE of 68Ga using extractants 1–9 in batch. In each case, the solvent system was chosen in
such a way as to provide the best solubility and phase separation for a given extractant.

The results of 11 runs were fitted with the partial least squares (PLS) algorithm, pro-
ducing a quadratic model of excellent statistical quality (Figure 4). Both concentration and
temperature were positively correlated with LLE efficiency, but the square of concentration
was negatively correlated.

Table 2. Batch LLE optimization studies using the central composite face-centered design algorithm
implemented in MODDE 9.1.1. Concentration and the temperature were simultaneously varied.

Exp. No. Concentration, mM T, ◦C EE (%)

1 10 25 69
2 30 25 71
3 10 50 83
4 30 50 91
5 10 37.5 75
6 30 37.5 78
7 20 25 71
8 20 50 90
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Table 2. Cont.

Exp. No. Concentration, mM T, ◦C EE (%)

9 20 37.5 83
10 20 37.5 88
11 20 37.5 91

The optimization studies indicated that the extractions performed at and above 20 mM
and 37.5 ◦C consistently produced EE > 83% (Table 2).

Figure 4. Optimization of LLE in batch using extractant 8: a PLS model based on a central composite
face-centered design.

2.6. LLE of 68Ga using Extractants 8 and 9 in Continuous Flow

Having established extractants 8 and 9 as the best performers in batch, we translated
batch into flow (Figure 5). The Zaiput membrane separator provided a clean phase sep-
aration with no phase breakthrough at both the extraction and stripping stages. At the
extraction stage, LLE was on average 10% less efficient in flow. As with the batch experi-
ments, raising the temperature to 50 ◦C significantly improved EE. Stripping in 2 M HCl
was quantitative. ICP analysis of the stripped solution indicated the presence of 11 ppm
of zinc.

 

Figure 5. (Left) A schematic depicting two-stage liquid–liquid extraction in flow. (Right) 68Ga EE
(%) obtained from a 1 M Zn(NO3)2 solution in 0.01 M HNO3 using extractants 8 and 9 in TFT and
Bu2O at RT and 50 ◦C.

2.7. Zinc Nitrate Quantification Using Raman Spectra

Twelve solutions of zinc nitrate in 0.01 M HNO3 were prepared (with the concentration
of zinc varying in the range of 0.3–1.2 M) and the Raman spectra were acquired. A
multivariate analysis of the spectra using SIMCA yielded a four-principal component PLS
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model with R2 = 0.99 and Q2 = 0.94 (Figure 6). The model showed excellent observed vs.
predicted linearity (R2 = 0.99) in the whole concentration range and was validated using
independently prepared samples. This multivariate calibration was subsequently used to
quantify the concentration of zinc before and after LLE.

Figure 6. (Top) The Raman spectra of Zn(NO3)2 (0.3−1.2 M) prepared in 0.01 M HNO3 solu-
tions. (Inset) A four-component PLS calibration model for determination of zinc concentration.
(Bottom) The performance of the calibration model: observed vs. predicted.

The analysis showed that the overall depletion of zinc in the aqueous phase after LLE
was less than 10%. This was independently confirmed by the mass balance measurement
and 65Zn radiotracing.

3. Discussion

The substituents on Ar1, Ar2, and the phosphonic acid affect the properties of com-
pounds 1–9 in two major ways. The electron-withdrawing CF3 groups increase the acidity
of the phosphonic acid moiety, whereas electron-releasing tBu and OMe retard dissociation.
This is reflected in the calculated pKa value, which varies by more than 1 pKa unit across the
series. Experimentally, we found that the increase in the strengths of the phosphonic acid
moiety due to CF3 substitution resulted in compounds 8 and 9 being stronger extractants.
This is in line with the general observation that the potassium salts of compounds 1–9

proved to be better extractants than the corresponding acids. The effect was particularly
pronounced in 4: EE increased from 8% for the phosphonic acid to 75% for its potassium
salt. A similar effect was previously observed by Jagodić and attributed to an increase in
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the acidity of the solution due to the release of H+ during complexation [30]. Although
this explanation is not applicable to the present case due to the picomolar amount of 68Ga,
the importance of phosphonic acid dissociation is further highlighted by the critical role
aqueous phase acidity played in extraction. When 1 was used as an extractant, EE dropped
from 30% in 0.01 M HNO3 to 4.2% in 0.2 M HNO3, and then to 1.2% in 1 M HNO3. Despite
a qualitative correlation between pKa and EE, no statistically significant model emerged
from the data. The effect of substituents in Ar1 and Ar2 on the solubility of compounds
1–9 is even more subtle, as both electronic and steric effects play a role. The substitution
of an octyl group for a hydrophilic diethylene glycol significantly increased the aqueous
solubility of 8 and 9. Although no model was able to correlate solubility and EE, the com-
bination of COSMO-RS-calculated acidity and solubility yielded a statistically significant
PLS model (Figure S3). The combination of higher acidity and higher aqueous solubility
favored extraction. A marked solvent, temperature, and concentration dependency can
be further rationalized in terms of extractant dimerization, which in the case of alkyl and
aryl phosphonic acids has been observed in solvents of low polarity [35]. The negative
correlation between EE and the square of the concentration of the extractant we found
during batch optimization (Figure 4) suggests that dimerization of extractant 8 competes
with extraction. Under this scenario, the rate of dimerization would be proportional to the
square of the concentration and would lead to a decrease in EE due to the deactivation of the
extractant. Increased temperature is expected to favor the dissociation of the dimer, leading
to higher EE. The higher EE of the potassium salts of 1–9 we observed in the preliminary
experiments also supports the dimerization hypothesis because the deprotonated species
are unable to form aggregates.

Aqueous solutions are essentially transparent to Raman scattering. In our continuous
flow design, the laser light was delivered to the flow cell via fiber optics, making Raman
spectroscopy an ideal tool for remotely controlled in-line analysis of radioactive mixtures
under continuous flow conditions. The Raman spectra of 0.3–1.2 M Zn(NO3)2 prepared
in 0.01 M HNO3 solutions were dominated by the symmetric stretching band of nitrate
anion centered at 1000 cm−1 (Figure 6). The broad peak spanning 305–399 cm−1 was
assigned to the hexaaquazinc(II) ion [Zn(H2O)6]2+ (390 cm−1) [36] and the lower-frequency
mode corresponding to the nitrate-associated [Zn(H2O)xNO3]+, x < 6 [37]. We found that
inclusion of the entire spectral region (3–3600 cm−1) and autoscaling the variables to unit
variance were essential for obtaining calibrations with the best possible statistical quality.

4. Materials and Methods

4.1. Materials

All chemicals were reagent grade, purchased from Sigma Aldrich (Merck KGaA, Darm-
stadt, Germany), and used without additional purification. Dioctyl and diethyleneglycol
phosphites were prepared as described previously [38]. The batch and continuous flow
extractions were performed using zinc nitrate at natural abundance, spiked with a small
amount of zinc-65 for radiotracing purposes. The radionuclide zinc-65 (65Zn, t1/2: 244 days)
was produced as described previously [21]. The radionuclide gallium-68 (68Ga, t1/2: 68 min)
was obtained from a 68Ge/68Ga generator produced by Eckert & Ziegler (Berlin, Germany).
SEP-10 membrane separators were purchased from Zaiput Flow Technologies (Waltham,
MA, USA). Pall PTFE membranes were used for all experiments (47 mm diameter, 0.2 μm
pore size, polypropylene support). Perfluoroalkoxy alkane (PFA) diaphragms (0.002′ ′
(00.0508 mm)) were purchased from McMaster Carr (Princeton, NJ, USA). All PFA tubing
(1/16′ ′ (1.5875 mm) OD, 0.03′ ′ (0.762 mm) ID) was purchased from Idex Health and Science
(West Henrietta, NY, USA). Polytetrafluoroethylene (PTFE) static mixers were purchased
from Stamixco (Dinhard, Switzerland). The 15 mL plastic centrifuge tubes with screw caps
(SuperClear) were purchased from VWR (Søborg, Denmark).
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4.2. Instrumentation and Methods

The NMR spectra were recorded on an Agilent 400 MR spectrometer (Agilent, Santa
Clara, CA, USA) operating at 400.445 MHz (1H). The Raman spectra were obtained using
an Avantes AvaSpec-ULS-RS-TEC spectrometer with 788 nm laser excitation. Zinc-65 and
gallium-68 were quantified by gamma spectroscopy using a Princeton Gammatech LGC
5 or Ortec GMX 35195-P germanium detector, calibrated using certified barium-133 and
europium-152 sources. Zinc at natural abundance was quantified using a Thermo Scientific
iCAP 6000 Series ICP Optical Emission Spectrometer. An Eppendorf 5702 centrifuge was
used to assist in phase separation. All experiments used 0.2 μm membrane pore size, a
0.002” (0.051 mm) diaphragm, two 10-element static mixers, and a 108 cm mixing tube.
The solutions for the continuous membrane-based separation were pumped using KDS
100 Legacy Syringe pumps. For batch experiments, phase mixing was performed using an
IKA ROCKER 3D digital shaker.

4.3. Batch LLE Extractions

Initially, 1 M zinc nitrate prepared in 0.01 M HNO3 was used as the aqueous phase for
the batch LLE extraction. The organic phase was prepared by dissolving extractants 1–9 in
different organic solvents or a mixture of solvents to achieve a final concentration of 10 mM,
20 mM, and 30 mM. A 1 mL aliquot of the aqueous phase was then transferred into a 15 mL
centrifuge tube and mixed with 3 mL of the organic phase. The tube was shaken at 80 rpm
for 15 min at either 25 ◦C, 37.5 ◦C, or 50 ◦C. After centrifugation for 15 min, the phases
where separated and the activity of 65Zn and 68Ga in the aqueous and organic phases were
quantified using gamma spectroscopy. 68Ga extraction efficiency was calculated according
to the following equation:

EE(%) = (68Gaorg × 100%)/(68Gaorg + 68Gaaq)

4.4. Continuous Membrane-Based LLE

LLE in flow was performed in two stages. At first, the extraction stage used the same
aqueous phase as was used in batch LLE. Extractants 8 and 9, which showed the best
performance in batch extraction, were used as 10 mM TFT solutions for the organic phase.
The extraction was performed at 50 ◦C. The fluidics were driven by two separate syringe
pumps equipped with Hamilton glass syringes, which were filled with the organic (9 mL)
and the aqueous (3 mL) phases. The aqueous flow rate was 15 mL/h and the organic flow
rate was 45 mL/h for all experiments. The aqueous to organic ratio was maintained at
1:3 (v/v) at all times. For the extraction process, two phases passed through PFA tubing
(1/16” OD, 0.03” ID) and entered the Syriss Chip Climate controller mixer set at 50 ◦C.
The organic and aqueous phases were mixed inside the chip. The two phases were further
mixed in a 100 cm long PFA tubing (1/16” OD, 0.03” ID) mixing loop by steady slug flow
and then passed into the membrane separator. In the membrane separator, the organic
phase permeated the hydrophobic membrane (PTFE/PP, 0.2 μm pore size and 139 μm
thickness) and passed through the permeate outlet, while the aqueous phase was retained
and passed through the retentate outlet. The 0.002” PFA diaphragm in the membrane
separator worked as a form of integrated pressure control, and complete phase separation
between the aqueous and the organic phase was obtained with the chosen membrane and
diaphragm. In the second stage (stripping), 68Ga was back-extracted from the organic
phase into the aqueous phase following the experimental protocol described above. This
time, however, the organic and aqueous phases were mixed by two PTFE static mixers at
room temperature. Again, the aqueous to organic ratio was maintained at 1:3 (v/v), where
9 mL of organic phase containing 68Ga was stripped with 3 mL of 2 M HCl.
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4.5. NMR Studies
4.5.1. General Comments

NMR spectra were recorded at ambient probe temperatures and referenced as follows
(δ, ppm): 1H, residual internal DMSO-d5 (2.50); 13C{1H} internal DMSO-d6 (39.52). The par-
tial structural assignment was performed on a basis of one-dimensional nuclear Overhauser
effect spectroscopy (1D NOESY), Heteronuclear Multiple Bond Correlation with adiabatic
pulses (HSQCAD), and Gradient-Selected Correlation Spectroscopy (gCOSY) experiments.
qNMR studies were performed at ambient temperature using the following acquisition pa-
rameters: 1H NMR—wet1D pulse sequence with 90o pulse, acquisition time 4 s, relaxation
delay 60 s, zero-filling to 256 k, exponential multiplication with 0.3 Hz line broadening,
manual phasing, and 5th degree polynomial baseline correction. 31P NMR—inverse gated
decoupling pulse sequence with 90◦ pulse, acquisition time 1 s, relaxation delay 30 s, zero-
filling to 128 k, exponential multiplication with 3 Hz line broadening, manual phasing, and
5th degree polynomial baseline correction.

4.5.2. Determination of the Aqueous Solubility of Extractants 1–9

A 1 mL volumetric flask was charged with 10–15 mg of the extractant and 1 mL
of D2O. The resulting suspension was sonicated for 30 min and the content was cen-
trifuged, filtered through a 0.45 μm syringe filter, and transferred into an NMR tube. A
sealed capillary containing an external calibrant (acetanilide for 1H qNMR and triph-
enylphosphine for 31P qNMR) was inserted into the NMR tube and the solubility of
extractants 1–9 was determined from their 1H or 31P NMR spectra using the formula:
Cx = (Ix/Ical) × (Ncal/Nx) × Ccal, where I, N, and C are the integral area, number of nuclei,
and the concentration of the extractant (x) and the calibrant (cal), respectively.

4.6. Multivariate Analysis

The Design of Experiment (DoE) studies were performed using MODDE 9.1.1 (Umet-
rics AB), using the central composite face-centered design. Multivariate calibration of the
zinc nitrate concentrations was performed by acquiring the corresponding Raman spectra
using 788 nm laser excitation with 5 s acquisition (10 average) and exporting the spectra
as GRAMS SPC files into SIMCA 17.0.0 (Sartorius Stedim Data Analytics AB). The dataset
(3–3600 cm−1) was scaled to unit variance and processed using PLS. Five independently
prepared samples were used for validation of the calibration model.

4.7. Computational Methods

All gas-phase and COSMO calculations were performed using the TURBOMOLE
7.5.1 suite of programs using resolution of identity approximation (RI) [39]. The gas-phase
structures were optimized at the RI BP/def2-TZVPD level and convergence to the ground
state was verified by running analytical frequency calculations. The single-point gas-phase
energies were then re-evaluated at the RI MP2/def2-TZVPP level. The COSMO files were
obtained at the same theory level in the COSMO phase with a smooth radii-based isosurface
cavity, and convergence to the ground state was verified by running numerical frequency
calculations. The resulting COSMO files were used to perform solution thermodynamics
calculations using COSMOtherm, Version 20.0.0 (Dassault Systèmes), yielding the free
energies of solvation, sigma surfaces, and sigma profiles [40].

4.8. General Procedure for the Synthesis of Arylaminophosphonic Acids 1–9

A 100 mL round-bottom flask equipped with the Dean–Stark trap was charged with an
equimolar (5 mmol) amount of a dialkylphosphite, an aniline, an aldehyde, and a catalytic
amount of pTSA dissolved in 40 mL of toluene. The reaction mixture was refluxed overnight.
Toluene was removed under reduced pressure, the reaction mixture was redissolved in
50 mL of ethanol, and a solution of 10 mmol of KOH in 4 mL of water was added. The
reaction mixture was refluxed overnight, cooled to room temperature, acidified with 3 eq
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(15 mmol) of 6 M HCl, and purified on silica (gradient elution: CHCl3 then CHCl3/CH3OH
9/1 v/v). Analytical purity was confirmed by qNMR as described above.

5. Conclusions

A new family of arylaminophosphonic acids (1–9) was synthesized. All compounds
selectively extracted gallium-68 in the presence of zinc from a solution containing 1 M
Zn(NO3)2 in 0.01 M HNO3. Extractants 8 and 9 were able to extract up to 90% of gallium
in batch and up to 80% in flow. Only ppm amounts of zinc were co-extracted. Extrac-
tion efficiency correlated with pKa and the aqueous solubility of the extractant. Raman
spectroscopy was found to be well suited as a PAT tool for continuous flow production of
gallium-68. We are currently evaluating the suitability of cyclotron-produced and LLEF-
purified gallium-68 for DOTATATE radiolabeling.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules27238377/s1. Figure S1: The extraction effi-
ciencies for compound 8, performed at 10 mM and 30 mM in various solvents at RT and 50 ◦C. The
relative increase in EE upon the increase in concentration of compound 8 from 10 to 30 mM is shown
on the X axis. Table S1: The distribution ratio Ds = [68Gatot]org/[68Gatot]aq for batch LLE of 68Ga
from 1 M zinc nitrate in 0.01 M nitric acid with 10 mM of extractant dissolved in various solvents and
performed at RT or 50 ◦C. Figure S2: The design region for the central composite face-centered design
shown in Table S1. The numbers in the circles correspond to the experiment numbers in Table S1.
The center point was run in triplicate (experiments 9, 10, 11). Figure S3: A PLS model correlating
68Ga extraction efficiency with pKa and the aqueous solubility of compounds 1–9.
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Abstract: Before formulating radiopharmaceuticals for injection, it is necessary to remove various
impurities via purification. Conventional synthesis methods involve relatively large quantities
of reagents, requiring high-resolution and high-capacity chromatographic methods (e.g., semi-
preparative radio-HPLC) to ensure adequate purity of the radiopharmaceutical. Due to the use
of organic solvents during purification, additional processing is needed to reformulate the radio-
pharmaceutical into an injectable buffer. Recent developments in microscale radiosynthesis have
made it possible to synthesize radiopharmaceuticals with vastly reduced reagent masses, minimizing
impurities. This enables purification with lower-capacity methods, such as analytical HPLC, with a
reduction of purification time and volume (that shortens downstream re-formulation). Still, the need
for a bulky and expensive HPLC system undermines many of the advantages of microfluidics. This
study demonstrates the feasibility of using radio-TLC for the purification of radiopharmaceuticals.
This technique combines high-performance (high-resolution, high-speed separation) with the advan-
tages of a compact and low-cost setup. A further advantage is that no downstream re-formulation
step is needed. Production and purification of clinical scale batches of [18F]PBR-06 and [18F]Fallypride
are demonstrated with high yield, purity, and specific activity. Automating this radio-TLC method
could provide an attractive solution for the purification step in microscale radiochemistry systems.

Keywords: radiopharmaceuticals; microscale radiosynthesis; thin-layer chromatography; miniaturization;
preparative TLC

1. Introduction

In the last decade, positron-emission tomography (PET) has led to many advances in
disease characterization [1,2], drug development [3–5], and monitoring treatment efficacy
for various diseases [6,7]. While numerous short-lived radionuclides may be used to label
biologically active radiotracers, fluorine-18 remains by far the most common due to its high
positron decay ratio (97%), short half-life (109.8 min), low positron energy (635 keV), and
wide availability [8–10].

The production of 18F-labelled radiopharmaceuticals typically involves a late-stage
radiofluorination method involving the reaction between [18F]fluoride or a prosthetic group
labelled with F-18, and a precursor, followed in some instances by the deprotection of
functional groups. Subsequently, purification of the crude radiopharmaceutical is required
to ensure that all unreacted precursors, reaction by-products, solvents, and other reagents
(e.g., phase-transfer catalysts), are removed. The high structural similarity of precursors
and byproducts to radiopharmaceuticals, along with the vast precursor excess typically
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used in radiosyntheses to ensure efficient reaction kinetics, impose significant challenges
for the purification process.

Several chromatographic approaches are currently used to purify radiopharmaceuti-
cals, including solid phase extraction (SPE) and high-performance liquid chromatography
(HPLC). While these chromatographic methods are both versatile and compatible with
a variety of stationary phases (e.g., reverse-phase C18 [11,12], size exclusion (SE) [13,14],
and ion exchange (IEX) [15]), they differ in complexity and performance. SPE is generally
rapid, but separation resolution is generally regarded as low [16]. A further downside
is that developing a suitable SPE-based purification protocol can take considerable time
and effort. So far, SPE has only successfully been used to purify a handful of 18F-labeled
radiopharmaceuticals [17–21]. HPLC has high resolution and is used to purify the vast
majority of radiotracers. Still, it is time-consuming, bulky, expensive, and often requires a
downstream re-formulation process due to bio-incompatible mobile phases [22,23]. In some
instances, HPLC can be performed with bio-compatible (e.g., ethanolic) mobile phases, al-
though increased backpressure can become an issue. Another approach that has been used
to purify radiopharmaceuticals is molecular imprinting chromatography [24]. However,
this technique requires a unique stationary phase for each radiopharmaceutical and is not
widely used.

Recently, our group and others have shown that microscale synthesis methods enable
efficient reactions while enabling a vast reduction of reagent masses [25–29]. Consequently,
the quantity of impurities is drastically reduced, and it appears in some cases that the
number of different impurities may also be reduced [28,30]. These factors may allow
lower-resolution forms of purification to be employed in the purification of microscale-
produced radiopharmaceuticals. For example, purification has been performed using
microscale SPE for [18F]FDG [31–33] and [18F]FLT [34,35]. It has also been attempted
for microfluidically-produced [18F]Fallypride [36], but sufficient chemical purity was not
achieved, suggesting that microscale and conventional SPE may have similar limitations of
versatility due to the low separation resolution. Alternatively, our group and others have
shown that conventional semi-prep HPLC columns can be replaced with analytical scale
columns [37,38], enabling faster purification, higher resolution, and reduced volume of
collected pure fraction (enabling faster downstream formulation). However, the continued
need for a bulky and expensive instrument to perform purification undermines many of
the advantages of microfluidic radiosynthesis.

To overcome these challenges, we propose using thin-layer chromatography (TLC)
as a more compact, rapid, and lower-cost way to purify microfluidically-produced radio-
pharmaceuticals. Purification via TLC is not new and is often used in the pharmaceutical
industry for the crude synthesis of candidate molecules [39]. Utilizing preparative TLC
plates, crude products are separated, then the product-binding sorbent is removed from the
plate and extracted in organic solutions for subsequent processing. Though separations in
the pharmaceutical industry usually involve long TLC plates and lengthy separation times,
which are incompatible with the production of short-lived radiopharmaceuticals and the
goals of miniaturizing the entire radiosynthesis processes, the masses involved in batches
of radiopharmaceuticals are far smaller. We hypothesized that short, analytical-scale plates
might be suitable for purifying radiopharmaceuticals (Figure 1).
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Figure 1. Procedure for the purification of microscale-synthesized radiopharmaceuticals using TLC.

Radio-TLC is already widely used in radiochemistry to analyze small samples (e.g.,
1 μL) of radiopharmaceuticals. By making use of high-resolution imaging-based read-
out (e.g., Cerenkov luminescence imaging; CLI and UV imaging), our group has recently
shown that separation resolution comparable to radio-HPLC can be achieved on analytical
scale TLC plates with very short separation distances (4 cm) and short separation times
(<4 min) [40]. In addition to being rapid and having high resolution, TLC is very versatile.
We recently adopted the PRISMA algorithm [41] for efficiently optimizing mobile phase
compositions to achieve high separation of a wide variety of radiopharmaceuticals from
their radioactive and non-radioactive impurities [42]. This paper shows the feasibility of
using analytical-scale TLC as a compact, rapid, and high-resolution method for the purifica-
tion of microfluidically-produced (i.e., low mass scale, low volume) radiopharmaceuticals.

2. Results

2.1. Performance of TLC at the Scale of Crude Reaction Mixtures

When performing TLC analysis of radiopharmaceuticals, typically, only a small sample
volume (0.5 or 1.0 μL) is spotted on the plate via a capillary or pipette. In contrast, the volume
of the collected crude product from microscale reactions is on the order of 40–60 μL [43], all of
which need to be loaded onto the TLC plate to use this as a purification method.

We have previously used the PRISMA algorithm to establish suitable TLC mobile
phases for baseline separation of [18F]PBR-06 from radioactive and non-radioactive impuri-
ties in crude reaction mixtures (1 μL sample) and for [18F]Fallypride from its impurities
(1 μL sample) [44]. While the separation resolution is expected to suffer by increasing the
sample volume and mass, the degree of resolution reduction needs to be quantified.

To study the effect of sample mass without significantly changing the size of the
sample spot, we loaded samples by pipetting crude [18F]PBR-06 in 1 μL increments onto
the origin while heating the TLC plate with a heat gun (90 ◦C setting), allowing each
droplet to dry (~2 s) before adding the next. Comparison of samples before and after
heating showed no changes, including no signs of decomposition. For [18F]PBR-06, we
discovered that the chromatographic resolution of [18F]PBR-06 from its nearest impurity
decreased from 2.2 to 1.0 when increasing the total volume of the spotted crude product
from 6 to 60 μL. Notably, 60 μL corresponds to an entire batch of crude radiopharmaceutical.
When performed manually, sample deposition with this approach took ~5 min to load a
60 μL sample.
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We next tried applying the 60 μL volume in a streak rather than a single spot. Each
20 μL portion was deposited as a ~20 mm long line along the origin and then dried at
90 ◦C (~5 s) before applying the next streak in the same location. By spreading out the mass
amount of product over a greater width of the separation medium, the chromatographic
load is decreased, achieving nearly the same resolution (2.0) as the plate spotted with only
6 μL. The 60 μL sample could be deposited in <2 min by streaking.

We also tried spotting a 60 μL sample to TLC plates containing a concentrating zone.
A large volume can be deposited as a single spot within the concentrating zone. During
development, it will be concentrated into a thin line at the boundary of the concentrating
zone before its migration and separation within the separation zone. Using this method,
the resolution was 1.7. While we expected the resolution to be similar to the streaking
approach, the observed resolution may be slightly lower because the plate was a HPTLC
plate, which has a thinner sorbent layer (150 μm) than the analytical plates used for other
samples (250 μm).

These results are summarized in Figure 2 and Table 1. Due to the high performance of
the sample streaking method, in conjunction with analytical TLC plates, they were used for
the remainder of the study.

Figure 2. Effect of sample deposition parameters on separating [18F]PBR-06 samples. (A) Images
(left: CLI; right: UV) of crude [18F]PBR-06 deposited on TLC plates using different volumes and
application methods. Yellow lines denote the area of the image used to compute the line profiles shown
in panel B, excluding the origin and solvent front lines with a strong signal in the UV images. (B) TLC
chromatograms generated from the CLI and UV images. Legend: black—6 μL spot, red—60 μL spot,
green—60 μL streak, and blue—60 μL spot (HPTLC plate). The inset shows a magnified view of the
dashed region to highlight the full-width half maximum (FWHM).

Table 1. Effect of sample deposition parameters on chromatographic resolution between [18F]PBR-06
and the nearest impurity.

Sample Volume (μL) Deposition Method TLC Plate Resolution

6 Spot Analytical 2.2
60 Spot Analytical 1.0
60 Streak Analytical 2.0

60 Spot HPTLC
(with concentrating zone) 1.7
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In addition to evaluating separation resolution, losses during the sample application
process were evaluated. Measurements using a calibrated ion chamber (CRC 25-PET,
Capintec, Florham Park, NJ, USA) revealed a ~10–20% loss of initial sample activity on the
pipette tip and Eppendorf tube originally containing the crude radiopharmaceutical. The
loss could be reduced to <1% if the Eppendorf and pipette tip were rinsed with 20 μL of 9:1
MeOH:H2O (v/v). When applied during the sample streaking method, the additional rinse
volume did not affect the chromatographic resolution.

2.2. Efficiency of Radiopharmaceutical Collection from the TLC Plate

After separation, the product must be collected from the plate. We elected to use a
process of scraping the silica stationary phase from the plate in the region of the desired
band, followed by extraction of the product into a buffer.

The effectiveness of collecting the sorbent-bound radiopharmaceutical for [18F]PBR-06
and [18F]Fallypride is demonstrated in Figure 3. Each TLC plate was streaked with 60 μL of
crude product, developed, and then measured by a dose calibrator. A CLI image of the plate
was then obtained, and the relative abundance of radiochemical species was determined
using region of interest (ROI) analysis, as previously described [40,45]. Combining these
two measurements, we could estimate the initial quantity of radioactivity corresponding
to the radiopharmaceutical product on the TLC plate. Initially, scraping of the sorbent
at the position of the radiopharmaceutical band was performed via a small spatula. The
sorbent (a fine powder) was collected onto weighing paper and then transferred into a
SPE tube. However, using this method, >20% of the radiopharmaceutical activity (and
sorbent) could be lost. Instead, we used a piece of plastic tubing with a beveled tip as
the scraper. We connected the other end of the tubing through an empty SPE tube fitted
with a 0.2 μm frit (Figure 1) to a vacuum source to capture the removed sorbent more
efficiently. The entirety of the scraping process took <2 min to complete. The use of vacuum
minimized the chance for the dispersing the radioactive powder into the air. Comparison
of the collected sorbent activity of the product from the TLC plate (measured via dose
calibrator) to the estimate of initial radioactivity of the radiopharmaceutical on the plate
indicated that the sorbent-bound product was collected with >97% efficiency for both
[18F]PBR-06 and [18F]Fallypride (Table 2, rows 1 and 3). Additional CLI images of the TLC
plates were obtained after the scraping process. ROI analysis showed that the region of
the plate corresponding to the product contained ~0% of the initial radioactivity (Figure 3),
confirming that the silica removal process is quantitative.

Figure 3. CLI images of TLC plates show the effectiveness of the stationary-phase removal step
during TLC-based purification. (A) Images of analytical TLC plate streaked with crude [18F]PBR-06
before and after collection. (B) Images of analytical TLC plate streaked with crude [18F]Fallypride
before and after collection. Yellow bands denote ROIs used in quantifying the proportion of different
radiochemical species. (C) UV image of an analytical TLC plate after stationary phase removal for
recovery of [18F]PBR-06.
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Table 2. Performance of microscale droplet radiosyntheses coupled with the TLC-based purification
and formulation. In the extraction step, Method 1 uses 1.0 mL of saline alone, and Method 2 uses
100 μL EtOH, followed by 900 μL saline. The overall collection and extraction efficiency is calculated
by multiplying the silica collection efficiency by the extraction efficiency for individual runs and
then averaging across replicates. The overall RCY is calculated by multiplying the crude RCY of the
droplet synthesis by the silica collection efficiency and the extraction efficiency for individual runs
and then averaging across replicates.

Radiotracer
Activity

Level (MBq)

Crude RCY
of Droplet
Synthesis

(%)
(n = 8)

Silica
Collection
Efficiency

(%)
(n = 8)

Extraction
Efficiency (%)

Overall Collection and
Extraction Efficiency (%)

Overall RCY (%)

Method
1

(n = 4)

Method
2

(n = 4)

Method
1

(n = 4)

Method
2

(n = 4)

Method
1

(n = 4)

Method
2

(n = 4)

[18F]PBR-06
11 94.4 ± 1.2 98.7 ± 1.3 96.4 ± 3.4 97.9 ± 1.6 95.4 ± 4.6 96.3 ± 1.7 89.6 ± 3.9 91.3 ± 1.9

1110–1480 91.9 ± 1.8 98.1 ± 1.1 95.6 ± 2.9 98.2 ± 0.3 94.2 ± 2.6 95.9 ± 0.9 86.7 ± 3.7 87.9 ± 1.8

[18F]Fallypride 7.5 96.5 ± 1.6 97.5 ± 1.6 95.4 ± 1.1 98.4 ± 0.3 92.6 ± 2.6 96.2 ± 1.3 89.4 ± 3.7 92.9 ± 2.6
740–1480 93.2 ± 2.5 97.5 ± 1.2 97.1 ± 1.0 97.8 ± 1.4 94.5 ± 1.9 95.6 ± 2.8 88.1 ± 3.8 89.2 ± 4.7

2.3. Efficiency of Radiopharmaceutical Extraction from the Collected Sorbent

Finally, the purified radiopharmaceutical needs to be separated from the sorbent. This
is accomplished by flowing liquid through the sorbent and capturing the eluted liquid
while the particles remain trapped by the frit. For this step, the output of the SPE tube
(containing the sorbent-bound product) is connected through a sterilizing filter (0.2 μm)
to a sterile septum-capped product vial. Vacuum is applied to a sterile filter connected to
the vent port of the product vial. The end of the tubing used for scraping the sorbent is
then dipped into an Eppendorf tube filled with extractant solution, effectively rinsing the
sorbent collection path and eluting the radiopharmaceutical from the collected sorbent.

To avoid needing a later downstream reformulation step, we evaluated the ability
to extract the product from the sorbent into biocompatible solutions. Initially, saline was
used to extract [18F]PBR-06 and [18F]Fallypride from the sorbent. Using 1 mL of saline, the
extraction efficiency was >95% for both tracers (Table 2, rows 1 and 3). While extraction
efficiency with the model radiopharmaceuticals was high, some radiopharmaceuticals
require additives, such as EtOH, to improve solubility. For this reason, we also explored
the use of other bio-compatible solvents for extraction. Using 100 μL of EtOH, followed by
900 μL of saline, it was possible to extract >97% of the product from the sorbent for both
tracers ([18F]PBR-06 and [18F]Fallypride) (Table 2, rows 1 and 3). Flowing the additional
900 μL of saline through the sorbent provided a final formulated product with <10% EtOH
(v/v).

We achieved very high overall radiochemical yield (RCY) for both radiopharmaceuti-
cals with the combination of droplet radiosynthesis and TLC-based purification/formulation
(Table 2). Compared to our prior reports of droplet radiosyntheses that used analytical-
scale HPLC purification (with purification efficiency of ~80%), the efficiency of the TLC
purification and formulation process was significantly higher (nearly quantitative), lead-
ing to higher overall radiochemical yield. In particular, a prior report of droplet-based
[18F]PBR-06 production showed high crude RCY (94 ± 2%, n = 4), but due to losses during
HPLC purification, the isolated RCY was only 76% (n = 1) [27], and further losses would
have been expected during downstream formulation, which was not performed in that
study. Similarly, a prior report of droplet-based [18F]Fallypride production exhibited high
crude RCY (96 ± 2%, n = 4), but, due to losses during HPLC purification, the isolated yield
was 78% (n = 1) [26].

Notably, the entire purification and formulation process with the TLC method was very fast
and took <10 min to complete (2 min for sample spotting, >4 min for TLC plate development,
2 min for silica removal, and 2 min for radiopharmaceutical extraction and filtration).

2.4. Scale-Up to Clinical Quantities

The ability of the TLC method to purify radiopharmaceuticals at clinically relevant
levels were explored. For droplet-based radiosynthesis, scale-up is achieved by simply
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increasing the amount of radioactivity in the synthesis and does not require increasing
the reaction mass scale [38]. For this reason, the chromatographic resolution of the TLC
method should not be impaired when utilizing greater activity scales. Indeed, scaling up
the amount of radioactivity led to the efficient purification of clinically relevant activity
levels of [18F]PBR-06 and [18F]Fallypride (Table 2, lines 2 and 4). Automating the TLC
purification procedure may allow more activity scales to be purified.

2.5. Quality Control Testing of Purified [18F]PBR-06

A series of selected key quality control (QC) tests were performed to assess the safety
and purity of the radiopharmaceuticals purified (and formulated) using the TLC method.
Tests performed include appearance (color, clarity), pH, residual phase transfer catalyst,
residual solvents, radiochemical purity, chemical purity, and radiochemical identity.

Radiochemical and chemical analyses were performed using HPLC (Figure 4). When
we initially analyzed TLC-purified [18F]Fallypride (Supplementary Figure S1), we noticed
some impurities at early retention times in the UV channel and confirmed that these peaks
came from the TLC plate itself. By pre-cleaning the TLC plates, these impurity peaks
could be removed (Supplementary Figures S2 and S3). When using pre-cleaned TLC plates,
radiochemical and chemical purity standards suitable for injection were achievable.

Figure 4. HPLC chromatograms of [18F]PBR-06. (A) Crude reaction mixture. (B) TLC-purified (and
formulated) product. (C) Co-injection of TLC-purified product with the [19F]PBR-06 reference standard.

The results of these and additional tests (described in the Supplementary Information)
for three consecutive batches of TLC purified [18F]PBR-06 are summarized in Table 3. The
results suggest that this method could potentially be used to produce tracers for clinical use.

Due to the silica sorbent’s integral role in the TLC-purification process, we were con-
cerned that some silica could end up in the final formulation, either as small nanoparticles
that pass through the frit and filter or through solubility of silica in aqueous solutions [46].
To determine levels of residual silica, we used ICP-MS to measure Si content of samples
that were first digested in HNO3 to ensure any particulate silica was captured into the
solution (see Supplementary Information). Si was not detected for the formulated tracer
samples (limit of detection 0.83 ng/mL). While the complete elimination of silica in the
final radiopharmaceutical formulation cannot be confirmed, it can be concluded that the
residual amount is extremely low.
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Table 3. Performance and quality control testing results for three consecutive batches of [18F]PBR-06.

Test Criteria Batch 1 Batch 2 Batch 3

Radioactivity - 821 MBq
[22.2 mCi]

744 MBq
[20.1 mCi]

829 MBq
[22.4 mCi]

Molar Activity - 342 GBq/μmol 315 GBq/μmol 327 GBq/μmol

Appearance Clear, colorless, and
particulate-free

√ √ √

Radiochemical Identity
Retention time ratio of

radio peak vs. reference
standard (0.90–1.10)

1.01 1.01 1.01

Residual TBAHCO3 <104 mg/L <45 mg/L <45 mg/L <45 mg/L

Residual Solvents

MeCN < 410 ppm <1 <1 <1
MeOH < 3000 ppm 24 21 24
Hexanes < 290 ppm 6 2 5

CHCl3 < 60 ppm <1 <1 <1
Et2O < 5000 ppm 104 47 102

EtOAc < 5000 ppm 21 10 20
AcOH < 5000 ppm 7 5 7

Thexyl alcohol < 5000 ppm <1 <1 <1

Radiochemical Purity >95% >99% >99% >99%

Radionuclide Identity
(half-life) 105–115 min 110.4 111.7 113.8

pH 4.5–7.5 5.5 5.5 5.5

Shelf life
Pass appearance, pH, and
radiochemical purity after

120 min

√ √ √

3. Discussion

A significant advantage of the TLC-based purification approach described is its high-
speed operation. In addition to the rapid separation via TLC, for the radiopharmaceuticals
tested, the purified tracer could be recovered in saline (or a mixture with <10% EtOH),
eliminating the need for a downstream reformulation step. Current microscale radio-
pharmaceutical production protocols generally rely on HPLC purification, followed by
a separation formulation step performed via solid-phase extraction on a reversed-phase
cartridge or via solvent evaporation followed by resuspension in an injectable buffer, requir-
ing 30–60 min to complete [47–49]. In contrast, for the TLC purification (and formulation)
method, these steps were completed in <10 min for both [18F]PBR-06 and [18F]Fallypride.
Based on the half-life of fluoride-18, an additional 20–50 min of overall synthesis time
would lead to a 12–27% loss of product. Furthermore, during HPLC and cartridge- or
evaporation-based reformulation, activity losses are typically substantially higher than the
3–5% loss observed here.

We found the product band retention factors and band heights to be remarkably con-
sistent from run to run for both the [18F]PBR-06 and [18F]Fallypride product bands (i.e.,
(Rf = 0.66 ± 0.01, band height = 0.22 ± 0.05 cm, n = 7), (Rf = 0.91 ± 0.01, band height =
0.31 ± 0.05 cm, n = 4), respectively). This allowed us to mark the TLC plate in advance
with the expected position of the product band, allowing the sorbent collection without
imaging the TLC plate. Batches processed in this fashion had high efficiency (low loss of
product) and high chemical and radiochemical purity, equivalent to batches that relied
on imaging. This observation suggests that, for well-developed methods, the TLC plate
imaging step can potentially be skipped, simplifying the apparatus and procedure. To use
this technique reliably requires adequate separation of the desired radiopharmaceutical
band from impurity bands (both radioactive and non-radioactive impurities). The mobile
phases used for the separation of [18F]PBR-06 and [18F]Fallypride from impurities were
optimized using a recently-reported methodology (PRISMA) to maximize the resolution
between the radiopharmaceutical and nearest impurity [44]. This optimization algorithm
provides a systematic and resource-efficient way to discover suitable mobile phases for
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radiopharmaceuticals and appears to have high versatility for a broad range of radiophar-
maceuticals [44], suggesting that it will be possible to develop high-resolution TLC-based
methods to purify other radiotracers. Despite the presence of various organic solvents in
the TLC mobile phases, GC-MS analysis revealed the amounts to be minimal and far below
permitted amounts (Table 3). The low values are likely due to (i) the low initial volume
of mobile phase “contained” within the silica in the region of the product band, (ii) the
application of heat (90 ◦C for 30 s) to dry the TLC plate after separation, and (iii) the use of
vacuum during the sorbent collection step that may further assist in the removal of any
residual solvents.

An additional requirement for more widespread use would be to increase the degree of
automation to simplify the process and reduce radiation exposure, especially for producing
clinical scale or multi-patient batches. Simplifications could be made in the process to
reduce exposure, e.g., connecting the SPE tube to the sterilizing filter at the start of the
experiment and pulling the vacuum through the sterile vent filter both for collecting the
scraped silica into the SPE tube, as well pulling the extraction buffer through the silica.
Further automation of each of the processes (sample deposition, TLC separation, and
extraction of product) are also needed. While commercially-available systems exist for
automated sample deposition in spots, lines, or other patterns (e.g., CAMAG automatic
TLC sampler 4 [50]), transfer of the crude radiopharmaceutical to the device, operation time,
and system footprint are concerns for use in radiochemistry applications. A more practical
approach may be to simply use TLC plates with concentrating zones, which would allow
the sample to be dripped at a controlled flow rate onto a single location onto a heated TLC
plate rather than the more complicated process of depositing the sample in a streak pattern.
The resolution obtained for [18F]PBR-06 samples spotted onto concentrating-zone HPTLC
plates was nearly as good as for samples streaked onto normal analytical plates and could
perhaps be further optimized by comparing different types of concentrating-zone plates.
Concentrating zone plates are also likely to reduce the potential dispersion effects if the
streak pattern is not perfectly straight. The need for manual handling in the development
process can likely be eliminated by integrating the above sample deposition approaches
with commercial or custom horizontal TLC setups [51–54]. Commercially available online
extraction systems also exist for the collection of identified product bands directly from
TLC plates without the need for scraping (e.g., CAMAG TLC-MS Interface 2 [55], Advion
Plate Express [56]), using methods such as liquid extraction. However, the manual steps for
installation and alignment of TLC plates, system size, and limitations on the band geometry
(that will prevent complete collection of the product species) may not be well matched to
preparative applications in the radiopharmaceutical field. A more practical approach to
automation may be to develop a custom apparatus with adjustable or movable flow cell
placed across the product band to extract the species of interest [57,58].

Another strategy for automation may be to leverage the PRISMA procedure to develop
mobile phase systems that could provide high separation resolution using other chromatog-
raphy methods (e.g., silica flash chromatography), which may be easier to automate, or
perhaps miniaturize, using microfluidic-based systems with integrated purification me-
dia [32,59]. However, it is not clear if the resolution achieved in the column format would
match that achieved in the planar TLC format or whether a similar fast operation speed and
high recovery efficiencies would be observed. Furthermore, the use of highly-UV-absorbing
organic solvents could limit the ability to monitor non-radioactive impurities and obtain a
pure product, and the collected radiopharmaceutical would require extensive reformulation
to remove relatively large amounts of solvents, making the process more time-consuming
and complicated compared to the TLC-based approach.

4. Materials and Methods

4.1. Reagents and Materials

All reagents and solvents were obtained from commercial suppliers and used without fur-
ther purification. 2,3-dimethyl-2-butanol (thexyl alcohol; anhydrous, 98%), acetic acid (AcOH;
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glacial, >99.9%), acetone (suitable for HPLC, >99.9%), acetonitrile (MeCN, anhydrous, 99.8%),
ammonium formate (NH4HCO2, 97%), chloroform (>99.5%, contains 100–200 ppm amylenes
as a stabilizer), dichloromethane (DCM; anhydrous, >99.8% contains 40–150 ppm amylene as a
stabilizer), diethyl ether (Et2O; >99.9% inhibitor free), ethyl acetate (EtOAc; anhydrous, 99.8%),
ethyl alcohol (EtOH; 200 proof, anhydrous, >99.5%), methyl alcohol (MeOH; anhydrous,
99.8%), n-hexanes (98%), Polypropylene SPE tube with PE frits (1 mL, 20 um porosity), Silica
with concentrating zone (Silica 60 with diatomaceous earth zone) HPTLC plates, tetrahydrofu-
ran (THF; anhydrous, >99.9% inhibitor free), water (H2O; suitable for ion chromatography)
and Whatman Anotop 10 syringe filters (sterile, 0.2 um) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). (S)-2,3-dimethoxy-5-[3-[[(4-methylphenyl)-sulfonyl]oxy]-propyl]-N-
[[1-(2-propenyl)-2-pyrrolidinyl]methyl]-benzamide ([18F]Fallypride precursor, >95%), 5-(3-
fluoropropyl)-2,3-dimethoxy-N-(((2S)-1-(2-propenyl)-2-pyrrolidinyl)methyl)benzamide (Fal-
lypride reference standard, >95%), 2-((2,5-dimethoxybenzyl)(2-phenoxyphenyl)amino)-2-
oxoethyl 4-methylbenzenesulfonate ([18F]PBR-06 precursor, >95%), 2-fluoro-N-(2-methoxy-
5-methoxybenzyl)-N-(2-phenoxyphenyl)acetamide (PBR-06 reference standard, >95%), and
tetrabutylammonium bicarbonate (TBAHCO3; 75 mM in ethanol) were purchased from ABX
Advanced Biochemical Compounds (Radeberg, Germany).

Silica gel 60 F254 sheets (aluminum backing, 5 cm × 20 cm) were purchased from
Merck KGaA (Darmstadt, Germany). Glass microscope slides (76.2 mm × 50.8 mm, 1 mm
thick) were obtained from C&A Scientific (Manassas, VA, USA). Saline (0.9% sodium
chloride injection, USP) was obtained from Hospira Inc. (Lake Forest, IL, USA). Sodium
phosphate dibasic (Na2HPO4-7H2O) and sodium phosphate monobasic (NaH2PO4-H2O)
were purchased from Fisher Scientific (Thermo Fisher Scientific, Waltham, MA, USA).

No-carrier-added [18F]fluoride was produced by the (p, n) reaction of [18O]H2O (98%
isotopic purity, Huayi Isotopes Co., Changshu, China) in a RDS-111 cyclotron (Siemens,
Knoxville, TN, USA) at 11 MeV, using a 1.2-mL silver target with Havar foil.

4.2. Preparation of Radiopharmaceuticals and Reference Standards

[18F]PBR-06 and [18F]Fallypride were prepared using droplet radiochemistry methods
on Teflon-coated silicon surface tension trap chips [26]. Detailed protocols for preparing
these radiotracers have been previously reported [27]. Stock solutions of reference standards
were prepared at 20 mM concentrations: 5 mg of Fallypride was added to 685 μL of MeOH,
and 5 mg of PBR-06 was added to 632 μL of MeOH.

4.3. Preparation of TLC Plates

TLC plates were cut (W × H, 3 × 6 cm), then marked with horizontal pencil lines at
1 cm (origin line) and 5 cm (development line) from the bottom edge.

To eliminate impurities in the TLC plate that can contaminate the radiopharmaceutical,
plates were pre-cleaned with solvent, as previously described [60]. Briefly, TLC plates were
submerged to the origin line in a mixture of 2:1 EtOAc: MeOH (v/v), allowed to develop for
20 min, and then heated for 1 min (at a 120 ◦C setting) using a heat gun (Furno 500, Wagner).

4.4. Sample Spotting and Separation

60 μL of the relevant crude radiopharmaceutical sample was applied to the plate by
various methods (e.g., sequential spotting or streaking) by a micro-pipette. Spotting on
analytical scale TLC plates was performed by adding 1 μL of the sample and heating with
a heat gun at 90 ◦C (~2 s). Spotting of samples on HPTLC plates occurred with the addition
of 10 μL of sample to the concentrating zone, followed by drying at 90 ◦C (~5 s). Streaking
of samples on analytical scale TLC plates were performed by deposition of 20 μL of sample
in a thin streak covering ~30 mm, followed by heating at 90 ◦C (~5 s).

Plates were then developed in the mobile phase up to the development line. The mobile
phases for [18F]PBR-06 and [18F]Fallypride were 29.8:26.9:20.4:22.85:0.05 (v/v) Et2O:DCM:CHCl3:n-
hexanes:AcOH and 31.3:24.5:34.3:10.0 (v/v) THF:acetone:n-hexanes:TEA, respectively. After
development, the plates were dried by a heat gun for 30 s at 90 ◦C.
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4.5. Readout and Analysis of TLC Plates

The developed TLC plate was covered with a glass plate and visualized, as previously
reported [35], to obtain a Cerenkov luminescence image (CLI) (1 min exposure), followed
by a UV image (7 ms exposure).

Images were analyzed to determine chromatographic resolution using a custom MAT-
LAB program (Mathworks, Natick, MA, USA) with a graphical user interface (GUI), as pre-
viously described [44]. Briefly, the user is guided by the program to create chromatograms
from the CLI and UV images, from which peak positions, widths, and resolution are calcu-
lated [44]. In the analysis, the lines drawn (for origin and solvent front) are omitted from the
selected lanes, since the pencil markings show up as false peaks in the UV chromatogram.
The TLC chromatograms were plotted by exporting the data from the Matlab program and
processing using OriginPro (OriginLab, Northampton, MA, USA).

4.6. TLC Purification of Radiopharmaceuticals
4.6.1. Collection of Sorbent from TLC

When performing purification, the CLI and UV images of the TLC plate were used
to identify the location of the product band and nearest impurity bands. During the
preparation of the TLC plate, a pencil was used to outline the expected position and
size of the radiopharmaceutical band (as determined from averaging images of multiple
separations from crude batches of the same radiopharmaceutical and identifying the
midpoint between the radiopharmaceutical band and its nearest impurities). To scrape
the sorbent from the plate, the opening of a piece of plastic tubing cut at a ~45◦ angle
(polyurethane, 1/4′′ ID, IDEX) was used. The tubing was connected to the inlet of an
empty SPE tube (polypropylene, 1 mL, Sigma Aldrich, St. Louis, MO, USA) that was
fitted at the output end with a 10 μm frit (polyethylene, Sigma Aldrich), and the output
end was further connected to vacuum. While the desired region was scraped in a series
of horizontal lines (raster motion), the sorbent was collected into the SPE tube. The
visualization step could be omitted through the pre-calibration step of determining the
margins of radiopharmaceutical collection.

4.6.2. Extraction of the Radiopharmaceutical from Sorbent

Before extraction, the sterile product vial was fitted with 2 sterile filters (Anotop,
0.2 μm), one prewetted with saline and then connected to the output of the SPE tube
and one left dry (vent). The radiopharmaceutical was then eluted from the collected
sorbent with biocompatible solvents (1 mL saline, or 100 μL EtOH followed by 900 μL
saline) by applying vacuum to the vent filter of the product vial and by moving the tubing
‘scraper’ into an Eppendorf tube filled with the desired extraction solvent. No separate
re-formulation of the collected purified product was required.

4.7. HPLC Analyses

Radio-HPLC was used to analyze crude radiopharmaceuticals and to perform tests for
radiochemical and chemical purity and radiochemical identity of TLC-purified batches of
radiopharmaceuticals. The radio-HPLC system setup comprised a Smartline HPLC system
(Knauer, Berlin, Germany) equipped with a degasser (Model 5050), pump (Model 1000),
UV detector (254 nm; Eckert & Ziegler, Berlin, Germany), gamma-radiation detector (BFC-
4100, Bioscan, Inc., Poway, CA, USA), and counter (BFC-1000; Bioscan, Inc., Poway, CA,
USA). A C18 Gemini column was used for separations (250 × 4.6 mm, 5 μm, Phenomenex,
Torrance, CA, USA). [18F]PBR-06 samples were separated with a mobile phase of 60:40 (v/v)
MeCN:20 mM sodium phosphate buffer (pH = 5.8) at a flow rate of 1.5 mL/min resulting
in a retention time for [18F]PBR-06 of 6.5 min. [18F]Fallypride samples were separated with
a mobile phase of 60% MeCN in 25 mM NH4HCO2 with 1% TEA (v/v) at a flow rate of
1.5 mL/min resulting in a retention time for [18F]Fallypride of 5.8 min.
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4.8. Quality Control Testing

Quality control (QC) tests were performed on 3 consecutive batches of [18F]PBR-06
produced via a droplet microreactor and purified with the TLC approach described here.
Testing focused primarily on color and clarity, radiochemical and chemical purity, molar
activity, and residual solvent content to highlight the performance of this novel purification
method. A full summary of tests and results can be found in the Supplementary Information
Section S1.

4.9. ICP-MS Analysis for Silicon Content

To estimate silica content in the final formulation, the amount of silicon was deter-
mined in a series of replicate samples, in which the spotting, separation, silica collection
and extraction steps (using 1 mL saline) were performed starting with blank TLC plates.
Silicon determination was performed via inductively-coupled plasma mass spectrometry
(ICP-MS) using a NexION 2000 (Perkin Elmer, Hong Kong, China). For each sample, an area
(2.0 × 1.5 cm, W × H) was scraped from a cleaned TLC plate into an SPE tube, and 1 mL
of saline was flowed through the silica and a sterile filter and collected into an Eppendorf
tube for analysis. Each sample was transferred to a clean Teflon vessel for acid digestion in
concentrated HNO3 (65–70%, Trace Metal Grade, Fisher Scientific) with a supplement of
H2O2 (30%, Certified ACS, Fisher Scientific) at 200 ◦C for 50 min in a microwave digestion
system (Titan MPS, Perkin Elmer). Once the sample was cooled to room temperature, it
was subsequently diluted to make a final volume of 10 mL by adding filtered DI H2O for
analysis. The calibration curve was established using a standard solution, while the dwell
time was 50 ms with thirty sweeps and three replicates with background correction. The
detection limit using this procedure was 0.82 ng/mL.

5. Conclusions

In this feasibility study, high-resolution radio-TLC was leveraged as a means to per-
form rapid purification of two clinically-relevant radiopharmaceuticals ([18F]PBR-06 and
[18F]Fallypride) produced via droplet radiochemistry methods. Due to the high chemical
and radiochemical purity and the high efficiency of product collection and formulation
achieved, it is conceivable that the TLC purification method could serve as a versatile ap-
proach for the purification of microscale-produced radiopharmaceuticals. The combination
of droplet radiosynthesis with TLC-based purification/formulation for the production of
[18F]PBR-06 led to high molar activities ( 300 GBq/μmol), comparing favorably to the
literature reports (37–222 GBq/μmol [61,62]).

Even with the higher mass loading and volume of the crude radiopharmaceutical
(60 μL) compared to typical samples (0.5–1 μL), high separation resolution of the radio-
pharmaceutical product from radioactive and non-radioactivity impurities was achieved
on the TLC plates, as visualized via CLI and UV imaging. The product collection (via
sorbent collection from the plate followed by extraction) was nearly quantitative. Notably,
by using injectable buffers (saline or EtOH diluted to <10% v/v in saline), the need for
subsequent re-formulation is eliminated. Consequently, radio-TLC purification (and formu-
lation) could be completed in under 10 min. Furthermore, due to the low cost of TLC plates,
one can consider the purification and formulation system to be disposable (in stark contrast
to HPLC-based systems), further simplifying microscale radiosynthesis instruments and
eliminating the need for developing and validating cleaning protocols

As a proof-of-concept, several batches of [18F]PBR-06 and [18F]Fallypride were pro-
duced and purified at scales sufficient for clinical imaging. Critical QC tests were performed
on multiple batches (e.g., color and clarity, chemical and radiochemical purity, molar activ-
ity, and residual solvents) and suggested the potential suitability for clinical production of
the TLC purification method.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27238178/s1, Figure S1: HPLC chromatograms of
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[18F]Fallypride samples; Figure S2: Images of crude [18F]Fallypride on TLC plates using the streaking
deposition methods; Figure S3: UV images of non-cleaned and pre-cleaned TLC plates after spotting
with the PBR-06 reference standard and developing in the mobile phase for [18F]PBR-06; Figure S4:
HPLC analysis (using the mobile phase for PBR-06) of mock samples obtained by silica collection
and subsequent product extraction; Figure S5: Calibration curve for PBR-06; Figure S6: Calibration
curve for Fallypride; Figure S7: Images of iodine-stained plates to test for residual TBAHCO3;
Figure S8: Images of Dragendorf-stained plates to test for residual TBAHCO3; Figure S9: pH testing
results; Figure S10: HPLC chromatogram of formulated [18F]PBR-06 injected 120 min after the end of
synthesis. Refs. [63,64] are cited in the Supplementary Materials.
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Abstract: [18F]sodium fluoride ([18F]NaF) is recognised to be superior to [99mTc]-methyl diphosphate
([99mTc]Tc-MDP) and 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) in bone imaging. However, there
is concern that [18F]NaF uptake is not cancer-specific, leading to a higher number of false-positive
interpretations. Therefore, in this work, [18F]AlF-NOTA-pamidronic acid was prepared, optimised,
and tested for its in vitro uptake. NOTA-pamidronic acid was prepared by an N-Hydroxysuccinimide
(NHS) ester strategy and validated by liquid chromatography-mass spectrometry analysis (LC-
MS/MS). Radiolabeling of [18F]AlF-NOTA-pamidronic acid was optimised, and it was ensured that
all quality control analysis requirements for the radiopharmaceuticals were met prior to the in vitro
cell uptake studies. NOTA-pamidronic acid was successfully prepared and radiolabeled with 18F. The
radiolabel was prepared in a 1:1 molar ratio of aluminium chloride (AlCl3) to NOTA-pamidronic acid
and heated at 100 ◦C for 15 min in the presence of 50% ethanol (v/v), which proved to be optimal.
The preliminary in vitro results of the binding of the hydroxyapatite showed that [18F]AlF-NOTA-
pamidronic acid was as sensitive as [18F]sodium fluoride ([18F]NaF). Normal human osteoblast cell
lines (hFOB 1.19) and human osteosarcoma cell lines (Saos-2) were used for the in vitro cellular uptake
studies. It was found that [18F]NaF was higher in both cell lines, but [18F]AlF-NOTA-pamidronic acid
showed promising cellular uptake in Saos-2. The preliminary results suggest that further preclinical
studies of [18F]AlF-NOTA-pamidronic acid are needed before it is transferred to clinical research.

Keywords: 18F; aluminium fluoride (Al-F); pamidronic acid; radiopharmaceuticals; radiochemistry;
positron emission tomography; bone imaging

1. Introduction

Primary bone cancer is defined as cancer that originates in the bone itself. It can
be benign (non-cancerous) or malignant (cancerous), the latter being less common than
benign primary bone cancer [1]. However, both types of primary bone cancer are capable
of growing and compressing healthy bone tissue. Bone metastases occur when cancer cells
from primary cancer migrate into the bone. Osteosarcoma is a classic primary bone cancer
characterised by the presence of malignant mesenchymal cells in the bone stroma [2]. The
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cancer is primary when it is localised, and there is no evidence that the malignant cells have
spread outside the bone, and it is considered secondary (metastatic) when it has spread
to distant parts of the body [3]. Cancer Research UK reported a survival rate of 40% for
people with osteosarcoma who survived their cancer for 5 years among the population in
England, while the American Cancer Society reported an average survival rate of 70% [4,5].

On the other hand, bone metastases are a common feature in patients with advanced
prostate cancer, breast cancer, and lung cancer and remain the leading cause of death in
advanced prostate cancer [6,7]. Bone metastases lead to complications such as severe pain,
bone fractures, spinal cord compression, and bone marrow suppression [8,9]. Under these
circumstances, the early detection of primary bone cancer and bone metastases is crucial
for the prevention of skeletal-related events. For bone diagnostics, in particular, several
imaging techniques have been investigated and compared in terms of their sensitivity and
specificity [10]. European guidelines recommend cost-effective single-photon emission
computed tomography (SPECT) using [99mTc]-methyl diphosphonate ([99mTc]Tc-MDP) for
bone diagnosis. However, SPECT imaging has some weaknesses, particularly in quanti-
fying the response to treatment [11]. A major drawback worth highlighting is the slow
distribution and excretion of [99mTc]Tc-MDP, possibly due to the direct complexation of the
radiometal [99mTc] and methyl diphosphonate (MDP) in the [99mTc]Tc-MDP complex. Fur-
thermore, its specificity is limited as uptake is also observed in non-cancer cells [12,13]. This
phenomenon could represent an increased risk for the under-staging and under-treatment
of the disease [14]. Meanwhile, positron emission tomography (PET) has relied on 2-deoxy-2-
[18F]fluoro-D-glucose (2-[18F]FDG) for most oncological cases. However, 2-[18F]FDG uptake
was variable in blastic lesions, and cranial bone involvement was reportedly overlooked
due to physiological brain metabolism [15]. By contrast, a new marker targeting C-X-C
chemokine receptor type 4 (CXCR-4) expression, [68Ga]Ga-Pentixafor, appears to be suitable
only for the diagnosis of the chronic infection of the bone [16].

A multicentre study concluded that [18F]sodium fluoride ([18F]NaF) is superior to
[99mTc]Tc-MDP and 2-[18F]FDG in the diagnosis of bone metastases [15,17,18]. In this
study, all [18F]NaF PET/CT and [99mTc]Tc-MDP scans were positive for bone metastases,
while 2-[18F]FDG results were negative in some cases. Further cross-sectional imaging
proved that [18F]NaF PET/CT was advantageous over [99mTc]Tc-MDP scans, as some
lesions that were missed on [99mTc]Tc-MDP scans were detected by [18F]NaF PET/CT [15].
Nevertheless, there is concern that [18F]NaF uptake is not cancer-specific, leading to a
higher number of false-positive interpretations [19]. Currently, there are several efforts to
identify early markers for bone imaging and new drug targets to improve the quality of life
for patients with skeletal-related events caused by bone metastases. Therefore, there is a
need for accurate imaging, proper staging, and assessment of the response to treatment
and long-term oncological management, as this is directly related to patient morbidity and
healthcare costs [19].

Bisphosphonates (BPs) are a group of drugs that were discovered back in the 1960s.
They bind strongly to bone minerals, which gives them the unique property of selective
uptake [20,21]. BPs bind strongly to bone minerals via calcium coordination in the hydrox-
yapatite lattice, which differs from the binding of fluoride in that it displaces the hydroxide
in the hydroxyapatite lattice and converts it to fluorapatite [22,23]. Over the years, mod-
ifications to the structure of BPs have been studied to improve their pharmacodynamic
behaviour, mainly to increase their bone-binding affinity. BPs are divided into two main
groups: nitrogen-containing BPs (N-BPs) and non-nitrogen-containing BPs. Comparative
studies have shown that the N-BPs form additional hydrogen bonds and have a higher
bone-binding affinity [21]. The N-BPs include pamidronic acid, zoledronic acid, risedronic
acid, alendronic acid, and ibandronic acid. Previous studies concluded that pamidronic
acid has the highest bone-binding affinity, followed by alendronic acid, zoledronic acid,
risedronic acid, and finally, ibandronic acid [24,25].

In recent years, the number of targeted radiopharmaceutical markers for bone imaging
has increased. For example, recent developments using 68Ga-labeled bisphosphonates
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have been investigated for PET bone imaging [26–28]. However, there has been insuf-
ficient innovation in 18F radiopharmaceutical derivatives for bone imaging. Therefore,
there is a need to develop an 18F radiopharmaceutical derivative that can be used more
specifically for PET bone imaging. 18F can be produced in high yield in a modern medical
cyclotron compared to 68Ga produced by generators with a limited activity per elution.
Another important aspect is that 18F has a longer half-life, so it can be transported to remote
hospitals without a cyclotron on site. One of the most important issues is that approved
68Ge/68Ga generators have become very expensive and have long delivery times, which
further weakens the rationale for 68Ga radiopharmaceuticals [29]. Therefore, replacing 68Ga
with 18F can lead to a reliable supply with a significant cost reduction [30]. The formation
of 18F linked to the bifunctional chelating agent was laborious until McBride et al., in 2009,
developed an excellent method that exploited the fluorophilic nature of aluminium to allow
its direct complexation with [18F]F− and to form stable aluminium fluoride complexes
([18F]AlF2+) [31]. A bifunctional chelating agent can be covalently attached to a peptide,
small protein, or compound of interest and seamlessly coordinated with [18F]AlF2+ com-
plexes using this method. This novel approach leads to shorter reaction times, more efficient
radiochemistry, and a better economic approach. It enables radiolabeling in aqueous media
through a one-pot reaction [30,32,33]. Furthermore, the method also solves the problem
associated with 68Ga complexation and classical carbon-18F radiochemistry [34]. Therefore,
it is now possible to label various targeting vectors that were previously labelled with
the radiometal 68Ga or other radionuclides with 18F in a high yield without having to
invest in an expensive 68Ge/68Ga generator which a radiopharmacy centre that does not
have one [35].

To find out whether 18F-labeled bisphosphonate has the same problem as [18F]NaF in
terms of non-cancer uptake, the present work aims to produce a new targeting vector by
first forming the [18F]AlF2+, followed by coordinating the positively charged [18F]AlF2+ to
the NOTA-pamidronic acid moiety and optimising the radiolabeling of [18F]AlF-NOTA-
pamidronic acid. Pamidronic acid was selected as a targeting vector for bone imaging
because it has the highest bone-binding affinity compared to other bisphosphonates, as
reported by Jahnke et al. [25]. Ultimately, this study also aims to demonstrate the cellular
uptake of [18F]AlF-NOTA-pamidronic acid through an in vitro study using normal human
osteoblast cell lines (hFOB 1.19) and human osteosarcoma cell lines (Saos-2) to demon-
strate the concept that [18F]AlF-NOTA-pamidronic acid can potentially be used for PET
bone imaging.

2. Results and Discussion

2.1. Preparation, Validation, and Isolation of NOTA-Pamidronic Acid
2.1.1. Preparation of NOTA-Pamidronic Acid

The preparation of the NOTA-pamidronic acid (Figure 1) involved the conjugation
of NOTA chelator with pamidronic acid, which acted as a vector molecule, using the
N-hydroxysuccinimide (NHS) ester strategy. The NOTA-NHS ester-activate reacted with
the primary amines of the pamidronic acid to form stable amide bonds while NHS was
released. The primary amine group (NH2) was known to be an easy target for conju-
gation [36]. The conjugation was carried out at room temperature for 4 h by adding a
NOTA-NHS ester to a pamidronic acid solution adjusted to pH 8 with TEA [37,38].

Although NOTA-NHS was prepared by dissolving in dimethylformamide (DMF),
there was a possibility that hydrolysis might occur during the reaction due to the presence of
water from the pamidronic acid solution. Consequently, the unconjugated NOTA-NHS was
hydrolysed to form free NOTA. Therefore, the mass spectrometric analysis also detected
the free NOTA (fragment) with an exact molecular weight of 302.136 g mol−1 (Figure 2).
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Figure 1. Conjugation of NOTA-NHS (1) and pamidronic acid (2) for the formation of NOTA-
pamidronic acid (3).

Figure 2. The mass spectrum of pamidronic acid, NOTA-pamidronic acid, and free NOTA producing
m/z [M-H] of 234, 302, and 519 respectively.

A major reason for dissolving the NOTA-NHS ester chelator in an organic solvent,
such as DMF in this case, is that the NHS esters in the NOTA-chelator are relatively
insoluble in water and must first be dissolved in an organic solvent [39]. Furthermore,
when a compound containing an NHS ester is dissolved in water, it immediately begins to
hydrolyse, which can reduce the yield of the NOTA-pamidronic acid [40]. The conditions
(pH 8 and room temperature) for this reaction appeared to be sufficient to allow for
conjugation. In general, a reasonable physiological to basic pH was sufficient for the
reaction to take place.

2.1.2. Validation of NOTA-Pamidronic Acid Using LC-MS Analysis

The validation of NOTA-pamidronic acid from conjugation was performed using
liquid chromatography-mass spectrometry (LC-MS) analysis. Liquid chromatography
conditions for mass spectrometry analysis were performed according to the ion suppression
reversed-phase chromatography. Figure 3 shows that pamidronic acid (m.w. 233.9936),
NOTA-pamidronic acid (m.w. 519.1269), and free NOTA (m.w. 302.1359) eluted at the
retention times (Rt) of 0.36, 0.58, and 0.71 min, respectively. The result of the chromatogram
in Figure 2 confirms that the difference in polarity between these three compounds, with
pamidronic acid being the most polar and free NOTA being the least polar, results in the
pamidronic acid eluting first, followed by NOTA-pamidronic acid and free NOTA last.

With a molar ratio of 5:1 (Pamidronic acid: NOTA-NHS), a yield of 24.13% was
obtained. The figure explains how about 24.13% of the pamidronic acid with an initial
weight of 5.875 mg was theoretically converted into 1.418 mg of NOTA-pamidronic acid.
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Figure 3. LC-MS chromatogram of crude NOTA-pamidronic acid sample. (1) pamidronic acid;
(2) NOTA-pamidronic acid; (3) free NOTA.

Table 1 shows how as the concentration of pamidronic acid increased, the amount of
NOTA-pamidronic acid also increased. This shows that there was a strong relationship
between the percentage of NOTA-pamidronic acid yield and the ratio of pamidronic acid:
NOTA-NHS. This supports Hermanson et al., who identified an optimised product yield
when the ratio of target molecules to the NHS crosslinker was increased [39]. When the
concentration of pamidronic acid (the target molecule) was increased, the amount of NOTA-
NHS coupled to the pamidronic acid certainly increased. Unfortunately, the amount of
non-conjugated pamidronic acid (free pamidronic acid) also increased, as observed in the
peak area for non-conjugated pamidronic acid. This resulted in a decrease in the percentage
yield of NOTA-pamidronic when pamidronic acid was included in the calculation of the
percentage yield of NOTA-pamidronic acid.

Table 1. Percentage yield of NOTA-pamidronic acid.

Pamidronic Acid:
NOTA Molar Ratio

Peak Area (Average, n = 3)
% Yield

Free Pamidronic Acid NOTA-Pamidronic Acid

5:1 3,409,680,392 1,084,594,404 24.13
10:1 5,242,116,420 1,155,377,273 18.06
15:1 8,343,559,233 1,243,259,017 12.97

A statistical analysis of one-way ANOVA was performed and confirmed that there was
a statistical difference between the percentage yield of NOTA-pamidronic acid when the
molar ratio of pamidronic acid and NOTA was varied (p < 0.05). Furthermore, Bonferroni
posthoc analysis was performed to determine the molar ratio of the pamidronic acid to
NOTA-NHS, which demonstrated a significant difference in the percentage yield of NOTA-
pamidronic acid. The Bonferroni post hoc analysis revealed that changing the molar ratio
of pamidronic acid to NOTA-NHS produced a significant difference in the percentage yield
of NOTA-pamidronic acid across the group.

Another viable alternative to maximise the amount of NOTA-pamidronic acid pro-
duced in the reaction was to increase the molar excess of NOTA-NHS over the pamidronic
acid. However, an excess of the NOTA compound (free NOTA) would remain, potentially
competing with the NOTA-pamidronic acid for [18F]AlF2+ coordination during radiolabel-
ing. Therefore, the purification of the NOTA-pamidronic acid crude sample is essential to
remove the free NOTA as much as possible from the crude sample.
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The possibility of increasing the amount of NOTA-pamidronic acid precursor pro-
duced in the reaction was also explored by using dimethyl sulfoxide (DMSO) as an organic
solvent, which is more polar than DMF. The experiment was repeated with DMSO to
dissolve the NOTA-NHS before pamidronic acid was added at a molar ratio of 5:1. How-
ever, the yield of the NOTA-pamidronic acid preparation was only highest at 12.95%
when DMSO was used. A statistical analysis of the independent samples t-test was per-
formed and confirmed that there was a statistical difference between the percentage yield
of NOTA-pamidronic acid when using DMF and DMSO as an organic solvent (p < 0.05).
An interesting point about using DMSO was that it was more difficult to eliminate DMSO
during the post-reaction than DMF. This is consistent with the findings of other researchers
who have also used DMSO as an organic solvent, as DMSO takes longer to dry and is
more difficult to eliminate [40]. The study, therefore, recommends using DMF as an organic
solvent during conjugation.

2.1.3. Mass Spectrometry Analysis of NOTA-Pamidronic Acid

The important piece of information from the mass spectrometry analysis was the mass-
to-charge ratio (m/z) value of the conjugated product. The m/z value of the conjugated
product is crucial to determine whether the preparation of the NOTA-pamidronic acid
precursor was successful or not. Most importantly, it can be difficult to independently
characterise the conjugated product using analytical liquid chromatography alone, as there
is no non-commercially available NOTA-pamidronic acid reference standard.

Since the ionisation mode of electrospray ionisation (ESI) in this experiment was set to
a negative mode, the m/z value of the NOTA-pamidronic acid ion was one proton lower
due to the abstraction of a proton [M-H]−. The negative ion mode was preferred over
the positive ion mode in this experiment because of the presence of carboxyl groups [41].
Therefore, the precursor ion was expected to be [M-H]− due to deprotonation from the
molecular formula.

Table 2 shows that the [M-H]− m/z values for pamidronic acid (A), NOTA-pamidronic
acid (B), and free NOTA (C) were 233.9934, 519.1265, and 302.1358, respectively. The
relative error of the obtained m/z values was less than 1 ppm. The relative error for all
three compounds was below the acceptable limit of between 2 and 5 ppm, especially for an
Orbitrap mass analyser [42].

Table 2. The calculated m/z and obtained m/z of pamidronic acid, NOTA-pamidronic acid, and
NOTA by product; ESI negative mode m/z vale [M-H]− (n = 3).

Compound
[M-H]− Calculated

m/z
[M-H]− Obtained

m/z Relative Error (ppm)

Pamidronic acid 233.9932 233.9934 0.9972
NOTA-pamidronic

acid 519.1263 519.1265 0.4495

NOTA 302.1358 302.1358 0.0000

The evidence confirmed that the samples prepared from the conjugation of pamidronic
acid and NOTA-NHS, yielded a NOTA-pamidronic acid precursor, as the obtained m/z
(m.w. 519.1265) was similar to the calculated m/z (m.w. 519.1263) (Figure 2).

2.1.4. Fragmentation Analysis of NOTA-Pamidronic Acid

Another important piece of information obtained from the MS–MS analysis was the
fragment ions. In the MS–MS analysis, the selected precursor ions of NOTA-pamidronic
acid (m.w. 519.1265) were broken down into fragments (product ions). In this study, the
MS–MS analysis was used to ensure that the conjugated sample was NOTA-pamidronic
acid. For this purpose, the spectral analysis of the NOTA-pamidronic acid fragment
(product) ions was compared with the predicted spectra of the fragment ions obtained
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from the competitive fragmentation modelling for metabolite identification (CFM-ID)
(http://cfmid.wishartlab.com, accessed on 25 July 2022) (Table 3).

Table 3. The relative error (ppm) and RDBE for each fragment produced from the MS–MS analysis.

Obtained m/z Exact m/z
(Predicted)

Relative Error
(ppm)

RDBE
Molecular
Formula

519.1265 519.1263 0.3853 4.5 C15H29N4O12P2
501.1159 501.1157 0.3991 5.5 C15H27N4O11P2
437.1442 437.1443 0.2288 5.5 C15H26N4O9P1
393.1546 393.1545 0.2544 4.5 C14H26N4O7P1
283.1772 283.1776 1.4125 4.5 C13H23N4O3
152.0108 152.0118 6.5784 1.5 C3H7NO4P1
142.9294 142.9299 3.4982 1.5 H1O5P2
134.9841 134.9847 4.4449 2.5 C3H4O4P1

The elemental composition for 519 was determined to be 15 carbon (C), 29 hydrogens
(H), 4 nitrogens (N), 12 oxygens (O), and 2 phosphorus (P). Table 3 shows the ring plus dou-
ble bond equivalence (RDBE) of the NOTA-pamidronic acid precursor ion (C15H29N4O12P2)
was 4.5. This shows that the structure of NOTA-pamidronic acid contains one ring and
three double bonds (carbonyl). The value of the RDBE of NOTA-pamidronic acid shows
that this precursor ion is an even-electron ion (EE), which is consistent with the nitrogen
rule (N Rule) that an odd-numbered precursor ion (RDBE value of 4.5) would have an even
number of nitrogens (4 nitrogens) for an EE.

The neutral loss observed in the MS–MS analysis was 18, 64, 82, and 44, derived from
H2O, HPO2, H3PO3, and CO2, respectively. Based on the fragments generated (Figure 4),
the primary fragment ions were m/z 501 [M-H-H2O]−, 437 [M-H-H2O-HPO2]−/[M-H-
H3PO3]−, and 393 [M-H-CO2]−/[M-H-H3PO3-CO2]−. The ESI-MS-MS produced two
fragment ions, m/z 501 and 437, through the neutral loss of H2O and H3PO3, respectively.
The m/z 501 was produced by the -OH dehydration of two phosphorus groups forming
a four-membered ring. The fragment ion of m/z 437 resembled [M-H-H3PO3]−. The
ESI-MS-MS of m/z 437 produced three fragment ions, observed at m/z 393, 152, and 135.
The m/z 393 was produced by the neutral loss of carbon dioxide [M-H-H3PO3-CO2]−. The
ESI-MS-MS of m/z 501 produced a fragment ion of 143. The m/z 143 in the lower mass
series was found to be an identical fragment ion for the compounds with a bisphosphonate
group (Figure 5). Figure 4 shows that the base peak was at an m/z value of 437.

Figure 4. ESI (- negative) mass spectrum of NOTA-pamidronic acid producing 519 [M-H]− precursor
ion and 437 [M-H-H3PO3]− base peak.
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Figure 5. Diagnostic ions for BPs were observed at m/z 135, 143, and 152. The ion observed at m/z
143 indicates the presence of a BP group, such as pamidronic acid in this case.

The observed base peak with the m/z value of 437, corresponds to two possible pathways
(Figure 6) for the production of the fragment ion m/z 437: [M-H-H2O-HPO2]−/[M-H-H3PO3]− [43].
The abundance of the fragment ion m/z 437 was due to the stability and low proton affinity of the
neutral loss (Field’s rule). The increase in the unsaturation of m/z 437 based on an RDBE value of 5.5
reflects this increased stability.

Figure 6. Proposed (−) ESI-MS fragmentation of NOTE-pamidronic acid.
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The m/z 501 and 437 fragment ions produced characteristic ions in a lower mass series.
Three fragment ions with m/z values of 135, 143, and 152 were observed in the lower mass
series (Figure 5). The characteristic ion observed, in particular, at an m/z of 143 indicates
the presence of a BP group, such as pamidronic acid, in this case, which is consistent with
other findings [43]. The fragment ions produced are consistent with the EE rule, which
favours the heterolytic process via the charge retention fragmentation (CRF) pathway [44].

2.1.5. Isolation of the NOTA-Pamidronic Acid Fraction from the Crude Sample

The peak corresponding to NOTA-pamidronic acid (Rt: 5.28 min, SD = 0.24 min) was
collected using reverse-phase high-performance liquid chromatography (RP-HPLC) (Agi-
lent 1200, USA) equipped with a fraction collector. The isolation of the NOTA-pamidronic
acid fractions was carried out under optimal chromatographic conditions as described in
Section 3.2.3. The collected NOTA-pamidronic acid fractions were re-analysed using the
analytical method RP-HPLC. The purity of the NOTA-pamidronic acid was determined by
the peak area of the isolated NOTA-pamidronic acid fractions compared to other peaks of
the RP-HPLC chromatogram. Figure 7 below shows the chromatogram of the NOTA-PAM
fractions in which NOTA-pamidronic acid was detected at the highest peak of number
4 (Rt: 5.15 min). This shows that the collected NOTA-pamidronic acid fractions had the
highest purity. Peak numbers 1, 2, and 3 were detected as unknown impurities. Free NOTA
was not detectable in the isolated NOTA-pamidronic acid fractions because the peak at an
Rt of 7.56 min (SD = 0.08), corresponding to free NOTA, was not present.

Figure 7. Chromatogram of UV 220 nm of pure NOTA-pamidronic acid post isolation.

The purity of the isolated NOTA-pamidronic acid fractions was 92.2% (SD = 1.9,
n = 3) with an observed molecular mass of 519.1265 ± 0.0004 (theoretical molecular mass:
519.1263). The collected NOTA-pamidronic acid fractions were then sent for freeze-drying
to improve their stability and prevent the possible degradation of the final product by
removing water from the final product. The freeze-dried NOTA-pamidronic acid was then
stored in the freezer at −20 ◦C.

2.2. Optimisation of [18F]AlF-NOTA-Pamidronic Acid Radiolabeling Conditions

The optimisation of the [18F]AlF-NOTA-pamidronic acid radiolabeling conditions was
carried out in two stages. In the first stage, the optimisation of the radiolabeling conditions
for [18F]AlF2+ complexation was evaluated by examining the AlCl3 concentration (3.2.4.1.
the preparation of [18F]AlF2+ complexes). The RCY of the [18F]AlF2+ complexes was
determined from an aliquot of the reaction solution and evaluated with a Sep-Pak cartridge
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combination. In the second stage, the radiolabeling conditions for the [18F]AlF-NOTA
complexation were then optimised using a non-conjugated NOTA-NHS chelator before
using a NOTA-pamidronic acid precursor. In attempting to optimise the radiolabeling
conditions for the [18F]AlF-NOTA complexation, four variables were identified: (1) the
molar ratio of AlCl3 to the NOTA-pamidronic acid, (2) the reaction time, (3) the reaction
temperature, and (4) the co-solvent that would potentially affect the formation of [18F]AlF-
NOTA-pamidronic acid complexes.

2.2.1. [18F]F− Activity

About 83–95% of the 18F radioactivity was eluted from fractions two to three. The
fractionation technique was able to concentrate 113 MBq of [18F]F− in a volume of 200 μL
and minimise contamination (with metallic impurities) due to the smaller volume of the
eluate. Some short-lived radionuclides, such as nitrogen-13 (13N) and oxygen-15 (15O),
were among the most likely non-metallic radionuclide contaminants in the aqueous 18F
solution. However, both have extremely short half-lives, of about 10 min and 2 min for 13N
and 15O, respectively, and would decay naturally during transport (in our case) or before
radiolabeling began.

The potential 18F contaminants varied depending on the target system used in the
cyclotron. A niobium target with a Havar foil released mainly manganese (Mn), cobalt (Co),
and technetium (Tc) species, which are normally trapped in the Sep-Pak QMA cartridge [45].
This shows that impurities in an aqueous 18F solution freshly produced from a cyclotron can
be removed by solid phase extraction and fractionation before using the aluminium-fluoride
(Al-F) technique [46].

Preliminary results showed that the formation of [18F]AlF2+ was significantly lower
when the solid phase extraction and fractional elution were not performed. It was suggested
that this was due to other ionic impurities in the aqueous 18F solutions, such as iron (II) ion
(Fe2+), copper (II) ion (Cu2+), zinc (II) ion (Zn2+), ammonium (NH4+), which could compete
with Al3+ in the formation of [18F]AlF2+. However, the evaluation of radionuclide 18F in
the aqueous solution was not considered in this study. Therefore, it was recommended
to perform the solid phase extraction (SPE) and fractional elution and to use the highest
fractional [18F]F− activity for the formation of [18F]AlF2+.

2.2.2. Effect of AlCl3 Concentration on the Radiochemical Yield (RCY) of [18F]AlF2+ Complexes

[18F]AlF2+ complexes were formed by the reaction of AlCl3 with [18F]F− anions in
an aqueous solution between pH 4 and 5. Although 20 mM AlCl3 resulted in the highest
formation of [18F]AlF2+ complexes, 99.94% (SD = 0.1, n = 3), further statistical analysis of
the independent t-test revealed that increasing the AlCl3 concentration did not significantly
increase the RCY of the [18F]AlF2+ complexes (p > 0.05). The difference in RCY of the
[18F]AlF2+ complexes was too small. While 5 and 20 mM AlCl3 resulted in higher [18F]AlF2+

complexes (M = 99.92%, SD = 0.1 for 5 mM), higher amounts of AlCl3 were required to
achieve the exact complexation yield with 2 mM AlCl3 (M = 99.88%, SD = 0.2, n = 3). Since
the results show that a lower concentration of AlCl3 (2 mM) can produce comparable
[18F]AlF2+ complexes to a higher concentration of AlCl3 (5 mM and 20 mM), the use of
AlCl3 at a lower concentration is, therefore, more optimal. Therefore, 2 mM AlCl3 was used
for the [18F]AlF2+ complexation.

2.2.3. Effect of Reaction Temperature and Time on the Formation of the
[18F]AlF-NOTA-NHS Complex

The radiolabeling conditions were first optimised using a complexation assay with
the inexpensive NOTA NHS chelator. Radiolabeling conditions were set at three different
temperatures (60, 80, and 100 ◦C) and reaction times (5, 10, and 15 min) to investigate
the effects of the reaction temperature and time on the RCY of the [18F]AlF-NOTA-NHS
complex. The RCY of the [18F]AlF-NOTA NHS complex was proportional to the increase in
the reaction temperature. The [18F]AlF-NOTA NHS complex had the highest RCY, 94.6%
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(SD 0.9) when the reaction temperature and time was 100 ◦C for 15 min and the lowest when
the reaction temperature was 60 ◦C (M = 48.5%, SD = 36.9). These results were consistent
as the NOTA chelator needed to be heated to 100–120 ◦C [47]. Since the NOTA chelator is
cyclic, the activation energies for chelating the metal ions are significantly higher than for
the linear chelator [48]. To overcome these considerable kinetic barriers in the radiolabeling
of NOTA conjugates with [18F]AlF2+, reaction solutions were heated to 100–120 ◦C [48].

Nevertheless, it has been pointed out that these reaction conditions are problematic
when the chelator is conjugated with heat-sensitive biomolecules [47,49]. Further statistical
analysis of the one-way ANOVA revealed that the reaction time between 5 and 15 min
had no significant effect on the RCY of the [18F]AlF-NOTA NHS complex when heated
at 100 ◦C (p > 0.05). The RCY of the [18F]AlF-NOTA NHS complex was above 90% in all
experiments with reaction times. Therefore, a viable strategy for a chelator conjugated to
heat-sensitive biomolecules is a short reaction time: between 5 and 10 min at 100 ◦C.

2.2.4. Effect of Organic Solvent and Percentage of Organic Solvent

Previous results showed that the formation of the [18F]AlF-NOTA NHS complex was
first and second highest when acetonitrile 70% (v/v) or ethanol 50% (v/v) were added
as organic solvents [50]. To ensure reproducibility, the radiolabeling conditions of the
NOTA-pamidronic acid precursor were repeated using acetonitrile 70% (v/v) and ethanol
50% (v/v) as organic solvents. The formation of [18F]AlF-NOTA-pamidronic acid from
both organic solvents was determined by the radio-thin layer chromatography technique
(r-TLC). In contrast to the previous results, the formation of [18F]AlF-NOTA-pamidronic
acid was highest (M = 95.50%, SD = 5.34) when ethanol 50% (v/v) was used as an organic
solvent (n = 6) (Figure 8). The formation of [18F]AlF-NOTA-pamidronic acid, determined
by r-TLC, was only 75.55% (SD = 2.21, n = 6) when acetonitrile 70% (v/v) was added to the
reaction mixture (Figure 8).

Figure 8. RCY of [18F]AlF-NOTA-pamidronic acid when different organic solvents were added to the
reaction mixture (n = 6); mean (SEM).

Further statistical analysis of the independent samples t-test showed that the difference
in the formation of [18F]AlF-NOTA-pamidronic acid was significant when ethanol 50%
(v/v) was added to the reaction mixture (p < 0.05). There is a possible explanation that could
justify the higher formation of [18F]AlF-NOTA-pamidronic acid when ethanol was used
compared to acetonitrile. The presence of ethanol facilitates the interaction of metal cations,
[18F]AlF2+, with donors in the chelate structure, such as, in this case, NOTA-pamidronic
acid moiety and, therefore, leads to a higher forms of [18F]AlF-NOTA-pamidronic acid [38].

The results showed that the use of acetonitrile was only effective in coordinating
[18F]F− with the Al3+ to form [18F]AlF2+ in the previous suggestion. One could speculate
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that the difference in the structure of NOTA-pamidronic acid compared to NOTA-NHS
could contribute to the higher formation of [18F]AlF-NOTA-pamidronic acid when ethanol
50% (v/v) was used. Since the formation of [18F]AlF-NOTA-pamidronic acid was higher
when ethanol 50% (v/v) was used, ethanol was chosen as the organic solvent. Furthermore,
ethanol was the most biocompatible of all the solvents [51].

2.2.5. The Optimal Ratio between AlCl3 and NOTA-Pamidronic Acid

Based on the preliminary results [50], the formation of the [18F]AlF-NOTA NHS
complex was above 80% for all AlCl3-to-NOTA molar ratios prepared. Nevertheless, a
statistical analysis of one-way ANOVA revealed that the difference in the percentage of the
RCY (formation) of the [18F]AlF-NOTA NHS complex between the prepared molar ratios
of AlCl3-to-NOTA was insignificant (p > 0.05). The results also showed that the RCY of the
[18F]AlF-NOTA NHS complex decreased when the molar ratio exceeded 1:5. In view of this,
the molar ratios of 1:1, 1:3, and 1:5 AlCl3:NOTA-pamidronic acid were chosen. The RCY
of [18F]AlF-NOTA-pamidronic acid, determined by the radio-TLC scanner using ITLC-SG
strips as adsorbents and a mobile phase of 1M ammonium acetate and acetonitrile (1:1),
was above 60% for all the molar ratios prepared (Figure 9) and, thus, met the requirement
to prepare [18F]AlF-NOTA-pamidronic acid with an acceptable RCY between 40 and 60%.
The RCY of [18F]AlF-NOTA-pamidronic acid was highest (M = 95.50%, SD = 5.34) when
the NOTA-pamidronic acid was prepared at a molar ratio of 1:1 with AlCl3 (n = 6). By
contrast, increasing the molar ratio of the NOTA-pamidronic acid precursor to 1:3 and 1:5
did not further increase the formation of [18F]AlF-NOTA-pamidronic acid. This result was
expected as the presence of excess chelator reduces RCY, as, in this case, it did with the
NOTA-pamidronic acid [38].

Figure 9. RCY of [18F]AlF-NOTA-pamidronic acid (n = 6).

Interestingly, the formation of [18F]AlF-NOTA-pamidronic acid was the second highest
(M = 80.74%, SD = 5.73) when the molar ratio of the NOTA-pamidronic acid precursor was
reduced to half (n = 6). This result suggests that even at a lower molar ratio of AlCl3-to-
NOTA-pamidronic acid (2 μmol AlCl3: 1 μmol NOTA-pamidronic acid), an RCY of more
than 60% can be successfully achieved. This could bring economic advantages later on
when upscaling the radiolabeling of NOTA-pamidronic acid, as production costs could be
reduced due to the lower amount of NOTA-pamidronic acid precursor.

Further statistical analysis of the one-way ANOVA revealed that the difference in
the percentage of the RCY (formation) of [18F]AlF-NOTA-pamidronic acid between the
prepared molar ratios of AlCl3-to-NOTA-pamidronic acid was significant (p < 0.05). The
Games–Howell post hoc analysis of the percentage of RCY of [18F]AlF-NOTA-pamidronic
acid revealed that increasing the molar ratio of AlCl3-to-NOTA-pamidronic acid beyond
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1:1 significantly reduced the percentage of RCY (p < 0.05). The difference in the percentage
RCY of [18F]AlF-NOTA-pamidronic acid was insignificant when the molar ratio of 1:0.5
was compared to the molar ratio of 1:3, indicating that although 1 μmol (molar ratio of
1:0.5) and 6 μmol (molar ratio of 1:3) of the NOTA-pamidronic acid precursor could achieve
a yield of more than 60%, a higher amount of the NOTA-pamidronic acid precursor was
required (6 μmol) to approach the exact [18F]AlF-NOTA-pamidronic acid complexation
with a molar ratio of 1:0.5 (1 μmol). The optimal radiolabeling conditions (Figure 10) that
could produce [18F]AlF-NOTA-pamidronic acid complexation in more than 90% RCY were
as follows (Table 4).

Figure 10. Schematic representation of the process for optimal radiolabeling conditions for [18F]AlF-
NOTA-pamidronic acid (1: purification; 2: fractionation).

Table 4. Optimal radiolabeling conditions.

Variables Optimal Conditions

AlCl3 concentration 2 mM
AlCl3-to-NOTA-pamidronic acid molar ratio 1:1 (2 μmol NOTA-pamidronic acid)

Reaction temperature 100 ◦C
Reaction time 15 min

Organic solvent Ethanol 50% (v/v)

Our experimental results also confirmed that QMA-bound [18F]F− could be eluted
with 0.9% saline without the need for pH adjustment by eluting with 0.4 M KHCO3 followed
by acetic acid [52,53]. In the early phase of the radiolabeling studies, the QMA-bound
[18F]F− was eluted with 0.4 M KHCO3, and the KHCO3 was subsequently neutralised
with acetic acid [52]. Although a one-step labeling approach (one-pot approach) was
used in most previous applications, a two-step labeling approach was used in the present
study: preparing the NOTA-pamidronic acid precursor in its pure form and using the
NOTA-pamidronic acid as a precursor for the labeling step with aqueous [18F]AlF2+. The
two-step labeling approach used in the experimental design differed slightly from that of
Vogg et al. and D’Souza et al., as their approach first involved the formation of the purified
[Al(OH)(NODA)] complex or peptide-aluminium complex and then the ligand exchange of
[OH]− for [18F]F− [30,52]. Vogg emphasised that even with the correct pH and ethanol in
the aqueous reaction medium, they could not achieve an RCY above 80% [30]. They pointed
out that heating to 100 ◦C may have led to the thermal stability of the [Al(OH)(NODA)]
complex in the presence of [18F]F− during labeling, releasing the Al3+. Al3+ then readily
combined with the [18F]F− to form [18F]AlF2+, which, in turn, formed a low concentration
of Al-free NODA complexes for reaction. Therefore, they assumed that the addition of
the metal-free NODA, right from the beginning of the second labeling step, could have
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increased the yield to over 80% [30]. This could be the reason why an RCY of over 90% was
achieved for the [18F]AlF-NOTA-pamidronic acid in this experiment.

In our experiment, the choice of a two-step labeling approach proved to be very ap-
plicable, although pamidronic acid could survive at higher temperatures during labeling.
The metal-free NOTA-pamidronic acid was prepared in its purest form before the labeling
step, with the aqueous [18F]AlF2+ formed in the first labeling step. The prepared NOTA-
pamidronic acid was isolated from the crude sample, leaving the free NOTA. Free NOTA
with an N3O2 donor proved to be the most stable [18F]AlF efficiently at higher tempera-
tures (100–120 ◦C) and could interfere with the radiolabeling of NOTA-pamidronic acid
if present. Therefore, instead of [18F]AlF-pamidronic acid, [18F]AlF-free NOTA moieties
could also be formed.

In summary, the radiolabeling of NOTA-pamidronic acid using an aluminium-fluoride
technique was straightforward and could be completed within 30 min without time-
consuming drying steps and eliminating the need for high-performance liquid chromatog-
raphy (HPLC) or SPE for purification. In contrast to the [18F]AlF labeling strategy, most
18F labeling strategies are tedious to perform and require multiple purifications of inter-
mediates, resulting in a low RCY. The [18F]AlF labeling strategy enables the significant
redesign of existing radiopharmaceuticals as replacements for 68Ga, as demonstrated by
the many examples where [18F]AlF-derivatives of 68Ga-peptides have been developed to
overcome the limitations of 68Ga [34]. The preliminary data suggest that 68Ga and [18F]AlF
radiopharmaceuticals have similar pharmacokinetic profiles, although differences have
been observed in some cases, particularly in biodistribution [54].

2.2.6. Molar Activity (Am)

Under these conditions, [18F]AlF-NOTA-pamidronic acid (Figure 11) was obtained
with molar activities (Am) of 0.024 GBq μmol−1 (SD = 0.002) at the end of the syntheses
(n = 6)

Figure 11. The structure of [18F]AlF-NOTA-pamidronic acid.

2.3. Quality Control Analysis of [18F]AlF-NOTA-Pamidronic acid

2.3.1. Radiochemical Purity (RCP) Analysis of [18F]AlF-NOTA-Pamidronic Acid
Using RP-HPLC

The RCP of the [18F]AlF-NOTA-pamidronic acid was 100%, based on the RP-HPLC
analysis (n = 12) (Figure 12). The Rt of the [18F]AlF-NOTA-pamidronic acid at 5.46 min
(SD = 0.05) was similar to the Rt of the NOTA-pamidronic acid precursor. The relative
standard deviation (RSD) percentage was within 2% (n = 6). No free 18F or [18F]AlF2+ was
detected in the radiochromatogram, indicating that the NOTA-pamidronic acid precur-
sor was successfully radiolabeled with [18F]AlF2+ complexes. The unbound [18F]F− or
[18F]AlF2+ peak appeared at 2.09 min (SD = 0.02) under this chromatographic condition.
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Figure 12. (a) Peak corresponding to the [18F]F− and (b) [18F]AlF-NOTA-pamidronic acid from the
radiochromatogram of RP-HPLC.

RCY Analysis of the [18F]AlF-NOTA-Pamidronic Acid Using r-TLC

The RCY of the [18F]AlF-NOTA-pamidronic acid was 100%, based on an r-TLC anal-
ysis of the determined [18F]AlF-NOTA-pamidronic acid sample obtained when NOTA-
pamidronic acid was prepared in a molar ratio of 1:1 with AlCl3 (n = 6) (Figure 13). [18F]AlF-
NOTA-pamidronic acid was spotted onto the ITLC-SG strip at the origin, and the strip
was developed to the solvent front in a solvent mixture of 1M of ammonium acetate and
acetonitrile (1:1). The retention factor (Rf) of the [18F]AlF-NOTA-pamidronic acid, 0.91
(SD = 0.005), was within the acceptance criteria of Rf 0.6 to 1.0. The %RSD was within 2%
(n = 6). No free [18F]F− or [18F]AlF2+ was detected in the respective radiochromatogram,
which is normally retained at an Rf of 0 to 0.4. Based on these findings, the Rf of [18F]F− or
[18F]AlF2+ was 0.06 (SD = 0.002) when unbound [18F]F− or [18F]AlF2+ was spotted onto the
ITLC-SG strip and developed under the same chromatographic conditions.

Figure 13. (a) Peak corresponding to the [18F]F−/[18F]AlF2+, and (b) [18F]AlF-NOTA-pamidronic
acid from the radiochromatogram of r-TLC.

2.3.2. Residual Solvents Analysis

Since only ethanol 50% (v/v) was added in the radiolabeling of the [18F]AlF-NOTA-
pamidronic acid, only ethanol was detected in the final formulation by gas chromatography
(GC). The residue of ethanol was detected in the [18F]AlF-NOTA-pamidronic acid sample
at an Rt of 2.61 min (SD = 0.01) (n = 6) (Figure 14), which was similar to the previously
determined Rt of the ethanol standard solution. The %RSD was also within 2%. Using
a previously prepared calibration curve, the concentration of the ethanol in the [18F]AlF-
NOTA-pamidronic acid sample was determined to be 1.353 mg mL−1, which was below
the threshold of 5 mg mL−1.
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Figure 14. GC-FID chromatogram of ethanol peak from [18F]AlF-NOTA-pamidronic acid sample.

2.3.3. Stability Study of [18F]AlF-NOTA-Pamidronic Acid

The stability of the [18F]AlF-NOTA-pamidronic acid was determined at 1, 2, 3, and 4 h
after radiolabeling (Figure 15), verifying that the radiochemical purity remained higher
than 90% for 4 h in the final formulation vial even without the addition of ascorbic acid as a
radioprotective agent. The result was consistent with the fact that the NOTA ligand, in this
case, NOTA-pamidronic acid, is known to form stable complexes with the Al3+ (AlCl3) [51].
The RCP of [18F]AlF-NOTA-pamidronic acid was determined to be 90.15% (SD = 0.06)
(n = 6) after 4 h of radiolabeling.

Figure 15. Stability of the [18F]AlF-NOTA-pamidronic acid in the final formulation and in human
plasma up to 4 h [mean (SEM)].

The RCP of the [18F]AlF-NOTA-pamidronic acid was 90.67% (SD = 3.62) (n = 6) after
3 h of radiolabeling, indicating that the requirement of more than 90% of the radioactivity
was in the form of the [18F]AlF-NOTA-pamidronic acid was met in human plasma at 37 ◦C
(3 h). In contrast to other studies that also used NOTA as a chelator or the Al-F technique
for radiopharmaceutical development, the corresponding radiopharmaceutical was no
longer stable in human plasma from 60 to 90 min onwards [35,55].

A possible explanation could be that the radioactivity of [18F]F− used in this experi-
ment was lower (less than 30 MBq) than in other studies where a higher radioactivity (more
than 400 MBq) was used, even with the same NOTA chelator, which could have contributed
to the instability of this radiopharmaceutical in the human plasma [35]. For this reason, spe-
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cial care should be taken in the future when upscaling production to prevent the possible
instability of [18F]AlF-NOTA-pamidronic acid in human plasma. Based on this information,
it should be considered that images of PET should be acquired within 30–60 min of the
intravenous injection if used for preclinical or clinical imaging in the future.

In summary, [18F]AlF-NOTA-pamidronic acid, which was prepared in two consec-
utive runs, met all the quality control analysis requirements for the appearance, pH,
radiochemical purity, and organic solvent analysis for the radiopharmaceutical. [18F]AlF-
NOTA-pamidronic acid was also stable in the final formulation and in human plasma
at 37 ◦C (4 h). Table 5 below summarises the quality control analyses performed on
the [18F]AlF-NOTA-pamidronic acid sample with the respective acceptance criteria and
observed value.

Table 5. Quality control analysis of [18F]AlF-NOTA-pamidronic acid (n = 6).

Quality Control Analysis Acceptance Criteria [18F]AlF-NOTA-Pamidronic Acid

Appearance Clear, colourless and free of
particles Verified

pH 4 to 8 7
RCP (HPLC) ≥90% 100%

RCY (ITLC-SG) 90% 95%
Organic solvent: ethanol (GC) ≤5 mg mL−1 1.353 mL−1

2.4. In Vitro Binding Studies of [18F]AlF-NOTA-Pamidronic Acid
2.4.1. In Vitro Bone Binding Assay Using Hydroxyapatite (HA)

The in vitro studies in this experiment were performed with synthetic HA using the
method described by Meckel et al. [27]. The HA binding assay (Figure 16) showed a higher
binding of [18F]NaF (M = 94.31%, SD = 3.28), followed by [18F]AlF-NOTA-pamidronic acid
(M = 93.68%, SD = 4.35) and [18F]AlF-NOTA (M = 90.04%, SD = 5.77) (n = 3). Statistical
analysis of the one-way ANOVA revealed that the difference in the percentage binding
of HA was insignificant for all three agents (p > 0.05). The results showed that a higher
HA binding assay of more than 90% was achieved with the 18F derivative than when the
68Ga derivatives were used [23,27,56–58]. The in vitro HA binding assay recorded the
highest value of 91% only with 68Ga-DOTA-pamidronic acid, while the majority ranged
from 70 to 85%.

This result was to some extent expected, as both [18F]AlF-NOTA-pamidronic acid and
[18F]NaF show a high binding affinity to HA. The difference in% of HA binding was only
0.63% between the two. The result was similar to that of Keeling et al., who compared the
in vitro bone binding between [68Ga]Ga-THP-Pamidronate and [18F]NaF [23]. [18F]NaF
binds to HA, displacing the hydroxyl groups within the HA lattice for [18F]F− [23]. This
could be the reason why the binding of HA was also observed in [18F]AlF-NOTA, as it
possibly behaves similar to [18F]F− when NOTA is hydrolysed in 0.9% NaCl solutions and
becomes an [18F]AlF2+ complex that can be incorporated into the HA surface [59].

The results showed that [18F]AlF-NOTA-pamidronic acid was also sensitive to the
presence of HA and was able to bind to HA similar to [18F]NaF. However, the experiment
did not provide further evidence for the specificity of [18F]AlF-NOTA-pamidronic acid and
[18F]NaF. Therefore, the in vitro cellular uptake studies conducted in the following section
demonstrate the specificity of the uptake of [18F]AlF-NOTA-pamidronic acid, [18F]NaF,
and [18F]AlF-NOTA for the cell lines used.

2.4.2. In Vitro Cellular Uptake Studies

In this section, the specificity for the uptake of [18F]AlF-NOTA-pamidronic acid,
[18F]NaF, and [18F]AlF-NOTA for the normal human osteoblast cell line (hFOB 1.19) and
human osteosarcoma cell lines (Saos-2) is investigated. The radioactivity that accumulated
on the surface in both cell lines after 30 min of incubation with [18F]AlF-NOTA-pamidronic
acid, [18F]NaF, and [18F]AlF-NOTA was counted using a gamma counter (n = 3). The result
showed that the uptake of [18F]NaF was higher in both cell lines, followed by [18F]AlF-
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NOTA-pamidronic acid, the compound of interest for this study (Figure 17). This mirrors
the results from the in vitro HA binding assay.

Figure 16. The % bone binding assay experimented using HA for [18F]AlF-NOTA-pamidronic,
[18F]NaF and [18F]AlF-NOTA (n = 3) [mean (SEM)].

Figure 17. Cellular uptake of the [18F]AlF-NOTA-pamidronic acid, [18F]NaF and [18F]AlF-NOTA in
hFOB 1.19 and Saos-2 cells (n = 3) at time point 30 min (* p < 0.05, n.s: non-significant) [mean (SEM)].

In the hFOB 1.19 cell lines, the [18F]NaF uptake was 7.84% (SD = 3.31), followed by an
[18F]AlF-NOTA-pamidronic acid uptake of 3.52% (SD = 0.76). The observed cellular uptake
of [18F]AlF-NOTA for hFOB 1.19 was almost negligible at 0.28% (SD = 0.07). The cellular
uptake of [18F]NaF was 2-fold higher than the uptake of [18F]AlF-NOTA-pamidronic
acid in the hFOB 1.19 cell lines. The cellular uptake of [18F]AlF-NOTA was very low,
possibly due to the presence of a bifunctional chelator of NOTA that limited the surface
binding of [18F]AlF-NOTA to the hFOB 1.19 cell lines. On the other hand, this shows that
NOTA formed stable complexes with [18F]AlF2+, and the [18F]AlF-NOTA complex in this
experiment was not further transchelated to [18F]AlF2+ when performed in vitro [51].
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Further statistical analysis of the one-way ANOVA revealed that the difference in
cellular uptake was significant for all three radiopharmaceuticals (p < 0.05). This result
was somewhat expected, as [18F]NaF has been used primarily for the early diagnosis and
monitoring of bones in PET [59]. Although the result shows that the cellular uptake of
[18F]AlF-NOTA-pamidronic acid in hFOB 1.19 was 2-fold lower compared to [18F]NaF, it
was nevertheless demonstrated that [18F]AlF-NOTA-pamidronic acid can bind to normal
osteoblast cells. The evidence supports the concept that [18F]AlF-NOTA-pamidronic acid
has the potential to be used for PET bone imaging.

Although [18F]NaF showed higher cellular uptake in the Saos-2 cell lines (M = 15.84%,
SD = 4.78), the difference in the cellular uptake compared to [18F]AlF-NOTA-pamidronic
acid (M = 9.28%, SD = 6.25) was not significant when further statistically analysed using a
one-way ANOVA (p > 0.05) (Figure 16). The amount of accumulated radioactivity between
[18F]NaF and [18F]AlF-NOTA-pamidronic acid was not 2-fold higher than that previously
observed in hFOB 1.19 cell lines.

This finding literally suggests that the compound investigated in this study, [18F]AlF-
NOTA-pamidronic acid, tends to be more specific than [18F]NaF, in the sense that the cellular
uptake of [18F]AlF-NOTA-pamidronic acid in the Saos-2 cell lines was higher than the
cellular uptake of [18F]AlF-NOTA-pamidronic acid in the hFOB 1.19 cell lines. Furthermore,
the difference in cellular uptake of [18F]AlF-NOTA-pamidronic acid and [18F]NaF in the
Saos-2 cell lines was insignificant, whereas the difference in the cellular uptake of [18F]AlF-
NOTA-pamidronic acid and [18F]NaF in hFOB 1.19 cell lines was significant.

Nevertheless, the study does not attempt to mislead the audience by simply drawing
a conclusion about the specificity of [18F]AlF-NOTA-pamidronic acid in the Saos-2 cell
lines compared to [18F]NaF. The focus of this study is on the potential of [18F]AlF-NOTA-
pamidronic acid in PET bone imaging. There may be an explanation for the insignificant
difference in the cellular uptake of [18F]AlF-NOTA-pamidronic acid and [18F]NaF observed
in the Saos-2 cell lines. Although the Saos-2 cell line has several osteoblastic features,
further studies have shown that osteosarcomas histologically express two other common
features, namely chondroblastic and fibroblastic [3,60,61]. Chondroblasts contribute to
the formation of cartilage, while fibroblasts form connective tissues that support and
connect other tissues or organs in the body [60]. Since the osteoblastic, chondroblastic,
and fibroblastic subtypes are predominantly expressed in osteosarcomas, it is possible that
the compound investigated in this study, [18F]AlF-NOTA-pamidronic acid, could provide
additional information that [18F]NaF could not.

Based on this evidence, this study has proved that the concerns of Bastawrous et al.
were valid, as the uptake of [18F]NaF is non-cancer-specific, and non-malignant cells can
also show an uptake, as observed in the case of the significant cellular uptake in normal
human osteoblasts (hFOB 1.19). This is consistent with reports of a higher number of
false-positive interpretations with [18F]NaF [19]. Nevertheless, this study concludes that
the investigated compound [18F]AlF-NOTA-pamidronic acid has the potential to be used in
PET bone imaging and is substantially able to provide additional information that [18F]NaF
could not provide in the case of osteosarcoma disease.

2.4.3. Limitation of the Study

This study reports only the bone binding affinity of the [18F]AlF-NOTA-pamidronic
acid on its in vitro binding affinity to HA and in vitro cellular uptake to demonstrate the
uptake of [18F]AlF-NOTA-pamidronic acid. The in vitro cellular uptake studies were only
performed at a one-time point (30 min) due to the distance between the laboratory and the
gamma counter facility for counting. The comparison of both studies with [18F]NaF and
[18F]AlF-NOTA have only been discussed superficially and is beyond the scope of this study.
The comparison of the in vitro binding affinity studies between [18F]AlF-NOTA-pamidronic
acid and [18F]NaF can be a comprehensive study for future endeavours.
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3. Materials and Methods

3.1. Materials

Pamidronic acid (C3H11NO7P2) (Santa Cruz Biotechnology, Dallas, TX, USA), NOTA-
NHS ester (C6H24N4O8) (CheMatech, Dijon, France), 18F radionuclide (National Cancer In-
stitute, Putrajaya, Malaysia), synthetic hydroxyapatite (HA) (Sigma Aldrich, St. Louis, Mo,
USA), osteoblast cell line (hFOB 1.19) (ATCC, Manassas, VA, USA), osteosarcoma cell line
(Saos-2) (ATCC, USA), human plasma (Department of Medical Microbiology, HPUPM, Ser-
dang, Malaysia), dimethylformamide (DMF), 0.1% trifluoroacetic acid (C2HF3O2) >99.9%,
aluminium chloride hexahydrate (AlCl3.6H2O), triethylamine (C6H15N) >99% (Sigma
Aldrich, USA), dimethyl sulfoxide (DMSO), ammonium acetate (NH4CH3CO2) (Sigma
Aldrich, USA), acetic acid (CH3COOH), acetonitrile (Supelco, Bellefonte, USA), formic
acid (CH2O2), ethanol, sodium acetate (C2H3NaO2) (Merck, Kenilworth, USA), water for
injection (WFI), 0.9% sodium chloride (B. Braun, USA), Geneticin® (G418 sulfate), peni-
cillin streptomycin (ThermoFisher Scientific, Waltham, MA, USA), Foetal bovine serum,
Dulbecco’s phosphate-buffered saline (PBS), Trypsin/EDTA, sterile DMSO (ATCC, USA),
Instant Thin Layer Chromatography-Silica Gel (ITLC-SG) (Agilent, Santa Clara, CA, USA).

3.2. Methods
3.2.1. Preparation, Validation, and Isolation of NOTA-Pamidronic Acid Precursor

In general, the preparation of the NOTA-pamidronic acid precursor involves the
dilution of the weighed pamidronic acid in 2.5 mL of deionised water. The mixture was
vortexed until completely dissolved. A careful adjustment of the pH to 8 followed using
pH indicator strips during the addition of 30 μL TEA. Next, NOTA-NHS was weighed and
dissolved in 1.5 mL DMF before about 50 μL fractions of the NOTA-NHS solution were
added to the dissolved pamidronic acid (650 μL) and prepared in triplicate (n = 3).

The pH of the reaction was monitored every hour with a pH indicator strip. The
reaction condition should be neutral to slightly basic [37]. After 4 h, and prior to validation,
the crude NOTA-pamidronic acid was filtered by SPE using a Sep-Pak C18 Plus Light
cartridge (Waters, Milford, MA, USA) and a 0.22 μm nylon syringe filter (PhenexTM-NY,
USA) to remove organic impurities. A series of experiments were carried out varying the
molar ratio of the pamidronic acid: NOTA-NHS by preparing both materials according
to Table 6. Figure 18 shows the workflow for the preparation of the NOTA-pamidronic
acid precursor.

Table 6. Pamidronic acid and NOTA-NHS molar ratio.

Pamidronic Acid
(mg)

Pamidronic Acid
(mM)

NOTA-NHS (mM)
Pamidronic Acid:

NOTA-NHS Molar Ratio

5.875 10 2 5:1
11.750 20 2 10:1
17.625 30 2 15:1

3.2.2. Validation of NOTA-Pamidronic Acid Using LC-MS Analysis

LC-MS analysis was performed using an LC Dionex Ultimate 3000 (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with an autosampler, quaternary pump, column
compartment, UV, and diode-array detector (PDA). Chromatographic analysis was per-
formed using a Synergi Hydro-RP 2.5 μm, 50 × 2.1 mm column (Phenomenex, Torrance,
CA, USA). The column temperature was 30 ◦C throughout the analysis. Since the sample
compounds were polar, reversed-phase chromatography with ion suppression was used
in this analysis. The mobile phase was 0.1% formic acid in the water, while the flow rate
was set at 0.3 mL min−1. Approximately 10 μL of the sample was injected for each LC-MS
analysis. The ionisation mode was set to a negative ion mode with a collision energy of
30 eV. The m/z scan was performed from m/z 50 to 750. The chromatogram and mass
spectrum (precursor ion and isotopic abundance) were analysed using a Thermo Xcalibur
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4.2.47. The percentage yield of the NOTA-pamidronic acid precursor and free pamidronic
acid was recorded and calculated from the chromatogram.

Figure 18. Workflow illustration of the NOTA-pamidronic acid preparation process.

3.2.3. Isolation of the NOTA-Pamidronic Acid Fraction from the Crude Sample

The NOTA-pamidronic acid fraction was isolated and collected from the crude product
using an RP-HPLC (Agilent 1200, USA) equipped with a fraction collector. The isolation
of the NOTA-pamidronic acid fractions was carried out under optimal chromatographic
conditions using a Synergi 4μ (C18, polar endcapped) column, 0.1% trifluoroacetic acid
(TFA) in water as a mobile phase at 0.5 mL min−1 with detection at 220 nm. A sample
injection volume of 10 μL was manually injected using a microlitre syringe (Glass capillary,
Hamilton). The fractions corresponding to each peak in the chromatogram–free pamidronic
acid, NOTA-pamidronic acid, and free NOTA were repeatedly collected for 5 mL in separate
vials. However, only the collected NOTA-pamidronic acid fractions were re-analysed using
analytical RP-HPLC before being sent for freeze-drying.

3.2.4. Preparation of [18F]AlF2+ Complexes

Using the highest fraction of [18F]F− radioactivity previously collected in the (PCR)
tube, 10 μL of the [18F]F− with radioactivity of ~5 to 10 MBq was added to a 0.2 mL vial
containing 10 μL of 1 mM AlCl3 in 0.5 M sodium acetate buffer solution at pH 4. The
reaction mixture was thoroughly mixed and incubated at room temperature for 10 min to
allow the formation of [18F]AlF2+ complexes.

3.2.5. Quality Control Analysis for [18F]AlF-NOTA-Pamidronic Acid

[18F]AlF-NOTA-pamidronic acid was analysed for the appearance of pH, RCP, RCY,
residual solvent, and in vitro stability study. Chromatographic separation for the residual
solvent analysis was performed in accordance with Hassan et al. [62].

3.2.6. In Vitro Stability Study of [18F]AlF-NOTA-Pamidronic Acid

The stability study of the [18F]AlF-NOTA-pamidronic acid in normal saline (0.9% NaCl)
and in vitro human plasma was studied at room temperature after 1, 2, 3, and 4 h using the
r-TLC method. The stability of the [18F]AlF-NOTA-pamidronic acid (100 μL) was tested
by incubating 900 μL of human plasma at 37 ◦C for up to 4 h. After 1-, 2-, 3-, and 4-h
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incubation, about 200 μL were precipitated with 200 μL of ethanol and centrifuged at
12,000 rpm for 5 min before being analysed by the r-TLC method [55,63].

3.2.7. In Vitro Binding Studies of [18F]AlF-NOTA-Pamidronic Acid
In Vitro Bone Binding Assay Using Hydroxyapatite

A total amount of 50 μL of radiolabeled [18F]AlF-NOTA-pamidronic acid was added
to the prepared HA assay and incubated for 10 min. After incubation, the supernatant
was carefully removed with the Pasteur pipette, leaving HA in the centrifuge tube. Next,
500 μL of normal saline was added and then centrifuged at 3000 rpm. This time, the
supernatant was transferred to another centrifuge tube (B), leaving the retained [18F]AlF-
NOTA-pamidronic acid on HA (A). This experiment was performed simultaneously with
[18F]NaF and [18F]AlF-NOTA. The bone binding assay was determined with a gamma
counter and calculated with the following Equation (1):

% bone binding assay =
f raction A

f raction A + f raction B
× 100% (1)

In Vitro Cellular Uptake Studies

Cell lines hFOB 1.19 and Saos-2 were seeded in 12-well plates at a density of 1 × 105

cells/well 2 days prior to the cellular uptake studies. Complete culture media (CCM) was
freshly replaced on the day of the experiment. The cells were then incubated with [18F]AlF-
NOTA-pamidronic acid (90–140 kBq/well), which was adjusted to a final volume of 0.5 mL
with CCM. After 30 min, the supernatant was collected, and the cells were washed twice
with PBS. The radioactivity that accumulated on the surface of both cell lines was measured
with a gamma counter. The radioactive medium and the collected PBS were defined as
Cout. Finally, the cells were harvested with trypsin and washed again twice with PBS. The
radioactivity of the harvested cells and PBS was defined as Cin. The cellular uptake rate
was calculated using the following formula (Equation (2)). The above steps were repeated
for [18F]NaF and [18F]AlF-NOTA. Each of the cell lines was prepared in triplicate for each
of the radiopharmaceuticals used (n = 3).

Cellular uptake =
Cin

(Cin + Cout)
× 100% (2)

The human osteoblast cell line hFOB 1.19 (ATCC® CRL-11372TM) was acquired
from the Animal Type Culture Collection (ATCC, Manassas, VA, USA). The human os-
teosarcoma cell line, Saos-2 (ATCC HTB-85TM), was obtained from Dr. Azuraidi Os-
man at the Department of Cell and Molecular Biology, Faculty of Biotechnology and
Biomolecular Sciences, UPM. The in vitro study was performed with the approval of
the Institutional Biosafety and Biosecurity Committee (IBBC), Universiti Putra Malaysia
(UPM/IBBC/NGMO/2021/R004).

4. Conclusions

[18F]AlF-NOTA-pamidronic acid was successfully prepared and optimised by ex-
ploiting the fluorophilic nature of aluminium to form a stable complex cation [18F]AlF2+,
followed by coordination with the NOTA-pamidronic acid moiety. The preliminary in vitro
results demonstrate that the [18F]AlF-NOTA-pamidronic acid can potentially be used for
PET bone imaging. One of the most intriguing results was to witness its specificity when
a higher cellular uptake of [18F]AlF-NOTA-pamidronic acid was observed in the Saos-2
cell lines than in the hFOB 1.19 cell lines. These preliminary results suggest that a compre-
hensive preclinical study of [18F]AlF-NOTA-pamidronic acid is required before it can be
moved into clinical research.

223



Molecules 2022, 27, 7969

Author Contributions: Conceptualisation, H.H., M.F.O. and H.R.A.R.; Formal analysis, H.H., L.H.Y.,
J.I., M.H.N.A.H. and Z.M.S.; Funding acquisition, H.H. and M.F.O.; Investigation, H.H., Z.A. and
M.H.N.A.H.; Methodology, H.H., M.F.O., H.R.A.R., M.A.O., Z.A. and J.I.; Project administration,
H.H.; Supervision, M.F.O., H.R.A.R., Z.A.Z. and F.F.A.S.; Validation, H.H. and M.F.O.; Visualisation,
H.H.; Writing—original draft, H.H. and M.F.O.; Writing—review and editing, M.F.O. and H.R.A.R.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Universiti Putra Malaysia (UPM) through Putra Grant
(9580700), the Universiti Teknologi MARA (UiTM) through MyRA LPhD grant (600-RMC/GPM LPHD
5/3 (129/2021)) and the Ministry of Higher Education, Malaysia (Hadiah Latihan Persekutuan—SLPP).

Institutional Review Board Statement: The in vitro study was performed with the approval of
the Institutional Biosafety and Biosecurity Committee (IBBC) of the Universiti Putra Malaysia
(UPM/IBBC/NGMO/2021/R004) on 3 January 2022.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analysed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: All authors sincerely thank the following funding agencies: the Centre for
Diagnostic Nuclear Imaging (CDNI), UPM, the Department of Cell and Molecular Biology, Faculty of
Biotechnology and Biomolecular Sciences, UPM, and the Department of Nuclear Medicine, National
Cancer Institute, Putrajaya.

Conflicts of Interest: The authors declare no conflict of interest regarding this article.

References

1. Pullan, J.E.; Lotfollahzadeh, S. Primary Bone Cancer; StatPearls Publishing: Treasure Island, FL, USA, 2022.
2. de Azevedo, J.W.V.; de Medeiros Fernandes, T.A.A.; Fernandes, J.V.; de Azevedo, J.C.V.; Lanza, D.C.F.; Bezerra, C.M.; Andrade,

V.S.; de Araújo, J.M.G.; Fernandes, J.V. Biology and pathogenesis of human osteosarcoma (Review). Oncol. Lett. 2020, 19,
1099–1116. [CrossRef] [PubMed]

3. Abarrategi, A.; Tornin, J.; Martinez-cruzado, L.; Hamilton, A.; Martinez-campos, E.; Rodrigo, J.P.; González, M.V.; Baldini, N.;
Garcia-castro, J.; Rodriguez, R. Osteosarcoma: Cells-of-Origin, Cancer Stem Cells, and Targeted Therapies. Stem Cells Int. 2016,
2016, 13. [CrossRef] [PubMed]

4. Cancer Research UK Survival for Bone Cancer. Available online: https://www.cancerresearchuk.org/about-cancer/bone-cancer/
survival (accessed on 25 July 2022).

5. The American Cancer Society Survival Rates for Osteosarcoma. Available online: https://www.cancer.org/cancer/osteosarcoma/
detection-diagnosis-staging/survival-rates.html (accessed on 18 July 2022).

6. Scimeca, M.; Urbano, N.; Rita, B.; Mapelli, S.N.; Catapano, C.V.; Carbone, G.M.; Ciuffa, S.; Tavolozza, M.; Schillaci, O.; Mauriello,
A.; et al. Prostate Osteoblast-Like Cells: A Reliable Prognostic Marker of Bone Metastasis in Prostate Cancer Patients. Contrast
Media Mol. Imaging 2018, 2018, 9840962. [CrossRef] [PubMed]

7. Jin, J.K.; Dayyani, F.; Gallick, G.E. Steps in prostate cancer progression that lead to bone metastasis. Int. J. Cancer 2011, 128,
2545–2561. [CrossRef] [PubMed]

8. Quiroz-Munoz, M.; Izadmehr, S.; Arumugam, D.; Wong, B.; Kirschenbaum, A.; Levine, A.C. Mechanisms of osteoblastic bone
metastasis in prostate cancer: Role of prostatic acid phosphatase. J. Endocr. Soc. 2019, 3, 655–664. [CrossRef]

9. Bayouth, J.E.; Macey, D.J.; Kasi, L.P.; Fossella, F. V Dosimetry and toxicity of samarium-153-EDTMP administered for bone pain
due to skeletal metastases. J. Nucl. Med. 1994, 35, 63–69.

10. Costelloe, C.M.; Chuang, H.H.; Madewell, J.E. FDG PET for the detection of bone metastases: Sensitivity, specificity and
comparison with other imaging modalities. PET Clin. 2010, 5, 281–295. [CrossRef]

11. Azad, G.K.; Cook, G.J. Multi-technique imaging of bone metastases: Spotlight on PET-CT. Clin. Radiol. 2016, 71, 620–631.
[CrossRef]

12. Cuccurullo, V.; Di Stasio, G.D.; Mansi, L. Nuclear Medicine in Prostate Cancer: A New Era for Radiotracers. World J. Nucl. Med.
2018, 17, 70–78. [CrossRef]

13. Hung, C.-S.; Su, H.-Y.; Liang, H.-H.; Lai, C.-W.; Chang, Y.-C.; Ho, Y.-S.; Wu, C.-H.; Ho, J.-D.; Wei, P.-L.; Chang, Y.-J. High-level
expression of CXCR4 in breast cancer is associated with early distant and bone metastases. Tumor Biol. 2014, 35, 1581–1588.
[CrossRef]

14. Calais, J.; Cao, M.; Nickols, N.G. The Utility of PET/CT in the Planning of External Radiation Therapy for Prostate Cancer. J. Nucl.
Med. 2018, 59, 557–567. [CrossRef] [PubMed]

15. Araz, M.; Aras, G.; Küçük, Ö.N. The role of 18F-NaF PET/CT in metastatic bone disease. J. Bone Oncol. 2015, 4, 92–97. [CrossRef]
[PubMed]

224



Molecules 2022, 27, 7969

16. Bouter, C.; Meller, B.; Sahlmann, C.O.; Staab, W.; Wester, H.J.; Kropf, S.; Meller, J. (68)Ga-Pentixafor PET/CT Imaging of
Chemokine Receptor CXCR4 in Chronic Infection of the Bone: First Insights. J. Nucl. Med. 2018, 59, 320–326. [CrossRef] [PubMed]

17. Schirrmeister, H.; Guhlmann, A.; Elsner, K.; Kotzerke, J.; Glatting, G.; Rentschler, M.; Neumaier, B.; Träger, H.; Nüssle, K.; Reske,
S.N. Sensitivity in Detecting Osseous Lesions Depends on Anatomic Localization: Planar Bone Scintigraphy Versus 18F PET. J.
Nucl. Med. 1999, 40, 1623–1629.

18. Schirrmeister, H.; Guhlmann, A.; Kotzerke, J.; Santjohanser, C.; Kühn, T.; Kreienberg, R.; Messer, P.; Nüssle, K.; Elsner, K.; Glatting,
G.; et al. Early detection and accurate description of extent of metastatic bone disease in breast cancer with fluoride ion and
positron emission tomography. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 1999, 17, 2381–2389. [CrossRef]

19. Bastawrous, S.; Bhargava, P.; Behnia, F.; Djang, D.S.W.; Haseley, D.R. Newer PET application with an old tracer: Role of 18F-NaF
skeletal PET/CT in oncologic practice. Radio Graph. 2014, 34, 1295–1316. [CrossRef]

20. Fleisch, H.; Russel, R.; Straumann, F. Effect of Pyrophosphate on Hydroxyapatite and Its Implications in Calcium Homeostasis.
Nature 1966, 212, 901–903. [CrossRef]

21. Russell, R.G.G.; Watts, N.B.; Ebetino, F.H.; Rogers, M.J. Mechanisms of action of bisphosphonates: Similarities and differences
and their potential influence on clinical efficacy. Osteoporos. Int. 2008, 19, 733–759. [CrossRef]

22. Gonzalez-Galofre, Z.N.; Alcaide-Corral, C.J.; Tavares, A.A.S. Effects of administration route on uptake kinetics of 18F-sodium
fluoride positron emission tomography in mice. Sci. Rep. 2021, 11, 5512. [CrossRef]

23. Keeling, G.P.; Sherin, B.; Kim, J.; San Juan, B.; Grus, T.; Eykyn, T.R.; Rösch, F.; Smith, G.E.; Blower, P.J.; Terry, S.Y.A.; et al. [68
Ga]Ga-THP-Pam: A Bisphosphonate PET Tracer with Facile Radiolabeling and Broad Calcium Mineral Affinity. Bioconjug. Chem.
2020, 32, 1276–1289. [CrossRef]

24. Ebetino, E.H.; Barnett, B.L.; Russell, R.G.G. A computational model delineates differences in hydroxyapatite binding affinities of
bisphosphonates in clinical use VO—20 RT—Conference Proceedings. J. Bone Miner. Res. 2005, 20, S259.

25. Jahnke, W.; Henry, C. An in vitro assay to measure targeted drug delivery to bone mineral. ChemMedChem 2010, 5, 770–776.
[CrossRef] [PubMed]
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Abstract: Background: The somatostatin receptors 1–5 are overexpressed on neuroendocrine neo-
plasms and, as such, represent a favorable target for molecular imaging. This study investigates the
potential of [18F]AlF-NOTA-[1-Nal3]-Octreotide and compares it in vivo to DOTA- and NOTA-[1-
Nal3]-Octreotide radiolabeled with gallium-68. Methods: DOTA- and NOTA-NOC were radiolabeled
with gallium-68 and NOTA-NOC with [18F]AlF. Biodistributions of the three radioligands were
evaluated in AR42J xenografted mice at 1 h p.i and for [18F]AlF at 3 h p.i. Preclinical PET/CT was
applied to confirm the general uptake pattern. Results: Gallium-68 was incorporated into DOTA-
and NOTA-NOC in yields and radiochemical purities greater than 96.5%. NOTA-NOC was radio-
labeled with [18F]AlF in yields of 38 ± 8% and radiochemical purity above 99% after purification.
The biodistribution in tumor-bearing mice showed a high uptake in tumors of 26.4 ± 10.8 %ID/g
for [68Ga]Ga-DOTA-NOC and 25.7 ± 5.8 %ID/g for [68Ga]Ga-NOTA-NOC. Additionally, [18F]AlF-
NOTA-NOC exhibited a tumor uptake of 37.3 ± 10.5 %ID/g for [18F]AlF-NOTA-NOC, which further
increased to 42.1 ± 5.3 %ID/g at 3 h p.i. Conclusions: The high tumor uptake of all radioligands was
observed. However, [18F]AlF-NOTA-NOC surpassed the other clinically well-established radiotracers
in vivo, especially at 3 h p.i. The tumor-to-blood and -liver ratios increased significantly over three
hours for [18F]AlF-NOTA-NOC, making it possible to detect liver metastases. Therefore, [18F]AlF
demonstrates promise as a surrogate pseudo-radiometal to gallium-68.

Keywords: octreotide; AlF; neuroendocrine; PET; gallium-68; F-18

1. Introduction

Neuroendocrine tumors may occur throughout the body, although they are generally
in a gastrointestinal or broncho-pulmonary location, and can release a range of hormones,
neurotransmitters, and other compounds with pharmacological effects [1]. For the diag-
nosis and staging of neuroendocrine tumors, the somatostatin receptor subtypes 1–5, and
mainly subtype 2, embody well-known and confirmed targets for molecular imaging and
therapy, as exemplified in the NETTER-1 trial applying [177Lu]Lu-DOTA-TATE for midgut
neuroendocrine tumors [2]. The widely accepted and licensed ‘kits’ SomakitTOC and
NETSpot for 68Ga-labeling to prepare [68Ga]Ga-DOTATOC and [68Ga]Ga-DOTATATE, re-
spectively, for positron emission tomography (PET) has replaced [111In]In-DTPA-octreotide
(Octreoscan) and [99mTc]Tc-EDDA/HYNIC-TOC (Tektrotyd) for scintigraphy [3]. The
increasing demand for licensed gallium-68 from commercial [68Ge]Ge/[68Ga]Ga genera-
tors for this application and HBED-PSMA-11 for prostate cancer imaging may outstrip
the present-day supply [4]. An emerging technology to meet future demand comprises
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accelerator-produced gallium-68 on biomedical cyclotrons by proton irradiation on en-
riched zinc-68 [5–8], but this is not yet widely adopted. At the same time, [18F]aluminum
fluoride could be regarded as a pseudo-radiometal and a convenient replacement for tra-
ditional radiometals. As a development to facilitate radiofluorination without the use
of prosthetic groups, McBride et al. expanded the means of direct radiolabeling with
fluoride-18 via aluminum chelation [9,10]. This conveys the favorable characteristics of
fluoride-18 (availability, longer half-life, short positron range and high positron yield, and
fewer gamma emissions) compared to gallium-68, but still via chelation. Other means to
directly label with fluoride-18 utilize the affinity of fluoride toward boron or silicon, but
this labeling strategy requires the precursor compound to be chemically prepared and does
not allow for a change to a therapeutic radioisotope [11,12].

Herein, we describe the radiolabeling and evaluation of the octreotide analog NOTA-
[1-Nal3]-Octreotide (NOTA-NOC) with [18F]AlF for potential abundant access to a clinically
important radiopharmaceutical with an affinity for somatostatin receptor subtype 2, 3, and
5. Additionally, we describe the preclinical comparison of [18F]AlF-NOTA-NOC to both
[68Ga]Ga-DOTA-NOC and [68Ga]Ga-NOTA-NOC by biodistribution and PET/CT imaging.

2. Results

2.1. Radiolabeling and Stability

The radiolabeling of DOTA- and NOTA-NOC with gallium-68 was achieved in yields
greater than 97.4% and radiochemical purities (RCP) of 98.5 ± 0.2% (n = 4) and 96.5 ± 0.5%
(n = 7), respectively, and was not subjected to further purification. Apparent molar activities
of 11.6 ± 0.9 MBq/nmol for [68Ga]Ga-DOTA-NOC and 12.1 ± 1.9 for [68Ga]Ga-NOTA-NOC
were observed.

The radiolabeling comprised of fluorine-18, ethanol, AlCl3, and NOTA-NOC was
achieved by mixing all reagents in a sealed polypropylene vial for 15 min at 105 ◦C. To
remove unreacted [18F]fluoride and possibly AlCl3 and species thereof, the [18F]AlF-NOTA-
NOC was purified by solid-phase extraction on an Empore C18 extraction disc to achieve a
high RCP of 99.3 ± 0.6% (n = 3). [18F]AlF-NOTA-NOC was obtained in yields of 38 ± 8%
(n = 3), non-decay corrected (non d.c.), applying up to 6 GBq of fluorine-18. An apparent
molar activity of 32 ± 10 MBq/nmol was achieved for [18F]AlF-NOTA-NOC at the end of
synthesis. The serum stability [18F]AlF-NOTA-NOC was found to be high with an initial
RCP of 99.2%, decreasing to 98.4% after 3 h.

2.2. Determination of LogP and KD

The partition coefficient, LogP, for the three compounds was determined to be −1.20
for [18F]AlF-NOTA-NOC, −1.29 for [68Ga]Ga-NOTA-NOC, and −1.42 for [68Ga]Ga-DOTA-
NOC. The apparent dissociation constant, KD, for [18F]AlF-NOTA-NOC was determined to
be 3.47 nM.

2.3. Animal Experiments

In a subcutaneous AR42J mouse model, [18F]AlF-NOTA-NOC exhibited a similar
uptake pattern by ex vivo biodistribution as that of [68Ga]Ga-DOTA/NOTA-NOC with
some differences summarized in the discussion. The biodistribution is summarized in
Figure 1. Very high uptake in the tumor was observed for all radioconjugates at 1 h post-
injection (p.i.), viz., 26.4 ± 10.8% ID/g for [68Ga]Ga-DOTA-NOC, 25.7 ± 5.8% ID/g for
[68Ga]Ga-NOTA-NOC, and 37.3 ± 10.5% ID/g for [18F]AlF-NOTA-NOC, which further
increased to 42.1 ± 5.3% ID/g at the 3 h time point for [18F]AlF-NOTA-NOC. In addition,
receptor-positive normal tissues (pancreas, stomach, intestines, and lungs) exhibited an
expected moderate to high uptake, whereas the radioactivity seen in the kidneys was
primarily due to the kidneys being the major route of excretion.
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Figure 1. Biodistribution of [68Ga]Ga-NOTA-NOC (50.2 ± 5 pmol, 627 ± 116 kBq), [68Ga]Ga-DOTA-
NOC (42.5 ± 6 pmol, 509 ± 24 kBq), and [18F]AlF-NOTA-NOC (47 ± 10 pmol, 1017 ± 279 kBq) in
AR42J xenograft mice. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.

3. Discussion

Initial attempts to radiolabel NOTA-NOC with [18F]AlF led to low and irreproducible
labeling yields (<5% non d.c.) and required optimization as to the stoichiometric ratio of
AlCl3 to NOTA-NOC. Similar to the previous radiolabeling of RGD and bombesin peptides,
the best conditions were found to comprise equimolar amounts of peptide and AlCl3 [13,14].
By performing the radiolabeling in 65–70% ethanol, a method developed by Laverman et al.
and others [15–17], we achieved the highest radiolabeling yield of up to 46% non d.c. It was,
therefore, necessary to remove unlabeled [18F]AlF rapidly using the Empore extraction disc
to achieve high radiochemical purity. This renders kit-like radiolabeling with [18F]AlF less
suitable, although precedence exists, but more suitable for automated production [16,18].
The radiolabeling of DOTA- and NOTA-NOC with gallium-68 was performed in nearly
quantitative yields and was formulated and applied without further purification.

The ex vivo biodistribution was performed with comparable molar amounts (app.
45 pmol) of the different radioligands. From the biodistribution in Figure 1, it is seen
that normal tissues (small intestines, pancreas, and stomach), which are generally so-
matostatin receptor-positive, display a statistically significant higher uptake of [68Ga]Ga-
NOTA-NOC and [18F]AlF-NOTA-NOC than [68Ga]Ga-DOTA-NOC at the 1 h time point.
This is less evident in the colon and lungs, which are also somatostatin receptor-positive.
The variances in the uptake may be a feature of differences in the conformation of the
radiometal chelate complexes, lipophilicity, and their overall charge as the increased uptake
is displayed for both NOTA functionalized compounds [12]. On the other hand, both
DOTA- and NOTA-NOC tumor uptake remained relatively similar and stable when radio-
labeled with gallium-68 ([68Ga]Ga-DOTA-NOC: 26.4 ± 10.8% ID/g; [68Ga]Ga-NOTA-NOC:
25.7 ± 5.8% ID/g). When applying [18F]AlF-NOTA-NOC, the tumor uptake after 1 h was
elevated to 37.3 ± 10.5% ID/g and increased further to 42.1 ± 5.3% ID/g at the 3 h time
point. Laverman et al. found a comparable tumor uptake of an [18F]AlF labeled octreotide
analog of 28.3 ± 5.7% ID/g after 2 h of injection of 200 pmol in an AR42J xenograft model,
i.e., a 4-fold higher molar injection than in this study [15]. Importantly, at the 3 h time point
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of biodistribution, at which point the normal tissue has cleared of [18F]AlF-NOTA-NOC, the
liver displayed a significantly lower uptake of [18F]AlF-NOTA-NOC (2.1 ± 0.1% ID/g) than
that of [68Ga]Ga-DOTA-NOC (7.2 ± 1.6% ID/g) after 1 h (p = 0.014). A surprisingly low
uptake in the spleen and a relatively high uptake in the lungs were observed for all ligands,
which is very different from the typical uptake pattern in humans. For [68Ga]Ga-DOTA-
NOC in humans, the spleen is normally the organ with the highest receptor-specific uptake,
followed by the kidneys and liver, while the uptake in the lungs is low [19]. However, a
tissue uptake pattern similar to ours in tumor-bearing mice in previous studies was seen
using radiometal-labeled DOTA-TATE, suggesting inter-species differences [20,21].

The tumor-to-blood and -liver ratios for [68Ga]Ga-DOTA-NOC were 35 and 3.7, and
for [68Ga]Ga-NOTA-NOC, the ratios were determined to be comparable at 31 and 5.2,
respectively (Figure 2). However, for [18F]AlF-NOTA-NOC, the corresponding ratios were
52 for the tumor-to-blood and 9.0 for the tumor-to-liver ratio at 1 h p.i., increasing to 295
and 21, respectively, at the 3 h time point. Thus, for the liver, which represents a major site
of metastasis, an increased tumor-to-organ ratio, and thus image contrast, of a factor of
nearly 4-5 was determined for [18F]AlF-NOTA-NOC over the other two radioconjugates.

Figure 2. Tumor-to-organ ratios for each organ and radiopharmaceutical.

By preclinical PET/CT imaging of the uptake in the xenograft tumor model, Figure 3,
the general uptake pattern found in the ex vivo biodistribution was confirmed for all
radioconjugates. A pronounced excretion of [18F]AlF-NOTA-NOC via the gall bladder,
as indicated by PET/CT, could be an effect of increased lipophilicity of this particular
radioconjugate (logP −1.20 for [18F]AlF-NOTA-NOC vs. −1.29 and −1.42 for [68Ga]Ga-
NOTA-NOC and [68Ga]Ga-DOTA-NOC, respectively), which carries neutral charge with
regard to the radiolabeled complex. Additionally, the stable chelation of [18F]AlF by the lack
of skeletal uptake from unbound fluoride-18 and aluminum species thereof was confirmed
and is in agreement with Laverman et al. at both 1 and 3 h p.i. [15].
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Figure 3. PET/CT MIP images of AR42J xenograft mice injected with [68Ga]Ga-NOTA-NOC at 1 h
(A), [68Ga]Ga-DOTA-NOC at 1 h (B), [18F]AlF-NOTA-NOC at 1 h (C), and [18F]AlF-NOTA-NOC at
3 h (D). Tumors are indicated by arrows.

4. Materials and Methods

4.1. General

The peptidic precursors NOTA-[1-Nal3] octreotide acetate (NOTA-NOC) and DOTA-
[1-Nal3] octreotide acetate (DOTA-NOC) were purchased from ABX (Radeberg, Germany).
Aluminum chloride (AlCl3·xH2O, 99.999%), sodium acetate buffer for complexometry
(pH 4.6), bovine serum albumin, sodium acetate (anhydrous, ≥99.999%), and acetic acid
(≥99.0%, traceSELECT) were obtained from Sigma-Aldrich. Deionized (DI) water with a
resistivity of 18.2 MQ·cm was acquired from a MilliQ Direct-Q 3 UV water purification
system. AlCl3·xH2O (10 mM) in 0.5 M NaOAc, pH 4.1, was prepared from 408 mg anhy-
drous sodium acetate with 1.15 mL acetic acid to 50.0 mL DI water. To this solution, 120 mg
AlCl3·xH2O (assumed to be fully hydrated, x = 6, Mw 242) was dissolved. Phosphate
buffered saline and ethanol (100%) were acquired from the local hospital pharmacy. The
fluoride-18 was produced by the standard proton bombardment of [18O]H2O on a GE
PETtrace cyclotron. The radiochemical yields and purities were determined by reverse
phase HPLC (Phenomenex Jupiter C18, 150 × 4.6 mm, H2O + 0.1% TFA:ACN gradient).
The radioisotope conjugates were formulated in phosphate buffer containing 0.1% bovine
serum albumin and applied for preclinical PET/CT imaging and biodistribution.

4.2. In Vitro Experiments

AR42J cells (CLS Cell Lines Service GmbH) were grown in Nutrient Mixture F-12 Ham
(Sigma-Aldrich) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin,
and 2 mM L-glutamine (all from Thermo Fisher Scientific) and kept at 37 ◦C under 5% CO2.
The AR42J cells were harvested by trypsinization and prepared in 50 μL medium mixed
with extracellular matrix gel (Sigma-Aldrich; ratio 1:1).

For saturation binding analyses, 200,000 AR42J cells were seeded in 24-well plates
and allowed to adhere overnight. The next day, the medium was removed and the cells
were washed once with binding buffer (F12 containing 1% FBS, 1% P/S, and 0.5% bovine
serum albumin) and then incubated for 1 h at 37 ◦C in fresh binding buffer. Afterward, the
plates were placed at 4 ◦C for 30 min followed by incubation with increasing amounts of
[18F]AlF-NOTA-NOC (1–75 nM, 0.017–0.97 MBq) for 2 h at 4 ◦C. Non-specific bindings was
determined by co-incubation with 10 μM Octreotide acetate (Sequoia Research Products
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Ltd., Pangbourne, UK). The cells were washed twice with cold PBS and solubilized with
1 M NaOH. The cell-associated radioactivity was measured using a 2470 Wizard Automatic
gamma counter. The dissociation constant (KD) value was determined by non-linear
regression using GraphPad Prism [22].

4.3. Radiolabelling and Stability

Radiolabeling with gallium-68 was performed by fractionated elution of an Eckert-
Ziegler generator in volumes of 25–30 drops of 0.1 M HCl. DOTA- or NOTA-NOC (3 nmol,
1 nmol/μL), 100 μL eluate, 10 μL ethanol (100%), and 30 μL sodium acetate buffer, pH 4.6,
were mixed in a microwave glass vial and sealed. The mixture was heated to 90 ◦C for
2 min by dynamic microwave irradiation (PETwave).

Fluoride-18 was loaded onto a Chromafix PS-HCO3 cartridge pre-conditioned with
deionized water by helium pressure from the cyclotron. The radioactive cartridge was
washed with 8 mL DI water, and the fluoride-18 was eluted with 0.9% saline (100 μL) to
yield a stock solution of purified fluoride-18. The [18F]AlF-NOTA-NOC was prepared
in one pot by mixing the fluoride-18 (0.7–6 GBq in 100 μL 0.9% saline) with the peptide
(20 nmol in DI water, 27 μL), ethanol (100%, 0.4 mL), AlCl3 (10 mM, 2 μL) in sodium acetate
buffer (0.5 M, pH 4.1), and sodium acetate buffer (pH 4.1, 0.5 M, 80 μL), followed by heating
in a sealed polypropylene vial for 15 min at 105 ◦C in a heating block. Then, the reaction
mixture was diluted with DI water (8 mL) and loaded onto a pre-conditioned solid-phase
extraction disc (3M Empore C18-SD, 35 mg, 6 mL) by the application of an evacuated vial.
The disc was then washed with DI water, and the compound was eluted with ethanol
(70%, fractionation in app. 5 drops). The stability of [18F]AlF-NOTA-NOC was tested as
described by Dam et al. by hourly HPLC analysis at 0, 1, 2, and 3 h [23].

4.4. Determination of LogP

Radiolabeled peptide (5 μL, 3–5 MBq) was added to Dulbecco’s PBS (495 μL) along
with 1-Octanol (500 μL) in an Eppendorf tube. The tubes were vortexed for 5 min and
centrifuged to separate phases. A volume of 10 μL of each phase was transferred to new
Eppendorf tubes. The fractions were counted in an well counter (Atomlab 950) and LogP
were calculated [LogP = Counts(1−Octanol)/Counts(PBS)].

4.5. Animal Experiments

All animal experiments were planned and performed following the national legisla-
tion by the Animal Experiments Inspectorate in Denmark. Male SCID (severe combined
immunodeficiency) mice (bred in-house, age 9–12 weeks) had access to water and chow
ad libitum. Anesthesia with approximately 2% isoflurane in 100% oxygen was applied
and the mice were inoculated subcutaneously in the left shoulder with 1 × 106 AR42J
cells 12–15 days before the experiment (tumor weight 364 ± 58 mg). For biodistribution,
the AR42J xenografted mice were injected in the tail vein with [68Ga]Ga-NOTA-NOC
(50.2 ± 5 pmol, 627 ± 116 kBq, n = 4), [68Ga]Ga-DOTA-NOC (42.5 ± 6 pmol, 509 ± 24 kBq,
n = 3), or [18F]AlF-NOTA-NOC (47.0 ± 10 pmol, 1017 ± 279 kBq, n = 3 for each time point).
After 1 or 3 h, the mice were sacrificed and the organs were collected and weighed. The
organ radioactivities were quantified in an Atomlab 950 well spectrometer which was cross
calibrated to a high-purity germanium detector. The tissue uptake of injected radioactivity
was determined as a percentage of the applied total injected activity per gram, %IA/g.

For PET/CT imaging, a Siemens Inveon preclinical scanner (Siemens Healthcare,
Knoxville, TN, USA) was applied in docked mode. The animals were anesthetized (app. 2%
isoflurane in oxygen) and placed on a dedicated heated scanner bed in the prone position.
The scan commenced with a 2-bed CT scan performed with the settings: 360 projections, full
rotation, and bin 4 at 80 kV, and 500 μA in 350 mS. The CT scan was followed by a 70 min
dynamic PET scan (framed 4 × 30 s, 10 × 60 s, 1 × 180 s, 3 × 900 s, and 1 × 600 s) initiated
immediately before tail-vein injection of [68Ga]Ga-DOTA-NOC (3.9 MBq), [68Ga]Ga-NOTA-

232



Molecules 2022, 27, 6818

NOC (4.7 MBq), or [18F]AlF-NOTA-NOC (11.3 MBq). For comparable imaging, a 30 min
static PET/CT scan was performed at 3 h p.i. of [18F]AlF-NOTA-NOC.

CT and PET images were co-registered using a transformation matrix, and the CT-
based attenuation corrected PET data were reconstructed using an OSEM3D/MAP algo-
rithm (matrix 128 × 128, with 2 OSEM3D iterations, and 18 MAP iterations, target resolution
1.5 mm) using the image analysis software Inveon Research Workplace (Siemens Health-
care). Three-dimensional regions of interests (ROIs) were drawn on the fused PET/CT
images covering the tumor volumes. Maximum intensity projection (MIP) images were
obtained after setting the PET signal scale from zero to the maximum of the tumor uptake in
the ROIs and adjusted to display a color scale from 0 to the maximum tumor uptake value.

4.6. Statistics

GraphPad Prism 6.07 was applied for statistical analysis and data fitting. One-way
ANOVA and Bonferroni correction for multiple comparisons were applied for each organ.
P values considered statistically significant were * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001,
and **** p ≤ 0.0001. The Student’s two-tailed t-test was applied for exploration statistics
within a single organ-to-tumor comparison for one time point. Data are presented as the
mean ± SEM.

5. Conclusions

In this work, a very high uptake of [18F]AlF-NOTA-NOC was demonstrated in a
subcutaneous mouse model of AR42J and compared to [68Ga]Ga-DOTA/NOTA-NOC. A
more pronounced effect on the uptake in receptor-positive normal tissues was observed by
changing the chelator from DOTA to NOTA than the effect from changing the radiolabel.

By applying biodistribution and PET imaging at 3 h p.i., the tumor-to-blood and -liver
ratios were significantly increased. For the diagnosis and staging of neuroendocrine tumors,
[18F]AlF shows promise as an excellent surrogate pseudo-radiometal instead of gallium-68
at both 1 and 3 h p.i. A more delicate stoichiometric balance exists for achieving near
quantitative radiolabeling yields with [18F]AlF on the NOTA chelator than for traditional
radiometals. Therefore, further work is needed to automate the production and purification
to reach the potential of [18F]AlF-NOTA-NOC in the clinic.

Author Contributions: J.H.D. and N.L. designed, performed, and analyzed the experiments. C.B.,
A.Y.N. and B.B.O. performed the in vitro and vivo work. H.T. analyzed the data and interpreted
the results. J.H.D., H.T. and N.L. wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: The research project was solely funded by the Department of Nuclear Medicine, Odense
University Hospital.

Institutional Review Board Statement: The animal study protocol was approved by The Animal Ex-
periments Inspectorate in Denmark: protocol license 2016-15-0201-01027, approved 25 August 2016.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: The authors acknowledge the Danish Molecular Biomedical Imaging Center
(DaMBIC) for the use of the small animal PET/CT facilities at the University of Southern Denmark.

Conflicts of Interest: The authors declare no conflict of interest.

233



Molecules 2022, 27, 6818

Abbreviations

ACN Acetonitrile
AlF [18F]aluminum fluoride
PET Positron emission tomography
CT Computed tomography
DI De-ionized
DOTA 1,4,7,10-Tetraazacyclododecane-N,N′,N′ ′,N′ ′ ′-tetraacetic acid
HPLC High pressure liquid chromatography
NOC -[1-Nal3]-Octreotide
NOTA 1,4,7-Triazacyclononane-1,4,7-triyltriacetic acid
RCPSCID Radiochemical puritySevere combined immunodeficiency
SEM Standard error of the mean
TATETFA [Tyr3, Thr8]-octreotideTrifluoroacetic acid
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Abstract: (1) Background: [18F]Flumazenil 1 ([18F]FMZ) is an established positron emission tomogra-
phy (PET) radiotracer for the imaging of the gamma-aminobutyric acid (GABA) receptor subtype,
GABAA in the brain. The production of [18F]FMZ 1 for its clinical use has proven to be challenging,
requiring harsh radiochemical conditions, while affording low radiochemical yields. Fully charac-
terized, new methods for the improved production of [18F]FMZ 1 are needed. (2) Methods: We
investigate the use of late-stage copper-mediated radiofluorination of aryl stannanes to improve the
production of [18F]FMZ 1 that is suitable for clinical use. Mass spectrometry was used to identify
the chemical by-products that were produced under the reaction conditions. (3) Results: The ra-
diosynthesis of [18F]FMZ 1 was fully automated using the iPhase FlexLab radiochemistry module,
affording a 22.2 ± 2.7% (n = 5) decay-corrected yield after 80 min. [18F]FMZ 1 was obtained with a
high radiochemical purity (>98%) and molar activity (247.9 ± 25.9 GBq/μmol). (4) Conclusions: The
copper-mediated radiofluorination of the stannyl precursor is an effective strategy for the production
of clinically suitable [18F]FMZ 1.

Keywords: radiofluorination; PET imaging; GABAA; radiochemistry; Flumazenil 1; benzodiazepine;
stannyl; stannane

1. Introduction

Flumazenil 1, marketed as Romazicon, is primarily used clinically for the treatment of
a benzodiazepine overdose and for the reversal of the sedative effects of anesthesia [1,2].
Flumazenil 1 is a potent competitive antagonist at the benzodiazepine site of the gamma-
aminobutyric acid (GABA) receptor subtype, GABAA. The amino acid GABA is the primary
inhibitory neurotransmitter in the central nervous system (CNS) and functions to inhibit
neuronal activity through its action at the GABAA receptors [3]. In addition to binding to
GABA, these ligand-gated ion channels also bind benzodiazepines, a class of psychoactive
drugs with a core structure encompassing a fused benzene ring and a diazepine ring [4,5]
which facilitates the action of GABA at this receptor.

Alterations in GABAergic function including at the GABAA receptor is associated with
a variety of neurological disorders including substance use disorder, schizophrenia, autism
spectrum disorder, major depressive disorder and epilepsy [6–11]. Therefore, a quantitative
assessment of GABAA receptors in the brain using positron emission tomography (PET)
can provide valuable information concerning the GABAergic function of a broad range of
neurological and neuropsychiatric conditions [12,13].
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PET represents the most selective and sensitive (pico- to nano-molar range) non-
invasive molecular imaging technique for the quantification of receptor density and drug
interactions in vivo [14]. PET utilizes biologically active drugs at tracer doses which are ra-
diolabeled with short-lived positron-emitting radionuclides. Fluorine-18 is one of the most
useful positron-emitting radionuclides with ideal properties for PET imaging. Therefore,
F-18-labelled flumazenil 1 has evolved to be one of the most useful radiopharmaceuticals
for the PET imaging of GABAA receptors [13,15]. [18F]Flumazenil 1 ([18F]FMZ) is now well
established in the clinical management of drug-resistant temporal lobe epilepsy (TLE) with
excellent sensitivity and anatomical resolution [13].

[18F]FMZ 1 is commonly prepared by the nucleophilic aromatic substitution (SNAr)
of the nitro group on nitromazenil using ‘naked’ fluoride-18 (Figure 1) [16]. Considering
that nucleophilic aromatic substitution by fluoride-18 ion does not proceed well unless
it is activated by a strong electron withdrawing group in the ortho- or para-position, the
effective production of [18F]FMZ 1 by SNAr has been subjected to considerable optimization
to proceed with a satisfactory RCY [17]. The electron withdrawing groups enable the
radiofluorination of arenes by reducing the electron density at the target carbon and by
resonance stabilization of the arising Meisenheimer complex in an addition-elimination
mechanism. Therefore, improved methods for the preparation of [18F]FMZ 1 in high yield
and under mild chemical conditions, affording a satisfactory chemical purity, has been the
subject of over a decade of radiopharmaceutical research.

Figure 1. Nucleophilic radiofluorination methods for the preparation of [18F]flumazenil 1.

Windhorst and co-workers initially reported the radiosynthesis of [18F]FMZ 1 by the
substitution of the nitro group of nitromazenil or by the isotopic exchange (F-19 substi-
tuted by F-18) of flumazenil 1 (Figure 1) [18]. The radiofluorination was performed at
an elevated temperature (≥130 ◦C), a reduced pressure (≤0.8 bar) and with the use of
2,4,6-trimethylpyridine as solvent. These harsh conditions afforded a moderate (44% yield
by isotopic exchange) to low yield (≤12% yield by nitro substitution). Furthermore, the
method using an isotopic exchange afforded [18F]FMZ 1 with a low molar activity (the ratio
of the quantity of F-18-labeled molecules to the total quantity of FMZ (i.e., containing either
F-18 or F-19)) [19]. The preparation of [18F]FMZ 1 by isotopic exchange was further im-
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proved by Ryzhikov and co-workers by employing standard radiofluorination conditions,
but the final product retained a low molar activity [20]. Halldin and co-workers optimized
the radiofluorination conditions for the substitution of the nitro group of nitromazenil
to afford a moderate radiochemical yield (30%) and a high molar activity of [18F]FMZ 1,

at a high temperature (160 ◦C for 30 min) [16]. These conditions have since become the
method of choice for the preparation of [18F]FMZ 1, with nitromazenil precursor becoming
commercially available through specialized suppliers. However, we note that Schirrmacher
and co-workers reported only a 2–5% overall radiochemical yield (RCY) when adopting
these conditions [21]. Similarly, van Dam and co-workers reported only a 7 ± 2% overall
RCY under these conditions, thus highlighting the limitations of this method [22]. Our own
experience with this method has also led to 3–4% isolated yields of [18F]FMZ 1 [13,23,24].
Some of these variations in RCY could arise from inconsistencies in the measurement of
RCY and by not taking into consideration the recovery of radioactivity from the systems
that are in use.

A major breakthrough in the radiofluorination of inert aromatic systems was first
described by Pike and coworkers, using diaryliodonium salts to facilitate substitution
reactions [25]. This method has been applied by Seok Moon and co-workers to prepare
[18F]FMZ 1 in a high radiochemical yield (67.2 ± 2.7% decay-corrected) [26]. More recent de-
velopments in F-18 radiochemistry have paved the way for the preparation of a wide range
of radiopharmaceuticals that were previously inaccessible. One key development relates to
the copper-mediated late-stage radiofluorination of aryl boronates and aryl stannanes. The
application of this method to the preparation of [18F]FMZ 1 from a boronic ester precur-
sor has been disclosed (Figure 1), affording a ≤17% decay-corrected radiochemical yield
(n = 2) [27]. The usefulness of this method for the preparation of [18F]FMZ 1 for clinical use
has recently been demonstrated [28]. Importantly, this recent development has optimized
the formation of [18F]FMZ 1 to over a 30–48% radiochemical yield (non-decay-corrected)
when TBA-HCO3 was utilized as a base. One challenging aspect relates to the susceptibility
of boronic esters to hydrolysis and protodeboronation under the column chromatography
conditions [27]. The copper-mediated radiofluorination of boronic esters requires air for the
oxidative transformation of Cu(II) to Cu(III) in the catalytic cycle that facilitates aromatic
radiofluorination [17,27,28]. These limitations may reduce the usefulness of this method.

In contrast, the copper-mediated late-stage radiofluorination of aryl stannanes does not
require air to proceed, and the aryltrialkylstannanes are generally stable under chromato-
graphic conditions. The preparation of [18F]FMZ 1 through the copper-mediated late-stage
fluorination of a stannyl precursor has not been reported. This method introduces some
potential advantages, including the amenability to prepare large amounts of a stannyl
precursor (gram scale) and its simple purification using column chromatography, with
potentially high radiochemical yields, high molar activity and simple automation processes.
Herein, we report the synthesis of a stannyl precursor to flumazenil and the conditions
for its radiofluorination. Furthermore, we translate these conditions using the iPHASE
FlexLab radiochemistry module to fully automate the radiosynthesis of [18F]FMZ 1. We
also investigate the chemical nature of the side products formed in the reaction using mass
spectrometry, and we report on other quality control aspects of the final formulated product
and its suitability for clinical use.

2. Results

2.1. Synthesis of Stannyl Precursor 3

Stannyl precursor 3 was synthesized by the palladium-catalyzed stannylation of
bromomazenil 2 (Figure 2). The stannylation reaction proceeded smoothly to produce
precursor 3 in good chemical yield (65%) after 6 h in toluene. The stannyl precursor 3

was purified using flash chromatography, affording a pure solid material ready for the
radiofluorination reactions.
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Figure 2. Synthesis of stannyl precursor 3.

2.2. Radiosynthesis of [18F]flumazenil 1

With the pure stannyl precursor 3 in hand, we moved toward the optimization of the
copper-catalyzed radiofluorination conditions to obtain [18F]FMZ 1 in good radiochemical
yield (Figure 3). The optimal radiofluorination conditions using copper (II) triflate, pyridine
and DMA were maintained as recommended by Scott and co-workers [29]. We investigated
the effects of temperature and time on the yield of [18F]FMZ 1 and its formation.

Figure 3. Cu-catalyzed radiosynthesis of [18F]FMZ 1.

The [18F]FMZ 1 % formation was heavily dependent on the reaction temperature. At
80 ◦C only 10.2% [18F]FMZ 1 was observed after 10 min of reaction time, and the total
radioactivity that was recovered from the analytical HPLC column was less than 30%.
The low recovery from the analytical HPLC column indicates that the radiochemical yield
of [18F]FMZ 1 may be even lower than was observed (10.2%), as the majority of the free
F-18 ions may be retained in the column. Free F-18 is known to have a notorious affinity
to silica-based HPLC columns at a low pH [30]. As such, it is essential to consider the
% column recovery of the total radioactivity that was injected when determining the
radiochemical yield by the integration of a radiochemical HPLC trace.

Increasing the reaction temperature to 100 ◦C increased the radiochemical yield of
[18F]FMZ 1 to 51.9%. The % recovery of the radioactivity from the HPLC column also
increased to 60% at 100 ◦C, indicating significant improvements in the radiochemical
formation of [18F]FMZ 1. Increasing the reaction temperature to 120 ◦C further increased
radiochemical yield to 58.1% and the % recovery of the radioactivity to 63%. However,
increasing the reaction temperature further to 140 ◦C did not increase the radiochemical
yield, but it did increase the % recovery of the radioactivity to 80%. This may indicate that
the isolated yield of [18F]FMZ 1 maybe higher at 140 ◦C. However, we chose to continue to
perform our optimization reactions at 120 ◦C to avoid the harsher conditions at 140 ◦C that
can damage the reactor apparatus over time.

We then explored the effect of reaction time on the radiochemical yield of [18F]FMZ
1. Reducing the reaction time to 5 min reduced the radiochemical yield of [18F]FMZ 1 at
120 ◦C to 51.1%, with similar HPLC column recovery (63.6%). Increasing reaction time to
20 min also reduced the radiochemical yield of [18F]FMZ 1 to 51.2%, with a slight increase in
HPLC column recovery (71.0%). As such, the optimal conditions for the copper-catalyzed
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radiofluorination of the stannyl precursor 3 to form [18F]FMZ 1 was identified to be at
120 ◦C for 10 min (Table 1).

Table 1. Optimization conditions for the production of [18F]FMZ 1.

Entry 1 Temperature
(◦C)

Time (min) [18F]FMZ RCY% 2 HPLC Column
Recovery (%) 3

1 80 10 10 29.7
2 100 10 52 60.0
3 120 10 58 63.0
4 140 10 57 80.0
5 120 5 51 63.6
6 120 20 51 71.0

1 Radiolabeling conditions: 10 μmol stannyl precursor 3, 40 μmol Cu(OTf)2, 150 μmol pyridine in 1 mL DMA.
2 Radiochemical yield determined by integration of the HPLC radiochemical trace obtained from the analytical
HPLC analysis of the crude reaction mixture. Reactions were performed once under each of these conditions.
HPLC analysis was performed on Kinetex 5 μm XB-C18 4.6 × 150 mm column, 0.1% TFA in 15–90% MeCN:H2O
over 7 min. 3 HPLC column recovery (%) obtained by accurately measuring total injected amount of radioactivity
and the total collected radioactive eluted from the HPLC column. % Recovery was calculated as following:
(collected total radioactivity/injected total radioactivity) * 100. HPLC analysis was performed on Kinetex 5 μm
XB-C18 4.6 × 150 mm column, 0.1% TFA in 15–90% MeCN:H2O over 7 min.

The optimal reaction conditions were than translated using the iPHASE Flexlab ra-
diochemistry module to automate the full production process, including the F-18 isolation
and workup, radiofluorination, HPLC purification and final formulation of [18F]FMZ 1.
[18F]FMZ 1 was produced using the iPHASE Flexlab module using the configurations that
are presented in Table 2. The total automated production time was 80 min to produce the
fully formulated [18F]FMZ 1 in a 22.2 ± 2.7% (n = 5) isolated yield with was decay-corrected
to end of synthesis.

Table 2. Preparation details for the automated production of [18F]FMZ 1 using the iPHASE Flexlab
radiochemistry module.

Entry Position Reagents or Materials Quantities

1 V 13–V 15 Sep-Pak Light QMA 1

2 V 1 KOTf/ K2CO3 in H2O 10 mg KOTf and 50 μg of
K2CO3 in 550 μL H2O

3 V 4
Stannyl Precursor 3 and
Cu(OTf)2/
Pyridine mixture

5 mg of precursor 3 in 1.0 mL
DMA containing 13 mg of
Cu(OTf)2 and 14 μL
of pyridine

4 V 6 0.1% TFA in MeCN:H2O 3.0 mL (2.5:0.5)
5 V 8 Saline 9 mL
6 V 9 Ethanol 1 mL
7 V 11 Saline 5 mL
8 HPLC Flask 1 Milli-Q Water 50 mL
9 V 22–V 46 C18 SPE Cartridge 1

2.3. Chemical Characterization and Quality Control of [18F]FMZ 1 Formulation

The [18F]FMZ 1 was produced to meet the quality control specifications for
F-18-labelled radiopharmaceuticals which are in line with the international standards.
Furthermore, special reference was made to the N-[11C-methyl]flumazenil injection mono-
graph (BP) when assigning the release criteria in Table 3. [18F]FMZ 1 was produced in
high radiochemical purity (>98%). The ethanol that was used during the formulation of
[18F]FMZ 1 was always below 10%, and the other residual solvents that were used through-
out the synthesis (MeCN and DMA) remained below their respective limit, as presented
in Table 3.
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Table 3. Quality control specifications of [18F]FMZ 1.

Parameter Specification Observed Results (n = 3)

Appearance Clear and colorless Pass
pH 4–8 5–6

Residual Solvents (MeCN)
(%V/V) <0.04 0.0066% ± 0.0018%

(0.006–0.008%)3

Residual Solvents (DMA) (%V/V) <0.11 Not detected

Ethanol Determination (%V/V) <10% 7.16% ± 1.38%
(6.1–8.1%)3

Radionuclidic identity (half-life) 105–115 min 108–113

Radiochemical identity (HPLC) Reference standard ± 1.0
min

Reference Std: 8.5 min
Product: 8.6 min

Radiochemical Purity (HPLC) ≥95% >98%
Radiochemical Purity (TLC) ≥98% >98%

Molar Activity ≥37 GBq/μmol 247.9 ± 25.9 GBq/μmol
(222–274 GBq/μmol)

Copper * ≤34 ppm 0.0157 ± 0.005 ppm
Sterility Sterile No growth observed

Endotoxin ≤175 IU/V Pass
Filter Integrity (bubble point test) ≥50 psi Pass

* Copper was quantified by inductively coupled plasma-mass spectrometry (ICP-MS) of the non-radioactive
product after complete decay of F-18.

2.4. MS Analysis of By-Products Generated during the Radiosynthesis of [18F]FMZ 1

Stannyl precursor 3 was completely consumed after the reaction at 120 ◦C for 10 min.
An MS analysis of the crude reaction mixture indicated the formation of at least three
possible by-products as well as a trace amount of the carrier flumazenil 1. The major by-
product that was formed was assigned as hydroxy-mazenil 4 with the minor by-products
being assigned as des-fluoro-flumazenil 5 and the dimeric mazenil 6 (Figure 4). The MS
analysis of des-fluoro-flumazenil 5 presented the expected m/z of 286 but there was also
another m/z peak at 387.2 which we were unable to identify. The formation of by-products
4–6 was further supported by a tandem MS/MS analysis, presenting fragmentation profiles
that are consistent with that of an authentic reference standard of flumazenil 1 (MS/MS
spectra and observed fragments presented in the Supplementary Materials File).

Figure 4. LC-MS/MS analysis of major by-products that were formed in the crude reaction mixture
of [18F]FMZ 1 at 120 ◦C after 10 min reaction time.

2.5. PET Imaging Using [18F]flumazenil 1

PET imaging using [18F]FMZ 1 produced by our current method demonstrated up-
take and binding that was consistent with that which was previously observed in rodent
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studies of [18F]FMZ 1 PET, with uptake that was primarily concentrated in the cortices and
hippocampi, with minimal uptake in the pons. (Figure 5). The average hippocampal Bmax
was 19.45 ± 1.5 pmol/mL, while the 1/KD was 0.25 ± 0.03 pmol/mL (Figure 6), which is
in line with the values that were acquired from our previous study in naïve rats [23].

Figure 5. Representative image of [18F]flumazenil 1 uptake.

Figure 6. Box and whisker plots of hippocampal Bmax and 1/KD values and average time activity
curves (TAC) from hippocampal and pons volumes of interest.

3. Discussion

The successful production protocols for a given radiopharmaceutical are determined
by many factors, including the amenability of a high-scale precursor synthesis, the efficacy
and simplicity of the radiofluorination process and the suitability of the final product for its
clinical use as determined by its quality control characteristics. The commonly employed
method for the preparation of [18F]FMZ 1 through the nucleophilic substitution of a nitro
leaving group suffers from a low yield and poor reproducibility. In our laboratory, this
method generated [18F]FMZ 1 in less than 4% radiochemical yield and with a complex
HPLC purification. Alternative methods have been investigated for the preparation of
[18F]FMZ 1, including its radiochemical synthesis from diaryliodonium salts and boronic
esters [26–28]. The latter method suffers from the instability of the boronic ester precursor
under chromatographic conditions, and the need for an aerated reaction vessel [27,28].

The preparation and radiofluorination of the stannyl precursor 3 overcomes many of
these complexities. The synthesis of stannyl precursor 3 proceeded in one step from the
bromo-precursor 2, and the synthesis proved to be scalable (≥2 g), affording high purity
precursor after a rapid flash column chromatography. Furthermore, precursor 3 has proved
stable for over a year when it is stored at 4 ◦C. The radiofluorination of stannyl precursor 3

proceeded efficiently without the need for aeration or phase transfer catalysts (including
kryptofix or tetrabutylammonium bicarbonate). We note that Scott and co-workers have
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also demonstrated the sensitivity of the Cu-mediated radiofluorination of stannyl pre-
cursors to the type of base/phase transfer catalyst that is used, and therefore, potassium
triflate that is doped with potassium carbonate was used as the optimal combination [29].
Nonetheless, it is useful that no phase transfer catalyst is required under these conditions,
thereby eliminating the need to test the end product for kryptofix or tetrabutylammonium
before its clinical administration. Finally, [18F]FMZ 1 was obtained in high radiochemical
purity after HPLC purification. Nevertheless, small closely eluting UV-active byproducts
were formed, and the HPLC conditions needed to be optimized carefully to allow for the
adequate separation of the product from the impurities.

The analysis of the crude reaction mixture identified the formation of several chemical
by-products which may be addressed in the future to further enhance the yield of [18F]FMZ
1, as well as to improve the purification process. The stannyl precursor 3 was completely
consumed in the reaction mixture and the hydroxylated by-product 4 was found to be
the major by-product along with by the product of protodestannylation (affording des-
fluoro-flumazenil 5). Hydroxylated by-product 4 may arise through the oxidation of
the stannane under the reaction conditions [31]. A small amount of biaryl by-product 6

was also formed through homocoupling [32,33]. However, considering that the yield of
[18F]FMZ 1 was useful for multi-patient dose preparation, and the HPLC purification was
successfully optimized, no further optimizations were performed. This new method of
[18F]FMZ preparation will facilitate the more ready utilization of this highly selective and
sensitive radiotracer for the GABAA receptor in clinical practice, to assist in the localization
of the epileptogenic zone in patients with drug resistant TLE [13], as well as other potential
clinical applications where the dysfunction GABAA receptors are believed to play a role
such as traumatic brain injury, schizophrenia, addiction and anxiety.

4. Materials and Methods

All chemicals obtained commercially were of analytical grade and used without fur-
ther purification. No-carrier-added fluoride-18 was obtained from a PETtrace 16.5MeV
cyclotron (Cyclotek) incorporating a high-pressure niobium target via the 18O(p,n)18F nu-
clear reaction (98% 18O isotopic enrichment). Radiochemical synthesis was performed
using an iPHASE Flexlab radiochemistry module purchased from iPHASE Technologies
Pty. Ltd. Australia. F-18 Separation cartridges (QMA strong anion exchange cartridge,
Waters Australia) were preconditioned with 0.5 mL of 0.05M solution of KOTf, followed
by 5 mL water. Reversed phase solid phase extraction (SPE) cartridges (33 μm polymeric
reversed phase (30 mg/mL), Phenomenex, Lane Cove West, NSW, Australia) were pre-
conditioned with ethanol and rinsed with water before use. Radioactivity measurements
were carried out using a CRC-15PET dose calibrator (Capintec, Florham Park, NJ, USA)
that was calibrated daily using Cs-137 and Co-57 sources (Isotope Products Laboratories,
Valencia, CA, USA). Radiation was detected using a solid-state photodiode scintillator
crystal detector (Knauer, Berlin, Germany). Preparative high performance liquid radio-
chemical chromatography (HPLRC) was performed using a Knauer 1050 pump, 2500 UV
detector, and 5050 manager. Radiation was detected using a Knauer solid state photodiode
scintillation crystal detector in a TO-5 case. Analytical HPLRC was performed using a
Shimadzu HPLC system consisting of a CBM-20A system controller, SIL-20A auto-injector,
LC-20AD solvent delivery unit, CTO-20A control valve, DGU-20A degasser and a SPD-
M20A detector coupled to a LCMS-8030 triple-quadrupole mass spectrometer. This was
coupled to a radiation detector consisting of an Ortec model 276 photomultiplier base
with a 925-SCINTACE-mate preamplifier, amplifier, bias supply, and SCA and a Bicron
1M11/2 photomultiplier tube. Gas Chromatography (GC) analysis was performed using a
Shimadzu GC-17A instrument coupled with an AOC-20i auto injector. 1H NMR spectra of
small molecules were obtained using a 400 MHz Agilent DD2 NMR Spectrometer.

Synthesis of ethyl 5,6-dihydro-5-methyl-6-oxo-8-tributylstannyl-4H-imidazo-[1,5-

a][1,4]benzodiazepine-3-carboxylate (3): To a solution of ethyl 8-bromo-5,6-dihydro-5-
methyl-6-oxo(4H)-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylate 2 (2.2 g, 6.04 mmol) in
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toluene (20 mL) was added tetrakis-(triphenylphosphine)palladium(0) (0.25 g, 0.22 mmol)
and bis(tributyltin) (10.5 g, 18.2 mmol). The reaction was purged with nitrogen in a pressure
vessel and then heated to 120 ◦C for 6 h. The reaction mixture was then cooled and diluted
with ethyl acetate (300 mL) and washed with water, dried over anhydrous sodium sulfate,
and evaporated to dryness in vacuo. Crude reaction mixture was purified by flash column
chromatography starting with hexane (100%) to remove any unreacted bis(tributyltin)
(Rf = 0.95), followed by the elution of stannyl precursor 3 using ethyl acetate (100%; Rf = 0.33).
The title compound was isolated as an oil (2.25 g, 65%) that slowly crystalized after storage
at 4 ◦C into a sticky white solid. 1H-NMR (400 MHz, CDCl3) δ 0.87 (t, J = 7.2 Hz, 9H),
1.1.03–1.19 (m, 6H), 1.28–1.36 (m, 6H), 1.43 (t, J = 7.2 Hz, 3H), 1.47–1.63 (m, 6H), 3.23 (s, 3H),
4.30–4.50 (m, 3H), 5.19 (m, 1H), 7.34 (d, J = 8.0 Hz, 1H), 7.69 (dd, J = 8.0, 1.2 Hz, 1H), 7.87 (s,
1H), 8.11 (d, J = 0.8 Hz, 1H). ESI-MS: m/z 576.2 [M+ + H]. These data match the literature
data [26].

Radiochemistry: Fluoride-18 (33.3–74.0 GBq) was trapped on QMA cartridge and
azeotropically dried according to our previously reported procedures using the iPHASE
FlexLab radiochemistry module [34]. Potassium triflate:potassium carbonate (10 mg:0.05 mg;
550 μL) was used to elute F-18 from the QMA cartridge and prepare dried K[18F]F. To
the dried K[18F]F, stannyl precursor 3 (5 mg, 8.7 μmol) in DMA (1 mL) containing copper,
triflate:pyridine (14 mg:13 μL; 28.7 μmol:146 μmol) was added. After 10 min at 120 ◦C,
the residue was diluted with 0.1% TFA H2O/MeCN (2.5:0.5, 3 mL). The mixture was then
purified by preparative HPLC on a Kinetex 5 μm XB-C18 250 × 150 mm column, 0.1% TFA
in 15–80% MeCN:H2O over 40 min. Isolated product was diluted in water (30 mL) and
then trapped on a C18 SEP-PAK cartridge. The trapped product was rinsed with saline
(5 mL), eluted with ethanol (1 mL) and diluted with saline (10 mL) before sterile filtration
(Vented Cathivex GV, 0.22 μm, 25 mm) into a sterile evacuated product vial (FILL-EASETM

Sterile Vials; SVV-15A) was performed to prepare the title compound to be ready for
injection (2–8 GBq, 22.2 ± 2.7% isolated yield (n = 5)). The total reaction time was 80 min.

During optimization reactions, a small fraction (10 μL) of the crude reaction mix-
ture was diluted into water:MeCN (75:25, 90 μL) and directly injected onto an analytical
HPLC system. The % recovery of radioactivity from the analytical HPLC column was
quantified by accurately measuring total injected amount of radioactivity using a dose
calibrator. Every radioactive peak was then collected from the waste line after passing the
radioactivity detector. % recovery was then calculated as the following: (collected total
radioactivity/injected total radioactivity) × 100.

Sample preparation and extraction protocol for inductively coupled plasma-mass

spectrometry (ICP-MS)

For the quantitative analysis of Copper (Cu), 100 μL of each sample were digested
with 50 μL concentrated 65% nitric acid (HNO3,70% Analytical grade from Ajax Finechem)
followed by heating at 95 ◦C for 10 min. The samples were then diluted with Milli-Q
water (18.2 MΩ; Milli-Q H2O; Merk Millipore, Australia) (1:10 to a final volume of 1 mL).
Samples were briefly vortexed and centrifuged at 15,000 rpm for 25 min and supernatant
was immediately transferred to new 1.7 mL microcentrifuge tubes. Sample blanks were
prepared in the same manner.

Inductively coupled plasma-mass spectrometry (ICP-MS)

Tuning solution containing 1 μg/L of cerium (Ce), cobalt (Co), lithium (Li), thallium
(Tl) and Y in 2% (v/v) HNO3 (Agilent Technologies, Australia) was used to tune and
optimize the Agilent 8900 triple quadrupole ICP-MS (Agilent Technologies, Australia) in a
Helium gas analysis mode. A 9-point calibration (0, 1, 5, 10,25, 50, 100, 250 and 500 parts
per billion (ppb) in 1% HNO3) standard curve for Cu was prepared using commercially
available multi-element standards (Multi-Element Calibration Standard 2A, Agilent Tech-
nologies, USA). The R2 value for copper calibration curve was 0.999617. ICP-MS analysis
method for Cu detection yielded a limit of detection (LOD) of less than 0.0993 μg/L and a
limit of quantitation (LOQ) around 0.33 μg/L. Yittrium (89Y) (Agilent Technologies, USA)
was used as an internal standard at a concentration of 0.1 μg/mL and used as reference
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element solution to normalize all measurements. All the samples, calibration standards
and reference solution were introduced at the flow rate of 0.4 mL/min using a T-piece
and a peristaltic pump. The data was collected in spectrum mode with the average of
three technical replicates. The ICP-MS operating parameters were established according
to the manufacturer’s guidelines and other parameters were optimized for copper in a
batch-specific mode prior to each experiment and these are as follows: ICP-MS operating
parameters; Scan type: Single Quad, RF Power: 1550W, RF Matching: 1.8V, Nebulizer
Gas: 1.05L/min, Extract 1: −12V, Extract 2: 250V, Omega Bias: −120V, Omega Lens: 7.2V,
Deflect: −5V, Gas: He Gas, Oct P bias: −18V.

Small animal PET imaging: Six adult, male Wistar rats (Monash Animal Resources
Centre, 0.500 ± 0.071 kg) were anesthetized with isoflurane (induction: 5% in 1 L/min O2,
maintenance 1.5–2% in 1 L/min O2) and [18F]flumazenil (dose: 23.5 ± 10 MBq, mass:
3.6 ± 1.2 nmol) was injected as a bolus over 10s via the dorsal penile vein, as previously
described [23]. Immediately following tracer injection, dynamic PET scans were acquired
for 45 min on a nanoScan-PET/CT (Mediso, Hungary). PET images were reconstructed
across the following time frames (2 × 30 s, 2 × 60 s, 14 × 180 s) using the Tera-tomo 3D
algorithm provided by the supplier with correction for scatter, attenuation and dead-time.

PET scans were manually co-registered to a corresponding T2-weighted MRI acquired
from each rat acquired using a 9.4T Bruker Avance IIIHD MRI (Bruker, Germany) with
actively decoupled 4-channel receive-only surface and volume transmit coils (voxel size
0.1 × 0.1 × 0.7 mm3; matrix 256 × 256 × 24) using ITK-SNAP [35], and resliced using linear
interpolation. Volumes of interest (VOI) incorporating both left and right hippocampus
and pons were manually delineated on the MR to extract time activity curves from the
PET scans in PMOD (PMOD Technologies, Switzerland). Bmax (receptor number) and
1/KD (receptor affinity) were estimated from each VOI using a nonlinear fit of the bound
ligand (B) versus the free ligand (F) (activity in pons): Bmax = (F × B)/(F + KD) in Prism. A
representative image is provided in Figure 5.

The study was conducted in accordance with the Australian NH&MRC Code of
conduct for use of animals in research and the study protocol was approved by the Alfred
Research Alliance Animal Ethics Committee (E/2004/2020/M).

IUPAC nomenclature:

Flumazenil 1: Ethyl 8-fluoro-5-methyl-6-oxo-5,6-dihydro-4H-benzo[f ]imidazo[1,5-a][1,4]
diazepine-3-carboxylate

Stannyl precursor 3: Ethyl 5-methyl-6-oxo-8-(tributylstannyl)-5,6-dihydro-4H-benzo[f ]
imidazo[1,5-a][1,4]diazepine-3-carboxylate

Hydroxylated by-product 4: Ethyl 8-hydroxy-5-methyl-6-oxo-5,6-dihydro-4H-benzo[f ]
imidazo[1,5-a][1,4]diazepine-3-carboxylate

Des-fluoro-flumazenil 5: Ethyl 5-methyl-6-oxo-5,6-dihydro-4H-benzo[f ]imidazo[1,5-a]
diazepine-3-carboxylate

Homodimerization product 6: 8,8′-Bis[Ethyl 5-methyl-6-oxo-5,6-dihydro-4H-benzo[f ]
imidazo[1,5-a][1,4]diazepine-3-carboxylate].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27185931/s1.
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Abstract: [212Pb]VMT01 is a melanocortin 1 receptor (MC1R) targeted theranostic ligand in clinical
development for alpha particle therapy for melanoma. 212Pb has an elementally matched gamma-
emitting isotope 203Pb; thus, [203Pb]VMT01 can be used as an imaging surrogate for [212Pb]VMT01.
[212Pb]VMT01 human serum stability studies have demonstrated retention of the 212Bi daughter
within the chelator following beta emission of parent 212Pb. However, the subsequent alpha emission
from the decay of 212Bi into 208Tl results in the generation of free 208Tl. Due to the 10.64-hour half-life
of 212Pb, accumulation of free 208Tl in the injectate will occur. The goal of this work is to estimate
the human dosimetry for [212Pb]VMT01 and the impact of free 208Tl in the injectate on human
tissue absorbed doses. Human [212Pb]VMT01 tissue absorbed doses were estimated from murine
[203Pb]VMT01 biodistribution data, and human biodistribution values for 201Tl chloride (a cardiac
imaging agent) from published data were used to estimate the dosimetry of free 208Tl. Results indicate
that the dose-limiting tissues for [212Pb]VMT01 are the red marrow and the kidneys, with estimated
absorbed doses of 1.06 and 8.27 mGyRBE = 5/MBq. The estimated percent increase in absorbed doses
from free 208Tl in the injectate is 0.03% and 0.09% to the red marrow and the kidneys, respectively.
Absorbed doses from free 208Tl result in a percent increase of no more than 1.2% over [212Pb]VMT01
in any organ or tissue. This latter finding indicates that free 208Tl in the [212Pb]VMT01 injectate will
not substantially impact estimated tissue absorbed doses in humans.

Keywords: 212Pb; 203Pb; 208Tl; MC1R; dosimetry; absorbed dose; melanoma

1. Introduction

Melanocortin 1 receptor (MC1R) is a G protein-coupled receptor that is expressed
in melanocytes and is implicated in melanogenesis [1]. MC1R is overexpressed on many
mouse and human melanoma cells [2,3]. Positron emission tomography (PET) imaging
of an MC1R-targeted peptide 68Ga-DOTA-GGNle-CycNSHhex in melanoma patients has
established clinical proof-of-concept of MC1R as a target for imaging and therapy [4].

Targeted alpha-particle therapy (TAT) is a promising therapeutic strategy that is
unique in its ability to deliver cytotoxicity circumventing cellular resistance [5] and has
demonstrated significant responses in early clinical trials [6–8]. High linear energy transfer
(LET) alpha emissions result in clustered DNA double strand breaks [9–16]. In cell culture,
alpha emitters have been shown to be more effective in inducing cell death than gamma
radiation [17]. Due to short tissue ranges (<100 μm in water, <40 μm in bone), it had
previously been believed that TAT may be best suited for the treatment of micrometastases

Molecules 2022, 27, 5831. https://doi.org/10.3390/molecules27185831 https://www.mdpi.com/journal/molecules248



Molecules 2022, 27, 5831

and other disseminated tumors. However, recent TAT studies have demonstrated efficacy
in large tumors and there is a growing body of evidence that TAT can activate the immune
system and impart both bystander and abscopal effects [18,19]. In the clinical setting, TAT
has demonstrated patient benefit even in subjects refractive to beta particle therapy [6].

[203Pb]VMT01 is an MC1R-targeted TAT ligand in clinical development (NCT04904120)
with elementally matched gamma-emitting [203Pb]VMT01 that can be used as an imaging
surrogate. [212Pb]VMT01 human serum stability and in vivo mouse biodistribution exper-
iments demonstrate robust retention of the 212Bi daughter within the chelator following
beta emission of parent 212Pb and no evidence of in vivo translocation (Li and collaborators,
SNMMI-ACNM Mid-Winter Meeting 2022 Abstract) [20]. In addition, the decay physics for
212Pb [21,22] (Figure 1) dictates that retention of 212Bi within the chelator will subsequently
lead to alpha decay via the 212Po or 208Tl branches at the site of localization due to the
short half-lives of 212Po (0.3 μs) and 208Tl (3.05 m). Due to recoil energy, the 36% alpha
emission from 212Bi via the 208Tl branch will result in the accumulation of free 208Tl in the
administered injectate. Here, we calculated [212Pb]VMT01 human tissue absorbed doses
from murine [203Pb]VMT01 biodistribution data and the activity and effect of free 208Tl in
the injectate on tissue absorbed doses.

Figure 1. 212Pb decay scheme [21,22].

2. Results

2.1. Murine [203Pb]VMT01 Biodistribution

Murine biodistribution results following intravenous administration of [203Pb]VMT01
in female and male CD-1 IGS naïve mice are provided in Supplemental Tables S1 and S2
(Supplementary material). [203Pb]VMT01 cleared rapidly through the kidneys with an ac-
cumulation of 6.24 ± 0.35% ID/g and 8.30 ± 1.90% ID/g in females and males, respectively
at 0.5 h. Kidney activity decreased to 1.09 ± 0.12% ID/g and 0.55 ± 0.10% ID/g in females
and males, respectively at 55 h. Accumulation and retention in other organs were minimal.

2.2. Dosimetry

[203Pb]VMT01 and [212Pb]VMT01 TIACs (Table 1) and human tissue absorbed doses
(Table 2) are provided for a 2 h bladder voiding model.
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Table 1. [203Pb]VMT01 and [212Pb]VMT01 time-integrated activity coefficients.

Organ
[203Pb]VMT01 TIAC (MBq h/MBq) [212Pb]VMT01 TIAC (MBq h/MBq)

Female Male Female Male

Adrenal glands 5.08 × 10−5 3.72× 10−4 4.75 × 10−5 3.33 × 10−4

Brain 3.53 × 10−4 1.55× 10−3 3.06 × 10−4 1.24 × 10−3

Cortical bone 1.50 × 10−2 8.89 × 10−2 1.20 × 10−2 6.34 × 10−2

Eyes 4.24 × 10−5 8.03 × 10−5 3.71 × 10−5 6.73 × 10−5

Gallbladder 2.07 × 10−4 2.22 × 10−4 1.45 × 10−4 1.84 × 10−4

Heart contents 2.28 × 10−2 2.62 × 10−2 2.22 × 10−2 2.59 × 10−2

Heart wall 9.93 × 10−4 1.91 × 10−3 7.74 × 10−4 1.43 × 10−3

Kidneys 2.00 × 10−1 1.48 × 10−1 9.70 × 10−2 9.01 × 10−2

Left colon 3.49 × 10−1 4.26 × 10−1 1.03 × 10−1 1.51 × 10−1

Liver 1.09 × 10−1 8.85 × 10−2 4.29 × 10−2 3.68 × 10−2

Lungs 1.79 × 10−2 2.18 × 10−2 1.11 × 10−2 1.66 × 10−2

Ovaries 1.46 × 10−4 - 4.99 × 10−5 -
Pancreas 3.68 × 10-4 1.19 × 10−3 2.95 × 10−4 9.27 × 10−4

Rectum 2.87 × 10−1 3.67 × 10−1 5.04 × 10−2 8.47 × 10−2

Red marrow 1.58 × 10−1 2.24 × 10−4 1.39 × 10−3 1.79 × 10−4

Right colon 4.23 × 10−1 4.94 × 10−1 2.10 × 10−1 2.69 × 10-1

Small intestines 1.28 × 10−1 1.91 × 10−1 1.07 × 10−1 1.60 × 10−1

Spleen 3.00 × 10−3 3.51 × 10−3 1.52 × 10−3 1.86 × 10−3

Stomach contents 1.09 × 10−2 1.84 × 10−2 7.28 × 10−3 7.34 × 10−3

Testes - 3.85 × 10−4 - 2.85 × 10−4

Thymus 6.52 × 10−5 1.41 × 10−4 5.29 × 10−5 1.25 × 10−4

Thyroid 1.38 × 10−4 4.69 × 10−4 1.05 × 10−4 3.41 × 10−4

Total body/remainder 4.55 × 100 9.20 × 10−1 1.18 × 100 8.83 × 10−1

Trabecular bone 1.50 × 10−2 8.89 × 10−2 1.20 × 10−2 6.34 × 10−2

Urinary bladder 1.49 × 100 1.39 × 100 1.40 × 100 1.31 × 100

Uterus 1.05 × 10−3 - 7.46 × 10−4 -

Table 2. Human tissue absorbed doses.

Organ/tissue
203Pb Absorbed Dose (mGy/MBq) 212Pb Absorbed Dose (mGyRBE=5/MBq)
Female Male Female Male

Adrenals 1.14 × 10−2 1.11 × 10−2 1.06 × 10−1 5.83 × 10−1

Brain 2.17 × 10−3 5.86 × 10−4 7.88 × 10−3 2.20 × 10−2

Breasts 6.71 × 10−3 - 4.67 × 10−1 -
Oesophagus 7.55 × 10−3 3.12 × 10−3 4.69 × 10−1 2.90 × 10−1

Eyes 3.78 × 10−3 1.02 × 10−3 6.16 × 10−2 1.08 × 10−1

Gallbladder wall 1.84 × 10−2 1.14 × 10−2 4.86 × 10−1 3.07 × 10−1

Left colon 9.83 × 10−2 1.16 × 10−1 8.31 × 10−1 8.46 × 10−1

Small intestine 2.87 × 10−2 2.58 × 10−2 5.96 × 10−1 4.40 × 10−1

Stomach wall 1.27 × 10−2 6.97 × 10−3 4.83 × 10−1 3.02 × 10−1

Right colon 7.40 × 10−2 8.24 × 10−2 8.50 × 10−1 8.07 × 10−1

Rectum 1.18 × 10−1 1.17 × 10−1 7.35 × 10−1 6.39 × 10−1

Heart wall 7.38 × 10−3 4.45 × 10−3 7.86 × 10−1 7.06 × 10−1

Kidneys 4.23 × 10−2 2.80 × 10−2 8.27 × 100 6.83 × 100

Liver 1.15 × 10−2 7.05 × 10−3 7.32 × 10−1 4.91 × 10−1

Lungs 6.59 × 10−3 2.82 × 10−3 2.81 × 10−1 3.30 × 10−1

Ovaries 2.60 × 10−2 - 1.59 × 10−1 -
Pancreas 1.12 × 10−2 1.15 × 10−2 7.45 × 10−2 1.76 × 10−1

Prostate - 2.53 × 10−2 - 3.46 × 10−1

Salivary glands 7.27 × 10−3 1.54 × 10−3 4.66 × 10−1 2.87 × 10−1

Red Marrow 1.06 × 10−3 5.46 × 10−3 8.64 × 10−1 1.06 × 100

Osteogenic Cells 1.46 × 10−2 1.23 × 10−2 3.88 × 100 6.95 × 100
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Table 2. Cont.

Organ/tissue
203Pb Absorbed Dose (mGy/MBq) 212Pb Absorbed Dose (mGyRBE=5/MBq)
Female Male Female Male

Spleen 1.16 × 10−2 6.11 × 10−3 2.90 × 10−1 3.01 × 10−1

Testes - 5.26 × 10−3 - 2.07 × 10−1

Thymus 5.47 × 10−3 1.94 × 10−3 6.90 × 10−2 1.23 × 10−1

Thyroid 4.88 × 10−3 2.16 × 10−3 1.50 × 10−1 4.04 × 10−1

Urinary bladder wall 2.29 × 10−1 1.89 × 10−1 2.95 × 100 2.14 × 100

Uterus 4.83 × 10−2 - 3.27 × 10−1 -

For [203Pb]VMT01, the tissue with the highest estimated absorbed dose was the uri-
nary bladder wall (0.23 mGy/MBq for females and 0.19 mGy/MBq for males) and the
effective dose was 0.028 mSv/MBq and 0.024 mSv/MBq for females and males, respectively.
For [212Pb]VMT01, the tissue with the highest estimated absorbed dose was the kidneys
(8.27 mGyRBE=5/MBq for females and 6.83 mGyRBE=5/MBq for males). The anticipated
dose limiting tissues for [212Pb]VMT01 are the red marrow and kidneys, with estimated
absorbed doses of 1.06 and 8.27 mGyRBE=5/MBq and maximum tolerated activities of
approximately 1.9 GBq and 2.2 GBq, respectively, based on published threshold doses from
external beam irradiation data [23,24].

Human biodistribution of 201Tl chloride published in the literature [25,26] and the
calculated activity fraction of free 208Tl in the injectate at a shelf-life of 6 h was used to
estimate human tissue absorbed doses of administered free 208Tl. The activity fraction of
free 208Tl in the injectate was calculated at a shelf-life of 6 h to be 0.44 MBq 208Tl per MBq
212Pb (Table 3).

Table 3. 212Pb, 212Bi, and 208Tl activity and activity fraction in injectate preparation at 0 h and 6 h for
nominal 1 MBq 212Pb-VMT01.

0 h 6 h
Activity (MBq) Activity Fraction Activity (MBq) Activity Fraction

212Pb 1.00 1.00 0.68 1.00
212Bi 0.00 0.00 0.73 1.08
208Tl 0.00 0.00 0.29 0.44

208Tl absorbed tissue doses are provided in Table 4. The estimated percent increase
in absorbed tissue doses from free 208Tl in the injectate was 0.03% and 0.09% in the red
marrow and kidneys, respectively. In addition, absorbed doses from free 208Tl result in
a percent increase of less than 1.2% over [212Pb]VMT01 in any organ or tissue, and were
within the values that would be expected to be the uncertainty in absorbed dose estimates
for [212Pb]VMT01 alone.

Table 4. Tissue absorbed dose estimates for human adult male for free 208Tl in the injectate at a
shelf-life of 6 h, [212Pb]VMT01 human adult male, total absorbed dose, and % increase in absorbed
dose from free 208Tl contribution.

Organ/Tissue
208Tl Absorbed Dose

(mGy/MBq)
[212Pb]VMT01 Absorbed
Dose (mGyRBE=5/MBq)

Total Absorbed Dose
(mGyRBE=5/MBq)

208Tl % Increase

Adrenals 3.09 × 10−3 5.83 × 10−1 5.84 × 10−1 0.23
Brain 5.98 × 10−4 2.20 × 10−2 2.23 × 10−2 1.18

Oesophagus 9.40 × 10−4 2.90 × 10−1 2.90 × 10−1 0.14
Eyes 5.09 × 10-4 1.08 × 10−1 1.08 × 10−1 0.21

Gallbladder wall 1.57 × 10−3 3.07 × 10−1 3.08 × 10−1 0.22
Left colon 7.38 × 10−3 8.46 × 10−1 8.49 × 10−1 0.38

Small intestine 7.60 × 10−3 4.40 × 10−1 4.43 × 10−1 0.75

251



Molecules 2022, 27, 5831

Table 4. Cont.

Organ/Tissue
208Tl Absorbed Dose

(mGy/MBq)
[212Pb]VMT01 Absorbed
Dose (mGyRBE=5/MBq)

Total Absorbed Dose
(mGyRBE=5/MBq)

208Tl % Increase

Stomach wall 1.14 × 10−3 3.02 × 10−1 3.02 × 10−1 0.16
Right colon 7.06 × 10−3 8.07 × 10−1 8.10 × 10−1 0.38

Rectum 6.58 × 10−3 6.39 × 10−1 6.42 × 10−1 0.45
Heart wall 3.62 × 10−3 7.06 × 10−1 7.08 × 10−1 0.22

Kidneys 1.41 × 10−2 6.83 × 100 6.84 × 100 0.09
Liver 1.97 × 10−3 4.91 × 10−1 4.92 × 10−1 0.17
Lungs 8.02 × 10−4 3.30 × 10−1 3.30 × 10−1 0.11

Pancreas 1.73 × 10−3 1.76 × 10−1 1.77 × 10−1 0.43
Prostate 1.02 × 10−3 3.46 × 10−1 3.46 × 10−1 0.13

Salivary glands 5.98 × 10−4 2.87 × 10−1 2.87 × 10−1 0.09
Red marrow 7.70 × 10−4 1.06 × 100 1.06 × 100 0.03

Osteogenic cells 6.88 × 10−4 6.95 × 100 6.95 × 100 0.00
Spleen 3.24 × 10−3 3.01 × 10−1 3.02 × 10−1 0.47
Testes 3.59 × 10−3 2.07 × 10−1 2.09 × 10−1 0.75

Thymus 8.71 × 10−4 1.23 × 10−1 1.23 × 10−1 0.31
Thyroid 6.39 × 10−4 4.04 × 10−1 4.04 × 10−1 0.07

Urinary bladder wall 8.85 × 10−4 2.14 × 100 2.14 × 100 0.02

3. Discussion
212Pb is a promising alpha-emitting isotope with an elementally matched gamma-

emitting isotope 203Pb that can be used as an imaging surrogate via single photon emission
computed tomography (SPECT). 212Pb physical half-life (10.64 h) is attractive from a clinical
translation perspective with regard to patient care and waste management. A recently
published phase 1 dose escalation trial of targeted alpha therapy with 212Pb-DOTAMTATE
demonstrated patient safety and promising preliminary efficacy in patients with somato-
statin receptor-positive neuroendocrine tumors [27].

From a toxicity standpoint, recoil energy from the emission of an alpha particle
decouples the daughter nuclide from any chelator or other chemical bond, and untar-
geted daughter nuclides are known to accumulate in normal tissues, such as in bone or
kidneys [28]. In the work presented here, we calculated estimated human tissue absorbed
doses for [212Pb]VMT01 from preclinical murine biodistribution data. In addition, we
calculated estimated human tissue absorbed doses for free 208Tl (that will accumulate in
the injectate prior to administration).

One limitation in the dosimetry of alpha radiotherapeutics is the unknown RBE value.
Here, according to the method published by dos Santos and collaborators [21], an RBE
value of 5 was used for 212Pb alpha emissions and a value of 1 was used for beta and
gamma radiation. Recent studies performed in mammary carcinoma NT2.5 cells treated
with 212Pb-labeled anti-HER2 antibody reported an RBE of 8.3 at 37% survival [29]. Notably,
the dose contribution of extracellular unbound 212Pb-labeled antibody to the absorbed dose
was about 2 orders of magnitude smaller compared to the bound and internalized 212Pb,
suggesting that extracellular 212Pb delivers minimal radiation to cells. The authors conclude
that these findings suggest that the actual lesion to dose-limiting tissue absorbed dose could
be an order of magnitude greater than that predicted by the calculated absorbed dose.

The analysis presented here demonstrates that accumulated 208Tl in the injectate re-
sults in about 1% increase or less in estimated tissue absorbed doses over those projected
for [212Pb]VMT01. The dosimetry projections for [212Pb]VMT01 from [203Pb]VMT01 biodis-
tribution data assume that the time-integrated activity coefficient of [212Pb]VMT01 applies
to all daughter radionuclides. This assumption is valid if there is no in vivo translocation
of daughters. Human serum stability and in vivo mouse biodistribution studies demon-
strate that 212Pb and 212Bi remain stably chelated to VMT01 with no evidence of daughter
translocation in vivo (Li and collaborators, SNMMI-ACNM Mid-Winter Meeting 2022
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Abstract) [20]. Retention of 212Pb daughter 212Bi within the chelator will result in decay of
subsequent daughters 212Po and 208Tl at the site of localization due to their short half-lives.
Prior to administration, accumulation of unchelated 208Tl will occur in the formulated
product due to the recoil energy of the alpha decay from 212Bi. Accumulation of unchelated
212Po may also occur prior to administration as a result of beta decay from 212Bi; this decay
has not yet been characterized. However, due to the extremely short half-life of the 212Po
daughter (0.3 μs), decay from any free 212Po in the intravenously administered product can
be assumed to occur in the plasma with negligible radiation to blood cells [29].

4. Materials and Methods

4.1. Radiolabeling and In Vivo Biodistribution
203Pb chloride was obtained from Lantheus Medical Imaging (North Billerica, MA,

USA). The structure of VMT01 has been previously published by Li and collaborators [30].
Radiolabeling of VMT01 with 203Pb was performed as previously described [30]; radio-
chemical purity was > 99% as assessed by radio-HPLC. Thirteen-week-old male and female
CD-1 IGS mice obtained from Charles River Laboratories (Wilmington, MA, USA) (n = 28
per sex, n = 56 total) were injected intravenously with [203Pb]VMT01 (1.5 ± 0.38 pmol,
74 kBq). Following dosing, animals were sacrificed at 0.5, 1, 2, 4, 6, 24, or 55 h post-injection
(n = 4 per time point per sex); at each time point whole blood, thymus, thyroid, adrenals,
heart, lungs, spleen, bone (femur mid-diaphysis), bone marrow, liver, gallbladder, kidneys
(adrenals removed), bladder wall, large intestine (wall and contents), cecum (with contents),
small intestines (wall and contents), stomach (wall and contents), pancreas, brain, eyes,
skin, muscle (quadriceps), ovaries, testes, uterus, tail, and remaining carcass (at select time
points) were resected and assayed for radioactive content by gamma counting. Urine and
feces were evaluated for radioactive content using pooled samples from cages.

4.2. Ex Vivo Gamma Counting

The activity of each collected tissue was measured on a Wizard 1480 (Perkin Elmer
Life and Analytical Sciences, Bridgeport, CT, USA) or Wizard 2470 (Perkin Elmer Life
and Analytical Sciences, Bridgeport, CT, USA) with a 279 keV peak position and 68%
window coverage in units of counts per minute (CPM). Triplicate aliquots of the radiotracer,
pulled from the dose-calibrated bulk injectate prepared fresh on each day of injections,
were weighed, and assayed via gamma counting to convert CPM to units of grams of
injected material. The uptake (percent of the injected dose, % ID) and concentration (% ID
per gram, % ID/g) were calculated for each sample count using the known injected dose
mass, corrected for tail uptake. Concentration estimates used the sample weight of the
gamma-counted tissue in grams (g).

4.3. 203Pb Dosimetry Analysis

The radioactivity concentration of [203Pb]VMT01 in each organ (fraction of injected
activity per gram) over time was used to compute time-integrated activity coefficients
(TIAC) [31] for each organ. For all organs except the total body and blood, uptake at time
zero was assumed to be 0% ID. Total body and blood were assumed to be 100% ID at time
zero. Human TIAC values were defined by multiplying individual mouse concentration
values by animal body weight and by the human phantom organ weight to body weight
ratio. This method is equivalent to the percent kilogram per gram method [32]. The human
phantom organ weight to body weight ratios were determined from the ICRP 89 adult male
and adult female phantom organ and total body weights from OLINDA/EXM 2.0 (Hermes
Medical Solutions, Stockholm, Sweden). Each time point value was computed from the
group average of the data.

TIAC through the last experimental time point was generated using trapezoidal
integration of the seven data points. The contribution to the TIAC following the last
experimental time point was estimated by fitting decay-corrected data to a single or a
bi-exponential model to estimate biological clearance or assuming physical decay only
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following the last time point. The combination of physical decay and biological clearance
was then analytically integrated. Human TIAC values were then adjusted for radioactivity
leaving the body via the renal and gastrointestinal (GI) systems using the dynamic voiding
bladder [33] (2 h void) and human alimentary tract model [34]. Excreted urine activity at
each time point was defined as 100%-total body % ID-feces % ID. The fraction of excreted
urine activity and the voiding half-life were determined by fitting the data to an exponential
function. These coefficients were used with a 2 h human voiding time to calculate the
urinary bladder TIAC. The ICRP 100 human alimentary tract (HAT) model [34] was utilized
with the assumption that radioactivity enters the GI tract via the small intestine. For all
animals in each sex group, the radioactivity (% ID, decay corrected) within the small and
large intestine, cecum, and all contents were summed at each time point. The peak sum
across time for each sex were then determined and used as input into the HAT model in
OLINDA/EXM 2.0 to calculate the small intestines, left colon, right colon, and rectum
TIACs. Total body radioactivity was calculated as the sum of all measured tissues except for
bladder wall, urine, GI, and feces. Total body % ID human was assumed to be equivalent
to total body % ID in mouse. The remainder of body TIAC was calculated by subtracting
source organ TIACs except for excreta and those derived from the voiding and HAT models.
Cortical and trabecular bone TIACs were calculated based on relative surface densities
assuming radioactivity distributed to the bone surface. TIAC values were used to compute
tissue absorbed dose values for the human adult male and female using OLINDA/EXM
2.0 with ICRP 89 adult male and female phantoms.

4.4. 212Pb Dosimetry Analysis

[203Pb]VMT01 data were extrapolated to [212Pb]VMT01 by adjusting the radioactive
decay half-life. Assuming transient equilibrium between 212Pb and its daughters (212Bi,
212Po, and 208Tl), the same residence times as for 212Pb were applied to the daughter
nuclides as described by dos Santos and collaborators [21] OLINDA/EXM 2.0 calculations
were performed for all nuclides manually. For 208Tl and 212Po, the relevant branching
fraction was applied. A relative biological effectiveness (RBE) value of 5 was used for the
alpha emissions from 212Bi and 212Po (while an RBE of 1 was used for beta and gamma
emissions); absorbed doses are presented in units of Gray (GyRBE=5).

4.5. 208Tl Dosimetry Analysis

Human biodistribution of 201Tl chloride (a cardiac imaging agent) via scintigraphy
imaging published in the literature [25,26] was used to estimate the dosimetry of free 208Tl.
Thallous ion behaves as a potassium analog and tissue uptake is essentially intracellular.
Biodistribution of thallium at early times in organs is thus related to regional blood flow.
Human % ID values for heart, brain, kidney, liver, intestine, spleen, testes, and the remain-
der of body were determined from scintigraphy imaging as reported by Svensson and
collaborators [26] and Krahwinkel and collaborators [25] for 201Tl chloride (using the earli-
est imaging time point from a combination of at rest and after exercise) and conservatively
assuming no biological clearance and 100% ID in the total body (Table 5). Radioactive decay
of 208Tl (3.05 m half-life) and resulting TIAC values were used to determine tissue-absorbed
doses in the ICRP 89 human adult male using OLINDA/EXM 2.2. The activity fraction of
free 208Tl in the injectate at a shelf-life of 6 h was calculated using the 212Pb decay scheme
and branching fraction of 35.94% for 208Tl. The 208Tl activity fraction was used to calculate
the 208Tl mGyRBE=5/MBq administered 212Pb activity.
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Table 5. 208Tl human tissue % ID.

Organ/Tissue Human % ID

Heart 3.2 [26]
Brain 1.5 [25]

Kidneys 12.5 [26]
Liver 5.1 [25]

Intestine a 20.1 [25]
Spleen 1.0 [25]
Testes 0.4 [25]

Remainder of body 56.2 [25]
a Activity was split equally between the small intestine, upper large intestine wall, lower large intestine wall, and
rectum wall based on ICRP 89 target wall organ masses.

5. Conclusions

The critical tissues for [212Pb]VMT01 based on human dosimetry estimates from
murine [203Pb]VMT01 biodistribution data and tissue threshold doses from external beam
irradiation data are anticipated to be red marrow and kidneys. Dosimetry analysis indicates
that free 208Tl that will accumulate in the [212Pb]VMT01 injectate prior to administration
will not substantially impact estimated tissue absorbed doses in humans. The dosimetry
estimations support the clinical evaluation of [212Pb]VMT01.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/molecules27185831/s1, Table S1: Organ/tissue activity concentrations (%
ID/g) of [203Pb]VMT01 in female CD-1 IGS naïve mice; Table S2: Organ/tissue activity concentrations
(% ID/g) of [203Pb]VMT01 in male CD-1 IGS naïve mice.
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Abstract: A search in PubMed revealed that 72 radionuclides have been considered for molecular
or functional targeted radionuclide therapy. As radionuclide therapies increase in number and
variations, it is important to understand the role of the radionuclide and the various characteristics
that can render it either useful or useless. This review focuses on the physical characteristics of
radionuclides that are relevant for radionuclide therapy, such as linear energy transfer, relative
biological effectiveness, range, half-life, imaging properties, and radiation protection considerations.
All these properties vary considerably between radionuclides and can be optimised for specific
targets. Properties that are advantageous for some applications can sometimes be drawbacks for
others; for instance, radionuclides that enable easy imaging can introduce more radiation protection
concerns than others. Similarly, a long radiation range is beneficial in targets with heterogeneous
uptake, but it also increases the radiation dose to tissues surrounding the target, and, hence, a shorter
range is likely more beneficial with homogeneous uptake. While one cannot select a collection
of characteristics as each radionuclide comes with an unchangeable set, all the 72 radionuclides
investigated for therapy—and many more that have not yet been investigated—provide numerous
sets to choose between.

Keywords: radionuclide; targeted therapy; radionuclide therapy; radioactivity; molecular radiotherapy;
beta; alpha; auger

1. Introduction

Therapies with radioactive nuclides have been rapidly increasing in both number and
variations over the last few years. Treatments based on beta-minus-emitters (called beta-
emitters from hereon) have been in use since the 1930s, and the first two radionuclides used
for treatment purpose were sodium-24 (24Na) and phosphorus-32 (32P), both for the first
time in 1936 to treat haematological disease [1]. Iodine-131 (131I) was the most commonly
investigated beta-emitter for long, also due to the direct targeting properties of 131I, which
allow for accumulation in differentiated thyroid cells [2]. The later emergence of carrier
molecules to which radionuclides could be conjugated introduced new radionuclides in
targeted therapy, such as yttrium-90 (90Y) and lutetium-177 (177Lu). While alpha-emitters
have been used for decades, they have recently increased in popularity as their short range
unlocks potential for tailored treatment of smaller structures [3]. Together with the currently
less frequently used auger-emitters, beta- and alpha-emitters constitute the armament for
therapies with radionuclides.

The latest collection of radionuclides tabulated by the International Commission on
Radiological Protection (ICRP) lists 1252 radionuclides [4]. Besides the general choice of
type of radiation emitted (Table 1), there are several important factors to consider when
selecting the optimal radionuclide. First, the size of the structures being targeted should be
in agreement with the range of the radiation emitted. Potential heterogeneity in the uptake
of the carrier molecule could also affect the optimal range; a higher degree of heterogeneity
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can be evened out by emitters with longer ranges. The half-life of the radionuclide should
be selected with care; the pharmacokinetics of the carrier molecule will determine the
optimal time for depositing the maximum amount of energy within the target tissue. The
abundance of photons emitted is of importance for both radiation protection and imaging
approaches. While potential radioactive daughters may add to the total amount of energy
released, their possible re-localisation should be addressed.

Table 1. Overview of types of radiation.

Type of
Radiation

Particle Mass Typical Energy
Typical Range

in Tissue
LET

(keV/μm)
RBE

Alpha 2 protons and
2 neutrons 6.6 × 10−27 kg Discrete; ~4–10 MeV ~20–70 μm ~50–300 ~5

Beta minus Electron 9.1 × 10−31 kg
Continuous; maximum
of some hundred keV

to some MeV

Less than a mm
to some mm ~0.1–2 ~1

Auger Electron 9.1 × 10−31 kg <10 keV <1 μm ~4–26 ~1 or higher

This review will cover the above-mentioned factors important for selection of ra-
dionuclides for targeted therapy, with emphasis on oncological applications. Histori-
cal overviews of therapeutic radionuclides both registered in the clinical trials database
(https://www.clinicaltrials.gov (accessed on 30 June 2022)) and described in publications
listed in PubMed (https://pubmed.ncbi.nlm.nih.gov (accessed on 30 June 2022)) are also
included. Besides the physical aspects described here, factors related to radiochemistry and
-pharmacy (production, cost, availability, and conjugation) are of vital importance and the
reader is referred to other reviews for an overview [5–7].

2. Trends

A search to identify trends of publications was conducted using the PubMed database,
starting with the 1252 radionuclides listed in ICRP-publication 107 [4]. This yielded a total
of 72 radionuclides included in either theoretical consideration for treatment applications,
preclinical, or clinical studies. To provide an overview of therapies with molecular or
functional targeting mechanisms, brachytherapies with applicators were excluded in the
search query, while selective internal radiation therapy (SIRT) was included (search terms
are provided in Supplementary File S1). Some publications, for example, the first 131I
studies, have been observed missing as some of them are indexed without the specific
radionuclide, but including publications without this term would have resulted in a high
number of false positive hits. The timelines in Figure 1 show the publication trends
over the last 74 years. A similar search to identify trends of registered clinical trials was
conducted using the clinical trials database, starting with the radionuclides identified in
the PubMed-search in addition to iodine-125, copper-67, and indium-111 (Figure 2). Some
of the applications for the most common radionuclides are listed below.

More than 60 years after its introduction, 131I is still subject of an extensive number of
publications. The radionuclide is commonly used to treat metastatic differentiated thyroid
cancer, for ablation purposes, and for benign thyroid diseases [2,8,9]. It is also used in
several conjugates; for example, the form of [131I]meta-iodobenzylguanidin ([131I]MIBG),
which, due to its molecular analogy with norepinephrine, can be taken up by neuroen-
docrine cells. It can, therefore, be used for adult diseases, such as pheochromocytoma,
paragangliomas, medullary thyroid carcinoma, and neuroendocrine carcinomas, as well
as for neuroblastomas in children [10,11]. 131I was used in the radioimmunoconjugate
[131I]I-tositumomab that targets the cluster of differentiation (CD) 20 antigen and was
approved by the US Food and Drug Administration (FDA) for non-Hodgkin lymphoma
(NHL) [12].
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Figure 1. The number of hits in PubMed as of 30 June 2022, per radionuclide and year of publication.
The radionuclides have been separated according to the aggregated numbers of publications across
panels (a–c). The radionuclides with fewer than 13 hits total have been aggregated into “Others”
and are listed to the right in the figure. The search strategy and search strings are described in
Supplementary File S1.
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Figure 2. The number of records in the clinical trials database as of June 2022 per radionuclide and
year. The results are split in panels (a,b) according to the aggregated number of records. The search
strategy and search strings are described in Supplementary File S1.

177Lu and 90Y have been included in more than one thousand aggregated publications
each (Figure 1). Both have been explored extensively in somatostatin analogue therapy for
neuroendocrine tumours, individually as well as in comparison or combination [13–15]. 90Y
is used in the FDA-approved CD20-targeting radioimmunoconjugate [90Y]Y-ibritumomab
tiuexetan to treat NHL [16]. In the last few years, SIRT for liver radioembolisation has
increased rapidly, and two types of 90Y-based microspheres are currently approved as
medical devices [17]. In addition to the FDA-approved [177Lu]Lu-DOTA-0-Tyr3-octreotate
([177Lu]Lu-DOTATATE) [18], 177Lu is part of the recently approved radiopharmaceutical
used to target prostate-specific membrane antigen (PSMA) in patients with metastatic
castrate-resistant prostate cancer (mCRPC), [177Lu]Lu-PSMA-617 [15,19]. Furthermore,
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177Lu-based treatments are part of several clinical studies, for example, with the promising
target fibroblast activation protein (FAP) [20].

The alpha-emitter radium-223 (223Ra) was described as one of several potential alpha-
emitters for radioimmunotherapy in the late 1990s [21]. The main application has, however,
been in the form of [223Ra]radiumdichloride, which is currently an FDA-approved treatment
of skeletal metastases from castration-resistant prostate cancer [22]. Later explorations of
223Ra include e.g., nanomicells to increase the efficacy in treatment of osteosarcoma [23].

The beta-emitter 32P has had many applications since its first use against haematologi-
cal diseases, including intracavitary applications and treatment of osseous metastases [24,25].
The next radionuclides in terms of aggregated research output were rhenium-186 (186Re),
rhenium-188 (188Re), strontium (89Sr), and samarium-153 (153Sm), which have—together
with other radionuclides—been used in palliative treatment of bone metastases or radiosyn-
ovectomy [26,27]. 188Re has, in recent years, been explored both for melanoma, in a radioim-
munoconjugate, and for inoperable hepatocellular carcinoma, with selective administration
of [188Re]Re-4-hexadecyl-1-2,9,9-tetramethyl-4,7-diaza-1,10-decanethiol/lipiodol [28,29].

The alpha-emitter astatine-211 (211At) was produced for the first time as early as
in 1940 [30] and has been explored in numerous preclinical models. In its free state,
the biodistribution is very similar to iodine’s. An up to 12-year follow-up on a cohort
with ovarian cancer treated with 211At conjugated to MX35 F(ab’)2, a murine monoclonal
antibody, was reported in 2019 [31].

Another alpha-emitter, actinium-225 (225Ac), has been investigated for multiple clinical
uses, such as in the radioimmunoconjugate [225Ac]Ac-lintuzumab in treatment of acute
myeloid leukemia [32]. The radionuclide is perhaps currently best known for PSMA
directed treatment of mCRPC [33], and a recent meta-analysis pooled safety (225 patients)
and efficacy in the form of reported response (263 patients) and outcome (200 patients) [34].

Some radionuclides that are either primarily or exclusively used for diagnostic pur-
poses have been omitted from the publication trend dataset due to difficulties in separating
diagnostic and therapeutic reported applications. These include copper-64 (64Cu), indium-
111 (111In), technetium-99m (99mTc), fluorine-18 (18F), gallium-68 (68Ga), iodine-125 (125I),
and gallium-67 (67Ga). However, some of these have been investigated for explicit thera-
peutic applications over the years. The beta-plus- and auger-emitter 64Cu has, for example,
been investigated for therapy in the form of a hypoxia-marker [64Cu]Cu-diacetyl-bis(N4-
methylhiosemicarbazone) ([64Cu]Cu-ATSM) [35]. The gamma- and auger-emitter 111In was
initially used to image neuroendocrine disease with somatostatin analogues but was admin-
istered with increased activity to function as treatment [36]. Another gamma- and auger-
emitter, 67Ga, has also been reassessed as a potentially viable therapeutic radionuclide [37].
The gamma- and auger-emitter iodine-123 (123I) has been investigated in a pre-clinical
model for treatment of glioblastoma [38]. The most common emitter in diagnostic nuclear
medicine, 99mTc, has, in the form of [99mTc]TcO4

−, actually been investigated for therapy
in a preclinical breast cancer model because of its auger electron emission and interaction
with the human sodium/iodine symporter [39].

3. Characteristics

3.1. Linear Energy Transfer (LET) and Relative Biological Effectiveness (RBE)

LET is a purely physical quantity, describing charged particles’ energy loss per length,
measured in keV/μm. This quantity will depend on particle mass, charge, and energy,
and may also vary along a particle track as the particle loses energy while traversing the
material. For example, alpha-particles are known for their high LET Bragg peak at the
end of the track. In general, alpha-particles have higher LET than auger electrons, which
again have higher LET than beta-particles (Table 1) [40]. Auger electrons originate from
electron capture or internal conversion after an isomeric transition and, hence, differ from
beta-particles. They are often emitted in cascades, and will have an extremely short range,
resulting in the higher LET [41,42].
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Besides its close association with range, the LET is independently important for choice
of emitter as it may impact the RBE. The RBE describes the effect of the radiation, for
example, in terms of cell killing, and depends on both properties of the radiation and
biological factors. It is defined as the biologically iso-effective absorbed doses for a certain
radiation in relation to a reference radiation (often 250 keV photons). There is no established
one-to-one agreement between LET and RBE, but RBE tends to increase with LET until a
peak at around 100–200 keV/μm. Alpha-particles often show RBE values around five, and
electrons commonly have RBE values of one (same as for reference photons). However,
for auger electrons, higher RBE values have been reported when the emitters are taken
up in the nucleus [41,43]. Indirect effects may kill the cells even though the emitters are
not directly inserted into the nucleus, but an RBE of one, similar to other electrons, can
then be expected [41,42]. While it should be emphasized that RBE values are commonly
investigated in in vitro or rodent studies and are challenging to compare clinically when
many additional factors contribute, it is clear that a higher efficiency per absorbed dose
is to be expected from, e.g., alpha-emitters than beta-emitters. Potential benefits of this
are, however, more complicated to generally interpret as both tumours and normal tissues
at risk will be subject to the same effects. Differences in dose rate between the target and
normal tissues, cell/tissue sensitivity, degree of oxygenation, and other radiobiological
factors will impact the RBE. These should ideally be known to decide whether alpha- or
beta-emitters are better suited for a specific treatment as, for instance, alpha-radiation-
induced damage is independent of oxygenation, while much of the treatment effect with
beta radiation requires oxygenation.

3.2. Particle Range

The range of a charged particle in tissue is the average distance it is expected to travel
before it comes to rest (the expectation value of the path length), and, for therapeutic
radiation, range depends on particle energy and particle type [44]. While many of the
photons exit a patient injected with a diagnostic radionuclide for imaging, for radionuclide
therapies, most of the energy should be deposited within the patient, specifically in the
tissue being targeted. Hence, short-range, non-penetrating radiation; beta, alpha, and
auger electrons are the ones of interest [45]. Still, the particle range ideal for a target varies
greatly between cases. The range of auger electrons is very short (Table 1), and, for therapy
with auger electrons to be most efficient, decays should occur in or near to the target cell
nucleus [40]. Considerations of cellular uptake and intracellular positioning are, therefore,
especially important for auger-emitters. Alpha-particles travel in nearly straight paths as
they gradually lose energy to atomic electrons, and the range is measured from the point of
decay to where ionisations stop [46]. Alphas have a much longer range than auger electrons,
and it is not crucial that the decays occur near the nucleus as the alpha-particles typically
traverse a few cell diameters while depositing their energy [40]. For beta-emitters, range is
described differently as betas are emitted with a continuous range of energies and follow
tortuous paths as they undergo multiple scatterings in a medium. Max range, mean range,
and X90, the radius of the sphere in which 90% of the beta-emitter’s energy is deposited,
can all be useful when describing range [46]. Selected properties of the 15 most common
beta-emitters identified through the PubMed database search are provided in Table 2. It
is important to be aware that, when range is given in literature, it usually describes the
total path length travelled by the beta particle, which, in clinical settings, is longer than the
depth of penetration. Beta-emitters irradiate a much larger volume than alpha-emitters,
and the differences in range between beta-emitters are large enough to produce differences
in therapeutic effect.
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Table 2. According to our search, the 15 beta-emitters most frequently published on in relation to
radionuclide therapy and their properties. The data are taken from ICRP 107 [4].

Radionuclide Half-Life
Mean

Energy/keV
Max

Energy/MeV
X90 in Water ˆ/mm

Max CSDA
Range in

Tissue v/mm

Photons
Intensity > 5% and

Energy > 75 keV

I-131 8.02 days 181.9 0.81 0.9 3.3
364 keV (82%)
637 keV (7%)
284 keV (6%)

Y-90 64.10 h 932.9 2.28 5.5 10.8

Lu-177 6.65 days 133.3 0.50 0.6 1.7 208 keV (11%)
113 keV (6%)

P-32 14.26 days 694.8 1.71 3.7 8.0

Re-188 17.00 h 762.6 2.12 4.5 10.1 155 keV (16%)

Sr-89 50.53 days 584.5 1.50 3.3 6.9

Re-186 * 3.72 days 346.6 1.07 1.9 4.6 137 keV (9%)

Sm-153 46.50 h 223.6 0.81 1.1 3.3 103 keV (30%)

Au-198 2.70 days 312.2 1.37 1.7 6.2 412 keV (96%)

Ho-166 26.80 h 665.0 1.85 4.0 8.7 81 keV (7%)

Cu-67 61.83 h 135.9 0.56 0.6 2.0
185 keV (49%)
93 keV (16%)
91 keV (7%)

Er-169 9.40 days 99.6 0.35 0.4 1.0

Dy-165 2.33 h 439.7 1.29 2.5 5.8

Tb-161 6.91 days 154.3 0.59 0.7 2.1

Sc-47 3.35 days 161.9 0.60 0.7 2.2 159 keV (68%)

* beta-particle yield of 186Re is 92.5%. ˆ Calculated with Geant4 Application for Tomographic Emission (GATE); see
Supplementary File S2 for details. v The continuous-slowing-down approximation (CSDA) range was calculated
using the maximum energies with equation A.18 from Prestwich et al. (1989) [47].

In general, one might choose the high energy beta-emitters, such as 90Y, for targeting
large tumours, the lower energy beta-emitters, such as 177Lu, for smaller tumours, and
alpha-emitters for micro metastases. However, various target characteristics affect the ideal
range of the therapeutic radiation; examples include size, geometry, and distribution of
the molecular target. Sometimes, there can be a variety of tumour characteristics within a
patient, and, in such a case, the optimal range could be different for every tumour. Several
studies have investigated the impact of particle range for different tumour characteristics,
such as studies by O’Donoghue et al. and Bernhardt et al. investigating the relationship be-
tween tumour size and range, and Tamborino et al. looking at the influence of radionuclide
choice with heterogeneously distributed radiolabelled peptides [48–50].

3.2.1. Size of Targets and Tissues at Risk

Ideally, particle range should be optimised to irradiate the entire target volume while
minimising radiation to healthy tissue. This ideal range is highly variable as target char-
acteristics vary greatly between diseases, individual patients, and individual targets. To
illustrate the effects of size and geometries with different particles and energies, we per-
formed simulations. The method description is found in Supplementary File S2. In Figure 3,
we show the simple case of a spherical target volume with homogeneous uptake in the
entire sphere. The energy deposited in the sphere as a percentage of total energy is plot-
ted against sphere diameter for alpha sources of 5.5 MeV and for beta sources with the
beta emission energy spectra of 90Y, 177Lu, and 131I. As the sphere gets smaller, more of
the energy is deposited outside the source volume and the impact of particle type and
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energy is larger. 90Y emits beta-particles of high energies, and, already for 10 mm spheres,
only approximately 62% of the emitted energy is deposited in the sphere. In contrast,
the alpha-emitter deposits more than 90% of its energy within the sphere even when the
sphere diameter is only 0.5 mm. Hence, if only range is of interest and there is uptake in
an entire spherical tumour volume with a diameter around 0.5 mm, one might want to
use an alpha-emitter rather than a high-energy beta-emitter to keep most of the energy in
the tumour.

Figure 3. The figure shows energy deposited within a spherical source (Edep(sphere)) as a percentage
of the total energy emitted (Edep(total)). The sphere source diameter ranged from 0.02 mm, to
approximate a single cell, to 100 mm, to approximate a large tumour. Note that the x-axis is a log
scale. Four different sources are shown, three pure beta sources with beta energies following the
emission spectra for 90Y, 177Lu, and 131I, and an alpha source with alpha energies of 5.5 MeV. For
large spheres, most of the energy will be deposited inside the sphere regardless of type of emitter.

Figure 4 illustrates sources that are spherical shells, a simplified geometry typical
for large tumours with varying uptake of the radiotherapeutical due to heterogeneous
vascularisation and necrotic areas in the core region [51]. In the simulations, uniform
activity distribution is assumed in the shell, without any activity in the core. As the shell
thickness increases, the choice of emitter becomes less significant. As an example, with a
thin shell of 0.5 mm thickness and a 10 mm outer diameter, more than 95% of the energy
from alpha decays is deposited in the shell and only 1.5% is deposited in the core. For the
same geometry, beta radiation with the energy spectrum of 90Y deposits only 20% of the
energy in the shell and 26% is deposited in the core. Hence, if one wishes to irradiate a
volume without uptake of the radiopharmaceutical, a high-energy beta-emitter is a better
choice than an alpha-emitter. How high the beta energy should be will be a trade-off
between energy deposited outside the shell being kept reasonably low and sufficiently
irradiating the core. If the radius of the core is assumed smaller, one can choose a lower-
energy beta-emitter and still deposit sufficient energy in the core to kill the cells while
limiting radiation to surrounding healthy tissue. Depending on how vital or radiation-
sensitive the surrounding tissue is, in some situations irradiating the core might be less
important than protecting surrounding tissues. In cases with active tumour cells without
uptake in the core, ranges adequate to reach those cells from areas of uptake will likely be
imperative, and, for example, 90Y might be the favoured radionuclide.
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Figure 4. The figure shows energy deposited in and around a spherical shell source. This approxi-
mates a situation where there is uptake around the outer rim of a core without uptake. Panels (a,b)
illustrate examples of shell thicknesses for the two outer diameters and show the central slices of
images containing the energy deposition maps of the shells, where each quarter shows a different
source. In panels (c,d), the ratio of energy deposited in the shell source (Edep(shell)) to total deposited
energy (Edep(total)) is plotted against the shell thickness. In panels (e,f), the ratio of energy deposited
in the core (Edep(core)) to total deposited energy is also plotted against shell thickness. Two different
outer diameters were used: in (a,c,e), shells with an outer diameter of 10 mm are shown, and, in
(b,d,f), shells with an outer diameter of 30 mm are shown. Four different sources were used, three
pure beta sources with beta energies following the emission spectra for 90Y, 177Lu, and 131I, and an
alpha source with alpha energies of 5.5 MeV.

Optimal range is not only determined by tumour geometry and heterogeneity; uptake
in healthy tissue or surrounding critical organs can be more important. For instance, with
PSMA therapy for mCRPC, diagnostic scans prior to therapy reveal areas with uptake. Kra-
tochwil et al. considered diffuse bone marrow infiltration in a patient a contraindication for
treatment with beta-emitting [177Lu]Lu-PSMA-617 and administered [225Ac]Ac-PSMA-617
instead to avoid limiting hematologic toxicity [33]. Hobbs et al. presented a model illus-
trating the importance of accounting for micron-scale activity distributions and anatomy
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when calculating doses to bone marrow with alpha-emitters due to the short range of the
radiation. They showed that strongly increasing the average absorbed dose to the bone
marrow from 223Ra did not necessarily lead to toxicity since only a smaller fraction of cells
were compromised [52]. Hobbs et al. similarly developed a nephron- and cellular-based
model for kidneys as average dose to kidney is a poor predictor of biological response for
short-range alpha radiation [53]. Hence, while short-range alpha radiation to a smaller
degree exposes immediate surrounding tissue to radiation, uptake in smaller structures in
healthy tissue can have large consequences due to the high amount of energy released over
the short range.

3.2.2. Heterogeneity

There are many levels of heterogeneity in radionuclide therapy. There is heterogeneity
between patients, between tumours, and within tumours. The most relevant in the context
of particle range is heterogeneity within a tumour, specifically heterogeneous distribution
of uptake of the radiotherapeutical. This can be caused, for instance, by permeability
and extent of tumour vasculature or affinity of the targeting radiopharmaceutical for
tumour cells [48]. For the long ranges achieved with beta radiation, much of the energy
of the particle is deposited outside the accumulating cell, a mechanism termed cross-fire
effect. Cross-fire effect is important for the efficacy of some radiotherapies as it can ensure
radiation of tumour cells without uptake of the radiotherapeutical [40]. However, in cases
where the range of the radiation is larger than the metastases, the cross-fire effect will
deliver the radiation dose to surrounding tissue, causing the ratio of absorbed dose to
tumour over healthy tissue to decrease [51]. Figure 4 illustrates a simplified geometry of a
tumour, where a large core without uptake is found for the thinner shells. In such a case, the
cross-fire effect ensures a more homogeneous absorbed dose distribution. Another typical
case of uptake heterogeneity occurs when only single cells or small cell clusters accumulate
the radiopharmaceutical and they are positioned at various intervals [51]. Enger et al.
showed that the cross-fire effect can be an advantage in these cases as well [51].

3.3. Physical Half-Life

The physical half-life, i.e., the time it takes for the activity to reach half its initial value
by radioactive decay, is inherent to the radionuclide, unchangeable by the chemical and
physical environment and often known to a high degree of precision. The radionuclide
with the optimal physical half-life for a certain pharmaceutical and application will depend
on several factors, mainly related to the pharmacokinetics in targets and normal tissues
at risk. Figure 5 illustrates some examples with normal organ and tumour tissue with
different uptake and clearance.

In general, the activity in the different tissues, and, hence, the absorbed dose rate, is
continually changing after administration of the radiopharmaceutical. Most radiotherapeu-
ticals, especially those injected intravenously, will display an uptake and a washout phase.
The rates and kinetics of the different phases vary between tissues. The absorbed dose
deposited from activity within a tissue (the so-called self-dose) in radionuclide therapy is
given by the total numbers of disintegrations occurring per mass multiplied by the energy
deposited locally. This depends on both the magnitude of the uptake and the length of
time the radionuclide resides in the tissue. Contributions from surrounding tissues or other
organs can also add to the total absorbed dose, but these are often minor compared to the
self-dose for tissues with specific uptake.

Ideally, the initial uptake phase for targets should be short so fewer disintegrations take
place en route. While uptake times can be practically instantaneous for selective treatments,
for antibody vectors, they can be longer, i.e., hours or days. Schemes to pre-target tumours
in order to reduce the uptake time, for example, with biotin–avidin systems, have been
proposed [54]. If the uptake phase for targets is sufficiently rapid, the physical half-life of
the radionuclide can, in theory, be very short. In practice, production and logistics will
then limit the half-life. Radiation protection concerns may also limit a very short half-life
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as—keeping all other factors constant—a higher amount of activity is needed to achieve
the same absorbed dose if the physical half-life is decreased, and this may lead to a higher
exposure rate of the surroundings. If the uptake phase for targets is longer than for normal
tissues, longer physical half-lives are preferred.

Figure 5. The figure illustrates theoretical situations that involve biological uptake and clearance of a
radiopharmaceutical in a normal organ and tumours (a,c) and the differences in absorbed dose ratios
that can be expected by selecting radionuclides with various half-lives for each (b,d). Two different
types of kinetics are illustrated. In both scenarios, the normal tissue kinetics (illustrated with a dashed
black line) are kept fixed and the tumour kinetics are varied. In the first situation, illustrated in panel
(a), with the corresponding ratios in panel (b), an instantaneous uptake and a mono-exponential
elimination is assumed for both tumour and normal tissue. The initial amount of radiopharmaceutical
per tissue is set identical for both normal organ and tumours. The tumour-curves have been colour-
graded according to the biological half-life, where white is equal to the normal tissue elimination
(here, 100 h), whereas more saturated green indicates a slower and saturated purple indicates a
faster elimination compared to the normal tissue. In panel (b), the ratios between the total energy
absorption between tumour and normal tissue for the different tumour eliminations have been
plotted for a range of physical half-lives. In panel (c), a different situation with bi-exponential uptake
and washout is illustrated. Here, the rate of wash-out is kept fixed, while the uptake phase is varied.
Again, different theoretical tumours are shown in coloured whole lines, where more saturated blue is
a faster uptake and more saturated red is a slower uptake, while the normal organ is represented
by a black dashed line. The curves here have been normalised to the same maximum amount of
radiopharmaceutical per tissue. In panel (d), the absorbed dose ratios between the tumours and the
normal organ are plotted over a range of physical half-lives for this scenario.

For the wash-out phase as well, the balance between the tissues is vital. If the biological
wash-out of the target tissue is slower than for the relevant normal tissues, it suggests
a longer physical half-life and vice versa. An additional element to consider is that the
physical half-life should not be too long compared to the biological residence time in
tumours. This would lead to redistribution of activity outside targets. Radiation protection
considerations could also put an upper bond on the radionuclide half-life to avoid the
patient from becoming a long-lived (although low-activity) radiation source.
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For example, we can consider [177Lu]Lu-DOTATATE-treatment of neuroendocrine
tumours. Typically, wash-out from tumours and kidneys has been observed to behave
exponentially with biological half-lives of the order of 287 h and 77 h, respectively [55,56].
177Lu has a physical half-life of 160.8 h, resulting in effective half-lives of 103 and 52 h.
If identical uptake per tissue mass is assumed, this results in a tumour to normal tissue
absorbed dose ratio of 2.0. If the physical half-life was shorter, say 50 h, this ratio would be
lowered to 1.4. Increasing the physical half-life, at least to a certain point, would result in
an increased tumour to normal tissue ratio.

3.4. Imaging Properties

Post-therapy imaging of the distribution of the radiotherapeutical is essential to
validate that the uptake pattern is as intended, and often also to calculate the absorbed doses
to target tissue and normal organs at risk [57]. The potential for imaging in general depends
on the pharmacokinetics and distribution of the radiotherapeutical, the amount of photons
produced by the disintegrations, and the administered activity of the radionuclide. Photon
origin, yield, and energy, in addition to camera settings, will also impact the image quality
and quantitative properties. Most beta- and auger-emitters will emit some gamma photons,
allowing for gamma camera imaging (Table 2). For example, the in vivo distribution
of 177Lu and 131I can be followed easily due to gammas with appropriate energies and
yields [58,59]. Other beta-emitters are more challenging, and, e.g., 90Y was first believed to
be difficult to image accurately. However, bremsstrahlung imaging and later also positron
emission tomography (PET) were proven feasible [60], and the approaches have become
widely used after SIRT [61]. Still, this treatment is localized, and systemic administered
treatments using 90Y will be more challenging with regard to imaging as for example
studies of [90Y]Y-ibritumomab tiuxetan and [90Y]Y-DOTA-DPhe1-Tyr3-octreotide ([90Y]Y-
DOTATOC) have demonstrated [62,63]. Companion diagnostics—similar carrier molecules
with diagnostic emitters attached—can be used to predict the distribution pattern of a
radiotherapeutical, but potential deviations between the radiopharmaceuticals should still
be investigated. Additionally, the half-lives of the diagnostic emitters need to approximate
those of the therapeutic radionuclides for dosimetric purposes.

Due to high LET, RBE, and decay chains frequently containing multiple alpha- or beta-
emitting daughters (Figure 6), the amount of activity used for alpha therapy is typically
much lower than for beta therapy. Although some alpha-emitters emit gamma photons
suitable for imaging, the low administered activities result in poorer image statistics. In
addition, the recorded photon energy spectra commonly include relatively high amounts
of bremsstrahlung and X-rays; hence, quantification is often more complex and associated
with larger uncertainties. However, imaging has been performed for treatments with
radionuclides in the decay chains of radium-224 (224Ra) to lead-208 (208Pb) [64], thorium-227
(227Th) to lead-207 (207Pb) [65–68], and radium-225 (225Ra) to bismuth-209 (209Bi) [69–73].
The fourth decay chain in the same range of atomic numbers, radium-226 (226Ra) to lead-210
(210Pb) to lead-206 (206Pb), has somewhat unsuitable half-lives for most targeted treatments.
It should be emphasized that, if imaging is only possible for a single or a few radionuclides
in a decay chain, possible redistribution of daughters should be considered. For some
alpha-emitters, isotopes with other characteristics can be found and companion diagnostics
developed. An example includes lead-203 (203Pb) as a surrogate for lead-212 (212Pb),
which is investigated for PSMA-based treatment of mCRPC [74]. With regard to imaging
properties, terbium-149 (149Tb) can be highlighted as an alpha-emitter that also emits
positrons, allowing for PET acquisition [75].

3.5. Radiation Protection Considerations

In general, external exposure from patients will depend on the radionuclides’ pho-
ton yield and energy, the amount of activity administered, and the pharmacokinetics of
the radiopharmaceutical. The exposure limit of the public is set to an effective dose of
1 mSv/year in total by a European directive; however, it is also described that the member

269



Molecules 2022, 27, 5429

states shall ensure that dose constraints are established for the exposure of knowing and
willing caretakers or comforters [76]. While thresholds of 1 mSv, 3 mSv, and 15 mSv are of-
ten used in this category for children, adults, and adults more than 60 years old, respectively,
based on a consensus statement for 131I treatment [77], some variations in recommended
precautions may be found between countries depending on the established limits and
calculation methods. 131I-based treatments are traditionally associated with the highest
degree of external exposure due to the high yield of photons (Table 2), and isolation mea-
sures and other constraints to limit exposure of the public, professionals, carers, and family
members are common [78]. Depending on the characteristics, other beta-emitters may also
impinge various radiation protection measures. Treatments such as [177Lu]Lu-DOTATATE
can be given on both an out-patient and in-patient basis with suitable restrictions [79].
For beta-emitters with low photon yield (such as 90Y) and most alpha-emitters, external
exposure from patients will be less of a concern. However, handling of compounds before
patient administration, especially for prolonged durations (for example, for labelling) may
still raise concerns [80]. For hospitals, waste management might also be a relevant factor as
storing and disposing of radioactive waste can be required.

Fluids from patients may lead to contamination of the surroundings, and excretion
in urine, faeces, saliva, blood, and breast milk should be addressed. Stability of the
radiopharmaceuticals, release of potential radioactive daughters, and volatile or gaseous
radionuclides are important in this context. The biokinetics of a range of individual nuclides
are described in a series of ICRP publications [81–84].

4. Discussion

While targeted treatment with radionuclides continues to increase in both diversity and
the number of therapies performed, the field is currently dominated by three radionuclides:
the beta-emitters 177Lu, 131I, and 90Y. This may reflect an inclination to “not change a
winning team”; once radionuclides of beneficial properties have been established, the
tendency may be that they are often used for novel compounds. The advantages of having
well characterised radionuclides are evident with regard to imaging, production, chemistry,
etc. The PubMed and clinical trials database searches performed in this work revealed that,
over the years, numerous radionuclides have been either suggested or explored as options
in treatments. To our knowledge, this is the first search where the starting point has been
the full ICRP 107 list of 1252 radionuclides, not simply an author-defined selection.

Of the three most frequently used radionuclides, 131I is a candidate to be integrated
directly into various biomolecules (such as with [131I]MIBG), and it has targeting properties
of its own. This makes 131I an ideal radionuclide for some specific applications, such as
treatment of metastatic differentiated thyroid cancer [8]. The wide variation in the iodine
isotopes, both with respect to half-lives and radiation emitted, also provides excellent
opportunities for companion diagnostics. For example, 123I and iodine-124 (124I) are
alternatives that can be used for SPECT or PET imaging. However, the high yield of
364 keV photons often renders 131I less than desirable with regard to radiation protection.
Both 90Y and 177Lu are radiometals that require chemical linkage to relevant carriers and
are, in theory, therefore, more open to be replaced by other radionuclides. Examining the
physical properties, it is clear that selection of one or the other may largely depend on
the tissues to be targeted, surrounding normal structures, and normal tissue distribution
and microstructure. 90Y emits electrons with longer ranges, which are well suited for
heterogeneous structures, such as larger tumours with potentially poorly vascularised cores.
177Lu emits electrons with shorter ranges and will be preferred if a more homogeneous
uptake is expected. An inhomogeneous distribution between different sub-structures in
normal tissues, such as observed in kidneys for somatostatin analogues, may also suggest
using a short-range beta-emitter [85].

Previous studies have suggested tailored treatments according to the individual pa-
tient’s tumour signatures and sizes, or even using a cocktail of emitters [86]. For example,
peptide receptor radiotherapy (PRRT) with both 177Lu and 90Y has been explored using a
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combination strategy [87,88]. While 90Y is currently the most frequently used beta-emitter
with a long range, alternatives are encouraged due to the lack of imageable signal from 90Y.
As a last consideration on range, it should be noted that, although the physical range of
radiation is well defined, it does not itself determine the space in which cells can be affected
by radiation. Radiation-induced bystander effects or abscopal effects, which involve cells
behaving as though they have been exposed to radiation when they have not, are not fully
understood, but they contribute to the efficacy of radionuclide treatment [86,89].

For alpha-emitters, the situation is somewhat different. 223Ra has been the most
frequently used radionuclide since the early 2010s. This is due to [223Ra]RaCl2 (Xofigo)
treatment for castration-resistant prostate cancer, where the bone-seeking properties of
radium as a calcium-analogue are exploited [22]. However, in the last few decades, several
alpha-emitters have been investigated, mostly for compounds containing a linker. The
choice of radionuclide is then more open. Range can be considered a less relevant factor
to decide between different alpha-emitters since the energy will primarily be deposited
within a radius of some cell diameters. Production, chemistry, physical half-life, and
radioactive daughters will, therefore, be more important for choosing the optimal alpha-
emitting radionuclide for a certain pharmaceutical. For example, radionuclides in the
decay chain starting with 226Ra have inconvenient half-lives or chemical properties and
are rarely used. Radioactive daughters are an important factor and especially relevant
for alpha-emitters (Figure 6). The opportunity to produce additional radioactive nuclides
in vivo can be both an advantage and a concern depending on where the surplus energy
will be deposited. Especially, the recoil effect can break chemical binding with the carrier,
releasing the daughter [90]. Biodistribution, pharmaceutical properties, half-lives, and other
characteristics of the daughter will then be among the determining factors. For example, a
historical consideration of 223Ra for therapy deemed the radionuclide as interesting due to
the total of four alpha-particles but less than desired due to the radon-219 (219Rn) daughter
that could redistribute as a noble gas [21]. However, after the clinical introduction, no
evidence of re-distribution has been found. While alpha-particles are excellent at ensuring
localised deposition of energy (Figure 3), this can also render the treatments less useful for
heterogeneous tumours where cross-fire effects are desired. As described, the overall low
photon flux from alpha-emitters will often pose challenges for quantitative imaging and
dosimetry, which are currently required by a European directive [76].

No treatments based on auger-emitters are currently approved by the FDA or the
European Medicines Agency (EMA). Many of the radionuclides familiar from diagnostic
tracers (for example, 99mTc, 123I, 111In) also decay by electron capture and/or undergo
internal conversion after an isomeric transition, giving rise to smaller fractions of auger
electrons. Over the last two decades, some registered clinical studies with auger-emitters,
such as 111In and 125I, were found in our search [36,91,92], but none seem to have moved to
clinical routine. While the short range of the auger electrons can spare adjacent local tissues
at risk [93]—such as for the alpha-emitters—the photon irradiation can be considerable. For
example, for PRRT, 90Y labelled somatostatin analogues gave a lower red marrow absorbed
dose than 111In analogues as a result of the decreased photon contribution from the total
body [94].

While it is relatively easy to list the various factors of importance for selection be-
tween different radionuclides, overall comparisons with clinical value are more challenging.
Absorbed dose is a well-defined parameter used to quantify the total amount of energy
deposited per mass; however, corrections for the time dependence, radiation type, and
heterogeneity may still be needed to estimate the probabilities for toxicity or response.
Especially, different types of emitters are challenging in this regard, and, for some appli-
cations, the possibility of having a selection of various radionuclides available may be
beneficial. For example, PSMA targeted treatment with 225Ac is sometimes an option to
[177Lu]Lu-PSMA treatment for individual mCRPC patients [95].

The concept of theragnostics has gained increasing focus over the last few years. Even
with radiotherapeuticals that are possible to image themselves, companion diagnostic
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tracers are important for stratification purposes, for patient selection, in some cases individ-
ual treatment planning, and for response evaluation and follow-up. Selection of optimal
therapeutic radionuclides should, therefore, also include considerations of the theragnostic
properties and the need and possibility for diagnostic analogies.

In conclusion, selection of radionuclides for targeted therapy depends on a variety of
factors. Identifying the optimal radionuclide might not be possible until after the biodis-
tribution, pharmacokinetics, and uptake levels have been accurately described through
clinical investigations. However, target sizes, expected intra-target homogeneity and
uptake density, characteristics and pharmacokinetics of the radionuclide-bound carrier,
administration route, expected normal tissues at risk, and other considerations may serve
to guide the selection in terms of physical properties. In our search, 72 radionuclides out
of a total of 1252 were found to have been considered for clinical use, and 21 were found
to have been included in clinical trials. This illustrates the diversity and opportunities in
the field.

Figure 6. Six decay schemes (a–f), including most alpha-emitters relevant for radionuclide therapy.
All branching ratios larger than 0.1% are included. The beta- and alpha-particle energies given are for
the highest intensity emission. Data from Ref. [96].
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Abstract: The production of reactor-based medical isotopes is fragile, which has meant supply
shortages from time to time. This paper reviews alternative production methods in the form of
cyclotrons, linear accelerators and neutron generators. Finally, the status of the production of medical
isotopes in China is described.

Keywords: medical isotope production; accelerator; nuclear medicine; review

1. Introduction

1.1. Definition of Medical Isotopes

Medical isotopes are radioisotopes that emit positrons or gamma rays for medical
diagnosis or particulate radiation, such as alpha or beta particles for medical therapy [1].

1.2. Medical Use

The application process for medical isotopes is depicted in Figure 1 and can be sum-
marized in four steps:

(1a) In a reactor, irradiate a suitable target with neutrons to induce a nuclear reaction;
(1b) In an accelerator, irradiate a suitable target with protons, alpha, or deuteron particles

to induce a nuclear reaction;
(2) Separate radioisotopes from the irradiated targets;
(3) Combine the ligands with radioisotopes to prepare radiopharmaceuticals;
(4) Employ the radiopharmaceuticals in nuclear medicine.

Figure 1. Process for the application of medical isotopes.

Depending on the physical characteristics of the isotopes applied, radiopharmaceuti-
cals have different medical uses in diagnosis, therapy, or both (theranostics) [2], leading to
a steady increase in the use of medical isotopes in nuclear medicine over time [3,4].

Molecules 2022, 27, 5294. https://doi.org/10.3390/molecules27165294 https://www.mdpi.com/journal/molecules278



Molecules 2022, 27, 5294

1.2.1. Radiopharmaceuticals for Diagnosis

Radiopharmaceuticals are generally injected intravenously or, in some cases, taken
orally [5,6]. They are transported in the blood throughout the body and, due to their
high affinities with specific organs, can target different diseases, especially tumors. The
γ rays emitted by radiopharmaceuticals are used for imaging. Currently, there are two
main imaging applications for diagnosis in nuclear medicine: Single Photon Emission
Computed Tomography (SPECT) [7–9] and Positron Emission Tomography (PET) [10–12].
The distribution of radiotracers in vivo can be detected using SPECT and PET cameras.

The main advantage of nuclear medicine diagnosis lies in its ability to find lesions
earlier since diseased tissues usually first denote functional changes before later evolving
into shape and structural changes [13]. Another major feature of nuclear medicine diagnosis
is its ability to specifically show the locations and sizes of tumors, especially when combined
with Computed Tomography (CT) or Magnetic Resonance Imaging (MRI) [14,15].

1.2.2. Radiopharmaceuticals for Therapy

Therapeutic radiopharmaceuticals accumulate in diseased tissue after entering the
human body. Then, their cumulative radioactive emissions can produce biological effects
(e.g., killing tumor cells), which makes radiopharmaceuticals particularly suitable for cancer
treatment [16]. The applications of radiopharmaceuticals for therapy include α therapy, β
therapy, and Auger therapy. This review focuses on α therapy and β therapy.

1.2.3. Radiopharmaceuticals for Theranostics

In theranostics, radiopharmaceuticals can be used to perform diagnostic imaging and
medical treatment [17–19]. Imaging diagnosis is used to determine an optimal treatment
modality and can help monitor and evaluate the medical treatment progress [18,20,21].
Currently, radiopharmaceuticals for theranostics use either the same radiopharmaceutical,
which emits γ rays for diagnosis and α or β particles for treatment [22,23], or two different
radiopharmaceuticals (one for diagnosis and the other for treatment) [24].

Radiopharmaceuticals for theranostics have developed rapidly in recent years with
great progress in treating neuroendocrine tumors, thyroid cancer [20,21,25,26], prostate
cancer, breast cancer [27,28], and other diseases.

1.3. The Status of Medical Isotope Production

Radioisotopes are divided into natural and artificial radioisotopes. Currently, there
are about 200 radioisotopes in use, most of which are produced artificially [29].

With the widespread usage of radiopharmaceuticals, the stable production and supply
of medical isotopes is becoming increasingly important.

Medical isotopes are generally produced via either reactors or accelerators. Typically,
reactor-based medical isotopes are neutron-rich isotopes commonly characterized by a
long half-life, while accelerator-based medical isotopes tend to offer a shorter half-life and
usually emit positrons or γ rays [30]. Reactor irradiation is currently the most commonly
used method to produce medical isotopes due to their high yield, low cost, and ease of
target preparation. However, this supply is sustained by reactors that were built in the
1950–60s (Table 1). The majority of these reactors will gradually shut down before 2030.

Table 1. Information on the world’s major reactors producing medical isotopes [31–34].

Country Reactor Power [MW]
Year of First
Criticality

Estimated Retirement
Time

Belgium BR-2 100 1961 2026
Netherlands HFR 45 1961 2024

Czech Republic LVR-15 10 1957 2028
Poland MARIA 20 1974 2030

South Africa SAFARI-1 20 1965 2030
Russia WWR-TS 15 1964 2025

United States HFIR 100 1965 2035
Australia OPAL 20 2006 2057
Germany FRM-II 20 2004 2054
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Moreover, due to their age, and as part of the decommissioning process, reactors can be
expected to have longer periods of down time due to maintenance or unplanned shutdown
events for safety or technical reasons [35], increasing the risk of supply interruptions or
persistent shortages. Additionally, most irradiated targets for 99Mo production in a reactor
context use highly enriched uranium (HEU) targets that generate considerable amounts of
highly radioactive waste and increase the risk of nuclear proliferation [36,37]. These factors
strengthen the argument that medical isotopes produced via reactors should be replaced
by accelerator-based production [38,39].

The growing interest and recent improvements in accelerator technologies have al-
ready led some medical isotopes produced via reactors to be replaced or partly replaced
by accelerator-produced isotopes. There are many advantages to using medical isotopes
produced by accelerators:

(1) Supervision is easier, and safety is improved [40];
(2) The maintenance and decommissioning costs are lower [29];
(3) The amount of radioactive waste produced is less than 10% of the amount produced

by a reactor, and the radiation levels are lower [41];
(4) It has no risk of nuclear proliferation [42].

As shown in Figure 2, the number of cyclotrons producing radioisotopes is increasing,
while the number of reactors is slowly decreasing.

 

Figure 2. A comparison of the number of cyclotrons in the world and the number of reactors reported
by the IAEA [43–57].

2. Medical Isotopes

This section reviews the medical isotopes produced by cyclotrons, linear accelerators,
and neutron generators and lists some of the most commonly used medical isotopes, as
well as their characteristics, applications, and production methods.

2.1. Medical Isotopes Produced by Cyclotrons (1–5: PET Radioisotopes, 6–7: SPECT Radioisotopes,
8–10: Therapeutic Radioisotopes)

A cyclotron is a particle accelerator that accelerates charged particles and uses an elec-
tromagnetic field to get the particles to follow a spiral path to ever-increasing energies until
achieving the energy necessary to produce medical isotopes via nuclear interactions [58].
Compared with linear accelerators, the beams from cyclotrons have characteristically lower
beam intensity, but their energy can be higher [59]. Cyclotrons are classified according to
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the energy of the particles they produce. As shown in Table 2, different types of cyclotrons
can produce medical isotopes for a wide range of applications.

Table 2. Classification of medical cyclotrons [60].

Type
The Energy of Particles

[MeV]
Application

Small medical cyclotron <20 Short-lived radioisotopes for PET

Medium-energy cyclotron 20–35 Production of SPECT and some
PET radioisotopes

High-energy cyclotron >35 Production of radioisotopes for
therapy

2.1.1. 18F
18F (T1/2 = 109.8 min) decays and emits positrons with an average energy of 0.25 MeV;

hence, the distance traveled until reaching positron annihilation in tissues is short. 18F is
the most commonly used PET radioisotope. At present, the Food and Drug Administration
(FDA) has approved 18F radiopharmaceuticals for use in the diagnosis of a variety of
diseases, such as Alzheimer’s disease, infections, and many types of cancer, as well as to
evaluate treatment outcomes [61,62]. According to clinical data, [18F]FDG can distinguish
between Parkinson’s Disease (PD), MSA with predominant Parkinsonism (MSA-P), and
MSA with predominant cerebellar features (MSA-C) [63,64]. PET diagnosis is expensive
and can cost over $1000, while doctors can make an early and accurate diagnosis. For that
reason, the annual number of PET scans has steadily increased for many years [65]. Most
18F is produced via cyclotrons by exploiting two nuclear reactions:

(1) 18O (p, n) 18F: This reaction requires enriched (and more expensive) 18O target materi-
als to produce 18F in a high yield [66]. Technology developments led to improvements
in the target system and the production of 18F up to 34 GBq, as well as specific activi-
ties of 350–600 GBq/mmol 30 min after the end of bombardment [67]. Subsequently,
it was found that with the irradiation of 11 MeV protons, the yield of 18F further
increased directly with the proton current. However, the impurities also increased
such that for a proton current of 20 μA, the yield of 56Co (4.86 MBq) and 110mAg
(1.51 MBq) doubled [68]. Many developing countries do not have medical isotope pro-
duction facilities. If these countries desire to become self-sufficient in the production
of medical isotopes, they could start by installing low-energy cyclotrons to produce
18F [69].

(2) 20Ne (d, α) 18F: This is the first production method used to produce 18F. This reaction
is characterized by lower yields and low specific activity, so it is gradually being
replaced. However, with production improvements, this method could again become
an attractive alternative [70].

2.1.2. 68Ga
68Ga (T1/2 = 68 min) is a metal PET radioisotope. Currently, there are about

100 ongoing clinical tests with 68Ga [61], indicating the rapid development of 68Ga-labelled
radiotracers. Radiopharmaceuticals labeled with 68Ga are used for the diagnosis of neu-
roendocrine tumors and are highly accurate when used in patients with suspected but yet
not localized neuroendocrine tumors [71]. In addition, 68Ga and 177Lu (T1/2 = 6.7 d) have
a similar coordination chemistry, rendering them some of the most promising radiophar-
maceuticals for theranostics. For neuroendocrine tumors, both [68Ga]Ga-DOTA-TATE and
[177Lu]Lu-DOTA-TATE have been approved by the FDA for clinical PET diagnosis and
medical treatment [72–74]. [68Ga]Ga-PSMA-11 is the first radiopharmaceutical approved
by the FDA for PET imaging of PSMA-positive prostate cancer, and [177Lu]Lu-PSMA-617
has also been used for PSMA-targeted therapy [74–77].

68Ga is generally available using a 68Ge/68Ga generator and represents a relatively sim-
ple and convenient method [78] that can yield up to 1.85 GBq [79]. With the development of
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technology, the commercial “ionic” generators have made 68Ga clinically successful [80,81].
68Ga obtained by generators cannot meet the growing demands, however, so the use of
accelerators to obtain 68Ga has aroused scientific interest. Moreover, higher yields of 68Ga
can be obtained with the 68Zn (p, n) 68Ga reaction using a small cyclotron [82,83]. The yield
when using a solid target was reported as 5.032 GBq/μA·h [83]. After 6 h, impurities such
as 66Ga and 67Ga only accounted for 0.51% of the total activity [84]. Compared with using a
generator, this production method does not require radioactive waste treatment. Although
the solid target system is complex, and the separation steps are lengthy, an automated
process was developed to separate the solid target and is simpler to operate than alternative
methods [85]. This nuclear reaction can also take place in a liquid target, with radiochemical
and radionuclidic purities both above 99.9%. However, the yield using a liquid target was
found to be significantly lower (192.5 ± 11.0) MBq/μA·h [86]. This production method
using the liquid target as an alternative method still needs further optimization to improve
the yield.

2.1.3. 64Cu

Upon decay, 64Cu (T1/2 = 12.7 h) emits positrons and electrons that can be utilized
for PET diagnosis and have potential applications in β therapy, thus making 64Cu useful
as a radiopharmaceutical for theranostics. Furthermore, 64Cu and 67Cu (T1/2 = 61.76 h)
can be radiopharmaceuticals for theranostics in order to conduct pre-targeted radioim-
munotherapy [87]. Presently, the FDA has approved [64Cu]Cu-DOTA-TATE to localize
somatostatin receptor-positive neuroendocrine tumors in adult patients. In clinical experi-
ments, [64Cu]Cu-DOTA-TATE has excellent imaging quality and higher detection rates for
lesions [88].

64Cu can be produced by small medical cyclotrons via 64Ni (p, n) 64Cu reaction with
high specific activity. This production method requires an enriched 64Ni (at least 96%) target
to obtain a high yield of 5.89 GBq/μA·h and 64Cu with radionuclidic purity higher than
99% [89]. The disadvantage is that the 64Ni target material has a low isotopic abundance
(0.926%) in nature [90], meaning that the target material is expensive and must be recycled
to improve its cost-effectiveness [91,92]. Alternative methods of 64Cu production can also
be deuteron-zinc reactions such as natZn (d, x) 64Cu, and 66Zn (d, α) 64Cu. Although they
have lower costs, their yields are lower, and high-energy deuterons are required [93]. These
factors limit actual production through such reactions.

The 64Ni (p, n)64Cu reaction is the preferred choice for 64Cu production in clinical
applications. During the past decade, more than 20 countries, including the United States,
Japan, Finland, and China, have developed 64Ni (p, n) 64Cu methods for 64Cu produc-
tion [89,91,94], some of which are shown in Table 3.

Table 3. Facilities that have reported the production of 64Cu [91,94–99].

Facility/Location Nuclear Reaction Irradiation Parameters Yield

Fukui Medical University 64Ni(p, n)64Cu
12 MeV,

(50 ± 3) μA 2-24 GBq in 2 h

The University of Sherbrooke PET
Imaging Centre

64Ni(p, n)64Cu
15 MeV,
18 μA 3.9 GBq in 4 h

IBA 64Ni(p, n)64Cu
10 MeV,
12 μA 5123 MBq in 3 h

Paul Scherrer Institute 64Ni(p, n)64Cu
11 MeV,

40–50 μA Max 8.2 GBq in 4–5 h

Turku PET Centre 64Ni(p, n)64Cu
15.7 MeV,
< 100 μA Max 9.4GBq after purification

Sumitomo HM-20 cyclotron 64Ni(p, n)64Cu
12.5 MeV,

20 μA 7.4 GBq in 5–7 h

NIRS AVF-930 cyclotron 64Ni(p, n)64Cu 24 MeV HH+, 10 eμA 5.2-13GBq in 1–3 h
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2.1.4. 89Zr
89Zr (T1/2 = 78.4 h) is a positron emitter and a new metal PET radioisotope ideal for

immunoimaging [100]. To date, 89Zr-atezolizumab has been studied in renal cell carcinoma
(RCC), but some obstacles were encountered, so further research is needed [101]. 89Zr is
produced by cyclotrons involving the following nuclear reactions:

(1) 89Y (p, n) 89Zr: This reaction only requires low-energy protons (5-15 MeV) and
targets with natural abundance 89Y (100%), which reduces the costs significantly. The
number of interference nuclear reactions is limited; hence, one can obtain a high
specific activity of 89Zr [102–104]. The yield of this (p, n) reaction can be as high as
44 MBq/μA·h under irradiation of 14 MeV protons [105]. Various methods for the
isolation and purification of 89Zr have been proposed, including solvent extraction,
anion exchange chromatography, and weak cation exchange chromatography, which
can obtain 89Zr with high specific activity and radionuclidic purity [106]. The proton
energy from small medical cyclotrons installed in hospitals can meet the requirements
for bombarding the 89Y target, which is the main reason why many hospitals have
developed 89Zr production processes.

(2) 89Y (d, 2n) 89Zr: This reaction uses low-energy deuterons (also 5–15 MeV) and has
the same advantages as the aforementioned production method [102–104], as well as
offering a higher yield of 58MBq/μA·h. However, one must still factor in the avail-
ability of the beam of particles and the costs of these two production methods [105].
Thus, more research is needed.

(3) natSr (α, xn) 89Zr: Besides requiring α beams, if natSr targets are used, abundant
quantities of impurities such as 88Zr and 86Zr can easily be produced. For the moment,
this production method is only theoretically feasible [107].

2.1.5. 124I
124I (T1/2 = 4.176 d) is a PET nuclide that can provide a higher quality diagnostic

image [108]. Currently, 124I is used for the clinical diagnosis of thyroid cancer [109] and
neuroblastoma [110]. 124I and 131I can also be combined as radiopharmaceuticals for
theranostics to treat thyroid cancer [20].

124I is produced via cyclotrons through two different production methods:

(1) 124Te (p, n) 124I: This is the main production method currently employed. Although
this method offers a relatively low production rate, it can achieve high currents and
use enriched targets to improve the overall yield [108]. The average yield of this
reaction is 16 MBq/μA·h, and at the end of bombardment, the impurity content of
123I and 125I only reaches about 1% [111]. Dry distillation is used to extract 124I [112].
On the downside, the enriched 124Te target material costs about 10000$/g, which is
relatively expensive [113].

(2) 124Te (d, 2n) 124I: Has a high production yield of 17.5 MBq/μA·h, however, this
reaction requires a beam of deuterons, which may be difficult to obtain and can result
in impurities such as 125I (reaching about 1.7%) [111,114].

2.1.6. 99Mo/99mTc
99mTc (T1/2 = 6.02 h) emits single γ rays with 0.141 MeV and is mostly used in SPECT;

for the diagnosis of stroke; and to examine bone, myocardium, kidneys, thyroid, salivary
glands, and other organs [61,62]. The proportion of nuclear medicine diagnosis applying
99mTc accounts for approximately 80% of all nuclear medicine procedures, representing
around 40 million examinations worldwide every year [115]. 99mTc is mainly produced
using a 99Mo/99mTc generator. Currently, 99mTc can be produced by cyclotrons through the
following reactions:

(1) 100Mo (p, 2n) 99mTc [116,117]: This is the main production method and is optimal
with a proton energy range of 19–24 MeV and a highly enriched 100Mo target, such
that 98Tc, 97Tc, and other impurities can be reduced to a minimum. According to
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the experimental data, with a proton beam energy of 24 MeV, the yield of 99mTc
is about 592 GBq/mA·h [118]. A target irradiated with a 24 MeV proton beam at
500 μA for 12 h yielded 2.59 TBq of 99mTc [119]. GE PETtrace880 machines have
obtained approximately 174 GBq after 6 h [116]. To date, TRIUMF and its partners
have successfully verified the feasibility of using a 24 MeV cyclotron to produce 99mTc
to supply the needs of all applications in Vancouver by developing a complete process
based on 16, 19, and 24 MeV cyclotron production and applied the results to relevant
patents [120]. Automated modules to separate 99mTc from irradiated targets of 100Mo
are under development [121]. However, the shipped distance should be considered
based on the direct product and its half-life [122];

(2) 96Zr (α, n) 99Mo→99mTc [123,124]: This production method can produce 99mTc with
high specific activity. However, it has a low yield, and a beam with a high current is
difficult to obtain, which limits the applicability of this production method.

2.1.7. 123I
123I (T1/2 = 13.2 h) is a γ-ray emitter that can be utilized for SPECT diagnosis. It

has especially been used for the diagnosis of Parkinson’s disease, primary and metastatic
pheochromocytoma, and neuroblastoma. The sensitivity and specificity of this technology
are greater than 90% [125]. It also can be used for diagnosis of the thyroid, brain, and
myocardium.

Presently, there are three common production routes yielding 123I:
(1–2) 124Xe (p, 2n) 123Cs→123Xe→123I and 124Xe (p, pn)123Xe→ 123I: These nuclear

reactions require a medium-energy cyclotron and can obtain with a high radionuclidic
purity. The yield of these reactions simulated by MCNP was 757 MBq/μA·h. Compared
with the experimental data, the maximum fluctuation was about 185 MBq/μA·h [126,127].
However, due to the use of enriched 124Xe targets, these methods are costly [128,129].

(3) 123Te (p, n) 123I: This production method can apply a low-energy cyclotron. When
enriched targets of 123Te (enrichment of 99.3%) were used, an ultrapure nuclide was
obtained, and the yield increased from nearly 18.5 to 37GBq 30 h after EOB (end of the
bombardment) [130–132]. This production method is also costly because of the enriched
target of 123Te. This alternative production method was proven feasible to produce 123I.

2.1.8. 225Ac
225Ac (T1/2 = 9.92 d) has a unique decay chain that can emit four α rays, causing it to

be more effective in destroying tumor cells than other isotopes. Presently, the first use of
[225Ac]Ac-PSMA-I&T in a clinical context was successful in treating advanced metastatic
castration-resistant prostate cancer [133–135]. Additionally, the research of [225Ac]Ac-
DOTAGA-SP for the treatment of malignant gliomas is ongoing [136].

225Ac can be produced with medium-energy protons via the 226Ra (p, 2n) 225Ac re-
action. The yield was only about 2.4 MBq after EOB [137], moreover, its radioactive
inventory is difficult to handle [137–139]. Production of 225Ac applying high-energy
protons (60–140 MeV) through bombarding a 232Th target can produce a high yield of
96 GBq, but this yield requires high intensity and energy [140], which are not readily
available. Currently, the U.S. Department of Energy Isotope Program produces 225Ac using
a spallation-induced reaction with high-energy protons on natural thorium.

2.1.9. 211At
211At (T1/2 = 7.2 h) emits α particles that can be utilized in α therapy [141]. Currently,

211At in the form of [211At]At-PA and [211At]At-ch81C6 has been studied in glioma and
recurrent brain tumors [142,143]. Gothenburg (Sweden) [144] is undergoing a clinical
research using [211At]At-MX35(Fab)2 to treat ovarian cancer patients, which is an alpha-
emitting radionuclide with great clinical potential [145].

211At is commonly produced by a medium-energy cyclotron bombarding a 209Bi target
with α particles, causing a 209Bi (α, 2n) 211At reaction to take place [146,147]. Purifying the
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211At from the target material was either done by a wet extraction or a dry distillation. The
National Institutes of Health (Bethesda, USA) produced a maximum of 1.71 GBq in one
hour, while Sichuan University in China produced a maximum of 200 MBq in 2 h [148].
However, due to the product of toxic impurities such as 210Po, the energy of the α beam
needs to be monitored [148,149].

2.1.10. 67Cu
67Cu (T1/2 = 61.76 h) emits γ rays for SPECT diagnosis and β particles that can

be used for medical treatment. Thus, 67Cu can be used individually or with 64Cu as a
radiopharmaceutical for theranostics. Presently, 67Cu is used for the nuclear medicinal
diagnosis of neuroendocrine tumors and lymphomas [150,151] and the medical treatment
of lymphoma and colon cancer [152].

67Cu is generally produced via the 68Zn (p, 2p) 67Cu reaction. This reaction has high
recovery and needs both a medium-energy cyclotron and a highly enriched target [153–155].
Due to the need for high-energy protons, there are only a few laboratories in the world that
can produce 67Cu [156]. The yield of the integral physical thick target was calculated and is
shown in Figure 3.

Figure 3. Integral physical thick target yields for the 68Zn (p, 2p) 67Cu reaction [157].

In addition to the medical isotopes mentioned above, 11C [158], 13N [159], 15O [160],
86Y [161], 44Sc [162,163], 201Tl [164], 47Sc [165,166], 32P [167], 67Ga [168], and other medical
isotopes produced by cyclotrons have also been reported.

Cyclotrons are the main accelerator-based drivers of medical isotope production. Their
output is constantly improving due to advancements in targets [169,170], research on new
nuclear reactions [171–173], and accelerator technology developments [174–176], leading
not only to increased yields but also to a reduction in radioactive impurities. Most medical
isotopes currently produced by reactors can also alternatively be produced by cyclotrons,
and the constant improvements to the medical-isotope-producing abilities of cyclotrons
have contributed to the stable supply of medical isotopes.

2.2. Medical Isotopes Produced by Linacs

The charged particles accelerated by a linac pass through the focusing magnetic field
and the linear acceleration field once without deflection [58]. Once ejected, these particles
irradiate their targets to produce medical isotopes. Linac beams are characterized by high
beam intensity and lower energy [59].

In terms of linacs currently used to produce medical isotopes, proton linacs can be
relatively easily employed in medical isotope production. For example, proton linacs
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that produce PET nuclides can reduce the weight of cyclotron magnets, and some high-
energy and high-fluxes proton linacs can produce therapeutic nuclides [177–179]. While
feasibility reports on the ability of electron linacs to produce medical isotopes are common,
the pulsed beams and the cross-sections of linacs can create challenges when used in
practice [41,180–182]. There are other linacs that accelerate other charged particles; however,
these linacs will not be described here.

2.2.1. 18F

PET radioisotopes can be produced with proton linacs. The first compact proton linear
accelerator in the United States for the generation of medical isotopes produces 18F for a
local hospital [183]. Additionally, Hitachi, Ltd. and AccSys Technology, Inc. (Hitachi’s
subsidiary company) also developed a proton linac to produce PET nuclides. After bom-
bardment for one hour, 23.5 GBq 18F was produced, indicating that batch production of 18F
could be achieved [177].

18F (T1/2 = 109.8 min) can also be produced by electron linacs through a photonu-
clear reaction 19F (γ, n) 18F, as well as other commonly used PET radioisotopes such as
11C (T1/2 = 20.38 min), 13N (T1/2 = 9.96 min), and 15O (T1/2 = 122 s). When using a pho-
tonuclear reaction to produce these PET radioisotopes, the yields are generally lower since
the cross-section is 1–2 orders of magnitude lower than that under a proton reaction. How-
ever, photonuclear reactions can use a natural target of 19F, thus providing lower costs
compared to proton reactions [177]. Many feasibility reports on producing PET nuclides via
photonuclear reactions have been published, but actual production still needs further study.

2.2.2. 99Mo
99Mo (T1/2 = 66 h) decays into 99mTc (T1/2 = 6.02 h). An electron linac can be utilized

to produce 99Mo via the photonuclear reaction 100Mo (γ, n) 99Mo [184–186]. It was re-
ported that the yield of 99Mo obtained after 6.5 days of continuous bombardment of a 6 g
high-purity 100Mo target with 36 MeV electrons was 458.8 GBq (average beam power of ~8
kW) [187]. The cost of this production method can be reduced by using a natural target
and, although this method will produce the isotopes of Mo, isotopes of Tc will not be pro-
duced, making it easy to separate 99Mo via chemical difference or evaporation temperature
difference [188]. NorthStar and its partners have studied this production method and listed
it as the main 99Mo supply option in their long-term plans [187]. Canadian Light Source
(CLS) and TRIUMF also conducted feasibility research on this production method and plan
to put it into production [189,190].

In addition to the medical isotopes mentioned above, the production of 67Cu [191–193],
64Cu [194], 225Ac [195,196], 68Ga [197], 111In [181], 177Lu [198], 47Sc [199], and other medical
isotopes through linacs have been reported.

Overall, linacs have some disadvantages in terms of their design and yields [41,182,
200,201]. As a backup method for the production of medical isotopes, linacs still require
further research.

2.3. Medical Isotopes Produced by Neutron Generators

A neutron generator is an accelerator-based neutron source device that is capable of
delivering neutrons through nuclear fusion reactions. These neutrons will, in turn, irradiate
the target to produce medical isotopes. The nuclear fusion reactions commonly used to
produce neutrons are shown in Table 4.

Table 4. Fusion reactions that produce neutrons [202–206].

Reaction Energy [MeV] The Suitable Reaction of Isotope Production

D-D reaction 2–3 (n, γ)
D-T reaction 14–15 (n, 2n) (n, p)

D-7Li reaction 10&13 (n, 2n) (n, p)
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2.3.1. 99Mo/99mTc
99mTc (T1/2 = 6.02h) can be produced by neutron generators [207,208]. After neutron

moderation, neutrons with a specific energy can be obtained and then used to produce
99mTc via the nuclear reaction of 235U (n, f) 99Mo→99mTc. The advantages of this production
method include both ease of supervision and overall safety, but the yield will be 1–2 orders
of magnitude lower than that produced by a reactor [209]. SHINE and Phoenix Laboratory
used a DT neutron generator to bombard UO2SO4 to produce 99Mo. After irradiation of a
5 L UO2SO4 solution for about 20 h, the yield of 99Mo was 51.8 GBq [210]. The disadvantage
of this production method is that a long-term, stable, and high-intensity beam is difficult to
achieve [211].

In addition, 99Mo can be produced via the nuclear reactions of 98Mo (n, γ) 99Mo and
100Mo (n, 2n) 99Mo, both of which use Mo targets instead of U targets. Additionally, suffi-
cient activity of 99Mo can be produced in principle [207,208,212]. The yields of these two
nuclear reactions can be increased by improving the fluxes of neutrons and the irradiation
time and/or using highly enriched targets, in addition to other methods [213]. However,
99Mo from an irradiated 98Mo/100Mo target is a carrier-added product with a low specific
activity. The biggest challenge for this method is how to develop a new type of 99Mo/99mTc
generator that meets medical requirements.

2.3.2. 67Cu
67Cu (T1/2 = 61.76 h) is generally produced by cyclotrons. Kin proposed using neutrons

to produce 67Cu [212]. Presently, using neutron generators via the D-T reaction in the form
of 67Zn (n, p) 67Cu can produce 67Cu. Due to the developments of neutron generators,
67Cu can be produced in the hospital without the need to transport the isotope over long
distances. This production method does not produce a large number of impurities [156,214],
and the activity can reach hundreds to thousands of MBq [212]. However, when dealing
with radioactive isotopes with GBq, the radiation facility will result in higher costs [212].

In addition to the medical isotopes mentioned above, 89Sr [215–217], 64Cu [218],
47Sc [219], 132Xe [220], 225Ac [212], and other medical isotopes produced by neutron gener-
ators have also been reported.

As a neutron source, a neutron generator is essential to produce neutron-rich medical
isotopes. Although such generators have the advantages of low cost and target reusabil-
ity [212,221], providing continuously high fluxes of neutrons and engaging in separation-
extraction of the medical isotopes remain challenging topics [221]. Despite these challenges,
generators are presently regarded as a viable alternative to the reactor-production method.

3. The Status of Medical Isotope Production via Accelerators in China

3.1. Available Accelerators for Medical Isotope Production in China

Currently, there are about 160 PET small medical cyclotrons for the routine production
of 11C, 18F, and other medical isotopes to meet clinical demands in China [222]. Addi-
tionally, there are several medium- and high-energy accelerators used for medical isotope
production in China.

The Chinese Institute of Atomic Energy (CIAE) and Shanghai Ansheng Kexing Com-
pany each have a C-30 cyclotron with adjustable proton energy of 15.5–30 MeV and beam
currents up to 350 μA. These can be used to produce medical isotopes such as 11C, 18F,
64Cu, 68Ge, 89Zr, 123I, 124I, and 201Tl. CIAE has a 100 MeV proton cyclotron (C-100) with a
beam current up to 200 μA capable of producing 67Cu, 225Ac, and other medical isotopes
of interest.

The Sichuan University owns a cyclotron capable of delivering beams of protons, as
well as alpha and deuteron particles (p–26 MeV and α–30 MeV).

The Chinese Academy of Sciences Institute of Modern Physics built a 25 MeV super-
conducting proton linear accelerator with an intensity in the order of milliamps. At present,
the linac can accelerate various beams such as proton beams, 3He2+ beams, and 4He2+

beams. The energy of 3He2+ beams can reach 36 MeV at an intensity of 200 μA, while the
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energy of 4He2+ beams can reach 32 MeV with a current of 100 μA. The accelerator can
meet the needs of medical isotope production and produce various radioisotopes such as
99Mo/99mTc, 117mSn, 211At, 55Fe, 73As, 225Ac, 109Cd, 88Y, and 75Se.

Lanzhou University has been instrumental in the development of advanced ion source
selection, ion beam extraction, and acceleration system design, as well as target system
design. Additionally, the university independently built a series of neutron generators
based on D-D and D-T reactions [223].

3.2. The Status of Medical Isotope Production via Accelerators

There is a solid research foundation for accelerator-based medical isotope production
in China. In the 1980s, Sichuan University and others successfully developed production
technology for medical isotopes such as 211At, 123I, 111In, and 201Tl by relying on domestic
cyclotrons and a CS-30 cyclotron [224]. Since the 1990s, CIAE has produced medical
isotopes such as 18F, 111In, and 201Tl using a C-30 cyclotron.

In the last two decades, with the popularization and rapid development of domestic
nuclear medicine, the amount of PET equipment increased to 427 by 2019. Today, 117 hos-
pitals equipped with small medical cyclotrons routinely produce 18F to meet clinical needs,
with an annual consumption of more than 1850 TBq. Additionally, some emerging isotopes
such as 64Cu, 89Zr, and 123/124I have been rapidly developed for medical applications. In
2007, CIAE cooperated with Atom Hitech to carry out research on 123I production using
enriched 124Xe gas at 111 GBq for each batch with a C-30 cyclotron. In 2012, Atom Hitech
produced carrier-free 64Cu with enriched 64Ni at 37–74 GBq for each batch based on a C-30
cyclotron. In 2016, Sichuan University bombarded an 89Y target with 13 MeV protons and
obtained 89Zr with a radionuclidic purity of more than 99% [16]. However, due to the
limited availability of high-energy particle accelerators for the production of therapeutic
nuclides such as 67Cu, 225Ac, and 223Ra, China is significantly lagging behind the advanced
international levels of development. In 2021, for the first time, CIAE obtained around
22.2 MBq of 225Ac with radionuclidic purity greater than 99% using a C-100 cyclotron.

4. Summary

Presently, cyclotrons remain the primary facilities for accelerator-based medical iso-
tope production, although linacs and neutron generators are rapidly becoming a viable
alternative.

Cyclotrons with adjustable energy ranges or medium energy can produce various
kinds of medical isotopes and can cover most radiopharmaceutical production needs in
a region [59]. Yield and purity improvements in medical isotopes and the overall cost of
cyclotron production have led researchers to explore further possibilities, including proton
linacs, which have significant advantages in providing proton beams in the order of tens to
hundreds of MeV [179]. These linacs can be developed in research institutes or laboratories
conducting scientific experiments and physical research at the same time. For electron
linacs, the cross-section of photonuclear interactions is relatively low, which restricts their
practical applications. Other factors, such as impurity products and economic costs, also
play major roles when evaluating production techniques and methodologies. Attempts to
produce medical isotopes through neutron generators are promising and could theoretically
yield the medical isotopes that are currently produced by reactors. However, improving
the neutron flux rate remains a major consideration.

As medical isotopes produced by reactors often face supply shortages, interest in the
use of accelerator-based techniques to produce medical isotopes will increase. We hope to
develop an accelerator with the right energy, right beam types, right location, and good
shielding facilities, which will play an important role in the supply of medical isotopes.
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Abstract: Advances in the field of molecular biology have had an impact on biomedical applications,
which provide greater hope for both imaging and therapeutics. Work has been intensified on
the development of radionuclides and their application in radiopharmaceuticals (RPS) which will
certainly influence and expand therapeutic approaches in the future treatment of patients. Alpha
or beta particles and Auger electrons are used for therapy purposes, and each has advantages and
disadvantages. The radionuclides labeled drug delivery system will deliver the particles to the
specific targeting cell. Different radioligands can be chosen to uniquely target molecular receptors
or intracellular components, making them suitable for personal patient-tailored therapy in modern
cancer therapy management. Advances in nanotechnology have enabled nanoparticle drug delivery
systems that can allow for specific multivalent attachment of targeted molecules of antibodies,
peptides, or ligands to the surface of nanoparticles for therapy and imaging purposes. This review
presents fundamental radionuclide properties with particular reference to tumor biology and receptor
characteristic of radiopharmaceutical targeted therapy development.

Keywords: alpha particles; auger electron; beta particles; nanotargeted therapy; radioligand therapy

1. Introduction

In the early 1900s, Henri Becquerel and Marie Curie discovered radioactivity. Thera-
peutic applications immediately followed this discovery [1,2]. For many years radionuclide
therapy was limited to the use of Iodide-131 (131I) for thyroid cancer and hyperthyroidism
and phosphate-32 (32P) for polycythemia vera [2–6]. Radionuclides labeled molecules such
as a drug, a protein, or a peptide that operate as a delivery vehicle that accumulates and
binds to specific targets such as tumors or other undesirable cell proliferation [3,7,8]. The
development of radionuclide use has been growing exponentially with the introduction of
more new radiopharmaceuticals (RPs) for therapy and imaging.

In recent times, RPs use in nuclear medicine has become popular in theranostics. These
are used in therapeutic interventions after imaging verifies the presence of a biological
target [6,9,10]. Unlike radiotherapy, RPs are administrated intravenously to be delivered
to a target tumor or associated structure. RPs have advantages in treating systemic ma-
lignancy in areas such as the bone or brain, which are impossible to treat using external
radiotherapy [2]. The targeted tumor cell absorbs a dose of radiation from an RP which
exponentially decreases over time (Figure 1a). On the other hand, in external radiotherapy,
radiation beams are directed at tumor tissue and cannot avoid healthy cells (Figure 1b).

Radiopharmaceutical therapy (RPT) is a novel modality that can be effective with
minimal toxicity [6,7]. The advantages of RPT are, firstly, it can be targeted at tumors,
including metastasis sites. The RPs can be used in radiotracer imaging to determine the
uptake of the RP in the target tissues before administering a therapeutic dose. Secondly,
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a wide variety of radionuclides are now available emitting different types of radiation at
different energies. For instance, high linear energy transfer (LET) radionuclides are used
effectively to kill resistant hypoxic cells. Thirdly, this therapy allows for a relatively lower
whole-body absorbed dose [7,10–13].

(a) 

(b) 

Figure 1. The cell’s radiation distribution by RPT (a) and external radiotherapy (b). Radiopharma-
ceuticals are administrated intravenously to be delivered to a target tumor. The targeted tumor cell
absorbs a dose of radiation which exponentially decreases over time. The tumor mass’s periphery
cells will receive absorbed and crossfire doses from other target cells (a). Radiation beams are directed
at tumor tissue in external radiotherapy and can also affect healthy cells (b).

RPT can be used as adjuvant therapy with or after other treatment options such as
chemotherapy and surgery [2]. It is being used to control symptoms and shrink and stabilize
tumors in systemic metastatic cancer, where conventional therapy or chemotherapy is im-
possible. RPT can be a good choice, especially for patients who no longer respond to other
treatments [2,3,7,10]. This review describes some fundamental radionuclide properties
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with particular reference to tumor biology and the receptor characteristics of radiopharma-
ceutical targeted therapy development.

2. Radionuclide Emission Properties

The physical characteristics of a radionuclide should be considered when selecting it
for therapy purposes. These include physical half-life, radiation energy, type of emissions,
daughter product(s), production method, and radionuclide purity [2,9]. Ideally, the physical
half-life of the radionuclide should be between 6 h and seven days [14]. The RPs with
a long half-life will expose the target tumor and surrounding environment to radiation
for longer. However, RPs with a very short physical half-life have limitations due to the
delivery time. There must be sufficient retention time for the emission to be delivered to
the tumor target [15].

Furthermore, in vivo stability, toxicity, and the biological half-life within the patient’s
body must be considered [7,16], along with the type and size of the tumor, method of
administration, and uptake mechanism [1,2,6,15]. The tumor uptake mechanism is specific
to the target cell. It depends on processes such as antigen–antibody reactions, physical
particle trapping, receptor binding sites, removal of damaged cells from circulation, and
transportation of a chemical species across a cell membrane and metabolic cycle [2,17].
The condition will influence the ratio of the concentration of radionuclides in the tumor
to that in normal tissues. This ratio should be optimized [2]. The other factors that must
be considered are radionuclide particle size, toxicity, specific gravity for optimal flow and
distribution, and clearance rate [2,6,18–22].

Radionuclides used in RPT are primarily beta (β)-particle (0.2 keV/μm) or alpha (α)-
particle (50–230 keV/μm) emitters [2,9,11,15,23], and Auger electrons (AE)
(4–26 keV/μm) [2,9,11,15,23,24]. Various radionuclides and their characteristics are sum-
marized in Table 1. Each of these radiation types results in ionization along the travel
length, and they are fully deposited in the cell [16]. The radiation destroys the cell directly
and indirectly [6,25]. The distance traveled by particles and the energy deposited in cells
must be considered to ensure optimal targeted cell destruction and minimize ionization
interaction with healthy cells [2,6,7,15].
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2.1. Beta Particles

Beta particles have been used in cancer therapy over the last 40 years [6]. They are the
product of the β decay process, wherein an unstable nucleus is converted to a proton, and a
β particle, a high-energy electron [7,26]. β particles are the most frequently used radiation
in RPT agents and are widely available [7]. β particles are negatively charged. They have a
relatively long path from 0.0 to 12 mm, and some emit a gamma (γ) ray such as 32P, 89Sr,
90Y, and 169Er [3]. They emit γ ray <10%, which is acceptable for imaging to confirm the
tumor uptake and biodistribution and dosimetric calculations [2,3]. They have a low linear
energy transfer (LET) of approximately 0.2 keV/μm, so more β particles are required to
deliver a similar absorbed dose compared to alpha particles.

The most familiar and frequently used β particle is iodine-131 (131I). Hertz and Roberts
used radioiodine I-130 (130I) for hyperthyroid therapy in 1941, which rose at the birth of
nuclear medicine [27–29]. In August 1946, 130I was replaced by 131I because it was much
cheaper [27,29]. 131I is a β and γ emitter with a half-life of 8.05 days. The β particle
has a peak energy of 0.606 MeV, with a maximum range of ~3 mm in the tissue, and it
is used for therapy. The peak energy of the γ ray is 0.364 MeV and is used for imag-
ing [27]. Since then, 131I has been used countless times for therapy for hyperthyroid and
thyroid cancer [3,6,27–30]. In 1981, 131I-iobenguane (meta-iodobenzylguanidine, MIBG)
was introduced as a diagnostic agent, and in 1984, it was used for treating malignant
phaeochromocytoma [31]. Monoclonal antibodies are used to label with 131I, and, in 2003,
FDA approved 131I-tositumomab (Bexxar) for the treatment of refractory non-Hodgkin’s
lymphoma (NHL) [2,6,7]. Several studies have reported the monoclonal antibodies labeled
on other beta particle emitters, including Yttrium-90 (90Y) and Lutetium-177 (177Lu), for
more effective therapy purposes [2,7,31–33].

The high-energy β from Yttrium-90 (90Y) or Rhenium-188 (188Re) is preferable for
treating higher volume solid and poorly perfused tumors and is less suited for targeting
micro-metastases to avoid crossfire doses to neighbor cells [9,11,34]. 90Y, widely available
like 131I, is a popular radionuclide for liver cancer and metastases [35,36]. Neuroendocrine
tumors (NETS) have been treated with radionuclide therapy (PPRT) targeting peptide
receptors with radiopharmaceuticals labeled with 90Y. Antibodies also labeled with 90Y,
have been introduced for ovarian and hematological cancers [7,26,37–39]. Low-energy
SS, like those seen with lutetium-177 (177Lu), is more efficient for small tumors [1,9];
hence, 177Lu is becoming a popular SS-particle source for treating small tumors [7,9].
177Lu has a half-life of 6.73 days and is compatible with antibodies and peptides [40,41].
Furthermore, it also emits gamma-rays and can be detected externally as a theranostic
agent [1,7,40]. Samarium-153 (153Sm) is used to treat palliative bone metastases and other
primary cancers [3,42,43]. Ethylenediamine-tetra-methylene-phosphonic acid (EDTMP)
chelator binds with 153Sm through six ligands (four phosphate groups and two amines).
It has been widely used since FDA approval in various osteoblastic metastatic lesions,
especially in prostate and breast cancer [44]. However, not all possible β particle sources
have been widely adopted because of the complexity of the radiochemistry or the absence
of commercial availability. The decision to use one β-particle source over another must
consider the absorbed dose ratio between tumor to non-tumor tissue [7].

2.2. Alpha Particles

The application of targeted α particle therapy (TAT) gained approval in 2013 [19].
Alpha particles are high energy and have shorter path lengths, resulting in higher efficacy in
some applications [2,8,15,25,26]. TAT is an attractive therapeutic option for multiple micro-
metastases. It is easy to administer and can be used to treat multiple lesions simultaneously.
It is also possible to combine it with other therapeutic approaches, primarily for cancer
treatment [45,46].

An alpha particle is a 4He nucleus without its surrounding electrons (sometimes
denoted as (He2+)) [26,45]. Alpha radiation is emitted from the nucleus of a radioac-
tive atom undergoing decay with an energy is 4–9 MeV, and the particles travel only
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1–3 cell diameters (40–100 μm) in tissue [7,15,32,45,46]. The particles have high LET
(60–230 keV/μm) throughout their range, peaking to three times the initial value at the end
of the path range (the Bragg peak) [16,26,32]. Most alpha particles also emit gamma-ray.
However, treatment planning or post-therapeutic imaging using alpha particles is not
performed yet in clinical settings due to technical limitations [45].

Furthermore, intracellular accumulation of the α particles effectively creates double-
strand breaks (DSBs) in DNA, and numerous clusters of DSBs in target cells, making
cellular repair systems ineffectual [7,32,47]. The cytotoxicity of α-particles is much higher
than that of β-particles due to the particle deposit energy per unit path length, which is
1500 times more than beta particles [45,48]. In addition, the short travel distance of α
particles reduces the damage to surrounding healthy tissue [15,49]. The particle radiation
has been demonstrated to be independent of cell oxygen concentration [15,32,45,50]. The
physical and biological characteristics of alpha, beta particles, and Auger electrons are
summarized in Table 2, and DNA damage by that radiations are illustrated in Figure 2a,b.

Improvements in understanding molecular tumor biology, labeling techniques, tech-
nology development, and other related disciplines have paved the way for significant new
clinical applications of α radiation as a novel therapeutic agent [7,15,51]. Alpha particle-
labeled biological molecules such as monoclonal antibodies (mAb) allow close radiation
targeting and selectively deliver high radiation to the target, with limited toxicity to normal
tissues [15]. The mAbs are labeled radionuclides that bind to the extracellular domain of
PSMA, demonstrating promising results in imaging and therapy of prostate cancers [9].
The monoclonal antibodies are labeled with bismuth-213 (213Bi) and astatine-211 (211At)
and are used to treat leukemia and brain tumors [11,52]. The monoclonal antibody MX35
labeled 213Bi successfully treated ovarian cancer in animal models with no signs of toxic-
ity [53]. 213Bi has a short half-life and is produced using a generator and labeling to produce
TAT compounds is therefore completed on-site [26,54]. Because of its short half-life, 213Bi
needs to be delivered directly into tumor tissue, and it can be given at a high dose over
a short period, which is more effective than low dose rates given over a more extended
period [26,32,55]. 213Bi has been used to label DOTA peptides in preclinical and clinical
trials with >99% purity [15,26]. In preclinical and clinical studies, 213Bi and 225Ac have been
used to label somatostatin receptors [15,26,32].

Radium-223 dichloride (Xofigo), a α particle emitter used for bone pain palliation
in prostate and breast cancer patients, was approved by FDA in 2013 [7,11,26,32,45]. The
emission energy of 223Ra can generate irreparable DNA double-strand breaks in the adjacent
osteoblasts and osteoclasts, which has a detrimental effect on the adjacent cells and inhibits
abnormal bone formation [7]. 223Ra is being studied as a radioactive label for other cytotoxic
agents such as poly (ADP-ribose) polymerase inhibitors (olaparib), docetaxel (DORA trial),
and new androgen axis inhibitors as enzalutamide and abiraterone citrate. The recently
high number of 223Ra and in combination with other therapeutics, showed promising
results [7].

Another alpha particle attracting increasing interest is 225Ac, the parent of 213Bi, which
is relatively long-lived, with a half-life of 9.9 days [54]. 255Ac is produced via the neutron
transmutation of 225Ra or decay of 233U [26,54,55]. 225Ac can be used to treat neuroendocrine
tumors. It has been used to label PSMA with a radiochemical purity of >98% for prostate
cancer therapy [26,54,56]. It also labeled antibodies to test for myeloid malignancy [9]
and shows a potential for therapy, and post-therapy imaging, even though the images are
suboptimal [26,32,55]. Results of clinical trials using TAT results indicate that this treatment
strategy presents a promising alternative to targeted cancer therapy [52]. Lately, 225Ac-
labeled PSMA-ligands have gained popularity as an alternative to 177Lu-PSMA [26,54,56].
However, 225Ac may damage the healthy cells due to daughter radionuclides such as 221Fr,
217At, and 213Bi [47]. Danger from radiation from daughter radionuclides needs to be
carefully evaluated.
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Table 2. Physical and biological characteristics of α, β particles, and Auger electron.

Alpha Particle Beta Particle Auger Electron

Type of particles 4He nucleus Energetic electron
Low energy electron; electron
capture (ec) and/or internal

conversion (ic)

Particle energy 4–9 MeV 50–2300 keV 25–80 keV

Particle path length 40–100 μm 0.05–12 mm Nanomicrometers

Linear energy transfer ~80 keV/μm ~0.2 keV/μm 4–26 keV/μm

Hypoxic tumors Effective Less effective Effective

Toxicity Effective in creating
double-strand breaks in DNA

High dose rates (tumor
survival rates close to linear
exponential). Low dose rates

(single-strand breaks),
repairable with shouldering

the dose-response curve

Potential creation of
double-strand breaks DNA,

and cell membrane

Bystander effect/crossfire Yes/low Yes Yes

Tumor size Micro/small Higher volume solid tumor Micro

Ref: [7,8,13,24–26,32,47,50,55,57].

 
(a) (b) 

Figure 2. High and intermediate LET radiation (alpha particle and Auger electron, respectively),
cause double-strand breaks in DNA (a). Single-strand breaks in DNA due to radiation by low LET
(beta particle) (b).

2.3. Auger Electrons

Auger electrons (AE) have an even shorter range than alpha particles delivering
radiation of only 1–1000 nm through the tissue causing potent tumor cell death if they
can be conjugated with suitable ligands that effectively target micro-metastasis, particu-
larly of DNA and cell membranes [2,11,24,32,34,52]. AEs are generated from suborbital
transitions, and their range depends on their energy. They have an intermediate LET
(4–26 keV/μM) [4,32,58]. Bromine-77 (77Br), indium-111 (111In), iodine-123 (123I), and
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iodine-125 (125I) are the most commonly used radionuclides sources [24,59,60]. Human
studies using locoregional administration have shown promising results in therapy [7].

Despite the short range of AE, local cross-dose effects occur in cells adjacent to the
radionuclide decay mediated by the several micrometer ranges of higher energy AEs and
internal conversion (IC) that causes the death of distant non-irradiated cells through the
bystander effect [16,24,25,27,32]. Lethally damaged tumor cells may release mediators that
cause the death of distant non-irradiated cells [24,25]. Radiation also releases heat shock
protein-70 and high mobility group box-1, which activate the dendritic cells (DCs). The
activated DCs activate cytotoxic T cells that result in tumor regression at distant sites [11,61].
It has been observed that the effects of ionizing radiation can work synergistically with
targeted immune treatment observed at the site(s) distant from targeted tissues/organs.
This phenomenon is suggestive of the role of the abscopal effect [11,25,61,62]. Attention has
been focused on delivering AE to the nucleus/DNA as the primary cellular radiation target
to maximize toxic effects. However, cell membrane targeting has also been proven to be an
effective strategy for killing cancer cells [24,63]. Cell membrane damage further induces
γH2AX foci in the nucleus of the cells exposed to 125I-anti-CEA mAbs and in non-exposed
cells through a bystander effect. 125I-labeled anti-CEA 35A7 was also found to be effective
in vivo for treating small peritoneal tumors in mice [24,63]. Toxicity may also be induced
indirectly by free radical-mediated pathways [24,25,57].

So, AE nuclear targeting is essential but not always required for RPT [24]. The abscopal
and indirect killing effects suggest that targeting cell surface antigens overexpressed on
tumor cells that are recognized by monoclonal antibodies (Mabs) or other ligands may be
effective [25,64]. AE therapy has not been widely adopted yet. The fact that auger electron
agents are incorporated into the DNA, and the cell membrane results in unfavorable
pharmacokinetics, might be the reason for the lack of efficacy. Technological developments
could overcome obstacles and increase interest in AE for therapy development [7].

3. Therapy Application

Radiopharmaceutical or radioligand therapy includes systemic radiation therapy,
molecular radiotherapy, targeted radiation therapy, or peptide receptor radionuclide ther-
apy (PRRT) and there are examples of where RPT is applied in optimizing and balancing
the therapeutic index (TI). Various radioligands are being developed and investigated to
target molecular receptors or intracellular components in personal therapy [58].

3.1. Antibodies

The monoclonal antibodies (mAbs) are labeled with radionuclides. The smaller frag-
ments and new fusion proteins are directed against tumor antigens to deliver radionuclides
to the targeted tumor [2,9]. The FDA has approved these agents for the clinical management
of liquid malignancies (ibritumomab tiuxetan (Zevalin) labeled with 90Y, and tositumomab
(Bexxar) labeled with 131I) is used for lymphoma therapy [2,6,7,55,64,65], and some the
RPT in optimizing and balancing the therapeutic index (TI) [65]. The therapeutic benefit is
achieved when the cells absorb continuous radiation emitted by radionuclides tagged to
mAbs while minimizing toxicities in non-target tissues.

The effect of the RPT depends on the radiation’s energy and the antibody’s affinity,
antigen target concentration on the cells, tissue vascularity, and antibody/antigen rate
constants [64]. Novel antibody engineering techniques have enabled the development of
antibodies that bind to antigens expressed in target cancer cells. An antibody that binds to a
particular antigen will allow for a higher RP uptake within tumor tissue. However, antibod-
ies are larger molecules, limiting the tumor penetration and distribution of the radiolabeled
antibody within the tumor. Furthermore, antibodies have a prolonged circulation time and
slow biological clearance, leading to larger radiation-absorbed doses to healthy organs and
blood. Pre-infusion of a certain mass of non-radiolabeled antibody (cold antibody) may be
used before the infusion of radiolabeled (hot antibody) to saturate antigenic sites in normal
cells to avoid unnecessary radiation to healthy cells [64], reducing the binding of the hot
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antibody and decreasing the radiation doses to healthy organs. However, a pre-infusion
time before administration of the hot antibody must be determined and optimized for every
therapy [64].

Patient selection for RPT should be based on the predetermined expression of specific
tumor antigens or diagnostic results [65]. Several antigens or receptors are expressed on the
surface of the membrane of tumor cells, such as human epidermal growth factor receptor
2+ (HER2+), epidermal growth factor receptor (EGFR), CD20, prostate-specific membrane
antigen (PSMA), vascular endothelial growth factor (VEGF), mucin 1 (MUC1) and tumor
necrosis factor (TNF). Any of these can be labeled with various radionuclides [9]. Beta
particle emitters have often been labeled with antibodies because they emit β and γ rays
and have a longer half-life of 8 days. Lately, alpha particles have rapidly gained interest
and have been used to label antibodies to deliver radiation to tumors, such as 227Th-anti
CD22 and 225Ac-PSMA-617 [55]. However, α particles cannot be imaged unless they emit
γ rays as 223Ra and 227Th do [64]. Unfortunately, these radionuclides only emit γ rays in
low concentrations, which is not optimal for assessment. This imaging limitation may lead
to noncompliance, and other radionuclides imaging may be required to establish lesion
targeting and dosimetry [45,64].

Radionuclide-labeled mAbs demonstrate more efficacy in inducing cancer remissions
than unlabeled molecules and are also more effective than chemotherapy [9]. They have
been shown to benefit lung, pancreatic, stomach, ovarian, breast, colorectal, leukemia, and
high-grade brain glioma cancers [2]. Fortunately, the application of the RPT in giant solid
tumors is less successful than in small volume tumors such as malignant lymphoma due
to poor perfusion, increased intratumoral hydrostatic pressure, and various radionuclides
uptakes by the cells [8,64,65].

3.2. Prostate-Specific Membrane Antigen (PSMA)
131I-labeled prostate-specific membrane antigen (PSMA) ligands showed promise for

prostate cancer therapy and were further developed to ”the 177Lu-PSMA” introduced in
2015 [60]. PSMA is a transmembrane protein that is over-expressed in prostate cancer (PC)
cells, and its expression increases progressively in higher-grade cancers such as metastatic
castration-resistant prostate cancer (mCRPC) PC [56,66–68]. Its benefits remain high even
after multiple lines of therapy [56,66]. Radionuclide PSMA is a promising therapeutic
approach for mCRPC patients for whom chemotherapy has been ineffective [55,56,66,69].
Early reports show that 177Lu-PSMA is safe and effectively reduces the tumor burden. It
has low toxicity [69] and has become popular, with more than a thousand therapy cycles
performed [66,69]. Severe hematological side effects are rare. Organs at risk after treatment
with 177Lu-PSMA, including the salivary glands and the kidneys. However, the radiation
dose to bone marrow, spleen, and liver is below critical limits [68].

Currently, the two most frequently used PSMA ligands are PSMA-617 and PSMA-I&T
(imaging and therapy), labeled with 177Lu [68]. PSMA- targeting ligands using 225Ac
maybe have an advantage compared to PSMA-targeting ligands using β particles. Clinical
studies using 225Ac-labeled PSMA-ligands (PSMA-617 or PSMA-I&T) have demonstrated
remarkable therapeutic results recently. Data on treatment with 225Ac-PSMA-617 indicate
an excellent effect on tumor control in both early and late-stage mCRPC [70]. A novel α
particle treatment with a 227Th-PSMA has shown potency in in vitro studies and efficacy in
xenograft models of prostate cancer [8,67]. However, α particles have a more significant
radiobiological effect on the organs at risk [56]. Concerns have been raised about treatment-
associated, mostly permanent xerostomia, frequently leading to treatment discontinuation
in many patients [56,68]. Combining α particles with β particle emitters is called “tandem
therapy” and may reduce these significant adverse effects compared to using α particles
alone [56,71,72].
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3.3. Peptide Receptor Radionuclide Therapy (PRRT)

Receptor-based radionuclide therapies (PRRT) targeting the somatostatin receptor
(SSTR), have since early 1990 been an important treatment modality for neuroendocrine
tumors [7,26]. The efficacy of PPRT therapy might be due to the somatostatin receptor
ligand that binds the specific receptor (SSTR1–5) [30,73]. Peptide receptors expressed in
various tumor cells, including NETs, are significantly higher than in normal tissues or
cells. NETs overexpress the SSTR2 potential for SSTR2 targeted therapies such as synthetic
somatostatin analogs (SSAs) and radio-peptides or PRRT [30,73], and SSTR2 is primarily
targeted by PRRT [73]. Octreotide and lanreotide are two SSAs developed and employed
for clinical practice, which bind primarily to SSTR2 and SSTR5 [73]. Peptides have been
labeled with several radionuclides, such as beta particles emitter 177Lu and 90Y. 177Lu–SSTR
ligand is more effective in small-sized tumors, whereas, for larger tumor volumes, 90Y
might be a better choice [30,73]. The first agent used was 90Y-labeled DOTATOC and
DOTATATE. However, significant permanent kidney damage has been reported [34,74].
177Lu-labeled DOTATATE or DOTATOC was the next PRRT radiopharmaceutical, causing
less nephrotoxicity compared to 90Y [26] and a more negligible crossfire effect, particularly
on small and metastatic tumors [74]. 177Lu-DOTATATE (Lutathera®) has also become the
most widely used PRRT radiopharmaceutical at present [34].

Overall, α-emitters PRRT has shown good results. However, crossfire effects on
small-size tumors have a significant impact. Additionally, hypoxia tumor tissue could
be resistant to β-emitters treatment. α particles with high LET over a short range can
minimize damage to surrounding healthy tissue. 213Bi and 225Ac have been clinically tested
for brain tumors, neuroendocrine tumors, and prostate cancer therapy [26]. 213Bi and
225Ac-DOTA chelated peptides have been developed for peptide receptor radiotherapies,
such as DOTA-Substance P targeting the neurokinin-1 receptor and somatostatin-analogs
(e.g., DO-TATOC, DOTATATE) [74]. However, the results from these agents need to be
confirmed in further studies.

3.4. Radioiodine Concentration via Sodium Iodide Symporter
131I has been used for adjuvant therapy to manage well-differentiated thyroid can-

cer (DTC) for more than 60 years. It is used to destroy remaining thyroid cells post-
thyroidectomy, including in metastases, and is relatively inexpensive and widely avail-
able [14,75]. It increases the 10-year survival rate to 80% and decreases mortality by
12% [75]. One-third of advanced DTC metastases show low uptake of iodine. Losing
the ability to accumulate iodine can occur during the progression of the disease due to
dysfunction and loss of sodium iodide symporter (NIS) expression [75,76], indicating a
status of dedifferentiation known as a radioiodine refractory disease [75–77].

A sodium iodide symporter (NIS) transports iodine through the cell membrane. Iodine
is transported into follicular thyroid cells against the electrochemical gradient [27,75,76]. In
a normal condition, the gradient between a thyroid cell and the extracellular environment
is 100:1 [27,75]. The expression of NIS provides the molecular basis of radioiodine for
diagnostic and therapeutic use in patients with thyroid disease [76–78]. It resides in the
thyroid in the basolateral membrane of epithelial cells and transports two cations of sodium
(Na+) and one anion of iodide (I-) into the cells. This process is facilitated by an enzyme
Na+/K+ ATPase [27,29,75,76].

Genetic alteration causes the mitogen-activated protein kinase (MAPK) and phospho-
inositide 3-kinase (PI3K) pathways associated with the silencing of solute carrier family
five-member 5 (SLC5A5), which encodes NIS. The condition causes the cancer cell failure
to take radioiodine [77]. A clinical trial of kinase inhibitors targeting the MAPK or PI3K
pathways has shown promising effects in redifferentiation therapy. It brings hope to future
therapy using either kinase inhibitors with different targets or kinase inhibitors and 131I in
managing radioiodine refractory disease in DTC [77].

Furthermore, NIS transgene has been successfully transferred selectively into extra-
thyroidal tumor cells or cells in the tumor environment using various gene delivery sys-
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tems [78]. An advanced endogenous PDAC mouse model study indicated genetically
engineered mesenchymal stem cells (MSC) as NIS gene delivery vehicles demonstrate high
stromal targeting of NIS by selective recruitment of NIS-MSCs after systemic application
resulting in an impressive 131I therapeutic effect [78].

3.5. Nanotargeted Radionuclides

In the last three decades, there has been a rapid increase in the use of new nanoma-
terials and radionuclides to enhance cancer diagnosis and therapies [2,79]. Many organic
and inorganic materials can be used as nanoparticles [58,80,81]. Nanoparticle (NP) deliv-
ery systems have enhanced imaging and therapeutic efficacy by targeting the delivery of
radio-labeled drugs to the tumor site and reducing their toxic side effects [79,81,82]. The
significant advantages of nanoparticles are that they can be prepared in sizes <100 nm. This
increases the localization of the drugs and radionuclides and the permeability and retention
(EPR) effect of passive targeting tumor cells and facilitates uptake by active targeting tumor
cells [81,82]. The surface of nanomaterials is usually coated with polymers or ligands
to improve biocompatibility and the selection of specific targets [80]. A nanomaterial’s
final size and structure depend on the salt concentrations, surfactant additives, reactant
concentrations, reaction temperatures, and solvent conditions used during synthesis [79,80].
Two mechanisms of nanoparticle delivery system for diagnostics and therapy to tumor
sites are (i) specific passive targeting cells and (ii) specific active targeting cells [81,82].

Nanotargeted radionuclides have three main components, the nanoparticle core, the
targeting biomolecule (which must be able to recognize a specific biological target), and the
radionuclide [80]. Nanoparticles drug delivery systems can be made from polymers (poly-
meric nanoparticles, micelles, or dendrimers), lipids (liposomes), viruses (viral nanoparti-
cles), organometallic compounds (nanotubes), inorganic nanoparticles (fullerenes, carbon
nanotubes, quantum dots, or magnetic nanoparticles) [47,80–82]. The physical and chemi-
cal properties of nanoparticles play a critical role in determining particle–cell interactions,
cellular trafficking mechanisms, biodistribution, pharmacokinetics, and optical proper-
ties [80]. Each nanoparticle type shows certain advantages and disadvantages that are
inherent features of a particular material, such as solubility, thermal conductivity, ability to
bind biomolecules or linkers, chemical stability, and capacity to incorporate and release
compounds, as well as biocompatibility, toxicity, immunogenicity, and controlled drug
release rate [47,80].

The targeting biomolecule must have a high affinity for the targeted epitopes. For
ligands to bind effectively, each radionuclide can be conjugated directly on the nanoparticle
surface, with or without a spacer, or can be attached to the nanoparticle during chemical
synthesis. The spacer groups between the nanoparticle surface, the radionuclide, or the
biomolecule can be a simple hydrocarbon chain, a peptide sequence, or a PEG linker [80–82].
In some cases, a bifunctional chelating group (BFC), such as 1, 4, 7, 10-tetraazadodecane-
DOTA, must be conjugated to the nanoparticle, and then a radioactive metal needs to be
attached. This requires modification of nanoparticles before radiolabeling [80].

There are many passive and active targeted nanoparticle therapies being developed.
Most development is still at the in vitro or animal study stage. The most significant de-
velopment is of 131I labeled nanoparticles for targeted therapy of different tumor types,
according to the targeting strategy of the prepared NPs in which 131I is incorporated. The
targeting strategy of these NPs depends on either passive or active targeting. 131I labeled
NPs (silver or polymeric) shows 131I accumulation in different tumor types [79]. 131I labeled
NPs targeting integrin have been studied. This protein is essential in regulating angiogen-
esis processes and tumor progression. Radionuclide labeled arginine–glycine–aspartate
(RGD) can specifically target tumor integrin receptors [79]. Other β-particles such as 188Re,
Holmium-166 (166Ho), 90Y, and gold-198 (198Au)-NPs have also been investigated for tumor-
targeted radiotherapy [79,82]. 88Re-liposome has been shown to have a therapeutic effect
in various animal models and translational clinical research [83]. 166Ho nanoparticles have
also been prepared and studied in radionuclide tumor therapy for skin cancer and ovarian
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cancer metastases [80,82]. Liposome labeled with 90Y has been investigated for colon and
melanoma tumors in animal models [79]. Gum arabic, functionalized peptide and protein,
coated 198Au NP have been shown to be potential prostate cancer therapeutic agents in an
animal model [79].

Nanoparticles labeled with α-particle emitters have been synthesized to enhance
therapeutic efficiency with minimum danger to healthy tissues. 211At has been studied
as a prospective NP’s alpha particle emitter, but the main disadvantage of 211At for NTR
is low in vivo stability [79]. The sodium form of A-type nano-zeolites targeting peptides
has been labeled with 223Ra, showing a cytotoxic effect on glioma cells [79]. A preliminary
study reported that 225Ac-Au@TADOTAGA administrated intratumoral delayed tumor
growth in glioma xenografts, and it is the first reported study using 225Ac-labeled gold
nanoparticles [84]. However, 225Ac use remains challenging for insufficient retention of its
daughter’s products due to the α recoil effect observed upon release of an α particle [84].
So, the use of α particles still has challenges related to incorporation into useful targeting
vectors, such as in vivo stability, the weakness of α emitter–biomolecule bond, organ
toxicity of inappropriate leakage of radionuclides from the bioconjugate, and uncoupling
(or trans-chelated) than distribution to off-target areas [47].

4. Challenges in Radiopharmaceutical Therapy

In the last three decades, there has been a growing interest in radioiodine, a beta and
gamma emitter, as new RPs are introduced for therapy and imaging (theranostics) for
specific target tumor cells. However, one must be aware of issues related to the crossfire
effect and toxicity of ß particles. The high LET and short range of α particles enable
effective and rapid cancer therapies but are hindered by short half-lives and rarely emit
gamma radiation for imaging [9,15,55]. Combining α and β particle emitters may reduce
some of these obstacles [56,64]. Some issues with RPs are related to tumor-targeting
uptake, biocompatibility, side effects, nonspecific uptake and distribution, and the radiation
exposure effect in healthy tissues.

The development of intelligent drug delivery agents such as peptides, small molecules,
mAb, and mAb fragments, and especially nanoparticle cores offer the promise of better
diagnostic and therapeutic options [55,81]. However, the heterogeneity of RP uptake by
tumor cells is challenging when using radiolabeled antibodies. The larger size of whole
antibodies may limit penetration into the tumor tissue and crossfire effects, which occur
when radiation interacts with cells away from the site of actual binding of the antibody
agent [64].

Radiopharmaceuticals provide effective cancer treatment, particularly when other
standard therapeutic approaches have failed. However, even after more than four decades
of clinical investigation, RPs have still not become a standard part of cancer management
therapy, which is peculiar, especially in light that other “targeted therapy” have clinical trial
failure rates of 97% and is more popular than RPs that [7,8,85]. Furthermore, changing the
fear of the public perception of radioactivity and the perceived complexity of the treatment
are challenges in developing and applying RPs for therapy and imaging.

5. Conclusions and Future Direction

Radiopharmaceutical therapy can be a safe and effective targeted approach to treating
many types of cancer. RPT has shown high efficacy with minimal toxicity compared to other
systemic cancer treatment options. Different radioligands can be chosen to uniquely target
molecular receptors or intracellular components, making them suitable for personal patient-
tailored therapy in modern cancer therapy management. Further research is still needed
regarding specific targets, radioligand stability in vivo, toxic effects, crossfire, dosimetry,
and bond stability with daughter nuclides, particularly for alpha emitters.

However, new particle drug delivery systems continue to enhance targeted therapy
efficacy and safety, including the use of nanoparticles. The number of successful studies
exploring new drug delivery agents’ different delivery systems of radionuclide particles will
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probably increase the effectiveness and range of applicants. With a growing positive track
record, public understanding and perception of the safety and success of RPT may improve.

If this occurs, then RPT will be adopted as an increasingly mainstream cancer therapy
approach and the investment needed to resolve issues of radionuclides supply. In the
coming decades, RPT may provide an increasing variety of rapid, personalized, practical,
effective, and affordable treatments that offer new hope to cancer patients.
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Abstract: Since prostate cancer is the most commonly diagnosed malignancy in men, the theranostic
approach has become very attractive since the discovery of urea-based PSMA inhibitors. Different
molecules have been synthesized starting from the Glu-urea-Lys scaffold as the pharmacophore
and then optimizing the linker and the chelate to improve functional characteristics. This article
aimed to highlight the quality aspects, which could have an impact on clinical practice, describing the
development of an Investigational Medicinal Product Dossier (IMPD) for clinical trials with [177Lu]Lu-
PSMA-I&T in prostate cancer and other solid tumors expressing PSMA. The results highlighted some
important quality issues of the final preparation: radiolabeling of PSMA-I&T with lutetium-177 needs
a considerably longer time compared with the radiolabeling of the well-known [177Lu]Lu-PSMA-617.
When the final product was formulated in saline, the stability of [177Lu]Lu-PSMA-I&T was reduced
by radiolysis, showing a decrease in radiochemical purity (<95% in 24 h). Different formulations
of the final product with increasing concentrations of ascorbic acid have been tested to counteract
radiolysis and extend stability. A solution of 20 mg/mL of ascorbic acid in saline prevents radiolysis
and ensures stability over 30 h.
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1. Introduction

Prostate cancer (PCa) is the most commonly diagnosed malignancy in men worldwide
and remains one of the leading causes of cancer-related deaths. Prostate-specific mem-
brane antigen (PSMA) is a type II membrane glycoprotein with an extensive extracellular
domain (44−750 amino acids) and plays a significant role in prostate carcinogenesis and
progression [1–4].

PSMA expression correlates with the malignancy of the disease, being further in-
creased in metastatic and hormone-refractory patients [5]. As a consequence, PSMA has
attracted attention as a target for molecular imaging and targeted radioligand therapy,
especially in metastatic castration-resistant prostate cancer (mCRPC).

Since the discovery of urea-based PSMA inhibitors in 2001 [6], a variety of PSMA-
targeted radioligands for imaging prostate cancer was developed. Briefly, most of the
relevant molecules are structured by three main components: a pharmacophore, usually
X-urea-Glu (XuE)-scaffold, in our case X = K; a linker to enhance affinity by interaction
with receptor hydrophobic pocket; and a chelator to bind the radionuclide. Other types of
PSMA inhibitors are the ones labeled with fluorine-18 ([18F]F-PSMA-1007, ([18F]F-DCMPyL,
and others), the chelator is in those cases replaced by organic structures with a leaving
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group to support an SN2 reaction. The “gold standard” ligand for PSMA imaging is Glu-
NH-CO-NH-Lys(Ahx)-68Ga-HBED-CC ([68Ga]Ga-PSMA-HBED-CC) characterized by a
high-affinity chelator for Gallium-68 (logK = 38.5) that seems to interact advantageously
with the lipophilic part of the PSMA binding pocket [7]. Unfortunately, the HBED-CC
chelator is unsuitable for radiolabeling with therapeutic radiometals such as yttrium-90 and
lutetium-177, and therefore new theranostic compounds were designed to bind gallium-68,
as well as yttrium-90 and lutetium-177.

Substitution of HBED-CC with DOTA and systematical modification of the side chain
with the introduction of a naphtylic linker have led to PSMA-617 [8] with excellent phar-
macokinetic properties, high binding affinity and internalization, prolonged tumor uptake,
and high tumor-to-background ratio, which are extremely important for both imaging
quality and therapy.

In parallel, another theranostic PSMA-targeted radioligand, PSMA-I&T, was ex-
plored [9]. The DOTAGA-FFK(SubKuE)-scaffold represents a flexible and adjustable back-
bone for the development of KuE-based PSMA inhibitors. Additionally, the DOTA chelator
was substituted with DOTAGA (1,4,7,10-tetraazacyclododecane-1-(glutaric acid)-4,7,10-
triacetic acid) to facilitate the yttrium-90 and lutetium-177-labeling procedure, improve
pharmacokinetics and, potentially, affinity to the receptor. DOTAGA derivatives showed
higher hydrophilicity (logP = −3.9 ± 0.1 for DOTAGA 177Lu derivative compared with
−2.7 ± 0.02 for that DOTA derivative) and improved affinity to PSMA, compared with
DOTA-coupled counterpart, resulting in about a twofold-increased specific internalization
of the 68Ga- and 177Lu-labelled DOTAGA analogue [10]. The substitution of one of the
D-phenylalanine residues in the peptidic linker by 3-iodo-D-tyrosine improved the inter-
action of the tracer molecule with a remote binding site. These modifications, together
with increasing the lipophilic interaction of the tracer with the PSMA enzymes, led to the
second-generation theranostic tracers DOTAGA-(I-y), fk(Sub-KuE), and the PSMA I&T [9].

In order to use a radiopharmaceutical in human applications, it should be manufac-
tured under Good Manufacturing Practice (GMP) or National Regulations. In Italy, the
reference quality assurance system is “Norme di Buona Preparazione dei Radiofarmaci per
Medicina Nucleare (NBP-MN)” [11], which is a GMP-like quality assurance system dealing
with no-profit clinical trials.

To submit the clinical study to the Italian Medicines Agency (AIFA), an Investiga-
tional Medicinal Product Dossier (IMPD) needs to be produced for [177Lu]Lu-PSMA-I&T
according to European Medicines Agency EMA guideline [12]. This guideline aims to
address the documentation on the chemical and pharmaceutical quality of investigational
medicinal products (IMPs), including radiopharmaceuticals, to ensure their quality, safety,
and efficacy.

The aim of this paper is to describe the process validation as well as the analytical
methods, along with establishing acceptance criteria for [177Lu]Lu-PSMA-I&T according to
the purpose of obtaining an IMPD.

At the moment the ligand PSMA-I&T is commercially available from ABX and there
are no patents that prevent us from working with PSMA-I&T.

2. Results

IMPD for [177Lu]Lu-PSMA-I&T was prepared according to the EMA guideline [12].
IMPD includes the most up-to-date information relevant to the clinical trial available at
the time of submission of the clinical trial application. It essentially consists of two parts,
the first dedicated to the drug substance and the second dedicated to the investigational
medicinal product under test.

2.1. Drug Substance

Two drug substances have been identified: the ligand PSMA-I&T and the precursor
[177Lu]LuCl3.
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2.1.1. PSMA-I&T

Nomenclature:

(R)-DOTAGA-D-Tyr(3-I)-D-Phe-D-Lys[Sub-Lys-CO-Glu]-OH (supplied as acetate salt)
Synonyms (R)-DOTAGA-(I-y)fk(Sub-KuE) Structure
Molecular formula: C63H92IN11O23
Molecular weight: 1498.37 g/mol

The chemical structure of PSMA-I&T is showed in Figure 1.

Figure 1. The chemical structure of PSMA- I&T.

2.1.2. Lutetium-177

PSMA-I&T was radiolabeled with lutetium-177 chloride. Lutetium-177 chloride was
produced under a marketing authorization (MA) by irradiation of highly enriched (>99%)
ytterbium-176 by a neutron source.

Lutetium-177 was produced according to the following nuclear reaction:

[176Yb(n,γ)177Yb → (β-) → 177Lu]

The neutron thermal flux was between 1013 and 1016 cm−2 s−1. The nuclear reaction
is no-carried added (n.c.a.). The n.c.a. reaction results in a very high specific activity
(≥3000 GBq/mg), in comparison with the lower specific activity (500 GBq/mg) when the
Lutetium-177 is obtained by neutron irradiation of Lutetium-176. Moreover, the “direct
production” leads to formation of a radionuclidic impurity (Lutetium-177m), not present
in the Lutetium-177 produced by ytterbium-176. Metallic impurities concentration was
very low, the sum of both metallic as well as other radionuclidic impurities cannot interfere
with labeling nor with radiochemical and radionuclidic purity.

The specifications for the release of lutetium-177 chloride are indicated in Table 1.

Table 1. Specifications of lutetium-177 chloride.

Test Method Specification Unit

[177Lu]LuCl3 in HCl 0.04M pH 1–2
Activity per Vial

value decay corrected to ART
n.a. 90–110

of the activity stated in the label %

Volume delivered n.a. 0.4–0.8 mL
According to the radioactivity ordered mL

Appearance Visual
test Clear and colorless solution n.a.

Identity Lu-177 Gamma
Spectrometry

113 KeV gamma line
208 KeV gamma line n.a.

Identity Chloride Eu. Phar. White precipitate visible n.a.
Specific activity

value decay corrected to ART ICP-MS ≥3000 GBq/mg

Radionuclidic purity
Radiochemical purity

Gamma
Spectrometry

TLC

Yb-175 ≤ 0.01
Sum of impurities ≤ 0.01

≥99.0 as 177LuCl3

%
%
%
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Table 1. Cont.

Test Method Specification Unit

Chemical purity ICP-MS

Fe ≤ 0.25
Cu ≤ 0.5
Zn ≤ 0.5
Pb ≤ 0.5

Yb-176 ≤ 0.1
Sum of impurities ≤ 0.5

μg/GBq

Radiolabeling yield TLC ≥99.0 %
Sterility Eu. Phar. Sterile n.a.

Bacterial endotoxins Eu. Phar. ≤20 EU/mL

ART = Activity reference time, ICP-MS = Inductively coupled plasma–mass spectrometry, TLC = Thin layer
chromatography, Eu.Phar. = European Pharmacopoeia. Radiolabeling yield (TLC): based on radiolabeling Lu-177
of DOTA-derivated molar ratio 1:4 (CoA).

2.2. Investigational Medicinal Product (IMP) under Test
Description and Composition of the IMP

The IMP consists of a description of the [177Lu]Lu-PSMA-I&T solution, among other
things stating the range of radioactivity (17,980–29,790 MBq), at the end of synthesis (EOS),
which, in this case, is also considered Activity Reference Time (ART); the final volume is
17–25 mL.

The radioactive concentration is between 1057 and 1192 MBq/mL. IMP is formulated
as a multidose drug with the components described in Table 2.

Table 2. Batch formula of [177Lu]Lu-PSMA-I&T.

Components Function Amount/Activity

[177Lu]LuCl3
Active Pharmaceutical Ingredient

(API)
18,350–31,040 MBq

Activity Reference Time (ART)
PSMA-I&T Precursor 500–800 μg (334–534 nmol)

Water for injection For reconstitution of PSMA-I&T 0.5–1 mL
Gentisic/ascorbic buffer composition:

Gentisic acid Radical scavenger 16.8 mg (109 μmol)
Sodium acetate Buffer solution 32.4 mg (395 μmol)

Sodium hydroxide pH balance buffer 9.6 mg (240 μmol)
Ascorbic acid Radical scavenger 31.2 mg (177 μmol)

Ascorbic acid solution in NaCl 0.9% 20 mg/mL Diluent and radical scavenger 17–25 ml

Typical radiometric and UV chromatograms of [177Lu]Lu-PSMA-I&T syntheses are
shown in Figure 2, which shows the difference between the retention time of [177Lu]Lu-
PSMA-I&T and the precursor PSMA-I&T (6.72 and 7.01, respectively). The largest peak
in the UV chromatogram is gentisic acid. The radiometric detector evidences the high
radiochemical purity of the product, since only the peak of [177Lu]Lu-PSMA-I&T is present.

2.3. Quality Controls
2.3.1. Acceptance Criteria

Acceptance criteria, specifications, and release timing were chosen in compliance
with the general texts and monographs of the current European Pharmacopoeia and are
summarized in Table 3. The product should meet the acceptance criteria for all the estab-
lished quality parameters. The administered patient dose ranged from 5500 to 7400 MBq
according to the patient conditions.
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Figure 2. Relevant chromatograms of the final products of [177Lu]Lu-PSMA-I&T with radiometric and
UV detector: Peak 1 = [177Lu]Lu-PSMA-I&T, Peak 2 = Gentisic acid, Peak 3 = [177Lu]Lu-PSMA-I&T,
Peak 4 = PSMA-I&T.

Table 3. Recommended test for the quality controls.

Parameter Method Acceptance Criteria

[177Lu]Lu-PSMA-I&T activity Dose calibrator 17,980–29,790 MBq
Radioactive concentration Dose calibrator 1057–1192 MBq/mL

Volume 17–25 mL
Appearance Visual test Clear and colorless solution

Identification HPLC Rt [177Lu]Lu-PSMA-I&T ± 0.2 min vs.
Rt natLu-PSMA-I&T reference standard

Radionuclidic identity Gamma
Spectrometry

113 KeV gamma line
208 KeV gamma line

Yb-175 content Gamma
Spectrometry Yb-175 ≤ 0.01%

Radiochemical purity HPLC [177Lu]Lu ≤ 3%
[177Lu]Lu-PSMA-I&T ≥ 97%

Radiochemical
purity TLC [177Lu]Lu colloids ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
pH pH strips 4.5–5.5

Filter integrity Bubble Point Test ≥50 psi
Sterility Sterility Test (Eur. Ph.) Sterile

Bacterial endotoxins Eur. Ph. ≤175 EU/V

PSMA-I&T ≤ 0.1 mg/Vmax where Vmax is the maximum injectable volume of the preparation. Volume is
determined by the sum of the volume of the reagents and the volume of Ascorbic acid solution in NaCl
0.9% 20 mg/mL added to dilute the final product.

All the tests, except sterility, were carried out before the release.

2.3.2. Validation of the Analytical Procedures

Validation is the act of proving that any procedure, process, equipment, material,
activity, or system actually leads to the expected results, with the aim to contribute to and
guarantee the quality of a radiopharmaceutical.

The objective of validation of an analytical procedure is to demonstrate that it is
suitable for its intended purpose.

The validation of the analytical procedures, the acceptance limits, and the parameters
(specificity, linearity, range, accuracy, precision, quantification, and detection limit) for
performing validation of analytical methods was carried out according to the ICH guideline
Q2(R1) [13]. For the HPLC determination of chemical purity, natLu-PSMA-I&T and PSMA-
I&T were used. The high concentration and absorbance of gentisic acid cause it to be by far
the highest peak in the UV (205 nm) spectrum of the PSMA-I&T product; we, therefore,
chose to perform the validation of the PSMA-I&T analytical method in presence of gentisic
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acid to simulate closely the condition of the final product formulation. Parameters and
acceptance criteria for the validation of the radio-HPLC method and the results obtained
are shown in Table 4. Radionuclidic purity, [177Lu]Lu-PSMA-I&T is verified on the basis of
the certificate of analysis attached by the supplier of the [177Lu]LuCl3.

Table 4. Parameters and acceptance criteria for the validation of the radio-HPLC method and the
obtained results.

Chemical Purity UV Detector

Parameters Acceptance Criteria Results

Specificity
Rs natLuPSMA I&T

and PSMA-I&T
Rs ≥ 1.5

Comply

Precision CV% PSMA-I&T ≤ 5%
CV% natLuPSMA-I&T ≤ 5%

<4%
<3%

Linearity R2 PSMA-I&T ≥ 0.99
R2 natLuPSMA-I&T ≥ 0.99

≥0.999
>0.999

LOQ
(μg/mL) Experimental PSMA-I&T = 6.8

natLuPSMA-I&T = 13.2
LOD

(μg/mL) Experimental PSMA-I&T = 2.2
natLuPSMA-I&T = 4.3

Range 80–120% Comply
Accuracy Average bias < 5% Comply

Radiochemical Purity Radiodetector

Parameters Acceptance Criteria Results

Specificity Difference tR ± 5% RT compared with RT natLuPSMA-I&T ±4%
Precision CV% ≤ 5% ≤3.2%
Linearity R2 ≥ 0.99 ≥0.999

LOQ n.a. n.a.
LOD n.a. n.a.

Range n.a. n.a.

Rs = Resolution, CV= coefficient of variation, R2 = correlation coefficient, LOQ = quantitation limit, LOD = detection
limit, n.a. = not applicable.

Chromatograms of standards natLu-PSMA-I&T and PSMA-I&T are shown in Figure 3.

 

Figure 3. Chromatograms of standard solutions of natLu-PSMA-I&T (20 μL of a 0.1 mg/mL solution)
and PSMA-I&T (20 μL of a 0.04 mg/mL solution). Rt of natLu-PSMA-I&T is slightly lower than that
Rt of [177Lu]Lu-PSMA-I&T with radiometric detection because it is positioned after the UV detector.

2.3.3. Bioburden

The pre-filtrated product was sent for a bioburden test, using 1 mL for each test sample.
(Eurofins Laboratory Biolab Srl, Vimodrone, Milan Italy.)

The results were:
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Total aerobic microbial count (TAMC) < 1 cfu/mL,
Total yeast and mold count (TYMC) < 1 cfu/mL,
where <1 cfu/mL means absence of colonies.

2.3.4. Batch Analysis and Process Validation

Process Validation should be intended as a means to establish that all the process
parameters that bring to the preparation of the intended radiopharmaceutical and their
quality characteristics are consistently and reproducibly met.

Process validation was carried out by producing three different batches of [177Lu]Lu-
PSMA-I&T on three different days, in the same conditions set for typical routine prepara-
tions and in the activity range reported in the acceptance criteria. Each batch was prepared
accordingly the validation protocol should be fully characterized from the analytical point
of view, with the aim to verify that the product meets the acceptance criteria as for all the
established quality parameters.

Parameters were measured by the tests described in Table 3.
The results for three representative batches are shown in Table 5.

Table 5. Results of [177Lu]Lu-PSMA-I&T representative batches.

Parameter Method Acceptance Criteria
Batch

08/04/2021
Batch

15/04/2021
Batch

07/05/2021

[177Lu]Lu-PSMA-I&T
Activity Dose Calibrator 17,980–29,790 MBq 17,980 MBq 21,720 MBq 29,790 MBq

Radioactive
concentration Dose Calibrator 1057–1192 MBq/mL 1058 MBq/mL 1086 MBq/mL 1192MBq/mL

Volume - 17–25 ml 17 mL 20 mL 25 mL
Appearance Visual test Clear and Colorless Solution Complies Complies Complies

Identification HPLC
Rt [177Lu]Lu-PSMA-I&T ± 0.2 min vs.

Rt natLu-PSMA-I&T
reference standard

+0.012 +0.03 +0.01

Radionuclidic
identity

Gamma
Spectrometry

113 KeV gamma line
208 KeV gamma line Comply Comply Comply

Yb-175 content Gamma
Spectrometry Yb-175 ≤ 0.01% Comply Comply Comply

Radiochemical
purity TLC [177Lu]Lu colloids ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
0

100%
0

100%
0

100%

Radiochemical purity HPLC [177Lu]Lu ≤ 3%
[177Lu]Lu-PSMA-I&T ≥ 97%

0.02%
99.3%

0.02%
99.4%

0.01%
99.4%

Chemical purity HPLC PSMA-I&T ≤ 0.1 mg/Vmax
Sum of impurities ≤ 0.5 mg/Vmax Complies Complies Complies

pH pH Strips 4.5–5.5 5 5 5
Filter integrity Bubble Point Test ≥50 psi ≥50 psi ≥50 psi ≥50 psi

Sterility Sterility Test (Eur. Ph.) Sterile Sterile Sterile Sterile
Bacterial

endotoxins Eur. Ph. ≤175 EU/V ≤10 EU/V ≤10 EU/V ≤10 EU/V

Rt = retention time.

All the batches used for process validation complied with the acceptance criteria.

2.3.5. Stability

Stability was assessed at 0, 24, and 30 h after the end of the synthesis. The three batches
used for process validation were kept at room temperature and then parameters that could
change over time such as appearance, radiochemical purity, and pH were reanalyzed after
24 and 30 h. The synthesis does not affect the radionuclidic purity so the radionuclidic
purity is the same as observed on the sheet of [177Lu]LuCl3.

The analysis of the radiochemical purity was carried out by HPLC and TLC because
the TLC method is used to detect the presence of colloidal lutetium-177 [14] that is not
detectable with HPLC analysis.

For organizational reasons, it is not possible to administer the drug to the patient, later
than 24 h after preparation. Chromatograms are shown in Figure 4; the stability data are
shown in Table 6.
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Figure 4. [177Lu]Lu-PSMA-I&T (radiometric detector) during stability studies, at T = 0, T = 24 h, T = 30.
In the table inside the figure are reported relative areas of [177Lu]Lu-PSMA-I&T as a percentage of
the total areas.

Table 6. Stability data of [177Lu]Lu-PSMA-I&T at T0 and after 24 and 30 h at room temperature.

T0 Stability Test

Parameter Method
Acceptance

Criteria
Batch

08/04/2021
Batch

15/04/2021
Batch

07/05/2021

Appearance Visual test
Clear and
Colorless
Solution

Complies Complies Complies

Radiochemical
purity TLC [177Lu]Lu colloids ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
0

100%
0

100%
0

100%

Radiochemical
purity HPLC [177Lu]Lu ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
0.02%
99.3%

0.02%
99.4%

0.01%
99.4%

pH pH Strips 4.5–5.5 5 5 5

24 h stability test

Parameter Method
Acceptance

Criteria
Batch

08/04/2021
Batch

15/04/2021
Batch

07/05/2021

Appearance Visual test
Clear and
Colorless
Solution

Complies Complies Complies

Radiochemical
purity TLC [177Lu]Lu colloids ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
0.1%

99.9%
0.1%

99.9%
0.1%

99.9%
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Table 6. Cont.

24 h stability test

Parameter Method
Acceptance

Criteria
Batch

08/04/2021
Batch

15/04/2021
Batch

07/05/2021

Radiochemical
purity HPLC [177Lu]Lu ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
0.01%
98%

0.02%
98%

0.04%
97.7%

pH pH Strips 4.5–5.5 5 5 5

30 h stability test

Parameter Method
Acceptance

Criteria
Batch

08/04/2021
Batch

15/04/2021
Batch

07/05/2021

Appearance Visual Test
Clear and
Colorless
Solution

Complies Complies Complies

Radiochemical
purity TLC [177Lu]Lu colloids ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
0.1%

99.9%
0.2%

99.8%
0.1%

99.9%

Radiochemical
purity HPLC [177Lu]Lu ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
0.04%
97.5%

0.04%
97.4%

0.07%
97.3%

pH pH Strips 4.5–5.5 5 5 5

3. Discussion

[68Ga]Ga-PSMA-HBED-CC [7] represents a breakthrough in the imaging and staging
of PCa. To meet the clinical need for a therapeutic agent for treatment of PCa, some promis-
ing urea-based candidates have been investigated, [177Lu]Lu-PSMA-617 and [177Lu]Lu-
PSMA-I&T [8,9]. The two molecules have the same pharmacophore but different linkers
and chelators.

The effect of replacing the DOTA chelator with DOTAGA led to an increase in radio-
labeling reaction time: PSMA-I&T was incubated with [177Lu]LuCl3 at 95 ◦C for 30 min.
to obtain [177Lu]Lu-PSMA-I&T instead of 8 min at 100 ◦C for [177Lu]Lu-PSMA-617. The
longer reaction time for the incorporation of Lutetium-177 in the DOTAGA is in agreement
with Weineisen et al. [9] and could probably be ascribed to a slower kinetic of incorporation
due to different conformational changes in the chelators along with the overall molecular
structure of the linker.

The two molecules showed slight differences in solubility characteristics, which,
however, did not require substantial changes in the buffer solutions.

The longer incubation time needed to prepare [177Lu]Lu-PSMA-I&T did not affect the
impurities profile. In terms of quality parameters, the experimental results from the three
batches of [177Lu]Lu-PSMA-I&T fulfilled the specifications. Furthermore, the radiolabeling
conditions always led to a very high radiochemical yield.

To prevent radiolysis of the radiopharmaceutical, the radiolabeling was carried out in
presence of ascorbic and gentisic acid.

The tests performed for quality controls are commonly used in radiochemical and
radiopharmaceutical methods.

HPLC allows the use of two detectors in series for example UV or a mass detector
coupled with a radiometric detector.

Acceptance criteria are based on the Eu. Pharm. general monograph “Radiopharma-
ceutical Preparation” [15] and on National Regulations for preparation of radiopharmaceu-
ticals [11].

Gamma-ray spectroscopy is used for the measurement of the radionuclidic purity
of radiopharmaceuticals. The Pharmacopoeia generally states that radiopharmaceuticals
should have a radionuclidic purity of at least 99.9% throughout their shelf-life. High purity
germanium detectors are required to detect impurities of less than 0.1%. For identification,
the same approach was used to compare γ energies lines characteristics of the radionuclide.
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The most significant quality issue in the preparation of [177Lu]Lu-PSMA-I&T is the
poor stability of the finished product when diluted with saline to a final volume of 17–
25 mL, a general practice with other radiopharmaceuticals such as [177Lu]Lu-PSMA-617.
Comparative results on the stability of both radiopharmaceuticals are reported in Table 7.

Table 7. Comparative stability data of [177Lu]Lu-PSMA-I&T and [177Lu]Lu-PSMA-617, diluted with
saline, without ascorbic acid, at T = 0 and after 24 and 30 h at room temperature.

T0 Stability Test

Parameter Method
Acceptance

Criteria
[177Lu]Lu-PSMA-I&T [177Lu]Lu-PSMA-617

Radiochemical
purity TLC [177Lu]Lu colloids ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
0.3%

99.7%
0

100%

Radiochemical
purity HPLC [177Lu]Lu ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
0.2%

99.1%
0.02%
99.8%

24 h stability test

Parameter Method
Acceptance

Criteria
[177Lu]Lu-PSMA-I&T [177Lu]Lu-PSMA-617

Radiochemical
purity TLC [177Lu]Lu colloids ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
3.3%

96.7%
0.1%

99.9%

Radiochemical
purity HPLC [177Lu]Lu ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
0.2%

94.6%
0.04%
97.4%

30 h stability test

Parameter Method
Acceptance

Criteria
[177Lu]Lu-PSMA-I&T [177Lu]Lu-PSMA-617

Radiochemical
purity TLC [177Lu]Lu colloids ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
3.5%

96.5%
0.2%

99.8%

Radiochemical
purity HPLC [177Lu]Lu ≤ 3%

[177Lu]Lu-PSMA-I&T ≥ 97%
0.2%

93.2%
0.06%
97.2%

[177Lu]Lu-PSMA-I&T was found to be instable in saline solution (<95% radiochemical
purity after 24 h). These data emphasize that what is reported in the Supplemental data by
Weineisen et al. [9] either does not consider the long-term stability of the preparation or
establishes less stringent acceptance criteria compared with this paper (≥97% radiochemical
purity). Another aspect to consider is the large difference between the final radioactivities
reported in the literature [9] and the radioactivities used in this study. Long-term radiolysis
due to high radioactivity concentration should be taken into account. [177Lu]Lu-PSMA-617,
in our experience, is stable in saline; this behavior can probably be ascribed to [177Lu]Lu-
PSMA-I&T and [177Lu]Lu-PSMA-617 having different linkers that are affected differently
by radiolysis.

To overcome this problem, [177Lu]Lu-PSMA-I&T was formulated in an ascorbic
20mg/mL saline solution to a final volume of 17–25 mL, resulting in a shelf life of 30 h,
which is the optimal time interval for the management of patients.

4. Materials and Methods

4.1. [177Lu]Lu-PSMA-I&T Manufacturing Process and Process Controls

For the radiolabeling of [177Lu]Lu-PSMA-I&T, a manual synthesis was used. The
radiosynthesis was carried out in a shielded isolator offering a class A environment with
class B pre-chambers (Manuela Beta, COMECER S.p.A, Castelbolognese, Italy) located in a
class C cleanroom.
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4.1.1. Reagents

[177Lu]LuCl3-EndolucinBeta, radiopharmaceutical precursor with a MA was obtained
from ITM Medical Isotope GmbH, Germany—and was supplied by Gamma Servizi S.r.l,
Borgarello, Italy

PSMA-I&T GMP precursor vials 1 mg purchased from ABX Advanced Biochemical
Compounds Biomedizinische Forschungsreagenzien GmbH Radeberg, Germany.

Water for Injectable Preparations (100 mL bottles) with a MA was purchased from
Monico S.p.A. Venezia/Mestre, Italy.

Gentisic acid, (97.5–102.5% purity), was supplied by Merck KGaA, Darmstadt, Germany.
Ascorbic acid, (99.0–100.5% purity), was supplied by VWR International, Leuven, Belgium.
NaOH, (≥99% purity), was supplied by Merck KgaA, Darmstadt, Germany.
Anhydrous sodium acetate, (≥99% purity), was supplied by Merck KgaA, Darmstadt, Germany.
Gentisic acid/ascorbic acid buffer pH = 5 was prepared by IRST Radiopharmacy

prior to the radiolabeling. The buffer was prepared with 3.1 g of sodium acetate, 1.6 g
of gentisic acid, and 3.0 g of ascorbic acid, which were dissolved in 46 mL of water for
injectable preparations measured with a 60 mL sterile syringe. This solution was pH
adjusted by the addition of 11.5 mL of a 2N NaOH solution. The final pH was 5.2 ± 0.1 and
was verified by pH meter. This solution was sterile filtered through a single-use, sterile,
pyrogen-free 0.22 μm ventilated filter (Vented Millex-GV SLGV255F Merck Millipore Ltd.).
The buffer was aliquoted into ten 1 mL fractions, which were stored at −20 ◦C. Shelf life of
the laboratory-prepared labeling buffer solution was 1 month.

Ascorbic acid-Vitamin C SALF 1000 mg/5 mL solution for injection vials with an MA
was purchased from S.A.L.F Laboratorio Farmacologico, Cenate Sotto Bergamo, Italy.

Sodium Chloride 0.9% 100 mL, with a MA was purchased from Fresenius Kabi S.r.l.,
Isola della Scala, Italy.

Sterile glass vials under partial vacuum—manufactured by Eckert&Ziegler GmbH,
Berlin, Germany—were purchased by Radius S.r.l. Budrio, Italy.

4.1.2. Manufacturing of [177Lu]Lu-PSMA-I&T

The precursor was incubated with lutetium-177 at 95 ◦C for 30 min in the presence of
ascorbic and gentisic acid. A typical synthesis time for the complexation reaction yielding
[177Lu]Lu-PSMA I&T in 60 min with a radiochemical yield of 96.8 ± 0.9% (n = 5). The flow
chart of the radiolabeling of PSMA-I&T is shown in Figure 5.

Step A—Verification of dose calibrator response using a certified source of cesium-37
(NuklearMedizin, Dresden, Germany). The deviation between the measured and expected
value should never be greater than 5%.

Step B—The radioactivity of the received [177Lu]LuCl3 vial using dose calibrator.
Step C—The reaction mixture was prepared with 0.5–0.8 mL of PSMA-I&T (in water)

and 0.5 mL of gentisic–ascorbic acid solution. The amount of PSMA-I&T should be adequate
to obtain the specific activity (SA) of 36–39 GBq/mg. The reaction mixture is set up in a
2.5 mL syringe in the shielded isolator immediately before radiolabeling.

Step D—PSMA-I&T solution was added to the [177Lu]LuCl3 vial (0.4–0.8 mL). The vial
was placed in the heater, at 95 ◦C with continuous temperature monitoring for 30 min, to
help the complexation reaction to take place.

Step E—The vial containing a volume of about 1.5 mL of [177Lu]Lu-PSMA-I&T was
diluted by adding 15–23 mL of an ascorbic acid solution (20 mg/mL) to the reaction vial.
The reactor vial is connected to the product vial via a sterile needle, tubing, and a 0.22 μm
ventilated sterile filter. The needle in the reaction vial needs to be at the bottom of the
reaction vial. The pressure created in the reaction vial pushed the solution ca. 16–25 mL
into the product vial.
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Figure 5. Flow chart of the radiolabeling of PSMA-I&T. PC = In-Process Control.

4.1.3. In Process Controls (PC)

PC 1: Accuracy testing of emitting β-sources is performed prior to the introduction of
a new measured geometry (e.g., new vial size of lutetium-177).

PC 2: A daily radioactivity check is performed before each production run and the
deviation between the read and calculated activity, according to the calibration certificate,
must be <±10%.

PC 3: Operator aseptic work techniques are verified by media fill test.
PC 4: Double check of the temperature.
PC 5: Control of the final product activity; the radiochemical yield is also calculated.

4.2. Quality Control
4.2.1. Standard Procedures

pH was determined by pH strips (Merck pH indicator strip, Acilit, increment
0.5 pH unit).

The Endotoxin test was performed by the Limulus amebocyte lysate test (LAL test) on
an Endosafe Nexgen-PTS™ (Charles River Laboratories Italia, Calco, Italy).
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Since this is a preparation that cannot be subjected to terminal sterilization, the product
solution, therefore, has to be subjected to sterile filtration through a sterile filter (pores size
less than 0.22 μm).

Filter integrity must be checked by bubble point test before the release. The bub-
ble point test was performed on an Integritest 4 system (Merck Millipore, Merck KgaA,
Darmstadt, Germany.

A 1 mL aliquot of the product mixture was sent to the Microbiological Laboratory of
the Regional Healthcare, Pievesestina, Cesena, Italy for the sterility tests. The sterility test
was performed according to current European Pharmacopoeia Monograph 2.6.1 “Sterility”.

4.2.2. HPLC Analysis
natLu-PSMA-I&T was purchased from ABX GmbH—Advanced Biochemical Com-

pounds (Radeberg, Germany) as a reference standard.
HPLC analysis was performed on an Ultimate 3000 system equipped by a UV variable

wavelength detector RS300 (Thermo Fischer Scientific, Germany) and a radiometric detector
(GABI, Raytest, Germany). The system was run by Chromeleon software version 7.2 SR5
(Dionex Sunnyvale, CA, USA).

The column was an Acclaim 120 C18, 3 μm, 120Å, 3 × 150 mm (Thermo Scientific,
Waltham, MA, USA).

A multi-step gradient was applied using two solvent A (0.1% TFA in water) and
solvent B (0.1% TFA in acetonitrile): 92% A to 40% A in 10 min, then from 40% A to 20% A
for a further 3 min, and back to 92% A in 2 min, then stable for 5 min. The flow rate was set
at 0.6 mL/min. UV wavelength at 205 nm. Column Oven: 25 ◦C. Injection volume 20 μL.
Retention times of nat-LuPSMA-I&T and PSMA-I&T were 6.730 and 7.013, respectively.

Chemical purity was calculated by comparing the areas of the peaks of the product
with a standard solution injected before the analysis of the final product, as a general
practice suggested by Pharmacopoeia.

4.2.3. Thin-Layer Chromatography (TLC)

TLC was performed using a TLC Silica Gel 60 (Merck KGaA, Darmstadt, Germany),
Approximately 1–2 μL of IMP injection solution was spotted on the plate. The solvent for
the development of the TLC plates was ammonium acetate 0.1N and methanol 50:50 v/v.
The developed plate was analyzed by autoradiography on MS (MultiSensitive) storage
phosphor screens and by a Cyclone Plus Storage Phosphor System (PerkinElmer).

Rf of lutetium-177 free and colloids was 0.2; Rf of [177Lu]Lu-PSMA-I&T was 0.8.

5. Conclusions

This study demonstrates that [177Lu]Lu-PSMA-I&T can be prepared as a radiophar-
maceutical suitable for human use. Clearly defined acceptance criteria, validations plans,
and methods for quality control were outlined. We compared two structural related ra-
diopharmaceuticals, which differed in chelator and linker, but not in pharmacophore. The
difference resulted in a different metal chelation kinetic, a different solubility, and, above
all, a very different stability of the two radiopharmaceuticals. Ascorbic acid functions as a
scavenger and can significantly prolong the shelf life of [177Lu]Lu-PSMA-I&T by at least
30 h, and can prolong the time interval where patients can be treated.

6. Patents

PSMA-I&T is available by ABX and there are no patents.
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Abstract: Technetium-99m macroaggregated albumin ([99mTc]Tc-MAA) is an injectable radiopharma-
ceutical used in nuclear medicine for lung perfusion scintigraphy. After changing to a new batch of
macroaggregated albumin (MAA), we saw unwanted uptake in the liver and spleen. The batch was
therefore tested by both the supplier and us and we found it to comply with the requirements of the
European Pharmacopoeia (Ph. Eur.). However, a simple comparison between the problematic batch
and a batch supplied by another manufacturer showed that there was a significant difference. The
quality testing showed a higher number of small particles in the problem encumbered MAA batch
with unwanted in vivo uptake. In this article we present a simple method of testing for particle size
of [99mTc]Tc-MAA, which gives a good indication of how the radioactive drug performs in vivo. We
argue that the quality control method described in the Ph. Eur. should be changed. The changes
will improve concordance between the laboratory analyzes and what is seen in vivo in human lung
perfusion scintigraphy. Furthermore, we hope that the MAA suppliers without delay will replace
their release procedure to be in accordance with the method described in this article.

Keywords: technetium-99m labelled macroaggregated albumin [99mTc]Tc-MAA; European
Pharmacopoeia; lung perfusion scintigraphy; quality control; EANM recommendation

1. Introduction

Technetium-99m labelled macroaggregated albumin ([99mTc]Tc-MAA) is, at our hospi-
tal, used to perform lung perfusion scintigraphy on suspicion of pulmonary embolism and
prior to operation for lung cancer to be able to calculate postoperative lung function. Our
customary supplier of MAA labelling kits notified us that they could not supply us with
labeling kits for preparation of [99mTc]Tc-MAA, due to production issues.

We applied and were granted a compassionate user permission for MAA from Medi-
Radiopharma, Hungary, from the Danish Medical Agency. The first batch was received
and performed as expected. However, the second batch of the MAA labelling kits, received
in July 2020, resulted in unwanted radioactivity in the liver and spleen in many patients.

Additional information on this second MAA batch: the temperature data logger that
accompanied the parcel revealed that the batch had been too warm during the shipment to
Denmark. The maximum temperature should not have exceeded 8 ◦C but had been 10 ◦C
for 12 h. We consulted Medi-Radiopharma who replied that based on their stability data
for MAA, they could conclude that the temperature exceedance did not affect the product
quality. Our standard TLC quality control of the [99mTc]Tc-MAA batch revealed nothing
abnormal, and it complied with specification. The [99mTc]Tc-MAA was therefore released
for clinical use. Shortly after, our doctors detected unusual uptake in the liver and spleen
and started questioning the quality of the product.

The TLC analysis used for the release of the batch was repeated and again the batch
complied with our release specification. The common TLC release analysis only differ-
entiates between [99mTc]Tc-MAA and free [99mTc]pertechnetate. However, looking at the
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in vivo uptake pattern, it seemed likely that it could be an unusually higher number of
small particles, which had been labeled and then caused the abnormal activity pattern in
the perfusion scintigraphy. Generally, we rely on the company analysis for the particle
size analysis. The release document stated that 90.34% of the MAA particles were between
10–100 μm and that no particles were above 150 μm, measured by optical microscope as
described in the monograph on Tecchnetium (99mTc) macrosalb injection of the European
Pharmacopoeia (Ph. Eur.).

The monograph says that 90% of the particles typically should have diameters between
10–100 μm [1]. However, Ph. Eur. does not describe an exact method by which one can
measure this. Ph. Eur suggests that one can use an optical microscope to verify whether
the particles are not too big, but not that one can use an optical microscope to determine if
the particles are too small, as Medi-Radiopharma did. Ph. Eur. suggests an indirect test
method for particles size, it is a filter method (pore size of 3 μm). This method should
reveal if there are too many small radiolabelled particles. The requirements of the United
States Pharmacopeia on 99mTc-labeled macroaggregated albumin (MAA) are very similar
to those of the European Pharmacopeia it states that 90% of the particle size should have a
diameter between 10 and 90 μm and none of the observed particles have a diameter greater
than 150 μm [2]. This range was chosen to ensure that particles smaller than the 7–8 μm
diameter of capillaries would be absent, eliminating the possibility of localization in the
brain, kidneys, and other internal organs. The limit value at the high end, was chosen to
minimize the risk of occlusion of larger vessels, especially in the patient with pulmonary
artery hypertension, in which case vasoconstriction is present [3].

MAA is prepared from human serum albumin under carefully controlled conditions
of pH, time, temperature, agitation, and reagent concentration to insure correct particle size
formation [3].

Reviewing the literature on macroaggregated albumin particle sizes revealed a cou-
ple of studies which examined the particle size distributions in commercially available
MAA brands [4,5]. And an older study which compared the pharmaceutical quality of a
laboratory made MAA with commercially available products [6]. All three studies applied
microscope methods for particle size determination. The conclusion was that the mean
particle size was similar for all the five macroaggregated albumin preparations tested, but
the actual particle size distribution varied considerably among the products tested [4,5].
In the study from Hung and coworkers [5], they also examined and found particle sizes
intervariance among the best-performing kit and they concluded that the particle sizes may
affect the accuracy and the reproducibility of their patient studies.

We decided to examine the [99mTc]Tc-MAA by filtration, not just with one size filter
as described in Ph. Eur., but with four different pore size filters. We found the problem
encumbered [99mTc]Tc-MAA, called [99mTc]Tc-Makro-Albumon, to comply with the Ph. Eur.
However, comparing the particle sizes between this batch and a different batch supplied
by a different vendor of MAA, it was noticeable that the distribution of particle size was
significantly different.

On the basis of the in vivo human data and of the results of our particle size exper-
iments, we decided to discard the problem encumbered batch. We have informed the
Danish Medicines Agency that we believe that the quality control described in the Ph. Eur.
should be changed, so that it will identify batches which will result in unwanted uptake in
the liver and spleen. The Danish Medicines Agency has agreed to look at our data (private
mail communication between us and the Danish Medicines Agency), but since it may take
some time to change the Ph. Eur., we hope that the MAA producers will comply with the
proposed changes for the benefit of the patients.

2. Results

2.1. Labeling

Radioactive labeling with [99mTc]pertechnetate is a one pot chelation reaction with less
than 2% unreacted [99mTc]pertechnetate detected after chelation. For comparison two MAA
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precursors were labeled, both the problem encumbered batch from Medi-Radiopharma
and a batch from CIS Bio International France, called Pulmocis The radiolabeled [99mTc]Tc-
MAA preparations are designated as respectively [99mTc]Tc-Makro-Albumon and [99mTc]
Tc-Pulmocis.

2.2. Particle Size Determined by a Microscope

Determination of particle size by a microscope was performed by Medi-Radiopharma
Hungary and revealed that an average of 92.8% of the particles have a size between
10–100 μm (10 vials examined), see Table 1.

Table 1. Particle size determination by Medi-Radiopharma, Hungary on the problem cumbered
[99mTc]Tc-Makro-Albumon batch by a microscopic analysis of the contents of ten labelled kits.

Test 10–100 μm 100–150 μm >150 μm

1 92.4% 0 0
2 92.5% 2 0
3 91.3% 1 0
4 93.8% 2 0
5 91.2% 2 0
6 91.8% 1 0
7 93.5% 5 0
8 92.3% 7 0
9 93.9% 8 0
10 94.9% 4 0

Mean 92.8% 3.2 0
Specification >90% max:10 pcs * 0 pcs *

* A minimum of 5000 particles (pcs) examined.

2.3. Indirect Particle Size Determination

An indirect determination of particle size by a filtration method applying four different
pore size filters (pore size of 3, 5, 8 and 10 μm) was performed. The test results from three
examinations of the problem encumbered [99mTc]Tc-Makro-Albumon preparation is given
in Table 2. The test results from three examinations of the [99mTc]Tc-MAA preparations
from Pulmocis labelling kits is given in Table 3.

Table 2. Table showing filter test results from three examinations of the problem encumbered
[99mTc]Tc-Makro-Albumon preparation.

Filter Pore Size Filter (MBq) Filtered Solution (MBq) Filter/(Filter + Filtered Solution) (%)

3 μm 84.3 9.26 90.1
5 μm 76.3 10.51 87.9
8 μm 67.1 18.26 78.6

10 μm 65.0 21.27 75.3

Filter Pore Size Filter (MBq) Filtered Solution (MBq) Filter/(Filter + Filtered Solution) (%)

3 μm 83.8 8.39 90.9
5 μm 69.9 9.11 88.5
8 μm 56.4 13.62 80.5

10 μm 56.1 16.07 77.7

Filter Pore Size Filter (MBq) Filtered Solution (MBq) Filter/(Filter + Filtered Solution) (%)

3 μm 71.2 12.29 85.2 *
5 μm 71.3 16.86 80.8 *
8 μm 66.3 20.90 76.0 *

10 μm 65.3 22.90 74.0 *

* The expiration date was exceeded by about one month.

331



Molecules 2022, 27, 3997

Table 3. Table showing filter test results from three [99mTc]Tc-MAA preparations from Pulmocis
labelling kits.

Filter Pore Size Filter (MBq) Filtered Solution (MBq) Filter/(Filter + Filtered Solution) (%)

3 μm 113.0 1.46 98.7
5 μm 112.2 1.76 98.5
8 μm 111.7 2.07 98.2

10 μm 111.4 2.11 98.1

Filter Pore Size Filter (MBq) Filtered Solution (MBq) Filter/(Filter + Filtered Solution) (%)

3 μm 114.2 2.66 97.7
5 μm 109.5 2.97 97.4
8 μm 93.6 3.43 96.5

10 μm 91.6 3.05 96.8

Filter Pore Size Filter (MBq) Filtered Solution (MBq) Filter/(Filter + Filtered Solution) (%)

3 μm 91.9 1.13 98.8
5 μm 92.0 1.31 98.6
8 μm 86.0 1.46 98.3

10 μm 88.6 1.49 98.3

3. Discussion

This study started because our doctors noticed abnormal uptake in the lung perfusion
scintigraphy when using a new batch of [99mTc]Tc-MAA, Figure 1.

 

Figure 1. Two examples of abnormal hepatic and spleen uptake seen in lung perfusion scintigraphy
when using the problematic [99mTc]Tc-MAA batch, called [99mTc]Tc-Makro-Albumon.

To evaluate this observation, an experienced nuclear medicine specialist randomly
selected 55 [99mTc]Tc-MAA perfusion scintigrams made after injection of [99mTc]Tc-Makro-
Albumon perfusion reviewed them. None of the patients had known history of cardiac
shunt or liver cirrhosis which can be physiological causes of right-to-left shunting causing
trapping of particles in organs like the liver and spleen. In 78% of the scintigraphies, he
identified liver or spleen uptake which is not normally seen using [99mTc]Tc-MAA prepared
from labelling kits supplied by a different vendor without the higher number of small
particles. In fact, three of the 55 reviewed [99mTc]Tc-Makro-Albumon scanned patients had
an earlier scintigram with a [99mTc]Tc-MAA prepared using a labeling kit supplied from a
different vendor, and none of these earlier scintigrams showed unwanted activity in the
liver or spleen.
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The patients with abnormal uptake (78%) were divided into 3 groups: visible, moder-
ate and clearly increased uptakes. In 33% of all the scintigrams, the uptake was classified
as a moderate uptake so in one out of three patients the unwanted uptake slightly affected
the study interpretation. Furthermore, a clearly increased uptake in the liver or spleen was
found in four out of the 55 of the patients (7%) and this uptake affected the interpretation
of the study.

We could not explain the unwanted uptake using our commonly applied quality
control method, which is a radio-TLC. The radio-TLC revealed that less than 2% was free
[99mTc]pertechnetate, which is in line with what we usually see. These results indicaed that
more than 98% of the radioactivity could be in the form of [99mTc]Tc-MAA.

Our attention, therefore, turned to the particle size of the problem encountered MAA
batch. Too many small particles could probably explain the unwanted lung and spleen
uptake [7]. Was the [99mTc]Tc-Makro-Albumon from Medi-Radiopharma, Hungary within
specification? Our suspicion was increased by the fact that the kit, during shipment,
exceeded the threshold temperature value and also by the fact that the certificate of analysis
stated that only 90.3% of the particles was between 10–100 μm. According to the certificate
of analysis 90% or more of the particles must be between 10–100 μm, so the batch was only
just within specification.

Due to the unwanted uptake in the liver and spleen in human scans, we started a
dialog with the supplier, who asked us to return the problematic batch (no. MA-200405-1)
for reanalysis. We returned 12 kits. They tested ten kits of the troublesome batch. On the
original certificate of analysis for MA-200405-1, they stated that 90.3% of the particles were
within 10–100 μm. For results of the reanalysis, see Table 2. The figures were between
91.2% and 94.9% (mean 92.8%), so all the ten vials reexamined performed better than the
original vial which were used for batch release. The Ph. Eur. also states that on a total of
5000 particles examined no more than ten particles must have a dimension bigger than
100 μm and that no particles must have a dimension above 150 μm. Medi-Radioharma
found that batch no. MA-200405-1 complies with Ph. Eur.’s specifications on all accounts.

We decided to perform our own particle size test. The Ph. Eur. states that 90% of the
radioactivity must be retained on a polycarbonate membrane filter, pore size 3 μm [1]. We
hypothesized that we could gain more information on the particle size of the denatured
albumin particles in the MAA labelling kits if we used several filters with different pore
sizes. We, therefore, decided to apply four different pore size filters (3, 5, 8, and 10 μm) in
the experiment. All the filters had a diameter of 25 mm.

For comparison, we tested two different [99mTc]Tc-MAA batches, both the problematic
batch from Medi-Radiopharma here called [99mTc]Tc-Makro-Albumon and a batch from
CIS Bio International France here called [99mTc]Tc-Pulmocis.

If we look at [99mTc]Tc-Makro-Albumon (named MAA in Figure 2) first, 90.1% of the
radioactivity is retained on polycarbonate membrane filter with a pore size 3 μm in the first
experiment and 90.9% in the second experiment. That is in both cases within the acceptance
limit according to the Ph. Eur.

In the last experiment, only 85.2% of the radioactivity was retained on a 3 μm pore
size filter. That was below the required 90%. But the Macro-Albumon kits had exceeded
their expiration date by about a month when we did experiment 3, so the kit would not
have been used in humans anyway.

In other words, the [99mTc]Tc-Makro-Albumon batch still complied with the require-
ments set out in the Ph. Eur [1]. We therefore cannot claim compensation because the
[99mTc]Tc-Makro-Albumon batch meets the requirements described by the Ph. Eur., even
though we do not think the batch should be used in humans.
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Figure 2. Filter test results from applying the four pore size filters on three [99mTc]Tc-Makro-Albumon
(MAA) and three [99mTc]Tc-Pulmocis (Pulmocis) products.

The recommendation described in the European Association of Nuclear Medicine,
(EANM) guidelines for ventilation/perfusion scintigraphy from 2009 [8] or 2019 [9] both say
that the size of the aggregates of a [99mTc]Tc-MAA preparation should be within 15–100 μm
not within 10–100 μm as the Ph. Eur. suggests. We find it peculiar that the Ph. Eur. and
EANM do not recommend the same interval for particle size.

An examination of our human data, clearly showed that particle size is important
in connection with the MAA particles to lodge in the pulmonary capillaries and in the
precapillary arterioles. The question is, would the [99mTc]Tc-Makro-Albumon batch with
the unwanted liver and spleen uptake have failed the quality control if it was required that
that 90% of the particles had to be in-between 15–100 μm instead of 10–100 μm? We cannot
say for sure, but it is likely since the batch was close to failing. The certificate of analysis
says that only 90.3% of the particles were between 10–100 μm. If we look at the filtration
analysis of the [99mTc]Tc-Makro-Albumon for the two experiments where the batch still
meets the expiration date (experiment 1 and 2, Table 2, it was found that approximately
90.5% of the radioactivity was retained applying a 3 μm pore size filter, 88.2% for a 5 μm
pore size filter, 79.5% for a 8 μm pore size filter and 76.5% for a 10 μm pore size filter. Thus,
90.5% − 88.2% = 2.3% of the particles were retained on a 3 μm pore size but not on a 5 μm
pores, 11% were retained by 3 μm but not by 8 μm pore, and 14% were retained by 3 μm
but not by 10 μm pores. Regardless of which pore size filters were used more than 90% of
the [99mTc]Tc-Pulmocis particles were retained.

Looking at the four filters and the six experiments in Figure 2, the two products have
a measurable difference in particle size composition. In this article we present a simple
analytical method which can distinguish between a [99mTc]Tc-MAA batch that results in
unwanted lung and spleen uptake and a batch that does not. The method is so simple
that the test can be performed at any nuclear medicine department and does not require
expensive equipment. To do the test, one just needs a dose calibrator and a polycarbonate
membrane filter. Instead of using a polycarbonate membrane filter with a pore size of 3 μm,
one could do the test with a filter having a slightly bigger pore size. In our case one could
use either a 5, 8 or 10 μm with the same results. The batch with the unwanted liver and
spleen uptake would have failed, and one could avoid using a [99mTc]Tc-MAA batch with
unwanted uptake in the lung and spleen in humans.
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4. Materials and Methods

4.1. Materials

Macro-Albumon labelling kits were purchased from Medi-Radiopharma, Érd, Hun-
gary through Wiik Pharma, Hinnerup, Denmark. Pulmocis labelling kits were pur-
chased from CIS Bio International, Saclay, France via Dupharma, Kastrup, Denmark. The
technetium-99m generator was an Ultra-TechneKow FM Generator from Curium, Petten,
Netherland bought through GE, Brøndby, Denmark. Acetone (GC quality, purity ≥ 99.5%)
was purchased from Sigma-Aldrich Søborg, Denmark. Silica gel 60 Aluminum TLC plates
and the four different types of Merck Isopre Polycarbonate membrane filters, all 25 mm in
diameter, were purchased from Merck Life Science A/S, Søborg, Denmark with pore size
diameters of respectively 3.0 μm, 5.0 μm, 8.0 μm and 10.0 μm (Merck IsopreTM Membrane
Filter, 3.0 μm, Item number: TSTP02500/Lot R9MA87321), (Merck IsopreTM Membrane
Filter, 5.0μm Item number.: TMTPO2500/Lot.ROEB65842), (Merck IsopreTM Membrane
Filter, 8.0μm Item number. TETPO2500/LotROMB21842), (Merck IsopreTM Membrane Fil-
ter, 10.0μm Item number. TOTPO2500/LotROHB80056). Radio-TLC was performed using
a Scan-RAM radio-TLC scanner from Lablogic, Sheffield, UK. Microscopic analysis of the
particle size was done by Medi-Pharma, Érd, Hungary. For measurement of radioactivity
a gamma counter (Wizard 2/2480, Perkin Elmer, Skovlunde, Denmark) and a Capintec
(CRC®-55tR), dose calibrator (Hoy Scientific, Hadsund, Denmark) were used.

4.2. The Preparation of [99mTc] Macroaggregated Albumin ([99mTc]Tc-MAA)

The production of [99mTc]Tc-Makro-Albumon and [99mTc]Tc-Pulmocis followed the
manufacturer’s package inserts.

The 99Mo/99mTc generator had been eluted within 24 h before it was used for prepara-
tion of [99mTc]Tc-Makro-Albumon or [99mTc]Tc-Pulmocis. The generator eluate had been
checked for molybdenum-99 breakthrough prior to labeling. The 99Mo/99mTc generator
was eluted, the radioactivity was measured in a dose calibrator and an appropriate part of
the eluate was then used for labeling shortly after (see below).

4.2.1. [99mTc]Tc-Makro-Albumon

[99mTc]Tc-Makro-Albumon was prepared with 3700 MBq Tc-99m in 8 mL saline so-
lution (9 g/L NaCl) without a breather needle. After adding the [99mTc]pertechnetate
solution to the macroaggregated albumin labeling vial, an equivalent volume of nitrogen
was withdrawn to avoid excess pressure in the vial. The kit was turned upside down after
the radioactivity had been added and placed on a tilting device for two minutes. Then the
kit was left standing at room temperature for 20 min before it was ready for use.

4.2.2. [99mTc]Tc-Pulmocis

[99mTc]Tc-Pulmocis was prepared with 3700 MBq Tc-99m in a 10 mL saline solution
(9g/L NaCl) without a breather needle. After adding the [99mTc]pertechnetate solution
to the macroaggregated albumin labeling vial, an equivalent volume of nitrogen was
withdrawn to avoid excess pressure in the vial. The kit was then gently turned upside
down for two minutes, and it was then left at room temperature for 15 min, after which it
was stored refrigerated until usage.

4.3. Quality Control of the [99mTc] Macroaggregated Albumin ([99mTc]Tc-MAA)
4.3.1. Microscopic Analysis

Determination of particle size by microscopic analysis was performed by Medi-
Radiopharma, following Ph. Eur. [1], after dilution of the preparations to a level where the
number of particles was just low enough for individual particles to be distinguished. Using
a syringe fitted with a needle having a caliber not less than 0.35 mm, a suitable volume
was placed in a counting chamber. The preparation was allowed to settle for one minute,
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a cover-slide was applied carefully without squeezing the sample. The examined area
covered at least 5000 particles.

The Ph. Eur. [1] explains how to determine large molecules using a microscope.
However, Medi-Radiopharma uses this test to identify both particles that are too big and
those which are too small.

4.3.2. Non-Filterable Radioactivity

A polycarbonate membrane filter with a 13–25 mm diameter and a pore size of 3 μm
was used as prescribed by the Ph. Eur. However we decided to use four different pore size
filters (3, 5, 8, and 10 μm) in the experiment. All 4 polycarbonate membrane filters had a
diameter of 25 mm.

For comparison and to test the method, we tested both the [99mTc]Tc-Makro-Albumon
from Medi-Radiopharma and the similar radiopharmaceutical [99mTc]Tc-Pulmocis from
Dupharma. Both products where gently turned upside down a couple of times before
taking 4 × 0.2 mL out for the four analyses. The 0.2 mL product solution was added to each
of the above-described filters followed by 20 mL saline (9 g/L). The solution was passed
gently through the filter. To calculate the retained fraction, both the filtered solvent and the
filter were measured in a dose calibrator. The results are presented in Tables 2 and 3.

4.3.3. Radio-TLC Methods for the Quantitative Determination of [99mTc]Tc-MAA

The product mixture was turned gently upside down a couple of times before transfer-
ring 5 μL of the product mixture onto a 10 cm long Silica gel-60 TLC plate one cm from the
bottom. The TLC plate was placed in a beaker, the bottom of the beaker was covered with
acetone (0.5 cm). When the solvent front reached about 9cm, the TLC-plate was removed
from the beaker and examined by a radio TLC scanner.

The [99mTc]Tc-MAA does not move, whereas free [99mTc]pertechnetate does.
There were found below 2% free [99mTc]pertechnetate in both the [99mTc]Tc-Makro-

Albumon and the [99mTc]Tc-Pulmocis production.

4.4. In Vivo Evaluation in Patients

An experienced nuclear medicine specialist reviewed 55 [99mTc]Tc-MAA perfusion
scintigraphy. These studies represented consecutive examinations from 15 October 2020
until 19 November 2020. We also randomly retrieved lung-perfusion scintigraphy of the
month prior to the unwanted uptake in the liver and spleen.

5. Conclusions

We have shown that the limit values described in Ph. Eur. are too wide and are unable
to identify a [99mTc]Tc-macroaggregated albumin batch with unwanted lung and spleen
uptake in more than 75% of patients examined. The requirement that at least 90% of the
particles must be larger in size than 10 was met for the batch with the unwanted liver and
spleen uptake, as shown by the microscopic analysis of the Hungarian manufacturer. The
aim must be to identify a batch like that before it gets into patients. There is therefore a
need for tighten the requirement. A cautious recommendation for the guidelines could be
that 95% of the particles must be larger in size than 10 μm. Moreover, we have shown that
a simple and inexpensive filter analysis using polycarbonate membrane filter (pore size 5, 8
or 10 μm) in our case can distinguish between the batches performing as it should in vivo
from the batch with the unwanted lung and spleen uptake.

This article will be sent to the Danish Medicines Agency with the aim of changing the
European Pharmacopoeia Quality Control Method for 99mTc-labeled of macroaggregated
albumin. We suggest changing the wording of the Ph. Eur. to that 95% of the particles
should be between 10–100 μm, and that 95% of the particles should be retained on a
polycarbonate membrane filter with a pore size of 3 μm (or alternatively that 90% must be
retained on a filter with pore size 5, 8 or 10 μm).

336



Molecules 2022, 27, 3997

Author Contributions: Idea Origin, S.S.N. and S.B.J.; Investigation, N.S.N., L.S.M., S.S.N. and S.B.J.;
Laboratory Experiment L.S.M. and N.S.N.; Reading Scintigrams S.S.N.; Writing and original draft
preparation S.B.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Pia Afzelius and Lars Jødal for constructive criticism of the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. European Pharmacopoeia 8.0; 1100-1101 (01/2009:0296, Corrected 7.4.): Technetium (99mTc) Macrosalb Injection. Available
online: https://www.edqm.eu/en/european-pharmacopoeia-ph-eur-10th-edition- (accessed on 19 April 2022).

2. United States Pharmacopeia. Technetium Tc 99m Albumin Macroaggregated Injection. Available online: http://www.pharmaco
peia.cn/v29240/usp29nf24s0_m80590.html (accessed on 19 April 2022).

3. NucMedTutorials. (Online Continuing Education for Nuclear Medicine): Tutorial on “Pulmonary Perfusion Imaging with Tc-99m
MAA”. Available online: https://nucmedtutorials.files.wordpress.com/2018/03/pulmonary-perfusion-imaging-with-tc-99m
-maa.pdf (accessed on 19 April 2022).

4. Callahan, R.J.; Swanson, D.P.; Petry, N.A.; Beightol, R.W.; Vaillancourt, J.; Dragotakes, S.C. Multi-institutional in vitro evaluation
of commercial/sup 99m/Tc macroaggregated albumin kits. J. Nucl. Med. Technol. 1986, 14, 206–209.

5. Hung, J.C.; Redfern, M.G.; Mahoney, D.W.; Thorson, L.M.; Wiseman, G.A. Evaluation of macroaggregated albumin particle sizes
for use in pulmonary shunt patient studies. J. Am. Pharm. Assoc. 2000, 40, 46–51. [CrossRef]

6. Moerlin, S.; Colombetti, L.G.; Patel, G. Comparison of pharmaceutical quality of laboratory made macroaggregated albumin with
commercially available products. Radiobiol. Radiother. 1977, 18, 45–51.
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Abstract: The aim of this work is to compare [68Ga]Ga-PSMA-11 and [18F]PSMA-1007 PET/CT as
imaging agents in patients with prostate cancer (PCa). Comparisons were made by evaluating times
and costs of the radiolabeling process, imaging features including pharmacokinetics, and impact on
patient management. The analysis of advantages and drawbacks of both radioligands might help
to make a better choice based on firm data. For [68Ga]Ga-PSMA-11, the radiochemical yield (RCY)
using a low starting activity (L, average activity of 596.55 ± 37.97 MBq) was of 80.98 ± 0.05%, while
using a high one (H, average activity of 1436.27 ± 68.68 MBq), the RCY was 71.48 ± 0.04%. Thus,
increased starting activities of [68Ga]-chloride negatively influenced the RCY. A similar scenario
occurred for [18F]PSMA-1007. The rate of detection of PCa lesions by Positron Emission Tomogra-
phy/Computed Tomography (PET/CT) was similar for both radioligands, while their distribution in
normal organs significantly differed. Furthermore, similar patterns of biodistribution were found
among [18F]PSMA-1007, [68Ga]Ga-PSMA-11, and [177Lu]Lu-PSMA-617, the most used agent for RLT.
Moreover, the analysis of economical aspects for each single batch of production corrected for the
number of allowed PET/CT examinations suggested major advantages of [18F]PSMA-1007 compared
with [68Ga]Ga-PSMA-11. Data from this study should support the proper choice in the selection of
the PSMA PET radioligand to use on the basis of the cases to study.

Keywords: PCa; [68Ga]Ga-PSMA-11; [18F]PSMA-1007; PSMA; [68Ge]/[68Ga] generator; cyclotron
RCY; RCP

1. Introduction

Prostate adenocarcinoma (PCa) is the second most commonly diagnosed cancer among
males and the fifth cause of death worldwide related to disease progression [1]. Advanced
prostate cancer represents the ultimate challenge in terms of reducing its specific mortality.
Accurate diagnosis and efficient staging of recurrences in metastatic castration-resistant
prostate cancer (mCRPC) are greatly required.

In the last years, it has been demonstrated that prostate-specific membrane antigen
(PSMA) plays a pivotal role in the detection, at diagnosis, of primary PCa as well as of
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recurrent and metastatic sites of disease, being an optimal target highly overexpressed in
poorly differentiated, metastatic, and hormone-refractory PCa [2,3]. In fact, PSMA PET/CT
has been recently included in international guidelines for imaging in biochemical recurrence
(BCR) [4]. Furthermore, there is a high demand for monitoring patients with relapsed
or metastasized prostate cancer because PSMA-specific PET tracers are not negatively
affected by androgen deprivation therapy (ADT) once metastases became castration resistant.
Conversely, for castration-resistant patients, the impact of ADT on PSMA expression in
hormone-sensitive prostate cancer (HSPC) remains unclear and is under investigation.
Several radiolabeled PSMA-inhibitors have been developed and, among these, two classes
of probes gained particular relevance for clinical use as PET/CT radiopharmaceuticals in
PCa: those labeled with gallium-68 [68Ga] including PSMA-11, PSMA I&T, PSMA-617, etc.,
and those labeled with Fluoride-18 [18F] including PSMA-1007, DCFPyL, and JK-PSMA-7, etc.
All of these synthetic peptides, independently from the radionuclide used for PET imaging,
are characterized by high affinities for PSMA, although different, and ensure excellent
performances in terms of the detection rate and diagnostic accuracy. Different patterns of
biodistribution and variable levels of uptake in normal organs as well as pharmacokinetic
properties were found. For such characteristics, these agents are in Pharmacopeia or under
evaluation for authorization by regulatory agencies worldwide and they rapidly gained
great relevance in the management of PCa patients. Thus, the knowledge of pros and cons of
68Ga-labeled and 18F-labeled-PSMA is mandatory for the proper choice. In this setting, we
have analyzed our data of the past years at NCI of Napoli, by reviewing all of the parameters
involved in the preparation and use of [68Ga]Ga-PSMA-11 and [18F]-PSMA-1007. In detail,
we considered the radiochemical yields, the imaging performances, and the impact of
PET findings in the management of patients with PCa, including the selection of eligible
patients for radioligand therapy (RLT) [5]. Finally, we evaluated the cost of production, the
amount of the final product along with the number of allowed PET/CT exams. To evaluate
the costs of production of [68Ga]Ga-PSMA-11 and [18F]PSMA-1007 in a nuclear medicine
center with its own cyclotron/radiopharmacy facility, we adopted the same procedure
previously published for [18F]PSMA-1007 [6]. The knowledge obtained from all of these
data will support the choice of the best option to adopt in a nuclear medicine center.

2. Results

2.1. Production/Labeling

Two starting activities of [68Ga]Gallium chloride, low (L) (596.55 ± 37.97 MBq) and
high (H) (1436.27 ± 68.68 MBq), were used for the labeling of PSMA-11 (20 productions,
10 for each activity range). This choice was driven by the eluted radioactivity in two differ-
ent periods of [68Ge]/[68Ga] generator shelf life. In detail, H activities correspond to the
first seven weeks of generator life from the calibration date, and L activities correspond to
the last seven weeks of generator life.

For all produced batches, the quality controls, performed on the final products, were
in compliance with the acceptance criteria described by Ph. Eur. XII.

The values of radiochemical purity (RCP), evaluated by radio-HPLC and radio-iTLC,
were ≥99%. Residual ethanol was ≤10% v/v.

Radionuclide purity, assessed by γ-spectrometry, ranged from 490 to 531KeV, while
the half-life measurement was between 62 and 74 min, both in the normal range.

The endotoxin value, determined by the Limulus Amebocyte Lysate test (LAL), was
≤2.5 EU/mL.

The RCP at the end of synthesis (EOS) and the related RCY are summarized in Table 1.
The average value of RCY for L activity, not corrected for decay, was 80.98 ± 0.05%, decreasing
to 71.48 ± 0.04% for H activity. The RCP was unaffected by the initial [68Ga]Gallium chloride
activity, resulting in 99.91% (99.75–100%) for L and 99.96% (99.81–100%) for H activities.
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Table 1. Comparison of [68Ga]Gallium chloride starting activities (low and high) and related RCY
and RCP.

[68Ga] Low Activity (L) [68Ga] High Activity (H)
68Ga Starting Activities

(MBq)
RCY
(%)

RCP
(%)

68Ga Starting Activities
(MBq)

RCY
(%)

RCP
(%)

640.84 77.70 100 1323.12 67 100
637.88 80.70 100 1536.61 71.40 99.99
572.39 83.10 100 1519.96 74.50 99.95
648.61 79.40 100 1499.98 76.10 99.91
572.39 79.20 100 1434.49 67.20 99.95
598.29 78.60 100 1448.18 72.10 99.98
582.38 78.50 100 1387.13 64.80 99.99
526.51 94.60 99.75 1365.67 74 100
580.90 77.60 100 1441.89 72.90 99.81
605.32 80.40 99 1405.63 74.80 100

596.55 * 80.98 * 99.91 * 1436.27 * 71.48 * 99.96 *
37.97 ** 0.05 ** 0.01 ** 68.68 ** 0.04 ** 0.01 **

RCY (%) not corrected for decay and RCP (%) reported for every batch production of [68Ga]Ga-PSMA-11; for low
starting activities (range L) RCY score is 80.98%, for high starting activities (range H) RCY decreased to 71.48%.
* Average ** Standard deviation.

The costs for each production of [68Ga]Ga-PSMA-11, besides the starting activity,
was approximately 1.830€; ranging from 66€/37 MBq to 140€/37 MBq for high and low
activities of [68Ga]Gallium chloride, respectively. These differences in terms of costs per
37 MBq were obtained by considering the number of allowed PET/CT exams: two PET/CT
exams for L activities and up to five for H activities.

The labeling procedure, quality controls, and cost of production for preparing
[18F]PSMA-1007 in our institution have been analyzed and published [6]. Consider-
ing a starting activity of about 90 GBq of [18F]Fluoride, a final activity of 45–50 GBq of
[18F]PSMA-1007 was obtained, allowing 25–30 PET/CT exams per day. The costs for the
production of [18F]PSMA-1007 was approximately 5.450€ (4.31€/37 MBq), as shown in Table 2.

Table 2. Costs of production and PET/CT exams for [18F]PSMA-1007 and [68Ga]Ga-PSMA-11.

Radioligand Costs of Production N◦ PET/CT Performed Costs for Single PET/CT Exam

[18F]PSMA-1007 5.454€ 25 30€

[68Ga]Ga-PSMA-11
L activity H activity L activity H activity L activity H activity

1.831€ 1.831€ 2 5 583€ 275€

Costs of each, single, production of [18F]PSMA-1007 and [68Ga]Ga-PSMA-11 correlated to the allowed number
of PET/CT. The cost of each single PET/CT exam considered a standard dose of 259 MBq for [18F]PSMA-1007
and of 154 MBq for [68Ga]Ga-PSMA-11. For [18F]PSMA-1007 the presented range of starting activity is the most
cost/effective, as previously shown [6].

2.2. PET/CT Imaging

[18F]PSMA-1007 and [68Ga]Ga-PSMA-11 have different patterns of uptake in normal or-
gans, as shown in Figure 1A,B. The “physiological”, hepatic, uptake is higher for [18F]PSMA-1007
than for [68Ga]Ga-PSMA-11. Increased hepatic extraction of [18F]PSMA-1007 causes increased
excretion throughout the intestine, and often prolonged retention within the gall bladder is
observed. This finding is related to the higher lipophilicity of fluorinated radioligand. Such
biodistribution might interfere with the detection of the involved abdominal lymph nodes.

Increased uptake and elevated excretion via the urinary system are prevalent for
[68Ga]Ga-PSMA-11. The prolonged and persistent presence of radioactive urine in the
bladder might musk recurrences in the prostate and/or pelvic lymph nodes.

Nevertheless, the detection of PCa deposits, in our experience, was not significantly
affected by the behavior of the two radioligands in normal organs/tissues. In the wide
majority of cases, both radioligands depicted the same lesions with different levels of uptake
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as shown in Figure 1. This patient had an initial PET/CT exam with [18F]PSMA-1007,
performed before RLT with [177Lu]Lu-PSMA-617, and the radioligand was concentrated
within skeletal and lymph nodal metastases. After the first two cycles of RLT, the patient
was reevaluated by PET/CT with [68Ga]Ga-PSMA-11, that documented the same lesions
although with different uptake.

Figure 1. Positive PET/CT scans performed with (A) [18F]PSMA-1007 (70–90 min p.i.) and
with (B) [68Ga]Ga-PSMA-11 (45–60 min p.i.) for the same patient. Planar images (C) acquired with
SPECT/CT γ-camera 96 h after administration of [177Lu]Lu-PSMA-617.

PET/CT images of both radioligands were also compared with planar, whole-body
SPECT/CT images, acquired for dosimetric purposes 96 h after the first cycle (7.4 GBq of
[177Lu]Lu-PSMA-617). All of the known lesions were seen by the three different PSMA-
radioligands. Such a finding indicates that the selection of candidates for RLT may be
reliable, independently from the used PET-PSMA radioligand.

3. Discussion

In current clinical practice, PSMA-PET/CT is gaining a key role in the management of
patients with PCa. It has been shown to be effective in the diagnosis, follow-up, namely, for
patients with biochemical recurrence, and in the selection of patients to submit to RLT [7].

According to our experience with more than 2000 patients using either 68Ga-labeled
or 18F-labeled PSMA, we have tried to summarize the advantages and the limitations of
the two PET radioligands and their application in the clinical routine at our site.

The wide majority of published papers used [68Ga]Ga-PSMA-11 and emphasized, as
pro, the elevated diagnostic sensitivity (greater than 90%), and as a con the relatively low
amounts of radioligand available at the end of each synthesis [8]. In fact, the amount of
68Ga-labeled compounds in general, and of PSMA in this specific case, is always defined by
the activity eluted by the [68Ge]/[68Ga] generator, that ranges between 370 and 1110 MBq.

The RCY was affected by the activities of [68Ga]Gallium chloride, decreasing by about
10% for higher activities (1300–1500 MBq), usually obtained in the first seven weeks of
generator life from the calibration date.

In the near future, the production of [68Ga]Gallium chloride by cyclotron and a liquid
target will likely improve the limited amounts of injectable radioligands by starting with
activities 20–30 fold greater than those obtained with a generator [9,10]. RCY should be
carefully evaluated in this new scenario. Previous reports have shown that larger amounts
of [68Ga]Ga-PSMA-11 were obtained using cyclotron and solid targets. Activity as high as
72 GBq at EOS was obtained, with no evidence of negative effects on the quality of the final
product (i.e., colloid or unreacted [68Ga]Gallium chloride). In terms of patient doses, this
activity will allow 12–15 studies to be performed in a center with two PET cameras [11,12].
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Conversely, the limit of low starting activity does not apply to the production of
fluorinated PSMA inhibitors. The starting activity range of [18F]Fluoride plays a key role
in the final yield for [18F]PSMA-1007; thus, the optimization of the variables influencing
the yields of the synthesis is mandatory as we have previously demonstrated [6]. In
fact, using different starting activities of [18F]Fluoride: low (55.91 ± 6.69 GBq), medium

(89.06 ± 4.02 GBq), and high (162.38 ± 6.46 GBq), we found that the medium one was the
most compliant for clinical needs, ensuring the best match of RCY, costs, and number of
performed PET/CT exams [6].

For both radioligands, the measured RCP was ≥99% in all batches and it was unaf-
fected by the different starting activities.

Moreover, we considered the production costs of the two radioligands (including
cyclotron beam/generator elution, ligand, disposables for dispensation, reagents, personnel
and maintenance, and radioactive waste dismission including the wasting of disposables
used for the synthesis processes). According to the actual volume of PSMA PET/CT exams
performed in our institution, which ranges between 25–30 exams on a weekly basis, the costs
of production for [68Ga]Ga-PSMA-11 will be much higher than those for [18F]PSMA-1007.
They will range from 9.155€ to 18.310€ according to the [68Ge]/[68Ga] generator shelf life
and the number of required syntheses (5 or 6) to prepare 25–30 doses. All of the required
syntheses (5–6) could not be performed in one day because the [68Ge]/[68Ga] generator
needs time to regenerate after elution [13]. As a reminder, according to our analysis, the
cost of a [18F]PSMA-1007 production to perform the same number of PET/CT exams is
approximatively 5.450€.

From a clinical point of view, the different chemical properties of the two diagnostic
radioligands somehow influence their biodistribution; the timing of PET/CT acquisition
does not significantly affect the diagnostic accuracy and their use in the various clinical
scenarios of PCa patients, including the definition of eligibility for RLT.

Our experience indicated that the highest uptake within lesions was observed by
[18F]-PSMA-1007 while the overall rate of detection was not significantly affected by the
PSMA probe. The highest uptake of [18F]-PSMA-1007 may be explained by the highest
injected activity (up to 3-fold) of [68Ga]Ga-PSMA-11 and the relatively high number of
emitted positrons vs. [68Ga]Ga-PSMA-11, as shown in Figure 1.

At least two significant differences were detectable on PET images and were strictly
related to the pharmacokinetic properties of these two radioligands as shown in Figure 2. A
greater physiological hepatic retention occurs when using [18F]PSMA-1007, and it is related
to the highest lipophilicity [14,15]. In kidneys and the urinary tract, [68Ga]Ga-PSMA-11
accumulates highly because of its greater hydrophilicity. Among the differences between
the two radiopharmaceuticals, a greater [18F]PSMA-1007 uptake in the skeleton is fre-
quently observed, which according to the extensive and prolonged quality controls we
have performed in our experience, is not related to free [18F]Fluorine. The nature of the
isotope may be a possible explanation: the lower positron energy and the higher rate of
photon emission (photon flux density) of [18F]Fluorine compared to [68Ga]Gallium con-
tribute to the detection of more positive benign lesions in the skeleton, related to increased
osteoblastic activity (i.e., osteoarthritis, degenerative changes, fractures, etc.) [16,17].

The analysis of images might be in favor of fluorinated PSMA because its positron
energy emission (0.65 MeV) that is lower than that of [68Ga]Gallium (1.90 MeV) enables a
better spatial resolution on PET/CT images (Figure 1) and a lower radiation burden [13,14].
Furthermore, the positron yield of [68Ga]Gallium is lower than that of [18F]Fluoride
(89.14% vs. 96.86%), increasing image noise by possible prompt gamma contamination
in PET data and negatively impacting the detection sensitivity [14].

The anatomical sites of “normal” uptake are the same for both diagnostic PSMA
ligands, and the different contrast on PET/CT images is due to the density of β+ generated
by the decay, which is major for [18F]Fluoride [14,18].

A higher uptake of [18F]PSMA-1007 than [68Ga]Ga-PSMA-11 within recurrent metas-
tases has been reported as well as a biodistribution similar to PSMA-617, currently used
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for the RLT of mCRPC [19]. Despite the differences in the structure of the molecules, in
the radiolabeling strategy (a prosthetic rather than a chelator group), PSMA-1007 and
PSMA-617 show reduced kidney uptake compared with PSMA-11. Thus, [18F]PSMA-1007
and [177Lu]Lu-PSMA-617 seem to be a perfect theragnostic tandem [20] as confirmed in
our experience.

Figure 2. Negative PET/CT scans: patient (A) was examined with [18F]PSMA-1007, and patient
(B) was examined with [68Ga]Ga-PSMA-11.

4. Materials and Methods

Radiosyntheses and quality controls of [18F]PSMA-1007 were performed as previously
described [5].

4.1. Radiosynthesis of [68Ga]Ga-PSMA-11

[68Ga]Gallium was obtained by a 68Ge/68Ga generator (0.74–1.85 GBq) (Galliapharm,
Eckert-Ziegler, Berlin, Germany). Radiosyntheses were performed using an All In One
mini automated synthesizer (Trasis, Ans, Belgium) and cassettes without pre-purification
after generator elution. The reagents kit (ABX, Radeberg, Germany) included PSMA-11
(GMP grade), acetate buffer (0.7 M), HCl (0.1 M), ethanol, and a saline bag.

Radiochemical yield was evaluated by radio-high performance liquid chromatography
(HPLC) analyses that were carried out using an LC 20AD Pump with a SPD-20AV UV/VIS
detector (Shimadzu, Kyoto, Japan) equipped with a GABI radiometric detector (Raytest,
Elysia, Straubenhardt, Germany). A 5 μm C18 300 Å, 250 × 4.6 mm column (Jupiter®,
Phenomenex, Bologna, Italy) was used with a flow rate of 1 mL/min and the following
gradient (acetonitrile 0.1% Trifluoroacetic acid (TFA) as solvent A, water 0.1% TFA as
solvent B): 100% A for 5 min, A 25% and B 75% for 3 min, the same gradient for 4 min, and
then 100% B for 3 min. The UV/VIS detector was set at 220 nm and 254 nm.

Thin-layer chromatography (TLC) was carried out using 1 M ammonium acetate/methanol
(1:1) as the mobile phase and iTLC-SG glass microfiber chromatography paper impregnated
with silica gel (Agilent Technologies, Santa Clara, CA, USA) as the stationary phase. TLCs
were analyzed by a storage phosphor system (Cyclon Plus, Perkin Elmer, Oxford, UK).

Residual ethanol was quantified by a gas-chromatography system (GC 2010 Plus,
Shimadzu, Japan) equipped with a flame-ionization detector (FID) and a capillary column
(Elite-1301, 6% cyanopropylphenyl 94% dimethyl polysiloxane, L 30 m, ID 0.53; Perkin
Elmer, UK). The temperature for the split was 240 ◦C and 280 ◦C for the FID.

Radionuclidic purity was determined using a multi-channel analyzer (Mucha Star,
Raytest, Elysia, Germany) and by half-life measurement with a dose calibrator (Atomlab
500, Biodex, New York, NY, USA).
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A radiotracer was also tested for bacterial endotoxin through the kinetic chromogenic
Limulus Amebocyte Lysate (LAL) method (Endosafe Nexgen-PTS, Charles River,
Wilmington, MA, USA).

All quality controls of the final products followed the acceptance criteria described in
Ph. Eur. XII.

4.2. Imaging Protocols

PET/CT images were performed on a time-of-flight PET/CT digital scanner (Discov-
ery MI, GE Healthcare, Waukesha, WI, USA) with a 25 cm axial field of view. A low-dose
CT scan (120 kV; automated current modulation; 0.98 pitch; 3.75 mm slice thickness;
0.5-s rotation time) from the vertex of the skull to the mid-thighs was used for anatomic
localization and attenuation correction. PET scanning followed at 2 min/bed position with
a 27-slice overlap. Images were reconstructed using ordered-subset expectation maximiza-
tion (OSEM, four iterations, eight subsets, cutoff 6 mm, 256 × 256 matrix) applying all
appropriate corrections for dead time, randoms, scatter, coincidence, and detector normalization.

Post therapy images were acquired on a SPECT/CT Discovery NM/CT 670 system
(GE Healthcare) equipped with MEGP (medium energy general purpose) collimators and
3/8′′ NaI(Tl) crystal thickness. A 20% energy window centered on the 208 keV photopeak
and a 10% scatter correction window centered on 178 keV were applied. Whole-body
images were acquired in continuous mode (15 cm/min), with a 1.0 zoom, 2.21 mm pixel
size, and an automatic body contour.

5. Conclusions

[18F]PSMA-1007 is in many ways an ideal radiotracer for PCa imaging; it can be
produced with purity and in high yield and it can be transported to sites that do not have
cyclotron and radiopharmacy facilities.

[68Ga]Ga-PSMA-11 can also be produced in high purity but in much lower yield than
[18F]PSMA-1007 unless it is produced by a cyclotron; moreover, [68Ga]Ga-PSMA-11 has to
be produced on site due the short half-life and low yield.

The costs of [68Ga]Ga-PSMA-11 production are the same for both starting activity
ranges. However, comparing the two diagnostic radiopharmaceuticals, [18F]PSMA-1007 is
the most compliant one, according to the aspects previously evaluated.

From a clinical point of view, our experience suggests that [18F]PSMA-1007 is char-
acterized by a better specificity in detecting recurrences and a similar behavior to the
therapeutical analogue [177Lu]Lu-PSMA-617. This makes the radioligand a better probe for
patients eligible for RLT.

To optimize the production of [68Ga]Gallium chloride, it is mandatory to overcome
the limited scalability of the generator, by introducing a liquid target for the production
of [68Ga]Gallium by a cyclotron. This will enable a significant reduction of costs due to
the synthesis process of [68Ga]Ga-PSMA-11 improving the number of PET/CT exams
performed at once in a similar range/fashion to [18F]PSMA-1007.

Our experience also shows that among the different PSMA radioligands used to image
or to treat PCa, there are no significant differences in their binding within tumor lesions.
As shown in Figure 1, no differences in the biodistribution in lesions were identified
among patients, which has been studied before starting RLT with [177Lu]Lu-PSMA-617 and
imaged, after two cycles of RLT, with [68Ga]Ga-PSMA-11. The relevant aspect is the similar
distribution and levels of uptake within malignant deposits among diagnostic ligands and
therapeutic companions while some differences were observed in normal organs, mainly
related to greater lipophilicity of [18F]PSMA-1007 vs. other radioligands.

In conclusion, the choice between [68Ga]Ga-PSMA-11 and [18F]PSMA-1007 is not
influenced by significant differences in the rate of detection, while it might reflect economical
and/or the number of PET/CT studies to perform on a daily or weekly basis. In our analysis,
[18F]-PSMA-1007 seems to add several advantages in routine clinical applications, related to
economic convenience, greater availability, and consequent higher number of performed
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PET/CT exams, as well as a pattern of distribution similar to [177Lu]Lu-PSMA-617 within PCa
lesions, which supports its clinical use for proper selection of patients eligible for RLT.
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Abstract: Cancer cells require lipids to fulfill energetic, proliferative, and signaling requirements.
Even though these cells can take up exogenous fatty acids, the majority exhibit a dependency on
de novo fatty acid synthesis. Fatty acid synthase (FASN) is the rate-limiting enzyme in this process.
Expression and activity of FASN is elevated in multiple cancers, where it correlates with disease
progression and poor prognosis. These observations have sparked interest in developing methods of
detecting FASN expression in vivo. One promising approach is the imaging of radiolabeled molecular
probes targeting FASN by positron emission tomography (PET). However, although [11C]acetate
uptake by prostate cancer cells correlates with FASN expression, no FASN-specific PET probes
currently exist. Our aim was to synthesize and evaluate a series of small molecule triazolones based
on GSK2194069, an FASN inhibitor with IC50 = 7.7 ± 4.1 nM, for PET imaging of FASN expression.
These triazolones were labeled with carbon-11 in good yield and excellent radiochemical purity, and
binding to FASN-positive LNCaP cells was significantly higher than FASN-negative PC3 cells. Despite
these promising characteristics, however, these molecules exhibited poor in vivo pharmacokinetics
and were predominantly retained in lymph nodes and the hepatobiliary system. Future studies
will seek to identify structural modifications that improve tumor targeting while maintaining the
excretion profile of these first-generation 11C-methyltriazolones.

Keywords: fatty acid synthase; cancer metabolism; positron emission tomography; carbon-11

1. Introduction

Increased lipogenesis is a phenotypic hallmark of many cancer cells [1,2]. Fatty acids
support a number of essential processes in cancer, including proliferation, energy, oncogenic
signaling pathways, and resistance to therapy [1,3]. The fatty acid pool in cancer cells is fed
by both de novo fatty acid synthesis and the uptake of exogenous fatty acids [4]. However,
the majority of cancer cells overexpress lipogenic enzymes, including fatty acid synthase
(E.C. 2.3.1.85; FASN) and exhibit a dependency on de novo fatty acid synthesis [5]. FASN
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synthesizes palmitate from acetyl-CoA and malonyl-CoA, using NADPH as a reducing
equivalent [2], and is the rate-limiting enzyme of de novo fatty acid synthesis [6]. The
products of de novo fatty acid synthesis in cancer cells are predominantly esterified to
phospholipid aggregates that participate in signal transduction, intracellular trafficking,
and cell migration [7]. FASN is also proposed to support post-translational modification
and provide palmitate as a source of fuel [8]. FASN expression is regulated by the PI3K/Akt
axis [9], which is frequently dysregulated in cancer [10]. Consequently, expression and
activity of FASN is elevated in multiple cancers [11–15], where it correlates with disease
progression and poor prognosis [13,16,17].

In contrast to cancerous cells, FASN expression in normal tissue is typically low [5].
This facilitates a therapeutic strategy based on inhibition of FASN activity. FASN exists
as a homodimer comprised of identical subunits of seven domains, many of which have
been targeted by pharmacological inhibitors [2,18]. Early studies using broader spectrum
inhibitors targeting specific domains of FASN demonstrated decreased viability of can-
cer cells and restrained tumor growth in xenograft models as a consequence of FASN
inhibition [19–26] but these compounds were limited by poor solubility, poor bioavailabil-
ity, and off-target toxicity [2,18,27]. More recently, multiple classes of high affinity small
molecule inhibitors have been developed and advanced into preclinical [28–32] and clinical
evaluation [33,34].

In spite of the prevalence of small molecule FASN inhibitor platforms, no FASN-
specific agent exists for in vivo imaging of FASN expression by positron emission tomogra-
phy (PET) [34]. Our aims were to develop a family of 11C-labeled FASN inhibitors based
on high affinity triazolone-containing compounds related to GSK2194069 [35,36] and to
evaluate these compounds in prostate cell lines and xenograft models characterized by
high and low FASN expression. We report the synthesis of three [11C]methyltriazolones
that are rapidly taken up by lymph node carcinoma of the prostate (LNCaP) cells in an
FASN-specific manner, but are limited in their imaging utility by poor in vivo pharmacoki-
netics. These compounds may pave the way for radiolabeled FASN inhibitors with better
pharmacokinetics in the future.

2. Results

2.1. Lead Compound Identification

Our strategy for developing 11C-labeled FASN inhibitors was to N-alkylate triazolone
FASN inhibitors with [11C]CH3I or [11C]CH3OTf. This approach was based on the obser-
vation that N-methylation of the triazolone moiety of GSK2194069 (1), a commercially-
available, high affinity FASN ligand, does not substantially decrease FASN affinity (10 nM
vs. 20 nM) [35]. We selected two fluorine-containing triazolones (2 and 3) from a library
of previously published library of GSK2194069 analogues [35] for this purpose since they
could be labeled with fluorine-18 as an alternative to carbon-11 should our initial studies
prove successful. Fluorine-18 has superior physical properties (e.g., higher positron branch-
ing, lower positron Emax) for PET imaging than carbon-11, but the chemistry of fluoride
incorporation on electron-rich aromatic rings is challenging. Our target compounds are
shown in Figure 1.
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Figure 1. Target compounds. Fluorine-containing compounds 2 and 3, and their derivatives [11C]5
and [11C]6, were selected to allow the possibility of 18F-fluorination as an alternative labeling strategy.

2.2. Radiosynthesis

The compounds were synthesized by base-catalyzed alkylation of the triazolone pre-
cursor. Each compound was isolated in greater than 97% radiochemical purity
(Figures S1–S3).

(S)-[methyl-11C]4-(4-(Benzofuran-6-yl)phenyl)-5-((1-(cyclopropanecarbonyl)pyrrolidin-
3-yl)methyl)-2-methyl-2,4-dihydro-3H-1,2,4-triazol-3-one ([11C]4) was synthesized from
GSK2194069 (Figure 2) in 44 ± 2 min from end of bombardment (EOB). Production and
delivery of [11C]CH3I was accomplished in 14 ± 1 min, and the synthesis of [11C]4 was
therefore completed in approximately 30 min from delivery of [11C]CH3I. The radiochem-
ical yield of [11C]4, decay-corrected (dc) to the delivery of [11C]CH3I, was 46.8 ± 9.0%
(n = 12) when NaOH was used as base and DMSO as the solvent. The molar activity,
Am, was 420 ± 320 GBq/μmol. When K2CO3/DMF were used, [11C]4 was isolated in
52.5 ± 1.5% decay-corrected radiochemical yield (dc RCY) (n = 2) and Am = 240 GBq/μmol.
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Figure 2. Radiosynthesis of [11C](4).

The synthesis of (S)-[methyl-11C]4-(4-(benzofuran-6-yl)-2-fluorophenyl)-5-((1-
(cyclopropanecarbonyl)pyrrolidin-3-yl)methyl)-2-methyl-2,4-dihydro-3H-1,2,4-triazol-3-one
([11C]5) was accomplished by two strategies. Our first method employed [11C]CH3I as the
alkylating agent (Figure 3) and resulted in a dc RCY, corrected to delivery of [11C]CH3I,
of 43.2 ± 17.8% (n = 3) and Am = 322 ± 96 GBq/μmol. Synthesis time was 48 ± 2 min
from EOB. Alkylation of (2) was also accomplished using [11C]CH3OTf in 50 ± 1 min from
EOB, of which 16 ± 1 min were required to produce and deliver [11C]CH3OTf. Under these
reaction conditions, the dc RCY, corrected to delivery of [11C]CH3OTf, was 65.3 ± 18.5%
(n = 3) and Am = 1280 GBq/μmol.

Figure 3. Radiosynthesis of [11C](5).

(S)-[methyl-11C]-4-(4′-Chloro-3-fluoro-[1,1′-biphenyl]-4-yl)-5-((1-(cyclopropanecarbonyl)
pyrrolidin-3-yl)methyl)-2-methyl-2,4-dihydro-3H-1,2,4-triazol-3-one ([11C]6) was synthe-
sized using [11C]CH3I (Figure 4). The final product was isolated in 61.8 ± 15.5% dc RCY
(n = 3) and Am = 49 ± 27 GBq/μmol (n = 3). Synthesis time was 33 ± 6 min from EOB.

Figure 4. Radiosynthesis of [11C](6).
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2.3. In Vitro Cell Binding

The activity of the probes was determined against LNCaP cells, which highly express
FASN (Figure S4), and PC3 prostate cancer cells, which express FASN at much lower
levels and served as our negative controls. Each of the compounds exhibited higher
binding to LNCaP cells than to PC3 cells after the harvested counts were normalized to
protein content. Binding was characterized by a rapid initial rate of uptake, followed by a
period of equilibrium (Figure 5). Peak cell binding was reached after 10–15 min and was
two-fold higher in LNCaP cells. Efflux of radioactivity was negligible up to 50 min after
addition of activity. Peak binding of [11C]5 and [11C]6 to LNCaP cells was comparable
(4.23 ± 0.14 vs. 5.06 ± 0.18% added activity), while peak binding of [11C]4 was slightly
lower (2.37 ± 0.21% added activity). Binding of [11C]5 to LNCaP cells was significantly
higher than PC3 cells (p = 0.03).

Figure 5. Time course binding of [11C]4 (blue), [11C]5 (red), and [11C]6 (brown) to LNCaP cells or
PC3 cells incubated at 37 ◦C for up to 50 min. The counts were corrected for decay and normalized to
protein content.

2.4. In Vitro Growth Inhibition Assays

The ability of the compounds to inhibit the growth of LNCaP and PC3 cells was
determined for ligand concentrations ranging from 1 nM to 100 μM (Figure 6). The EC50
in LNCaP cells of GSK2194069 is 16 nM. By comparison, the EC50 of GSK2194069 in A549
cells, another cell line with high FASN expression, is 15 ± 0.5 nM [36]. Analogues 5 and 4

substantially reduced the viability of LNCaP cells, with EC50 = 14 nM and EC50 = 22 nM,
respectively. By contrast, compound 6 did not inhibit LNCaP cells as successfully, with
EC50 = 2.9 μM.

Figure 6. Growth inhibition of (A) LNCaP cells or (B) PC3 cells following treatment with GSK2194069
(gray), or the non-radioactive standards 4 (black), 5 (orange), and 6 (green) for 4 d. Studies were
performed in triplicate.
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Each of the compounds preferentially kills LNCaP cells as compared to PC3 cells. The
effectiveness in PC3 cells is reduced by a factor of 90 for GSK2194069 (EC50 = 1.5 μM) and a
factor of nearly 40 for 5 (EC50 = 551 nM) (Figure S4).

2.5. MicroPET/CT Imaging

In spite of promising in vitro activities in LNCaP cells, none of the 11C-labeled FASN
inhibitors accumulates in LNCaP xenograft tumors. [11C]4 distributes to the hepatobiliary
system (Figure 7A). In addition, accumulation in thymus is evident at early time points
but clears by 60 min p.i. [11C]5 predominantly accumulates in the liver and intestines
(Figure 7B), with uptake in lungs at early time points evident. In addition, uptake is evident
in the brachial, cervical, and lumbar lymph nodes. The tumor is indistinguishable from
background. To account for the possibility that the uptake in liver and nodes is due to
self-aggregation of the lipophilic probe, imaging was performed using a pre-mixed solution
of [11C]5 and Captisol® (Ligand, San Diego, CA, USA), a modified cyclodextrin solubilizing
agent [37]. There was no apparent change in the tissue distribution (data not shown). [11C]6
distributes similarly to both [11C]4 and [11C]5 (Figure 7C). FASN expression was confirmed
in the xenografted tumors by Western blot (Figure S4).

Figure 7. Maximum intensity projection microPET/CT images of 11C-labeled triazolones in male
inbred athymic nu/nu mice bearing LNCaP xenografts (n > 4 per compound). Mice were imaged in
groups of 4, with 2 representative examples shown per compound. Tumors are indicated with white
arrows. The mice were administered (A) 8–10 MBq [11C]4 in 10% EtOH/saline; (B) 9–11 MBq [11C]5
in 10% EtOH/saline; (C) 9–11 MBq [11C]6 in 10% EtOH/saline.

3. Discussion

In contrast to many cancers, prostate cancer exhibits highly variable uptake of [18F]FDG [38].
This variability likely reflects the biological and clinical heterogeneity of disease [39].
[18F]FDG uptake has prognostic value, particularly in metastatic prostate cancer [40–42], but
uptake in androgen-sensitive disease is generally low [43]. [11C]Choline and [18F]fluorocholine
exploit upregulation of choline metabolism in prostate cancer, which leads to increased
phosphatidylcholine levels and turnover [44,45]. Similarly to [18F]FDG PET, [11C]choline
and [18F]fluorocholine PET suffer from diminished sensitivity in primary cancer, but may
be of greater value in detecting recurrent disease [46]. Sensitive detection of prostate cancer
by metabolic imaging therefore requires other metabolic pathways to be considered.

Lipid metabolism is upregulated even at early stages of prostate cancer [47], ren-
dering this pathway an attractive target for diagnostic and prognostic imaging. FASN
catalyzes the de novo synthesis of long-chain fatty acids and is an important regulator
of lipid metabolism [48]. In spite of the emerging importance of FASN as a marker of
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tumor aggressiveness [11], a possible pharmacological target [31,32], and a prognostic
indicator [11,49], there are no probes for direct in vivo PET imaging of FASN expression.
[11C]Acetate is proposed to be a probe for FASN on the basis that its uptake correlates with
FASN expression in multiple prostate cancer cell lines [50,51]. More recent studies in hepa-
tocellular carcinoma cell lines do not find similar correlation [52]. This discrepancy can be
explained by the fact that [11C]acetate uptake is only an indirect measure of lipid synthesis.
[11C]Acetate is thought to be taken up by monocarboxylate transporters [53]. In the cell,
[11C]acetate may be oxidized in mitochondria, resulting in the liberation of [11C]CO2 [54],
or act as a substrate for Acetyl-CoA synthetase [55]. As [11C]CO2 rapidly effluxes from
cells and tissue, retention of radioactivity in tumors is likely to be due to formation of
acetyl-CoA [54]. However, acetyl-CoA is not only a building block for fatty acid synthesis,
but for sterols, ketone bodies, and the TCA cycle as well [56]. In this light, increased uptake
of [11C]acetate in tumors may indicate upregulation of alternative mechanisms to glycolysis
for preserving the pool of acetyl-CoA [57].

[18F]Fluoroacetate is a potential analogue of [11C]acetate on the basis of structural
similarity [58], but in vivo defluorination is significant in preclinical models [58,59], and
[18F]fluoroacetate does not appear to be a functional analogue of [11C]acetate [60].
2-[18F]Fluoropropionic acid is another short chain fatty acid analogue that shows good
uptake and retention in prostate cancer [60] and liver cancer xenografts [61,62]. How-
ever, to date, the significance of 2-[18F]fluoropropionic acid tumor uptake remains poorly
understood. Uptake of 2-[18F]fluoropropionic acid appears to correlate with FASN expres-
sion [62], but the precise biochemical pathways and cellular entities targeted by this tracer
have yet to be elucidated.

In contrast to prior approaches to imaging FASN, we chose small molecule inhibitors of
FASN as parent structures for radiotracer development. We reasoned that these radiotracers
would be specific for FASN expression. Our compound library was based on one of the
most potent and selective inhibitors of FASN reported to date. GSK2194069 targets the β-
ketoacyl reductase domain of human FASN and inhibits the enzyme with IC50 < 10 nM [36].
Methylation of the triazolone moiety of GSK2194069 (4; Figure 1) retains its potency, with
IC50 = 20 nM [35]. Similarly, introduction of a fluorine atom at the 2-position of the
phenyl ring, results in compounds with a potency as high as 3 nM depending on the
selection of (hetero)aromatic substituent at the 4-position of the phenyl ring. Our structural
modifications, which consisted of the addition of a fluorine atom to 4 (5; Figure 1), and
substitution of a 4-chlorophenyl moiety for the benzofuran moiety of 5 (6; Figure 1), had
variable effects on potency. Analogue 5 retained the potency of GSK2194069 in LNCaP
cells, but the potency of 6 was substantially compromised.

Our quantification of FASN expression by Western blot confirms high expression
in LNCaP cells and much lower expression in PC3 cells (Figure S4), in agreement with
literature reports [50]. In this light, the greater binding seen in LNCaP cells is consistent
with FASN targeting. The difference in binding between the two cell lines is approximately
two-fold but binding to both cell lines is relatively low when expressed as a percentage of
the added dose. It is possible that the difference would be accentuated at higher levels of
cell binding. When LNCaP cells were cultured for longer than 48 h, we achieved greater
total cell binding (17% vs. 7% added activity of [11C]5 at peak binding; Figure S6), but cells
no longer grew as a monolayer. Consequently, we adjusted our assay conditions to increase
reproducibility at the expense of total cell binding.

Notwithstanding our promising findings in vitro, the tumor targeting of [11C]4, [11C]5,
and [11C]6 in vivo was poor. Given that we did not observe a loss in FASN expression in the
tumors relative to the parent cell line (Figure S4), we investigated alternative explanations.
Alkylation of triazolones on the oxygen atom under basic conditions has been reported [63].
In the absence of reference standards for O-methylation, we could not be certain that
our analytical method could distinguish between the N-[11C]methyl and O-[11C]methyl
compounds. Therefore, we explored alternative radiolabeling strategies, including variation
of base (NaOH, K2CO3, KOtBu), solvent (DMF, DMSO), reaction temperature (25 ◦C,
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80 ◦C), and alkylating agent ([11C]CH3I, [11C]CH3OTf). Small differences in decay corrected
radiochemical yield were evident, but the purified final products behaved identically in
analytical assays and in vivo imaging studies. These findings led us to conclude that the
poor tumor targeting is a consequence of poor pharmacokinetics. Our images indicated
high retention of signal in the hepatobiliary pathway. We did not observe significant renal
clearance, and consequently activity in the bladder was low. This contrasts with [18F]FDG,
for which accumulation of activity in the bladder can obscure the primary tumor in the
prostate gland. Our next generation FASN ligands will seek to retain the excretion profile
of these first-generation compounds while improving the tumor targeting.

4. Materials and Methods

4.1. Synthesis of Precursors

(S)-4-(4-(Benzofuran-6-yl)phenyl)-5-((1-(cyclopropanecarbonyl) pyrrolidin-3-yl)methyl)-
2,4-dihydro-3H-1,2,4-triazol-3-one (GSK2194069) was purchased from Tocris Bioscience
(Minneapolis, MN, USA) and used without further purification. The remaining precursors
and non-radioactive standards were synthesized according to published procedures [35].
The characterization of final compounds is described herein, with full experimental details
available in the Supporting Information Scheme S1.

(S)-4-(4-(Benzofuran-6-yl)phenyl)-5-((1-(cyclopropanecarbonyl)pyrrolidin-3-yl)methyl)-2-
methyl-2,4-dihydro-3H-1,2,4-triazol-3-one (4).

1H-NMR (CDCl3, 500 MHz, 25 ◦C): δ 7.83 (d, J = 1.5 Hz, 1H), 7.76 (d, J = 8.5 Hz, 2H),
7.71 (d, J = 2.5 Hz, 1H), 7.61 (d, J = 8.5 Hz, 1H), 7.55 (dd, J = 8.5 Hz, 2.0 Hz, 1H), 7.38 (d,
J = 8.0 Hz, 2H), 6.86 (d, J = 2.0 Hz, 0.5 Hz, 1H), 3.85 (m, 1H), 3.70 (m, 1H), 3.53 (m, 1H),
3.18 (m, 1H), 3.55 (s, 3H), 2.64–2.42 (br m, 2.5H), 2.26–2.15 (br m, 1H), 2.10–2.02 (m, 0.5H),
1.77–1.68 (m, 0.5H), 1.61–1.56 (m, 1.5H), 1.02–0.96 (m, 2H), 0.79–0.74 (m, 2H). 13C-NMR
(CDCl3, 150 MHz, 25 ◦C): δ 172.3, 154.8, 153.5, 145.9, 142.8, 137.2, 135.1, 131.5, 128.9, 128.8,
128.1, 127.4, 127.3, 123.9, 119.9, 111.8, 106.8, 51.8, 45.3, 42.8, 32.5, 29.7, 22.8, 12.2, 7.6, 7.5.
LCMS calc. for C26H26N4O3 [M + H]+: 443.20. Found: 443.24. [α]20

D = −8.04 ± 0.59◦
(CH2Cl2).

(R)-4-(4-(Benzofuran-6-yl)-2-fluorophenyl)-5-((1-(cyclopropanecarbonyl)pyrrolidin-3-yl)
methyl)-2,4-dihydro-3H-1,2,4-triazol-3-one (2).

1H-NMR (CDCl3, 400 MHz, 25 ◦C): δ 10.24 (br s, 0.5H), 10.12 (br s, 0.5H), 7.80 (br s,
1H), 7.69 (br s, 1H), 7.60 (dd, J = 8.5 Hz, 2.8 Hz, 1H), 7.56–7.50 (m, 3H), 7.42 (dt, J = 11.7 Hz,
2.0 Hz, 1H), 6.84 (br s, 1H), 3.96–3.92 (m, 0.5H), 3.78–3.69 (m, 1H), 3.66–3.58 (m, 1H),
3.42–3.35 (m, 0.5H), 3.30–3.26 (m, 0.5H), 3.10–3.06 (m, 0.5H), 2.74–2.64 (m, 0.5H), 2.64–2.42
(br m, 2.5H), 2.26–2.15 (br m, 0.5H), 2.10–2.02 (m, 0.5H), 1.77–1.68 (m, 0.5H), 1.62–1.54 (m,
1.5H), 1.02–0.93 (m, 2H), 0.78–0.69 (m, 2H). 13C-NMR (CDCl3, 100 MHz, 25 ◦C): δ 172.4,
159.1, 156.6, 155.3, 155.2, 155.1, 146.6, 146.3, 146.2, 146.0, 145.93, 145.90, 145.8, 134.02, 133.95,
130.1, 130.0, 128.39, 128.37, 124.4, 123.9, 120.1, 118.6, 118.52, 118.48, 118.39, 116.1, 115.9,
112.13, 112.09, 106.9, 51.8, 51.2, 51.0, 45.9, 45.3, 36.0, 34.3, 31.6, 30.5, 29.5, 29.3, 12.6, 12.4, 7.8,
7.7, 7.6. 19F-NMR (CDCl3, 376 MHz, 25 ◦C): δ-120.2 (br s, 1F). HRMS (ESI+) calculated for
C25H23FN4O3: 446.1754. Found: 446.1685. [α]20

D = −8.35 ± 0.30◦ (CH2Cl2).

(R)-4-(4-(Benzofuran-6-yl)-2-fluorophenyl)-5-((1-(cyclopropanecarbonyl)pyrrolidin-3-yl)
methyl)-2-methyl-2,4-dihydro-3H-1,2,4-triazol-3-one (5).

1H-NMR (CDCl3, 400 MHz, 25 ◦C): δ 7.80 (s, 1H), 7.69 (s, 1H), 7.59 (d, J = 8.4 Hz,
1H), 7.54–7.48 (m, 3H), 7.39 (dd, J = 8.7 Hz, 7.7 Hz, 1H), 6.84 (s, 1H), 3.94–3.90 (m, 0.5H),
3.79–3.69 (m, 1H), 3.65–3.56 (m, 1H), 3.52 (d, J = 6.9 Hz, 3H), 3.42–3.35 (m, 0.5H), 3.28–
3.24 (m, 0.5H), 3.08–3.04 (m, 0.5H), 2.72–2.63 (m, 0.5H), 2.63–2.45 (br m, 2.5H), 2.26–2.15
(br m, 0.5H), 2.10–2.02 (m, 0.5H), 1.75–1.66 (m, 0.5H), 1.60–1.51 (m, 1.5H), 1.05–0.92 (m,
2H), 0.78–0.69 (m, 2H). 13C-NMR (CDCl3, 100 MHz, 25 ◦C): δ 172.3, 159.1, 156.6, 155.2,
146.24, 146.20, 145.84, 145.76, 145.73, 145.66, 144.5, 134.03, 133.98, 130.1, 130.0, 128.4, 124.3,
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123.9, 120.1, 119.1, 119.02, 118.95, 118.89, 116.0, 115.9, 112.09, 112.07, 106.9, 51.8, 51.2, 51.0,
45.9, 45.3, 36.0, 34.3, 32.7, 31.6, 30.5, 29.5, 29.3, 12.6, 12.4, 7.8, 7.7, 7.6. 19F-NMR (CDCl3,
376 MHz, 25 ◦C): δ-120.3 (br s, 1F). HRMS (ESI+) calculated for C26H25FN4O3: 460.1911.
Found: 460.1846. [α]20

D = −2.99 ± 0.28◦ (CH2Cl2).

(R)-4-(4′-Chloro-3-fluoro-[1,1′-biphenyl]-4-yl)-5-((1-(cyclopropanecarbonyl)pyrrolidin-3-yl)
methyl)-2,4-dihydro-3H-1,2,4-triazol-3-one (3).

1H-NMR (CDCl3, 400 MHz, 25 ◦C): δ 10.94 (br s, 1H), 7.50 (dd, J = 8.5 Hz, 1.6 Hz, 2H),
7.47–7.39 (m, 5H), 3.93–3.89 (m, 0.5H), 3.75–3.67 (m, 1H), 3.63–3.53 (m, 1H), 3.40–3.33 (m,
0.5H), 3.27–3.23 (m, 0.5H), 3.07–3.02 (m, 0.5H), 2.70–2.63 (m, 0.5H), 2.63–2.40 (m, 2.5H),
2.23–2.14 (m, 0.5H), 2.08–2.00 (m, 0.5H), 1.73–1.64 (m, 0.5H), 1.59–1.49 (m, 1.5H), 1.01–0.91
(m, 2H), 0.78–0.69 (m, 2H). 13C-NMR (CDCl3, 100 MHz, 25 ◦C): δ 172.5, 159.1, 156.5, 155.15,
155.09, 146.2, 144.1, 144.0, 143.9, 137.2, 137.1, 135.0, 134.9, 130.3, 130.2, 129.41, 129.38, 128.5,
123.9, 119.31, 119.23, 119.18, 119.10, 115.7, 115.5, 51.8, 51.2, 45.9, 45.3, 35.9, 34.3, 31.5, 30.4,
29.4, 29.2, 12.6, 12.3, 7.74, 7.67, 7.57. 19F-NMR (CDCl3, 376 MHz, 25 ◦C): δ-119.7 (br s, 1F).
HRMS (ESI+) calculated for C23H22ClFN4O2: 440.1415. Found: 440.1339. [α]20

D = −9.37 ±
0.34◦ (CH2Cl2).

(R)-4-(4′-Chloro-3-fluoro-[1,1′-biphenyl]-4-yl)-5-((1-(cyclopropanecarbonyl)pyrrolidin-3-yl)
methyl)-2-methyl-2,4-dihydro-3H-1,2,4-triazol-3-one (6).

1H-NMR (CDCl3, 400 MHz, 25 ◦C): δ 7.52 (br d, J = 8.4 Hz, 2H), 7.47–7.39 (m, 5H),
3.93–3.89 (m, 0.5H), 3.75–3.67 (m, 1H), 3.63–3.56 (m, 1H), 3.52 (s, 1.5H), 3.51 (s, 1.5H),
3.40–3.33 (m, 0.5H), 3.27–3.23 (m, 0.5H), 3.07–3.02 (m, 0.5H), 2.70–2.63 (m, 0.5H), 2.63–2.40
(m, 2.5H), 2.23–2.14 (m, 0.5H), 2.08–2.00 (m, 0.5H), 1.73–1.64 (m, 0.5H), 1.59–1.49 (m, 1.5H),
1.01–0.91 (m, 2H), 0.78–0.69 (m, 2H). 13C-NMR (CDCl3, 100 MHz, 25 ◦C): δ 172.3, 159.1,
156.6, 153.2, 144.3, 137.3, 137.2, 135.1, 135.0, 130.33, 130.28, 129.50, 129.48, 128.6, 123.9, 115.8,
115.6, 51.8, 51.2, 45.9, 45.3, 35.9, 34.3, 32.63, 32.60, 31.5, 30.4, 29.4, 29.2, 12.6, 12.3, 7.74, 7.67,
7.57. 19F-NMR (CDCl3, 376 MHz, 25 ◦C): δ-119.7 (br s, 1F). HRMS (ESI+) calculated for
C24H24ClFN4O2: 454.1572. Found: 454.1470. [α]20

D = −8.74 ± 0.16◦ (CH2Cl2).

4.2. Radiosynthesis

[11C]CO2 (11–22 GBq) was produced by a 14N(p,α)11C reaction using a TR19 cy-
clotron (Advanced Cyclotron Systems, Inc). The [11C]CO2 was subsequently converted
to [11C]CH3I using a TracerLab FXC Pro unit (GE Healthcare, Chicago, IL, USA). The
transformation was typically accomplished within 10 min and resulted in a starting activity
of 5.5–14.8 GBq [11C]CH3I.

All solvents and reagents were purchased from Sigma Aldrich and were used without
further purification unless otherwise noted.

The chemical and radiochemical purity of the final product was determined by an-
alytical HPLC using a ProStar HPLC (Varian, Palo Alto, CA, USA) with a Luna C18(2)
column (5 μm, 250 × 4.6 mm2, 100 Å) (Phenomenex, Torrance, CA, USA) and a 50:50
0.3 M NH4COOH (pH 4.2):MeCN mobile phase at a flow rate of 1.5 mL/min. The HPLC
was coupled to single wavelength UV-Vis detector and an Eckert & Ziegler FlowCount
NaI(Tl) radio-HPLC scintillation detector (Bioscan, Washington DC, USA). Absorbance
was measured at 254 nm. The retention time, tR, of the radiolabeled product was compared
to the tR of a non-radioactive standard.

4.2.1. (S)-4-(4-(benzofuran-6-yl)phenyl)-5-((1-(cyclopropanecarbonyl)pyrrolidin-3-
yl)methyl)-2-[methyl-11C]-2,4-dihydro-3H-1,2,4-triazol-3-one ([11C]4)

The [11C]CH3I was trapped on ascarite and released as a bolus into a capped reaction
vial containing a pre-mixed solution of either 1 mg GSK2194069 and 3.0 μL 2.5 M NaOH in
350 μL DMSO or 1 mg (2.3 μmol) GSK2194069 and 5 mg (36 μmol) K2CO3 in 350 μL DMF.
The reaction was stirred for 5 min at 80 ◦C before it was quenched by addition of 2 mL
60:40 0.3 M NH4COOH (pH 4.2):MeCN.
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The quenched reaction mixture was purified using a Phenomenex Luna C18 column
(5 μm, 250 × 10 mm2, 100 Å) and a 60:40 0.3 M NH4COOH (pH 4.2):MeCN mobile phase
at a flow rate of 6 mL/min. The fraction containing the product was collected, diluted with
H2O, and passed through a pre-conditioned Sep-Pak® C18 Plus Light cartridge (Waters,
Milford, MA, USA). The cartridge was washed with 10 mL H2O and dried under a flow of
N2. [11C]4 was eluted using 700 μL EtOH followed by 9.3 mL normal saline (0.9% NaCl).
The purity of the final product was determined as described above.

4.2.2. (S)-4-(4-(benzofuran-6-yl)-2-fluorophenyl)-5-((1-(cyclopropanecarbonyl)pyrrolidin-
3-yl)methyl)-2-[methyl-11C]-2,4-dihydro-3H-1,2,4-triazol-3-one [11C]5

A solution of 1 mg (2.2 μmol) (S)-4-(4-(benzofuran-6-yl)-2-fluorophenyl)-5-((1-(cyclopro
panecarbonyl)pyrrolidin-3-yl)methyl)-2,4-dihydro-3H-1,2,4-triazol-3-one (2) and 5.0 μL
2 M NaOH in 350 μL DMSO was stirred for 2 min at 80 ◦C. Then [11C]CH3I was introduced
as a bolus into the sealed reaction vessel. The reaction was stirred for 5 min at 80 ◦C, then
quenched by addition of 650 μL H2O + 0.01% TFA.

The quenched reaction product was purified using a Waters Bondapak®, C18 column
(15–20 μm, 7.8 × 300 mm2, 125 Å) and an isocratic mobile phase of 50:50 H2O + 0.01 TFA/90%
MeCN/H2O + 0.01% TFA at a flow rate of 4 mL/min. The retention time of the product
was 10–13 min. The fraction corresponding to the product was collected and diluted to
30 mL with H2O. The diluted fraction was passed through a pre-conditioned Sep Pak® C18
Plus Light cartridge (Waters). The cartridge was washed with 10 mL H2O and dried with
air. [11C]5 was eluted with 100 μL EtOH followed by 900 μL saline (0.9% NaCl). The purity
of the final compound was determined as described above.

4.2.3. (S)-4-(4′-chloro-3-fluoro-[1,1′-biphenyl]-4-yl)-5-((1-(cyclopropanecarbonyl)
pyrrolidin-3-yl)methyl)-2-[methyl-11C]-2,4-dihydro-3H-1,2,4-triazol-3-one ([11C]6)

[11C]CH3I was introduced into a sealed reaction vial containing a premixed solution of
1 mg (2.3 μmol) (S)-4-(4′-chloro-3-fluoro-[1,1′-biphenyl]-4-yl)-5-((1-(cyclopropanecarbonyl)
pyrrolidin-3-yl)methyl)-2,4-dihydro-3H-1,2,4-triazol-3-one (3) and 3.0 μL 2.5 M NaOH in
350 μL DMSO. The reaction was stirred for 5 min at 80 ◦C, then quenched with 600 μL
0.3 M NH4COOH (pH 4.2).

The quenched reaction mixture was purified using a Phenomenex Luna C18 column
(5 μm, 250 × 10 mm2, 100 Å) and a 50:50 0.3 M NH4COOH (pH 4.2):MeCN mobile phase
at a flow rate of 6 mL/min. The fraction containing the product was collected, diluted with
H2O, and passed through a pre-conditioned Sep-Pak® C18 Plus Light cartridge (Waters).
The cartridge was washed with 10 mL H2O and dried under a flow of N2. [11C]6 was eluted
using 1 mL EtOH followed by 13 mL normal saline (0.9% NaCl). The purity of the final
compound was determined as described above.

4.3. Cell Lines

The FASN-expressing human prostate cancer cell line LNCaP was obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA). The low-expressing
human prostate cancer cell line PC3 was also obtained from the ATCC. Cell culture supplies
were purchased from Corning unless otherwise noted. Both cell lines were cultured in
RPMI-1640 media supplemented with 10% heat-inactivated fetal bovine serum (FBS; GE
Healthcare), 100 U/mL penicillin, 100 U/mL streptomycin, 1 mM sodium pyruvate (Gibco,
ThermoFisher Scientific, Waltham, MA, USA), 0.45% glucose, MEM non-essential amino
acids, and 2 mM glutamine (Gibco) at 37 ◦C and in 5% CO2. Cells were removed from
flasks for passage or for transfer to 24-well assay plates by incubating them with 0.25%
trypsin/ethylenediaminetetraacetic acid (EDTA).
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4.4. Western Blotting

The LNCaP and PC3 cells were grown to confluence in RPMI-1640 media supplemented
with 10% FBS, pen/strep, glutamine, pyruvate, glucose, and non-essential amino acids. The cells
were lysed with 50 mM Tris.HCl (pH 7.4), 0.5 mM EDTA, and Pierce Halt™ Protease Inhibitor
Cocktail (ThermoFisher) with 30–60 s grinding using Molecular Grinding Resin™ (Sigma
Aldrich, St. Louis, MO, USA). Excised tumors were immediately flash frozen and stored at
−80 ◦C. The samples were thawed and sliced, and the tissue slices were minced and then
homogenized as described for the cell lines. A ratio of 4 parts lysis buffer to 1 part cellular
material was maintained for all tumor samples. Cell protein content was determined using
the BCA method (ThermoFisher) with bovine serum albumin as the standard. The blot
was stained with either a rabbit polyclonal anti-FASN antibody from Bethyl Laboratories
(1:1000, Bethyl Laboratories, Montgomery, TX, USA) or a mouse monoclonal anti-β-actin
antibody (1:100, Santa Cruz Biotechnology, Dallas, TX, USA) followed by HRP-conjugated
goat anti-mouse IgG (1:1000, Bio-Rad Laboratories, Hercules, CA, USA).

4.5. Binding to Prostate Cancer Cell Lines

LNCaP cells were seeded at a density of 2.5 × 105 cells/mL in 24-well plates and
grown for 24–48 h in RPMI-1640 media supplemented with 10% fetal bovine serum (FBS).
The cells were a confluent monolayer at the time of the assay. Immediately prior to the
assay, the growth medium was removed from each well under suction and replaced with
480 μL fresh RPMI-1640 media supplemented with 0.05% bovine serum albumin (BSA).
A stock solution was prepared by adding 111–222 MBq of the 11C-labeled tracer in 1 mL
10% EtOH/saline to 25 mL of the RPMI-1640 media. From this stock solution were added
20 μL aliquots, containing approximately 111 kBq at time of addition, to each well. The
experiment was performed in triplicate. The plates were incubated at 37 ◦C for 5, 10, 15,
20, 30, 40, or 50 min. Then the media was removed under suction, the wells were washed
three times with PBS, and the cells were detached with 0.8 mL RIPA buffer. Non-specific
binding was determined by immediately removing the media after addition to the wells.
The cells were transferred to tubes and counted on a Wizard 2 automated y-counter (Perkin
Elmer, Waltham, MA, USA). A 10% added activity standard was counted for quantification.
Counts were corrected for decay, the background and non-specific binding were subtracted.
The resulting values were expressed as a percentage of added activity ± standard error of
the mean (SEM) and normalized to the protein content of each corresponding well.

PC3 cells were seeded at a density of 5 × 104 cells/mL in 24-well plates and grown for
24–48 h in RPMI-media supplemented with 10% FBS. The cells were a confluent monolayer
at the time of the assay. The binding was determined as described above. The resulting
values were expressed as a percentage of added activity ± SEM and normalized to the
protein content of each corresponding well.

The protein content of each sample was determined by analysis of a 5 μL aliquot of
the harvested cell mixture after activity decayed to background.

4.6. Growth Inhibition Assay

The growth inhibition of LNCaP and PC3 following treatment with FASN inhibitors
was carried out according to recently published methods [64]. Briefly, LNCaP and PC3
cells were seeded at 1 mL/well on 24-well plates at a density of 1 × 106 cells/mL or
1.25 × 104 cells/mL, respectively. The cells were seeded in RPMI-1640 media supplemented
with 1% heat-inactivated FBS, 100 U/mL penicillin, 100 U/mL streptomycin, 1 mM sodium
pyruvate, 0.45% glucose, MEM non-essential amino acids, and 2 mM glutamine. One day
after seeding, when the cells had grown to approximately 50% confluence, the seeding me-
dia was removed and replaced with 2 mL of the culture media described above containing
either 0.1% v/v DMSO (vehicle) or solutions of GSK2194069, 4, 5, 6 in DMSO. The concen-
tration of DMSO in the culture media was 0.1% v/v for all inhibitor concentrations. The
final concentration of inhibitor in the well ranged from 10−4 M to 10−9 M. The experiments
were performed in triplicate. The treated cells were cultured for four days at 37 ◦C and in
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5% CO2. Cell viability was then assessed by replacing the treatment media with 0.25 mM
of a solution of Presto Blue (ThermoFisher), prepared as recommended by the supplier,
and incubation for a further 40 min at 37 ◦C and in 5% CO2. After incubation, 0.2 mL
was removed from the wells for quantification at 660ex and 690em nm. The resulting data
was compared to the values obtained using the vehicle and expressed as the percentage of
control viability. The results were analyzed and plotted as mean ± SEM using GraphPad
Prism 8.4.3.

4.7. Animal Models

Animals were housed under standard conditions in approved facilities with 12 h
light–dark cycles. Food and water were provided ad libitum throughout the course of the
studies. Eight-week-old male inbred athymic nu/nu mice were purchased from The
Jackson Laboratory. LNCaP cells were suspended at 4 × 107 cells/mL in a 1:1 mix-
ture of phosphate-buffered saline:Matrigel (BD Biosciences, San Jose, CA, USA). Each
mouse was injected in the left flank with 0.25 mL of the cell suspension. Imaging studies
were performed once tumors reached a volume of 150–500 mm3, approximately 4 weeks
post inoculation.

4.8. MicroPET/CT Imaging

Method A: Tumor-bearing mice were injected intravenously with 100 μL of the final
product solution, containing 8–10 MBq [11C]4, 9–11 MBq [11C]5, or 9–11 MBq [11C]6. The
mice were then placed on the imaging bed and a 60 min dynamic acquisition was performed
by microPET/CT (Siemens Inveon™, Siemens Medical Solutions USA, Malvern, PA, USA).
The acquisition typically began 15 min after injection of the radiotracer. A CT scan was
performed immediately upon conclusion of the microPET scan for attenuation correction
and anatomical co-registration. The images were processed using open-source image
processing software (AMIDE).

Method B: A 500 μL aliquot containing approximately 111 MBq (38 ng) [11C]5 in 10%
EtOH/saline was added to a vial containing 50 mg Captisol® in 0.5 mL saline, prepared
4 h previously. The mixture was shaken vigorously for 10 min. A control solution was
prepared by diluting a 500 μL aliquot containing approximately 111 MBq (38 ng) [11C]5 in
10% EtOH/saline with 0.5 mL saline.

Two male athymic nu/nu mice bearing LNCaP xenograft tumors (150–500 mm3) were
injected intravenously with 100 μL of the solution, containing 9–11 MBq [11C]5 and 5 mg
Captisol®. In parallel, two mice were injected intravenously with 100 μL of the control
solution, containing 9–11 MBq. The mice were then placed on the imaging bed and a 60 min
dynamic acquisition was performed by microPET/CT (Siemens Inveon™). The acquisition
typically began 15 min after injection of [11C]5. A CT scan was performed immediately upon
conclusion of the microPET scan for attenuation correction and anatomical co-registration.
The images were processed using AMIDE.

4.9. Statistics

Statistical comparisons were drawn using the Tukey’s multiple comparison test (Graph-
Pad Prism) with a significance level of p < 0.05.

5. Conclusions

Small molecule triazolones structurally related to GSK2194069, a potent FASN in-
hibitor, are readily 11C-methylated in good yield and high purity and molar activity under
mild conditions. Of these compounds, [11C]5 shows considerable promise in vitro as it
reduces the viability of LNCaP cells with an EC50 comparable to GSK2194069 and is taken
up to a significantly higher extent in FASN-positive LNCaP cells than in FASN-negative
PC3 cells in vitro. However, the probes demonstrate remarkably poor tumor uptake in vivo,
with the majority of the activity retained in lymph nodes and the hepatobiliary system.

358



Molecules 2022, 27, 1552

Future studies should target structural modifications that improve the pharmacokinetics of
these triazolone FASN inhibitors.

Supplementary Materials: The following supporting information can be downloaded at: online,
Full experimental details, including Scheme S1: Synthesis of 4 from GSK2194069, and Scheme S2:
Synthesis of non-radioactive standards 5 and 6 and their precursors 2 and 3; Figure S1: Radio
(top) and UV (bottom) chromatograms of purified [11C]4; Figure S2: Radio (top) and UV (bottom)
chromatograms of purified [11C]5; Figure S3: Radio (top) and UV (bottom) chromatograms of purified
[11C]6; Figure S4. Analysis of FASN expression in cell lines and xenograft tumors by Western blot;
Figure S5. Comparison of viability of LNCaP and PC3 cells treated with A. GSK2194069 or B. 2 (right);
Figure S6. Comparison of [11C]5 binding to LNCaP cells cultured for >48 h (black) and <48 h (blue);
and 1H-NMR, 13C-NMR, and 19F-NMR spectra of all final compounds and intermediates.
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