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Abstract
Copper-64 (64Cu) is one of the copper radioisotopes and shows a unique feature of
disintegration, i.e., β+ decay, β− decay, and electron capture. Among these decays, γ-ray
photons from electron-positron annihilation by β+ decay can be detected with positron
emission tomography (PET) for imaging diagnosis. On the other hands, β− particles and
Auger electrons emitted from this radionuclide can damage cancer cells by the administration
of the therapeutic dose of 64Cu. In particular, previous studies reported that the high-linear
energy transfer from Auger electrons severely damage the DNA and cell membranes of
cancer cells for therapy.
Therefore, many efforts based on radiochemistry and coordination chemistry have been
made to deliver this unique copper radioisotope to cancer cells. Among 64Cu compounds
developed so far, a radiometal complex 64Cu-diacetyl-bis(N4-methylthiosemicarbazone)
(64Cu-ATSM) is a promising drug to target hypoxic tumors, which are known to have poor
prognosis. This compound is specifically designed to possess a redox potential similar to that
of NADH which plays a key role in redox metabolism and is often produced in hypoxic
tumors. Previous studies demonstrated that 64Cu-ATSM is reduced in hypoxic tumors and
64

Cu released from ATSM via reduction is trapped in the tumor cells. Therefore, 64Cu-ATSM

has been used for the clinical imaging studies to detect the malignant hypoxic tumors by PET.
In recent years, several preclinical studies have demonstrated the strong therapeutic
effects of 64Cu-ATSM against such malignant hypoxic tumors and therefore clinical
application of this agent for therapeutic use is highly expected. However, there are several
challenges prior to the clinical application of 64Cu-ATSM therapy, including (1) development
of the formulation to stabilize therapeutic dose of 64Cu-ATSM and the efficient
manufacturing process and (2) evaluation of the adverse events of chemical exposure by Cu-

3

ATSM in the formulation. The scope of this study is to solve these problems by process
development of 64Cu-ATSM and in vivo toxicity study using mice.
(1) Development of the formulation of 64Cu-ATSM and the efficient manufacturing process
Previous studies with 64Cu-ATSM for PET were carried out by freshly preparing
radiotracer just before use at imaging sites at a radioactivity concentration of 100 MBq/mL or
lower. In contrast, its therapeutic application requires higher concentrations for the safe
intravenous administration of bolus to patients. In addition, to accelerate the clinical trials of
64

Cu-ATSM, multi-centered clinical studies seem as a feasible option. 64Cu-ATSM must be

stabilized at high radioactivity concentration of approximately 1.5 GBq/mL for 24 h to allow
the delivery of 64Cu-ATSM for therapeutic purposes to multiple sites in a practical manner.
First and most significant challenge of the therapeutic scale manufacturing at high
radioactivity concentration of 64Cu-ATSM is that 64Cu-ATSM is not stable enough in
aqueous solutions owing to radiolysis. In this study, fifteen radical scavengers were tested to
stabilize 64Cu-ATSM against radiolysis for 24 h after radiolabeling at high radioactivity
concentration (1.5 GBq/mL), and sodium L-ascorbate was selected as an optimal radical
scavenger in the formulation of 64Cu-ATSM.
The other challenge for the therapeutic scale manufacturing of 64Cu-ATSM was that it
was absorbed to the conventional membrane filter, which is made of mixed cellulose esters
(MCE) and commonly used for the sterilization of the injectable drugs, due to its high
lipophilicity. As high radioactivity is required for the treatment of malignant hypoxic tumors
in a multi-center study, a more efficient sterilization procedure for 64Cu-ATSM may serve as
a key step to meet future clinical demands. In this study, to sterilize 64Cu-ATSM without any
significant loss in radioactivity, the optimal sterilization membrane filter was evaluated from
polyvinylidene fluoride (PVDF), polyether sulfone (PES), and MCE; PVDF showed the most
efficient radiochemical yield after filtration.
4

Based on these results, we have designed the formulation containing sodium L-ascorbate
for 64Cu-ATSM injectable solution as an investigational drug for the clinical trial and the
manufacturing procedure using PVDF sterilization membrane filter. The combination of this
formulation and manufacturing procedure developed here would facilitate the use of 64CuATSM for the treatment of malignant hypoxic tumors in future clinical studies.
(2) Evaluation of the adverse events of chemical exposure by Cu-ATSM in the formulation
Prior to initiating clinical studies of drugs, preclinical studies on biodistribution and
dosimetry, efficacy, and safety are generally required. In our previous preclinical studies, the
biodistribution and dosimetry, efficacy and safety of 64Cu-ATSM after intravenous injection
in mice have been investigated, and it has been demonstrated that multiple doses of 64CuATSM effectively inhibited tumor growth and prolong survival against glioblastoma tumors,
one of the malignant brain tumors, without major adverse effects. Based on these studies, we
planned to administer the therapeutic dose of 64Cu-ATSM once per week for four weeks for
the clinical trial in the patients with malignant hypoxic tumors such as glioblastoma.
However, for the safety of radiopharmaceuticals, the additional toxicity study with stable
compounds in the formulation are needed to understand the potential risks of systemic and
repeated chemical exposure to the investigational drugs before starting clinical trials.
Therefore, the additional preclinical toxicity study using Cu-ATSM composed of a stable
copper isotope and its precursor H2-diacetyl-bis(N4-methylthiosemicarbazone) (ATSM)
contained in the formulation, with sodium L-ascorbate as stabilizer, was conducted in this
study.
Firstly, in order to determine the dosing schedule in a toxicity study, the
pharmacokinetics of Cu-ATSM and ATSM in mouse plasma was examined in this study by
LC-MS/MS to estimate the half-lives that are necessary parameters to assume the dosing
schedule. The LC-MS/MS analysis showed the estimated half-lives were 21.5 and 22.4
5

minutes for Cu-ATSM and ATSM, respectively. Given the half-lives, amount of Cu-ATSM
and ATSM in the investigational drug (15 µg in total with 2:25 ratio), and the planned dosing
schedule of the clinical trial, a 7-day intravenous toxicity study in mice was performed in this
study. No adverse effects were observed when Cu-ATSM and ATSM were administered at
81 µg/kg (320-fold higher than the clinical doses on a μg/kg basis). These results and the
previous studies suggest that our planned investigational drug formulation containing CuATSM and ATSM at a dose of 15 μg can be safely administered to patients once per week for
4 weeks for treatment with 64Cu-ATSM in the planned clinical trials.
In conclusion, this study demonstrated that sodium L-ascorbate effectively protected
64

Cu-ATSM against radiolysis for 24 h after radiolabeling at radioactivity concentration for

therapeutic scale production. PDVF membrane was selected in this study for sterilization of
64

Cu-ATSM solution with higher radiochemical yield after filtration compare to the

conventional filters. Based on these results, we designed the formulation and manufacturing
procedure of 64Cu-ATSM as an investigational drug for the clinical trial. The potential risk of
the systemic chemical exposure by our investigational drug was found to be substantially low
in this study. This study provided the useful data to create the protocol of the phase 1 clinical
trial of 64Cu-ATSM to evaluate the safety and efficacy in patients.

Keywords: 64Cu-ATSM, radiotherapeutic agent, stabilization, radiolysis, sterilization,
hypoxia, glioblastoma, toxicity study, pharmacokinetics
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Introduction
Background: Radioisotope for medical use
The use of radioisotope for medical application has started in the early 1900s and created
a medical field called “nuclear medicine”. The major radioisotopes used for current medical
practices are summarized in Table 1. In the early ages of nuclear medicine, radioisotopes with
specific chemical and physiological properties were used for therapies of cancers. Initially,
dissolved radium salts, composed mainly of 226Ra, were used to explore the potentials for
disease treatment [1]. Radium is a member of alkaline earth metal and behaves as calcium in
the body and accumulates in bone. Therefore, alpha particles emitted from this radionuclide
is expected to be useful for the treatment of the bone metastasis of the cancer. However, the
medical application of 226Ra is too risky to the patients because its physical half-life is 1601
years and continuous radiation may cause damages to healthy organs. Alternatively, 223Ra
with half-life of 11.4 days has become available from its mother nuclide actinium-227 (227Ac)
and approved in several countries as a medical product for the treatment of patients with
castration-resistant prostate cancer, symptomatic bone metastases and no known visceral
metastatic disease [2]. Very specific localization of strontium in bone metastases was also
discovered by Pecher in 1941 [3]. Strontium is another member of alkaline earth metal, and
pure beta emitter 89Sr with half-life of 50.5 days has been used for the relief of bone pain in
patients with painful skeletal metastases [4].
Another example of radioisotope used for the treatment in early days of nuclear medicine
is iodine-131 (131I) which emits beta particle with half-life of 8.02 days. Iodine is an essential
element required for the production of thyroid hormone. In the cases of diseases with
abnormal thyroid proliferations such as thyroid cancer, the uptake of iodine into thyroid is
upregulated. Therefore, 131I has been used for the treatment of thyroid cancer since mid1940s [5, 6].
7

In 1958, the first gamma camera was invented by Hal O. Anger [7]. Since 131I emits
gamma ray, this radionuclide can be imaged by gamma camera for the diagnosis of thyroid
diseases from the early days of nuclear imaging. However, this nuclide sometimes causes
tissue damage due to the high energy from beta decay. Therefore, 131I for diagnostic use has
been replaced in most cases with 123I which emits lower energy gamma ray (half-life 13.2 h).
Another example of radioisotope for nuclear imaging in early days is thalium-201 (201Tl, halflife 72.9 h), decays by electron capture with 70-80 keV x-rays and photons of 135 and 167
keV. Since thallium accumulates in myocardium like potassium, it can be imaged by gamma
camera for the diagnosis of cardiovascular diseases in the clinical practice since 1970s to
present [8-10].
One of the most significant achievements in the history of clinical nuclear medicine was
the development of technetium-99m (99mTc) whose gamma photons is 140 keV and half-life
is 6.0 h. Significantly, it has been simply available from a parent radionuclide molybdenum99 (99Mo, half-life of 67 h). Moreover, 99mTc had the ideal physical decay characteristics for
imaging [11]. However, this radionuclide is not easily incorporated into chemical
compounds. Initially, relatively simple complex of 99mTc and phosphonic acids such as
methylene diphosphonate (MDP) [12] and hydroxymethylene diphosphonate (HMDP) [13]
were developed and have been used for the imaging of bone diseases in the clinical practice
worldwide. Since then, many efforts based on radiochemistry and coordination chemistry
have been made to apply this useful radionuclide to the diagnosis of many other diseases.
Especially, lipophilic cationic chelates of 99mTc such as tetrofosmin [14] and sestamibi [15]
were successfully developed and have been widely used for myocardial perfusion imaging.
These compounds are taken up by myocardium by function of blood flow and trapped by
mitochondrial complex-I in the cell due to its cationic charge. Another example of the
success of 99mTc chemistry is a lipophilic neutral chelate such as hexamethylpropyleneamine
8

oxime (HMPAO) [16] and ethylene cysteine dimer (ECD) [17] for cerebral perfusion
imaging. These lipophilic compounds can permeate the blood-brain barrier by function of
blood flow, go into the neuron and glia cells, get metabolized and retained inside the cells.
The system improvement of single photon emission tomography (SPECT) in mid-1970s such
as attenuation correction [18] expanded the use of 99mTc radiopharmaceuticals rapidly in the
field of nuclear medicine.
In late 1970s, the prototype of positron emission tomography (PET) was invented [19].
In parallel, cyclotrons with a capability of low-energy particle accelerators to produce the
short half-life positron emitters carbon-11 (11C, half-life 20 min) and fluorine-18 (18F, halflife 110 min) have become available around the world. These technological innovations
paved the new way of molecular imaging. The most notable compound developed in the mid1970s to the present are 18F-fluorodeoxyglucose (FDG) [20]. Initial clinical studies using 18FFDG were for investigating brain metabolism in several neurodegenerative and psychiatric
disorders. Many clinical studies with several types of cancers using 18F-FDG have brought
general success for metastasis detection and monitoring the treatment efficacy. 18F-FDG-PET
is now adopted as an option of the clinical diagnosis of cancer patients worldwide. Notably,
qualitative and quantitative approaches to metabolic tumor response assessment with 18FFDG PET have been well accepted as a framework for PET Response Criteria in Solid
Tumors (PERCIST) [21]. Another advantage of using PET and non-metallic positron emitter
11

C is that the progress of organic chemistry can be applied to design the new radiotracers,

especially for neuroimaging. Many kinds of neurotransmitters, agonists and antagonists of
neuroreceptors, and inhibitors of transporters of the neurotransmitters have been labeled with
11

C and used for clinical researches of neurodegenerative and psychiatric disorders. The in

vivo neuropathology has become feasible in clinical practice by PET molecular imaging.
Namely, to visualize the amyloid plaques in the brains of patients with Alzheimer’s disease,
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the radiotracer called 11C-Pittsburgh compound-B (PiB) has developed for PET imaging [22].
Some of the results of these researches on 11C-PET molecular imaging have been applied to
the longer half-life radioisotopes such as 18F and 123I, and used as radiopharmaceuticals in
routine clinical practices in several countries such as 123I-ioflupane for the striatal dopamine
transporter visualization using SPECT brain imaging to assist in the evaluation of adult
patients with suspected Parkinsonian syndromes [23], and 18F-flutemetamol and florbetapir
for PET imaging of the brain to estimate β-amyloid neuritic plaque density in adult patients
with cognitive impairment who are being evaluated for Alzheimer’s disease (AD) or other
causes of cognitive decline [24, 25].
The most recent and significant trend in the field of nuclear medicine is represented by
the concept of “Theranostics”. Theranostics is a new concept of medicine which combines
specific targeted therapeutics and diagnostics based on the common specific target molecules.
One of the oldest examples of the theranostics is 131I for the diagnosis and therapy of thyroid
cancer. In this case, 131I is targeting the molecular pathway of the production of thyroid
hormone. Another example of the theranostics is indium-111 (111In) and yttrium-90 (90Y)
labeled ibritumomab tiuxetan [26]. 111In decays by electron capture (half-life of 2.8 d) and xrays emitted from this radionuclide can be visualized by SPECT camera. 90Y is a pure beta
emitter with a half-life of 64.1 h for therapy. The patients with 111In-ibritumomab positive
cancers have the treatment with 90Y-labeled antibodies. This combination medical product is
indicated for the treatment of patients with (1) relapsed or refractory, low-grade or follicular
B-cell non-Hodgkin's lymphoma (NHL), and (2) previously untreated follicular NHL who
achieve a partial or complete response to first-line chemotherapy. Since the spacial resolution
of 111In with SPECT is limited, the antibody labeled with positron emitting radioisotopes are
needed for better patient stratification for the theranostics. However, the physical half-life of
11

C and 18F are too short for antibody imaging which requires a few days to detect disease
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lesions clearly. Therefore, longer half-life positron nuclides are needed. Zirconium-89 (89Zr)
has been attracting the research interests for this reason. 89Zr emits positron with half-life of
78.4 h, which is suitable for the imaging of antibodies in the body for the research purposes.
However, its long half-life with high energy may cause considerable radiation effects to the
patients. As an alternative of 89Zr, some of the copper radioisotopes have been attracting the
research interests to develop the theranostics since there are varieties of radiations emitted
from them. Among the copper radioisotopes, copper-64 (64Cu) is particularly focused in this
study based on the reasons as described in the next paragraph.
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Table 1. Major radioisotopes used for current medical practices
Radionuclide

Half-life

Decay mode

Use

Production

11

20 min

β+

PET imaging

Cyclotron

(11C-PiB, etc.)

11

PET imaging

Cyclotron

(18F-FDG, etc.)

18

C

18

F

64

Cu

110 min
12.7 h

β+
β+, β-, EC

Sr

89

Zr

64

Y

99m

Tc

111

In

123

I

Ni (p, n) 64Cu

50.5 d

β-

Bone pain relief

Nuclear reactor

78.4 h

β+

PET imaging

Cyclotron
89

90

O (p, n) 18F

PET imaging and therapy Cyclotron
(64Cu-ATSM, etc.)

89

B (p, n) 11C

64.1 h
6.0 h
2.8 d
13.2 h

βIT
EC
EC

Y(p, n)89Zr

Therapy

Decay from 90Sr

(90Y-ibritumomab, etc.)

(Nuclear reactor)

SPECT imaging

Decay from 99Mo

(99mTc-HMDP, etc.)

(Nuclear reactor)

SPECT imaging

Cyclotron

(111In- ibritumomab, etc.)

111

SPECT imaging

Cyclotron

(123I-ioflupane, etc.)

124

Cd (p, n) 111In
Te (p, 2n) 123I

131

I

8.02 d

β-

Thyroid cancer therapy

Nuclear reactor

201

Tl

72.9 h

EC

SPECT Myocardial

Cyclotron

perfusion imaging

203

Tl(p,3n)201Pb

→201Tl
223

Ra

11.4 d

Α

Therapy for bone

Decay from 227Ac

metastasis

(Nuclear reactor)

EC: Electron Capture, IT: Isomeric Transition, PET: Positron Emission Tomography,
SPECT: Single Photon Emission Computed Tomography.
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Copper-64 radioisotope and its radiometal complex 64Cu-ATSM
64

Cu shows a unique feature of disintegration (Figure 1), i.e., β+ decay (0.653 MeV,

17.4%), β− decay (0.574 MeV, 38.5%), and electron capture (43%) [27-29]. Among these
decays, γ-ray photons from electron-positron annihilation by β+ decay can be detected with
PET for imaging diagnosis. On the other hands, β− particles and Auger electrons emitted from
this radionuclide can damage cancer cells by the administration of the therapeutic dose of
64

Cu [30-32]. In particular, previous studies reported that the high-linear energy transfer from

Auger electrons severely damage the DNA and cell membranes of cancer cells for therapy
[33, 34]. Another important feature of 64Cu is that it can efficiently be made by conventional
cyclotron with high quality for routine use [28, 35].

Figure 1. Decay scheme of 64Cu. Modified from the reference [29].
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Therefore, many efforts based on radiochemistry and coordination chemistry have been
made to deliver this unique copper radioisotope to cancer cells not only for the imaging
diagnosis with PET but also for the therapeutic purposes. Copper forms a chelate with several
organic compounds containing functional groups such as amines, carboxylates, or thiols in
their structures. The radioactive copper chelated with these organic compounds have been
used to attach this useful radionuclides to tumor targeting molecules such as peptides,
antibodies, and nanoparticles. In vivo stability of copper chelate is critical since
demetalisation of copper from the chelate leads to elevated levels of copper uptake in the
liver after the administration of copper chelate into the body of animals and humans.
Therefore, several macrocyclic compounds such as 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca1(15),11,13-triene-3,6,9-triacetic acid (PCTA, Figure 2a) [36] and 1,4,7-triazacyclononane,1glutaric acid-4,7-acetic acid (NODAGA, Figure 2b) [37] have been designed to form stable
chelate with copper to avoid in vivo demetalization so that copper can be stably attached to
tumor targeting molecule and retained on the tumor cells in vivo.
In contrast, copper-diacetyl-bis(N4-methylthiosemicarbazone) (Cu-ATSM, Figure 2c) [38,
39] is a unique compound to release copper in highly reducing conditions such as hypoxic
regions in tumor tissues. The in vivo reduction of Cu(II) to Cu(I) is a critical step as a
mechanism of Cu-ATSM to target hypoxic cells. For this purpose, Cu-ATSM is specifically
designed to possess a redox potential similar to that of NADH, -297 mV vs. -315mV [38],
since NADH plays a key role in redox metabolism and is often produced in hypoxic tumors.
Cu(I) released from ATSM in the highly reduced condition can be retained in hypoxic
regions in ischemic heart [38, 39] as well as tumor tissue [40]. Moreover, Cu-ATSM exhibits
high membrane permeability and rapidly diffuse and get reduced and trapped within hypoxic
cells [41-46]. Therefore, Cu-ATSM has been regarded as a marker of the cellular response to
the intracellular over-reduced conditions such as tumor hypoxia.
14

a)

b)

c)

Figure 2. Chemical structure of PCTA, NODAGA, and Cu-ATSM.
a) PCTA [36], b) NODAGA [37], c) Cu-ATSM [39]

15

Previous preclinical studies on therapeutic use of 64Cu-ATSM to target hypoxic tumors
Hypoxia plays a key role in the prognosis of malignant tumors such as glioblastoma with
very aggressive and poor prognosis in patients [47]. The efficacy of the standard therapeutic
options are limited, and the related adverse events are associated with severe long term
morbidity. As hypoxia promotes the malignant characteristics of cancer cells, the extensively
hypoxic areas lead to poor treatment outcomes of patients [48-51]. In malignant hypoxic
tumors, the expression of hypoxia-inducible factor-1α (HIF-1α) induces the expression of
vascular endothelial growth factor and promotes angiogenesis; however, new vessels formed
during this process are not well-structured [52]. Hypoxia caused by vascular stasis and drug
delivery deficiencies pose difficulties in the treatment of these fatal diseases [52].
Since hypoxia has the important effects on the aggressiveness of malignant tumors,
targeting hypoxia has a potential to improve outcomes of patients. Therefore, 64Cu-ATSM, a
promising radiotherapeutic drug targeting hypoxic tumors [30-32], is focused in this study.
Several preclinical studies have shown the therapeutic effects of 64Cu-ATSM against
malignant hypoxic tumors. Obata et al. reported that 64Cu-ATSM reduced the clonogenic
survival of tumor cells and induce post-mitotic apoptosis in vitro [32]. Lewis et al. have
shown that 64Cu-ATSM treatment increased survival time with no serious toxicity using
tumor-bearing hamsters [30]. Furthermore, our group reported that 64Cu-ATSM inhibited
tumor growth in mouse bearing Colon-26 colon cancer [53]. These previous studies support
the feasibility of 64Cu-ATSM as therapeutics for malignant tumors based on its high
permeability into hypoxic tissues and high-LET radiation, and encouraged to conduct further
preclinical studies to investigate clinical applicability of 64Cu-ATSM.
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Preclinical efficacy, safety, biodistribution and dosimetry studies on 64Cu-ATSM
In order to expand the clinical applicability, the efficacy of 64Cu-ATSM for treating mice
bearing U87MG glioblastoma was evaluated by our group [54]. Single administration of
64

Cu-ATSM had a dose-dependent anti-tumor effect, showing a plateau at 111 MBq. Four

doses of 64Cu-ATSM (37 MBq × 4) inhibited tumor growth compared to the control group
significantly (P < 0.05). Tumors actively grew over time in the control group, while tumors
were not visible following multiple doses of 64Cu-ATSM with 37 MBq × 4. Survival
following single administration of 64Cu-ATSM from 37 to 148 MBq and multiple doses of
64

Cu-ATSM with 37MBq × 4 was greater than that of the control (P < 0.05). Additionally,

mice received multiple doses of 64Cu-ATSM with 37 MBq × 4 showed significantly
prolonged survival compared with single administration of 64Cu-ATSM with 18.5, 37, 74,
and 148 MBq (P < 0.05).
The safety profile of 64Cu-ATSM was also investigated by our group [54]. The body
weights of tumor inoculated mice received 64Cu-ATSM were measured for 39 days. On day
7, there was a significant reduction in the body weight of mice treated with a single dose of
64

Cu-ATSM of 111 and 148 MBq compared to that in the control group (P < 0.05). The body

weight loss was recovered to normal levels by day 14 and remained the same as the control
thereafter. Body weight loss was not observed after multiple doses of 64Cu-ATSM with 37
MBq × 4. The number of white blood cells, red blood cells, and platelets in the blood were
examined in non-tumor bearing mice. Significant reductions were observed following single
injection of 64Cu-ATSM with 74 MBq and more, although these changes were transient and
recovered to normal levels. The multiple administration group showed no symptoms of
hematological toxicity and maintained a healthy physical appearance throughout the
experimental period. Serum biochemical parameters indicated that liver and kidney functions
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remain unaltered following both treatments with single and multiple administration of 64CuATSM.
From these results, it was concluded that multiple doses of 64Cu-ATSM effectively
inhibited tumor growth and prolong survival against glioblastoma tumors as well as reduced
the adverse effects of 64Cu-ATSM therapy. Therefore, clinical application of this agent for
therapeutic use with multiple administration is highly expected.
The biodistribution and excretion of 64Cu-ATSM in tumor-free BALB/c nude mice were
investigated by our group for 24 h after intravenous injection [55]. Noticeable 64Cu
accumulation was observed in the liver, small intestine, and large intestine during the first 6 h
after injection. Large amounts of 64Cu were excreted in the feces by 16 hours after the
injection, but little urinary excretion was observed in mice. The mean absorbed doses of
64

Cu-ATSM (mSv/MBq) in humans were estimated according to biodistribution data from

mice. The dosimetry data indicate that the liver showed the highest absorbed doses by
administration of 64Cu-ATSM, with estimated absorbed doses to the liver of 0.108 mSv/MBq.
These results of biodistribution and dosimetry of 64Cu-ATSM suggested how to monitor the
safety of the patients during the clinical trials.
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The purpose of this study
Based on the background as described above, efforts have been initiated to develop 64CuATSM as a therapeutic agent against malignant hypoxic tumors such as glioblastoma for the
clinical use. However, there are several challenges prior to the clinical application of 64CuATSM therapy, including (1) development of the formulation to stabilize therapeutic dose of
64

Cu-ATSM and the efficient manufacturing process and (2) evaluation of the adverse events

of chemical exposure by Cu-ATSM in the formulation. The purpose of this study is to solve
these problems by process development of 64Cu-ATSM and in vivo toxicity study using mice.
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Part 1. Development of the formulation to stabilize therapeutic dose of 64Cu-ATSM and
the efficient manufacturing process
1.1 Introduction
Several preclinical studies have demonstrated the therapeutic effects of 64Cu-ATSM
against malignant hypoxic tumors [30, 31, 53, 54]. Therefore, clinical application of this
agent for therapeutic use is highly expected, and development of 64Cu-ATSM has been
initiated as a therapeutic agent against malignant hypoxic tumors such as glioblastoma.
However, prior to the clinical application of 64Cu-ATSM therapy, formulation to stabilize
therapeutic dose of 64Cu-ATSM and the efficient manufacturing process must be established.
In the previous studies with 64Cu-ATSM for PET imaging [56, 57], this radiotracer was
freshly prepared just before use at imaging sites. PET imaging with 64Cu-ATSM can be
carried out at a radioactivity concentration of 100 MBq/mL or lower, while therapeutic
application of this compound requires higher radioactivity concentrations for the safe
intravenous bolus administration to patients. In addition, to accelerate the clinical trials of
64

Cu-ATSM as therapeutic drug, multi-centered clinical studies may serve as a practical

option. Since 64Cu-ATSM is not stable enough in aqueous solutions owing to radiolysis,
64

Cu-ATSM must be stabilized at high radioactivity concentration of approximately 1.5

GBq/mL for 24 h to allow the delivery of 64Cu-ATSM for therapeutic purposes to multiple
sites in a feasible way. Moreover, 64Cu-ATSM is absorbed onto conventional membrane
filters comprising mixed cellulose esters during sterilization since it is a lipophilic radiometal
complex. For the treatment of malignant hypoxic tumors with 64Cu-ATSM in a multi-center
study, high radioactivity of 64Cu-ATSM is required and a more efficient sterilization
procedure may serve as a key step to meet future clinical demands.
In this study, new procedures for 64Cu-ATSM stabilization and sterilization as efficient
manufacturing strategies have been developed for its therapeutic applications. To stabilize
20

64

Cu-ATSM against radiolysis at high radioactivity concentrations, fifteen radical scavengers

were tested, and the effective compounds that stabilized 64Cu-ATSM for up to 24 h after
radiolabeling were selected. Three membrane filters were evaluated for their ability to
sterilize 64Cu-ATSM without any significant loss of its radioactivity, and the filter with the
lowest absorption was selected for the large-scale manufacturing of 64Cu-ATSM.
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1.2 Materials and methods
Compounds and formulation
Cu-ATSM made of a stable copper isotope and H2-diacetyl-bis(N4methylthiosemicarbazone) (ATSM) was obtained from ABX Advanced Biochemical
Laboratories GmbH (Radeberg, Germany). The sterile water used was of pharmaceutical
grade and the other chemicals used were of chemical grade. 64Cu was produced and purified
using previously reported methods [58]. The formulation of 64Cu-ATSM solution is shown in
Table 2. To synthesize 64Cu-ATSM, 64Cu in water containing 0.2 mol/L glycine was mixed
with 0.5 mmol/L ATSM solution in DSMO. The radical scavenger in an aqueous solution
was added to the 64Cu-ATSM solution with the concentration as shown in Table 3.
Radioactivity of 64Cu and total volume for each experiment are described in the following
sections.

Table 2. Formulation of 64Cu-ATSM
Content

Amount/mL

64

1.5 GBq

ATSM

2.5 µg

Cu

Dimethyl sulfoxide

0.02 mL

Glycine

7.3 mg

Water

0.98 mL

Radical scavenger
†

†

Compounds and amounts are shown in Table 3.
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Table 3. Radical scavengers tested for 64Cu-ATSM stabilization
Radical scavenger
Acids

Amount/mL

L-ascorbic acid†

154.9 mg

Citric acid monohydrate†

147.0 mg
85.0 mg

Citric acid anhydrate†
Sodium salts

Amino acids

Alcohols

Sodium L-ascorbate

4.4 mg

Sodium thioglycolate

3.3 mg

Sodium bisulfite

138.6 mg

Sodium sulfite†

10.0 mg

Sodium metabisulfite

12.0 mg

Sodium sulfite anhydrate†

64.8 mg

L-methionine

0.4 mg

L-cysteine hydrochloride monohydrate†

16.7 mg

Butylhydroxyanisole

12.5 µg

D-mannitol

89.6 mg

Benzyl alcohol

19.2 µL

Ethanol
†

133.3 mg

pH of the final solution was adjusted to neutral.
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Determination of the radiochemical purity (RCP) of 64Cu-ATSM
The RCP of 64Cu-ATSM was determined by using high-performance liquid
chromatography (HPLC) and thin-layer chromatography (TLC). The Gilson HPLC system
consisted of 305 and 306 pumps and a 115 UV detector set at 315 nm (Gilson, Middleton,
WI, USA) with a radioisotope detector (Gabi Star PET, Elysia-raytest GmbH, Straubenhardt,
Germany), a µBondapak C18 column (125Å, 3.9 mm I.D. × 150 mm, 10 μm; Waters
Corporation, Milford, MA, USA). A 60:40 mixture of 0.02 M phosphate buffer (pH 7):
acetonitrile as an eluent was used at a flow rate of 1 mL/min. A silica gel 60 plate (Merck,
Whitehouse Station, NJ, USA) and a mobile phase of methanol were used for TLC. The
radioactivity on TLC plates was analyzed using a bioimaging analyzer (FLA-7000, GE
Healthcare Life Sciences, Marlborough, MA, USA). Cu-ATSM made of stable copper
isotope was used as a reference standard to identify 64Cu-ATSM for HPLC and TLC, and the
relative activity ratios were calculated as the fraction with intact 64Cu-ATSM over the total
radioactivity.

Protection of 64Cu-ATSM against radiolysis
To select the optimal stabilizer of 64Cu-ATSM for the formulation, the radical scavengers
listed in Japanese Pharmaceutical Excipients Dictionary [59] and used for approved
intravenous injectable drugs were tested in this study (Table 3). In this experiment, the
formulation of 64Cu-ATSM shown in Table 2 was used, with a total volume of 30 µL for each
sample. The concentration of 64Cu was 1.5 GBq/mL, and each radical scavenger was added at
the concentration shown in Table 3 and tested in triplicate. For the purpose of screening in
this study, the concentration of radical scavengers used was the maximum soluble
concentration in the formulation, as shown in Table 2, provided that it did not exceed the
maximum dose used in approved drugs in Japan [59] (Table 3). The pH of the final solution
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was adjusted to neutral if necessary. The RCP of 64Cu-ATSM was determined at 0, 5, and 24
h after radiolabeling. For the time points used in this experiment, 5 h was chosen as the first
target shelf-life of 64Cu-ATSM formulation, based on the assumption that the drug will be
delivered on the same day of manufacturing. 24 h was chosen as the second target shelf-life
time point, which is approximately two half-lives of 64Cu, to account for overnight delivery.
As TLC provided the same results as HPLC for the separation of 64Cu-ATSM from other
radiochemical impurities, TLC was used to evaluate the RCP of 64Cu-ATSM in this study.

Screening for filters to sterilize 64Cu-ATSM at low radioactivity concentration
To sterilize 64Cu-ATSM with as small loss of radioactivity as possible, several membrane
filters were compared. As filters for 64Cu-ATSM sterilization, hydrophobic membranes
composed of polyether sulfone (PES, Millex GP, pore size 0.22 µm, 13 mm diameter, Merck
Millipore, Burlington, MA, USA) and polyvinylidene fluoride (PVDF, Millex GV, pore size
0.22 µm, 13 mm diameter, Merck Millipore) were selected. As 64Cu-ATSM is a lipophilic
radiometal complex, hydrophilic materials were selected to avoid any absorption onto
membranes. A conventional filter composed of mixed cellulose esters (MCE, Millex GS,
pore size 0.22 µm, 13 mm diameter, Merck Millipore) was used for comparison. All of the
filters evaluated in this study had a plastic support made of modified acrylic. Therefore, the
involvement of the plastic support in the non-specific adsorption of 64Cu-ATSM was the
same for each of the filters. In this experiment, sodium L-ascorbate and D-mannitol were
tentatively chosen as stabilizers, as they resulted in a high RCP at 24 h in the radical
scavengers tested. Ethanol was used for comparison as ethanol has been used as solubilizer as
well as stabilizer in other radiopharmaceuticals [23]; therefore, a preventive effect on the
filter absorption was expected.

25

In this experiment, the formulation of 64Cu-ATSM shown in Table 2 was used with a
64

Cu concentration of 3.0 MBq/mL and each radical scavenger was added at the

concentration shown in Table 3. The total volume of each sample was 10.2 mL, and the
solution was filtered with PES, PVDF, or MCE membrane. Each filter was tested in triplicate.
Total radioactivity (MBq) and radioactivity concentration (MBq/mL) were measured before
and after filtration, and radiochemical yield (RCY) after filtering based on radioactivity
concentration and total radioactivity was calculated for every filter to evaluate the decrease of
radioactivity concentration and stay on the filter unit, respectively.

Validation of filter for the sterilization of 64Cu-ATSM at high radioactivity concentration
Of the radical scavengers and filters tested in this study, sodium L-ascorbate and PVDF
were chosen for further evaluation as PVDF provided the best RCY of the filters tested and
sodium L-ascorbate provided the higher RCP of the radical scavengers tested after 24 h of
radiolabeling. The 64Cu-ATSM solution was prepared as described above, with the
formulation a shown in Tables 1 and 2 (1.5 GBq/mL of 64Cu) in a total volume of 200 µL in
triplicate, and subjected to filtering with PVDF membrane (Millex GV, pore size 0.22 µm, 4
mm diameter, Merck Millipore). Total radioactivity (MBq) and radioactivity concentration
(MBq/mL) were measured before and after filtration, and the RCY after filtering based on
radioactivity concentration and radioactivity concentration was calculated.

Statistical analysis
Data were expressed as the mean with corresponding standard deviations. P values were
calculated using analysis of variance to compare multiple groups. P values less than 0.05
were considered statistically significant.
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1.3 Results
Determination of the RCP of 64Cu-ATSM
The representative chromatograms of 64Cu-ATSM with sodium L-ascorbate as a stabilizer
immediately after radiolabeling by HPLC and TLC are shown in Figure 3a and b,
respectively. For HPLC, the retention time of 64Cu-ATSM was 6.6 min, which was identical
to that of the reference standard Cu-ATSM. The retention time of the radiochemical impurity
was identical to that of free 64Cu-copper ion (2.7 min) by HPLC. For TLC, the retention
factor of 64Cu-ATSM was 0.8, which was identical to that of the reference standard CuATSM. The retention factor of the radiochemical impurity was identical to that of free 64Cucopper ion (0.1) in TLC. TLC could therefore separate 64Cu-ATSM from radiochemical
impurities such as free 64Cu-copper ions, in the same way as HPLC. Therefore, TLC was
used to determine the RCP for the experiments to screen the stabilizer for 64Cu-ATSM among
the radical scavengers.

Protection of 64Cu-ATSM against radiolysis
The effects of radical scavengers on 64Cu-ATSM stabilization are shown in Figures 4 to
7. The representative chromatograms of 64Cu-ATSM with sodium L-ascorbate and citric acid
anhydrate as stabilizers at 24 h after the radiolabeling by TLC are shown in Figure 3c and d,
respectively. Most of the radiochemical impurities caused by radiolysis appeared in the same
fraction as free 64Cu-copper ions.
Among the acids tested, L-ascorbic acid exhibited protective effects against the radiolysis
of 64Cu-ATSM for up to 24 h after radiolabeling (Figure 4). The RCP of 64Cu-ATSM in the
presence of L-ascorbic acid was 99.2% ± 0.1%, 96.4% ± 0.4%, and 97.5% ± 1.3% at 0, 5, and
24 h after radiolabeling, respectively. In contrast, citric acid monohydrate and citric acid
anhydrate effectively stabilized 64Cu-ATSM until 5 h post radiolabeling but were not
27

protective enough at 24 h (Figure 4). The RCP of 64Cu-ATSM with citric acid monohydrate
and citric acid anhydrate was 96.1% ± 1.0% and 94.6% ± 2.1% at 5 h after the radiolabeling
but decreased to 77.5% ± 10.6% and 74.6% ± 9.3% at 24 h, respectively.
Among the sodium salts, sodium L-ascorbate showed protective effects against the
radiolysis of 64Cu-ATSM for up to 24 h; however, sodium thioglycolate, sodium bisulfite,
sodium sulfite, sodium metabisulfite, and sodium sulfite anhydrate failed to show sufficient
protective effects (Figure 5). The RCP of 64Cu-ATSM was 99.3% ± 0.1%, 99.6% ± 0.1%, and
99.6% ± 0.1% in the presence of sodium L-ascorbic acid for 0, 5, and 24 h, respectively,
while that in the presence of sodium thioglycolate, sodium bisulfite, sodium sulfite, sodium
metabisulfite, and sodium sulfite anhydrate was less than 70% even at the time of
radiolabeling.
Among the amino acids tested, L-methionine showed protective effects against 64CuATSM radiolysis for up to 24 h, but L-cysteine hydrochloride failed to exhibit sufficient
protective effects even during radiolabeling (Figure 6). The RCP of 64Cu-ATSM with Lmethionine was 99.8% ± 0.1%, 99.7% ± 0.1%, and 99.4% ± 0.1% at 0, 5, and 24 h after
radiolabeling, respectively, while that in the presence of L-cysteine hydrochloride was 87.9%
± 5.4% even at the time of radiolabeling.
The protective effects of different alcohols were evaluated, and it was found that
butylhydroxyanisole and D-mannitol to exhibit high RCP of 64Cu-ATSM for up to 24 h after
radiolabeling (Figure 7). The RCP of 64Cu-ATSM with butylhydroxyanisole and D-mannitol
was 99.1% ± 0.1% and 98.2% ± 1.8% after 24 h of radiolabeling, respectively. In contrast,
benzyl alcohol and ethanol exhibited high RCP of 64Cu-ATSM for up to 5 h after
radiolabeling, but decreased to below 90% at 24 h (Figure 7). The RCP of 64Cu-ATSM with
benzyl alcohol and ethanol was 99.6% ± 0.1% and 99.7% ± 0.1% at 5 h after radiolabeling
but decreased to 88.7% ± 13.3% and 74.3% ± 10.9% at 24 h, respectively.
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Among all the compounds exhibiting effective activity for up to 24 h, sodium L-ascorbate
and D-mannitol were safer and simpler to handle. Therefore, these two compounds were used
to select an optimal filter for the sterilization of 64Cu-ATSM injectable solution.

Screening of filters for the sterilization of 64Cu-ATSM at low radioactivity concentration
The RCY after the filtration based on radioactivity concentration and total radioactivity of
64

Cu-ATSM solution with hydrophilic membranes composed of PES and PVDF are shown in

Table 4. A conventional membrane made of MCE was used for comparison. Sodium Lascorbate, D-mannitol, and ethanol were used as stabilizers. Among the filters tested, PVDF
membrane showed good RCY after the filtration of 64Cu-ATSM solution. The RCY after
PVDF filtration was comparable among samples prepared with sodium L-ascorbate, Dmannitol, and ethanol based on radioactivity concentration (Table 4a) and total recovery
(Table 4b). With PVDF membrane filtration, the RCY of 64Cu-ATSM with sodium Lascorbate, D-mannitol, and ethanol was 93.3% ± 1.5%, 95.0% ± 1.0%, and 92.5% ± 1.2%
based on radioactivity concentration and 84.0% ± 0.3%, 87.6% ± 1.2%, and 85.0% ± 0.8%
based on total radioactivity, respectively.
The filtration of 64Cu-ATSM solution with PES and MCE membranes reduced the
concentration (Table 4a) and total recovery (Table 4b) as compared with filtration with
PVDF membrane. PES membrane filtration resulted in 64Cu-ATSM RCY of 69.5% ± 4.1%,
80.3% ± 3.1%, and 84.5% ± 1.0% based on radioactivity concentration and 67.8% ± 3.9%,
78.2% ± 2.8%, and 82.5% ± 0.9% based on total radioactivity in the presence of sodium Lascorbate, D-mannitol, and ethanol, respectively. With MCE membrane filtration, the RCY of
64

Cu-ATSM with sodium L-ascorbate, D-mannitol, and ethanol was 66.6% ± 1.1%, 69.1% ±

0.1%, and 80.0% ± 2.1% based on radioactivity concentration and 64.8% ± 1.0%, 67.7% ±
0.7%, and 79.2% ± 2.1% based on total radioactivity, respectively.
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The RCY of 64Cu-ATSM with sodium L-ascorbate using PVDF membrane for filtration
was higher than that achieved with PES and MCE membranes, as observed from the
concentration (p = 0.0002 and p = 0.0001) and total activity (p = 0.001 and p = 0.0004). The
RCY of 64Cu-ATSM with D-mannitol using PVDF membrane was higher than that observed
with PES and MCE membranes on the basis of concentration (p = 0.0006 and p < 0.0001)
and total activity (p = 0.0047 and p < 0.0001). The PES membrane showed a higher RCY in
combination with the D-mannitol than MCE membrane with D-mannitol based on
concentration (p = 0.0025) and total activity (p = 0.0027). The RCY of 64Cu-ATSM with
ethanol following filtration with PVDF membrane was higher than that achieved with MCE
membrane on the basis of concentration (p = 0.0004) and total activity (p = 0.0135). The
RCY of 64Cu-ATSM with ethanol after filtration with PVDF membrane was higher than that
with PES membrane based on concentration (p = 0.0064). The RCY of 64Cu-ATSM with
ethanol after filtration with PES membrane was higher than that with MCE membrane based
on concentration (p = 0.0407).

Validation of the filter for the sterilization of 64Cu-ATSM at high radioactivity
concentration
PVDF membrane was selected for the filtration of 64Cu-ATSM solution at high
radioactivity concentration for therapeutic formulation. 1.5 GBq/mL of 64Cu-ATSM solution
containing sodium L-ascorbate as a stabilizer was filtered with PVDF membrane, and found
that the RCY after filtration was 97.1% ± 0.97% based on radioactivity concentration and
90.9% ± 3.30% based on total radioactivity (Table 4c). These results indicated that
radioactivity concentration remained the pre- and post-filtration, and that approximately 10%
of the total radioactivity was retained on the filter.

30

Figure 3. RCP determination of 64Cu-ATSM.
The representative chromatograms of 64Cu-ATSM with sodium L-ascorbate as a stabilizer at
the time of radiolabeling by HPLC (a) and TLC (b). The representative chromatograms of
64

Cu-ATSM with sodium L-ascorbate (c) and citric acid anhydrate (d) as stabilizers at 24 h

after the radiolabeling by TLC.
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Figure 4. Effects of acids as radical scavengers for 64Cu-ATSM stabilization. Protective
effects against the radiolysis of 64Cu-ATSM in the presence of L-ascorbic acid (gray circle),
citric acid monohydrate (gray triangle), and citric acid anhydrate (gray square) are shown.
Values are shown as the mean ± SD of triplicate measures.
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Figure 5. Effects of sodium salts as radical scavengers for 64Cu-ATSM stabilization.
Protective effects against the radiolysis of 64Cu-ATSM in the presence of sodium Lascorbates (gray circle), sodium thioglycolate (gray triangle), sodium bisulfite (gray square),
sodium sulfite (open circle), sodium metabisulfite (open triangle), and sodium sulfite
anhydrate (open square) are shown. Values are shown as the mean ± SD of triplicate
measures.
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Figure 6. Effects of amino acids as radical scavengers for 64Cu-ATSM stabilization.
Protective effects of L-methionine (gray circle) and L-cysteine monohydrate (gray triangle)
against the radiolysis of 64Cu-ATSM are shown. Values are shown as the mean ± SD of
triplicate measures.
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Figure 7. Effects of different alcohols as radical scavengers for 64Cu-ATSM
stabilization. Protective effects of butylhydroxyanisole (gray circle), D-mannitol (gray
triangle), benzyl alcohol (gray square), and ethanol (open circle) on the radiolysis of 64CuATSM are shown. Values are shown as the mean ± SD of triplicate measures.
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Table 4. RCY after membrane filtration for the sterilization of 64Cu-ATSM
a. Screening of filters for the sterilization of 64Cu-ATSM at low radioactivity concentration.
RCY after filtering based on radioactivity concentration [%, (MBq/mL)/(MBq/mL)]
PVDF

PES

MCE

Sodium L-ascorbate

93.3 ± 1.5#

69.5 ± 4.1†

66.6 ± 1.1†

D-mannitol

95.0 ± 1.0#

80.3 ± 3.1†

69.1 ± 0.1‡

Ethanol

92.5 ± 1.2#

84.5 ± 1.0†

80.0 ± 2.1‡

b. Screening of filters for the sterilization of 64Cu-ATSM at low radioactivity concentration.
RCY after filtering based on total radioactivity [%, MBq/MBq]
PVDF

PES

MCE

Sodium L-ascorbate

84.0 ± 0.3#

67.8 ± 3.9†

64.8 ± 1.0†

D-mannitol

87.6 ± 1.2#

78.2 ± 2.8†

67.7 ± 0.7‡

Ethanol

85.0 ± 0.8#

82.5 ± 0.9#

79.2 ± 2.1†

c. Validation of filter for the sterilization of 64Cu-ATSM at high radioactivity concentration
RCY after filtering based on

PVDF with sodium L-ascorbate

radioactivity concentration

total radioactivity

[%, (MBq/mL)/(MBq/mL)]

[%, MBq/MBq]

97.1 ± 0.97

90.9 ± 3.30

PVDF: polyvinylidene fluoride, PES: polyether sulfone, MCE: mixed cellulose esters. Values
shown are the mean ± SD of triplicate measurements. #, †, ‡; Different symbols indicate
significant differences among the filters with same stabilizers (p < 0.05).
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1.4 Discussion
This study was conducted to develop stabilization and sterilization procedures for the
manufacturing of 64Cu-ATSM for its application in the internal radiotherapy of malignant
hypoxic tumors such as glioblastoma.
In previous PET imaging studies, 64Cu-ATSM was prepared just before use at the site of
imaging [56, 57]. The therapeutic applications of 64Cu-ATSM necessitate its manufacturing
at radioactivity concentrations higher than that required for imaging studies for the clinical
feasibility of bolus administration with high radioactivity. As 64Cu-ATSM is not sufficiently
stable in aqueous solutions owing to radiolysis, the stabilization of 64Cu-ATSM at high
radioactivity concentrations in the formulation needs to be optimized for clinical 64Cu-ATSM
therapy. Considering the future applicability to the delivery of therapeutic doses of 64CuATSM to multiple sites in large clinical trials, a stability at 1.5 GBq/mL for 24 h
(approximately two half-lives of 64Cu) would be required as the maximum radioactivity
concentration and the shelf-life, respectively.
As candidate stabilizers for 64Cu-ATSM, fifteen radical scavengers used as
pharmaceutical excipients in the intravenous injectable drugs such as acids, sodium salts,
amino acids, and alcohols, were examined (Table 3). Since this was a screening study, these
compounds are used at maximum concentrations in the form of approved drugs and at the
maximum soluble concentration in the 64Cu-ATSM formulation. The effects of radical
scavengers on 64Cu-ATSM stabilization are shown in Figures 4-7. Among the compounds
tested, L-ascorbic acid, L-methionine, sodium L-ascorbate, butylhydroxyanisole, and Dmannitol resulted in protective effects against the radiolysis of 64Cu-ATSM for up to 24 h
after radiolabeling. In contrast, citric acid monohydrate, citric acid anhydrate, benzyl alcohol,
and ethanol were effective in stabilizing 64Cu-ATSM until 5 h after radiolabeling but were
not protective enough for 24 h. The other compounds tested in this study, including sodium
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thioglycolate, sodium bisulfite, sodium sulfite, sodium metabisulfite, sodium sulfite
anhydrite, and cysteine hydrochloride, showed an RCP below 70% even at the time of
radiolabeling. It is possible that these compounds do not have sufficient ability to protect
64

Cu-ATSM from radiolysis. In addition, these compounds may have a negative impact on

the stability of 64Cu-ATSM by a direct reducing effect since they also act as reducing agents.
In addition, a high concentration of these compounds might interfere the radiolabeling of
64

Cu-ATSM. Future studies may possibly determine the optimal amount needed for these

compounds to protect 64Cu-ATSM against radiolysis.
Among the compounds that were effective for up to 24 h, sodium L-ascorbate and Dmannitol have been already used in some of the approved radiopharmaceuticals such as
florbetapir [25]. As a higher dose of L-ascorbic acid than sodium L-ascorbate can be
administered as pharmacoexipient in intravenously injectable drugs in Japan, it was tested
whether the higher dose of L-ascorbic acid had the additional advantage of protecting 64CuATSM against radiolysis. However, the protective effect of a high dose L-ascorbic acid was
comparable with that of a low dose of sodium L-ascorbate. In addition, the use of L-ascorbic
acid necessitates pH adjustment (neutral pH) to ensure safe administration to patients. In
contrast, a pH adjustment step is not required for sodium L-ascorbate and D-mannitol.
Therefore, sodium L-ascorbate and D-mannitol were used for the selection of an optimal
filter for the sterilization of 64Cu-ATSM solution. Ethanol is also used in several approved
radiopharmaceuticals such as flutemetamol [24] and ioflupane [23]. It was also used in the
formulation of 60/64Cu-ATSM for clinical imaging studies [57, 60], but it was found that
insufficient stabilization effects of ethanol on the therapeutic dose of 64Cu-ATSM for up to 24
h. L-methionine was excluded, owing to its low solubility in aqueous solutions.
Butylhydroxyanisole was also excluded owing to its carcinogenic action at high doses [61].
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The development of 64Cu-ATSM as an intravenously injectable therapeutic
radiopharmaceutical requires an efficient sterilization procedure under aseptic chamber. High
level radioactivity is deemed necessary in future clinical practice for the treatment of
malignant hypoxic tumors at multiple sites. As 64Cu -ATSM is a lipophilic radiometal
complex, 30% to 40% of its radioactivity is reduced following absorption onto conventional
membrane filters composed of MCE during sterilization (Table 4). Therefore, the filtration of
64

Cu-ATSM solution was carried out with hydrophilic membranes composed of PES and

PVDF (Table 4). Filtration of 64Cu-ATSM solution with PVDF membrane showed a good
RCY, i.e., more than 90% based on radioactivity concentration and more than 80% based on
total radioactivity. The RCY after PVDF filtration was comparable in the presence of sodium
L-ascorbate, D-mannitol, and ethanol. This result indicated that ethanol did not have an
additional preventive effect on the absorption of 64Cu-ATSM on the PVDF filter. The RCP of
64

Cu-ATSM after 24 h of radiolabeling was higher for sodium L-ascorbate than for D-

mannitol (99.3% ± 0.1% versus 99.2% ± 2.1%), although the difference was not statistically
significant. Based on these results, the combination of PVDF membrane and sodium Lascorbate was selected for further process development, and included D-mannitol as a backup
stabilizer.
64

Cu-ATSM solution containing 1.5 GBq/mL 64Cu and 4.4 mg/mL sodium L-ascorbate

was prepared and filtered with PVDF membrane. The RCY after filtering was stable and
close to 100% based on concentration (Table 4c). About 10% of total radioactivity was
retained on the filter (Table 4c). Since a volume of air was not applied through the filter after
the solution have been passed, the RCY after filtering of 64Cu-ATSM based on total
radioactivity may improve with larger volumes of solution used in the actual manufacturing
procedure. Therefore, this method may be used as a routine procedure in future to sterilize
therapeutic doses of 64Cu-ATSM.
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Based on these results, we have designed the formulation containing sodium L-ascorbate
for 64Cu-ATSM injectable solution as an investigational drug for the clinical trial and the
manufacturing procedure using PVDF sterilization membrane filter. The combination of this
formulation and manufacturing procedure developed here would facilitate the use of 64CuATSM for the treatment of malignant hypoxic tumors in future clinical studies. Further
development activities on 64Cu-ATSM with this manufacturing procedure such as process
validation are in progress.
Based on our previous preclinical studies [54, 55], we planned to administer of the
therapeutic dose of 64Cu-ATSM once per week for four weeks for the clinical trial in the
patients with malignant hypoxic tumors such as glioblastoma. Prior to initiating clinical trial
of 64Cu-ATSM with formulation and manufacturing procedure developed in this study, it was
decided to conduct the additional toxicity study with stable compounds in the formulation to
understand the potential risks of systemic and repeated chemical exposure to the
investigational drugs. The details of this toxicity study are described in the Part 2 of this
study.
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Part 2. Evaluation of the adverse events of chemical exposure by Cu-ATSM in the
formulation
2.1 Introduction
In the Part 1 of this study, the formulation containing sodium L-ascorbate for 64Cu-ATSM
injectable solution as an investigational drug for the clinical trial and the manufacturing
procedure using PVDF sterilization membrane filter were established. Prior to initiating
clinical studies of drugs, preclinical studies on biodistribution and dosimetry, efficacy, and
safety are generally required. In our previous preclinical studies, we have investigated
biodistribution and dosimetry, efficacy and safety of 64Cu-ATSM after intravenous injection
in mice and these studies demonstrated that multiple doses of 64Cu-ATSM effectively
inhibited tumor growth and prolong survival against glioblastoma tumors, one of the
malignant brain tumors, without major adverse effects [54, 55].
Based on these studies, we planned to administer the therapeutic dose of 64Cu-ATSM
once per week for four weeks for the clinical trial in the patients with malignant hypoxic
tumors such as glioblastoma. However, for the safety of radiopharmaceuticals, the additional
toxicity study with stable compounds in the formulation are needed to understand the
potential risks of systemic and repeated chemical exposure to the investigational drugs before
starting clinical trials. Lewis et al. reported several toxicology and pharmacology studies of
Cu-ATSM composed of a stable copper isotope and its precursor ATSM, and they did not
observed any significant adverse events [57]. However, their formulation contained ethanol
as a stabilizer, while the current formulation developed in this study as an investigational
drug for use in planned clinical trials contains sodium ascorbate rather than ethanol. This
difference in formulation suggested that the systemic exposure of the chemical substances
contained in each formulation can be altered. In addition, their preclinical safety studies were
carried out for the investigational new drug application of 64Cu-ATSM with single
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administration for PET imaging. In contrast, based on our previous preclinical efficacy study
and biodistribution studies [54, 55], we plan to administer the therapeutic dose of 64CuATSM once per week for four weeks. Therefore, the additional preclinical toxicity study
using Cu-ATSM and ATSM contained in the formulation, with sodium L-ascorbate as
stabilizer, was conducted in this study.
Our current formulation of the investigational drug as developed in this study contains 15
µg of Cu-ATSM and ATSM in total; therefore, by combining these previously available data
and considering the risks of administration, approach 2 of the current ICH M3 [R2]
guidelines* was adopted.
* International Conference on Harmonisation of Technical Requirements for Registration
of Pharmaceuticals for Human Use, Guidance on Nonclinical Safety Studies for the
Conduct of Human Clinical Trials and Marketing Authorization for Pharmaceuticals M3
(R2), Current Step 4 version dated 11 June 2009
This approach uses the following definitions: “total cumulative dose ≤500 μg, maximum of 5
administrations with a washout between doses (6 or more actual or predicted half-lives)”.
However, the half-lives of Cu-ATSM and ATSM were not determined previously. In this
study, the pharmacokinetics of Cu-ATSM and ATSM in mouse plasma were determined to
confirm that the half-lives of these compounds fulfill the definition of approach 2 of the
current ICH M3 [R2] guidelines. A 7-day intravenous toxicity study in mice was conducted
to determine the safety profile of the chemical substances contained in the investigational
drug.
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2.2 Materials and methods
Ethics statements
The experiments described in this paper were performed in accordance with the laws and
guidelines for animal welfare of Japanese government and National Research Council. All
animal experimental procedures were approved by the institutional animal ethics committee
and conducted in accordance with institutional guidelines. Good Laboratory Practice
regulations were observed in the 7-day intravenous toxicity study. All efforts were made to
minimize suffering during the animal experiments.

Compounds and formulation
Cu-ATSM and ATSM was obtained from ABX Advanced Biochemical Laboratories
GmbH (Radeberg, Germany). The sterile water used was of pharmaceutical grade and the
other chemicals used were of chemical grade.
Cu-ATSM and ATSM were dissolved in DMSO, a solution containing polysorbate-80,
sodium L-ascorbate, and glycine was added, and this mixture was diluted with sterile water.
The vehicle consisted of 20% DMSO, 5 g/L polysorbate-80, 4.4 g/L sodium L-ascorbate, and
7.4 g/L glycine in sterile water. The current formulation of the investigational drug contains a
total of 15 μg of Cu-ATSM and ATSM, and 0.2 mL of DMSO in a total volume of 10.2 mL.
Since the doses of Cu-ATSM and ATSM tested in this toxicity study were insoluble in 10 %
DMSO, which is commonly used in toxicity studies, 20 % DMSO was used to dissolve the
target doses of Cu-ATSM and ATSM in this study. DMSO > 20 % has been used as a solvent
for poorly soluble lipophilic compounds in previous studies to evaluate their toxicity [62] and
PK [63] in mice. In addition, the dose of DMSO used here has been reported to have minimal
effects (e.g., tolerable hemoglobinuria) in mice [64]. Based on these reasons, 20% DMSO
was chosen to evaluate the potential risk of systematic exposure of Cu-ATSM and ATSM.
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Polysorbate-80, which is not contained in the current formulation of the investigational drug,
was used as a solubilizer because it is generally used in toxicity studies. The dosing volume
was 5 mL/kg in the pharmacokinetic study and 10 mL/kg in the 7-day intravenous toxicity
study and administration rates were 0.3 and 0.1 mL/min, respectively. The concentrations of
Cu-ATSM and ATSM in the dosing formulation were confirmed by high performance liquid
chromatography (2695 Separation Module, Waters Corporation, Milford, MA, USA) with a
Luna C18(2) 100 Å column (4.6 mm I.D. × 150 mm, 5 μm, Phenomenex, Inc., Torrance, CA,
USA).

Animals and housing
Five-week-old male and female BALB/c mice were obtained from Japan Charles River
(Atsugi, Japan) for pharmacokinetic and safety studies of Cu-ATSM and ATSM. Mice were
housed with up to 4 other animals of the same sex in polycarbonate bins containing
appropriate bedding. A 12-h light/dark cycle was applied, and mice were housed at a room
temperature of 22–23℃ with a relative humidity of 46–50%. Solid food (Oriental Yeast Co.,
Ltd., Tokyo, Japan) and municipal tap water were provided ad libitum. After more than 7
days of quarantine, the mice were weighed and randomized for analysis. There were no
known contaminants in the food or water that interfered with the conduct of the studies.

Pharmacokinetic study of Cu-ATSM and ATSM in mouse plasma
Thirty male mice were randomized into ten groups (three animals per group). Five groups
were intravenously injected with single doses of 25 μg/kg Cu-ATSM, while the other five
groups were intravenously injected with single doses of 25 μg/kg ATSM. These doses were
considered to provide sufficient exposure to measure the pharmacokinetic parameters in mice
and were approximately 1,375- and 110-fold higher than the clinical doses on a μg/kg basis.
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Blood was collected by cardiac puncture under isoflurane anesthesia at 2 min, 30 min, 1 h, 4
h and 24 h after injection and mice were sacrificed at the end of study. Blood was
centrifuged, then plasma was collected and mixed with ice-cold DMSO and acetonitrile. The
Cu-ATSM and ATSM content of the supernatant were measured using a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) system from Waters Corporation,
which consisted of LC (ACQUITY UPLC I-Class Systems) and MS/MS (Xevo TQ-XS,
MRM type, ES+ mode). Chromatographic separation was conducted using an InertSustain
C18 column (2.1 mm I.D. × 50 mm; 5 μm; GL Sciences, Tokyo, Japan), eluting with an
acetonitrile-water gradient of 10 mmol/L ammonium acetate. The elution of Cu-ATSM,
ATSM, and the internal standard (niflumic acid) was monitored using the positive
electrospray ionization multiple-reaction monitoring mode with m/z transitions of 322.0 (Q1)
> 248.9 (Q3), 261.1 (Q1) > 156.1 (Q3), and 283.1 (Q1) > 245.1 (Q3), respectively. The
calibration range was 1-1,000 ng/mL, and the lower limit of quantification was < 1 ng/mL in
plasma.

7-Day intravenous toxicity study in mice
Fifty male and 50 female mice were randomized into single-sex groups for administration
of daily doses of saline, vehicle, 27 μg/kg mixture of Cu-ATSM and ATSM (CuATSM/ATSM), 81 μg/kg Cu-ATSM/ATSM, or 135 μg/kg Cu-ATSM/ATSM. These doses
were expected to provide appropriate exposure multiples against human systemic exposure at
therapeutic doses. Given that 15 μg of ATSM was labeled with 10 GBq of 64Cu, and based on
our recent results for the specific activity of 64Cu, the chemical ratio of Cu-ATSM on ATSM
was predicted to be 2:25 in the current formulation of the investigational drug for the planned
clinical trials. Therefore, Cu-ATSM and ATSM were mixed at this ratio, and 27, 81, and 135
μg/kg was considered as approximately 110-, 320-, and 540-fold higher than the clinical
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doses on a μg/kg basis. Prior to administration, all animals were weighed, and randomization
was stratified by body weight. Mice were treated daily for 7 days according to the approach 2
of current ICH M3 [R2] guidelines.
The schedule of study assessments is summarized in Table 5. Cage-side observations
were performed daily at pre-dosing and 1 h post-dosing. Evaluation of the pre-dosing body
weight and food consumption was performed at days 1, 4, and 7. Urine samples were
collected at day 6 and blood samples were collected at 1 day after the last dosing to assess
clinical pathology parameters including urinalysis, hematological assessment, and serum
chemistry.
Urinalysis were performed using an automatic urine analyzer (CLINITEK 500, Siemens
Healthineers, Erlangen, Germany). Hematological parameters were measured using a
hematological analyzer (ADVIA 2120i, Siemens Healthineers). Biochemical parameters in
the serum were measured using a blood biochemical analyzer (TBA 120FR, Toshiba Medical
Systems, Tokyo, Japan). Animals were sacrificed at 1 day after the last dosing and necropsy
was performed. The brain, heart, lung, liver, kidney, and testes were excised and weighed.
Histopathological evaluations were performed for the cerebrum, cerebellum, heart, lung,
stomach, duodenum, jejunum, ileum, cecum, colon, rectum, liver, kidney, testis/ovary, femur,
administration site (tail), and macroscopically abnormal site.

46

Table 5. Schedule of endpoint collections and study timeline
Day

1

2

3

4

5

6

7

Dosing

x

x

x

x

x

x

x

Cage-side observations†

x

x

x

x

x

x

x

Body weight

x

x

x

Food consumption

x

x

x

Urinalysis

8

x

Hematology, and serum biochemistry

x

Sacrifice‡

x

†

General conditions such as external appearance, nutritional status,

posture, behavior and abnormalities in excrement were observed
twice per day (pre-dosing and 1 h after dosing)
‡

Organ weights, necropsy and histopathological observations
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Statistical analysis
Data were expressed as the mean with corresponding standard deviations.
Pharmacokinetic parameters in plasma were determined with Phoenix WinNonlin 6.4
software (Certara, Princeton, NJ, USA). In 7-Day intravenous toxicity study, Bartlett and
Dunnett tests were performed to compare the vehicle group vs. Cu-ATSM/ ATSM-treated
groups. In the case of heterogeneous group variances, the Steel test was performed. P values
less than 0.05 were considered statistically significant.
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2.3 Results
Pharmacokinetic parameters of Cu-ATSM and ATSM in mouse plasma
Figure 8 shows the concentrations of Cu-ATSM and ATSM in the plasma after
intravenous administration into mice. The pharmacokinetic parameters of Cu-ATSM and
ATSM determined from these data are shown in Table 6. The maximum plasma
concentration (Cmax) was observed at 2 min after administration of both compounds.
Thereafter, both compounds were rapidly cleared from the blood. The estimated half-lives
(T1/2) of Cu-ATSM and ATSM in the plasma of mice were 21.5 and 22.4 min, respectively.
Based on this result, approach 2 of the current ICH M3 [R2] guideline was adopted and a 7day intravenous toxicity study was conducted in mice.
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Figure 8. Concentrations of Cu-ATSM and ATSM in mouse plasma after intravenous
administration. The average concentrations of (A) Cu-ATSM and (B) ATSM in mouse
plasma after intravenous administration. Values are shown as the mean ± SD of three
animals. $: Below the lower limit of quantification (<1 ng/mL). #: One data point of three
mice was below the lower limit of quantification, and therefore SD was not calculated.
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Table 6. Pharmacokinetic parameters of Cu-ATSM and ATSM in mouse plasma
Cu-ATSM

ATSM

Cmax (ng/mL)

6.80

9.47

Tmax (h)

3.33 × 10-2

3.33 × 10-2

T1/2 (h)

3.58 × 10-1

3.74 × 10-1

AUCall (ng·h/mL)

4.61

7.13
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7-Day intravenous toxicity study in mice
In-life observations
In the 135 μg/kg-treated group, one male mouse and one female mouse died immediately
after dosing at days 5 and 7, respectively. These animals showed no abnormalities in cageside observations, body weight, and food consumption during their survival. Necropsies and
histopathological observations of these animals revealed injection-derived minimal
hemorrhage and inflammation at the injection site only.
For the remaining surviving animals, no treatment-related clinical signs of toxicity were
observed during the study. There were no significant differences in body weight (Figure 9)
between the treated groups vs. vehicle control group. Food consumption in each group is
shown in Figure 10. A significant difference was found in the female 27 μg/kg-treated group
on day 4. However, this was observed only on day 4 in females and was not a dose-dependent
phenomenon, and thus finding was considered as incidental.
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Figure 9. Changes in body weights of mice after intravenous administration of CuATSM and ATSM. Plots of the average body weight of (A) Male and (B) female mice in
each treatment group in the 7-day intravenous toxicity study are shown. Values are shown as
the mean ± SD of ten animals except for the 135 µg/kg-treated group of males on day 7 with
nine animals.
53

Figure 10. Changes in food consumption of mice after the intravenous administration of
Cu-ATSM and ATSM. (A) Male. (B) Female. Plots of average food consumption for each
treatment group in the 7-day intravenous toxicity study are shown. Values are shown as the
mean ± SD of the consumed food grams by each animal per day of ten animals except for the
135 µg/kg-treated group of males on day 7 with nine animals. #P < 0.05 between 27 µg/kgtreated group vs vehicle control.
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Clinical pathology (urinalysis, hematology, and serum biochemistry)
Table 7 summarizes the urinalysis findings. Treatment-related changes were not observed
in all animals. Urine with brown color was observed in several animals in the vehicle control
group and treated groups. These animals had uric blood scores of 1+ or higher, while
microscopic examination revealed no red blood cells in the urinary sediments of these
animals. Additionally, compared to the saline group, animals in the vehicle control and
treated groups showed increased protein and glucose levels. Because DMSO causes
intravascular hemolysis and hemoglobinuria [64, 65], the changes observed in the urine were
considered to be caused by DMSO contained in the vehicle.
There were no significant changes in hematological parameters between any treated
groups vs. the vehicle control group. Compared to the saline group, red blood cells,
hemoglobin, and hematocrit were increased in the vehicle control groups and treated groups.
Therefore, these hematological changes were considered as caused by the vehicle. The
hematological parameters of each group are summarized in Supplemental Table S1-1 and 12.
There were no significant changes in serum biochemical parameters between any treated
groups vs. the vehicle control group. A significant difference in the glucose level was found
in the female 81 μg/kg-treated group. However, this effect was not dose-dependent, and
therefore this finding was considered as incidental. The serum biochemical parameters in
each group are summarized in Supplemental Table S2-1 and 2-2.
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Table 7. Results of urinalysis
Sex

Male

Female

Dose (µg/kg)

0

27

81

135 Saline

0

27

81

No. of animals

6

6

6

6

(-)

0

0

0

(+/-)

0

0

(1+)

2

(2+)
(3+)

135 Saline

6

6

6

6

6

6

0

0

0

0

0

1

0

0

1

0

0

1

1

0

2

1

1

2

5

2

2

2

2

4

2

2

3

3

1

1

1

1

2

0

2

3

2

0

0

3

2

2

1

0

(-)

2

2

2

4

6

0

0

2

2

2

(1+)

4

4

4

2

0

4

5

4

4

4

(2+)

0

0

0

0

0

2

1

0

0

0

(-)

3

2

1

4

6

2

3

2

2

6

(+/-)

0

0

0

0

0

0

0

1

1

0

(1+)

0

0

0

0

0

1

0

0

0

0

(2+)

0

1

3

0

0

0

0

0

0

0

(3+)

3

3

2

2

0

3

3

3

3

0

Light yellow

0

0

0

0

0

0

0

0

0

0

Yellow

3

2

1

4

6

2

3

3

4

6

Dark yellow

0

0

0

0

0

0

0

0

0

0

Brown

3

4

5

2

0

4

3

3

2

0

Proteins

Glucose

Uric blood

Color
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Organ weights, necropsy, and histopathological observations
There were no significant changes in organ weights between any treated groups vs. the
vehicle control group. The brain weight of the male 135 μg/kg-treated group was
significantly higher than that of the vehicle control group; however, the relative difference
was negligible. The organ weights of each groups are summarized in Supplemental Table S31 and 3-2. There were no treatment-related observable changes in the organs of each group
according to necropsy.
Histopathological examinations were conducted for a group treated with the highest dose,
135 μg/kg, and compared the findings in the vehicle control group. There were no treatmentrelated histopathological changes in the 135 μg/kg-treated group compared to in the vehicle
control group. Calcification in the heart, chronic inflammation in the rectal serosa, liver cell
infiltration, regenerative renal tubules in the kidney, and cardiac arteritis were observed in the
135 μg/kg-treated group and vehicle control group. Thrombosis, bleeding, and inflammation
at the administration site were observed in both groups. Therefore, these histopathological
changes were considered as caused by the vehicle. Because there were no significant
differences in histopathological observations between the 135 μg/kg-treated group and
vehicle control group, histopathological observations in the 27 and 81 μg/kg-treated groups
were omitted. Histopathological findings in the 135 μg/kg-treated group and vehicle control
group are summarized in Table 8.
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Table 8. Histopathological findings
Sex

Male

Female

Dose (µg/kg)

0

135

0

135

No. of animals

10

9

10

9

Mineralization

1

1

1

1

Minimal

0

0

1

0

Mild

1

1

0

1

0

0

1

0

0

0

1

0

2

2

1

1

Minimal

1

0

1

1

Mild

1

2

0

0

3

2

3

1

3

2

3

1

1

1

0

0

1

1

0

0

4

4

3

1

Minimal

1

1

1

1

Mild

3

3

2

0

Hemorrhage

3

5

8

3

Minimal

2

4

4

2

Mild

1

1

4

1

Inflammation

10

7

10

8

Minimal

5

4

7

5

Mild

5

3

3

3

Heart

Arteritis
Mild
Rectum
Inflammation, chronic, serosa

Liver
Cell infiltration
Minimal
Kidney
Regeneration, tubular
Minimal
Injection site (tail)
Thrombus
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2.4 Discussion
This study was conducted to investigate the pharmacokinetic parameters and safety
profiles of Cu-ATSM and ATSM to assess the potential risk of systemic exposure by
chemical substances contained in the formulation of our investigational drug 64Cu-ATSM for
the treatment of malignant hypoxic tumors such as glioblastoma.
Prior to this study, we have evaluated the biodistribution, dosimetry, efficacy and safety
of 64Cu-ATSM in mice [54, 55], and demonstrated that multiple doses of 64Cu-ATSM
effectively inhibited tumor growth and prolong survival against glioblastoma tumors as well
as reduced the adverse effects of 64Cu-ATSM therapy. Based on the results, we selected the
dosing schedule of 64Cu-ATSM as once per week up to four weeks in the phase 1 clinical
trial.
Before initiating this clinical trial, preclinical toxicity studies using Cu-ATSM composed
of a stable copper isotope and its precursor ATSM were required to understand the potential
risks of systemic and repeated chemical exposure to the investigational drug. In order to
determine the dosing schedule of Cu-ATSM and ATSM in the toxicity study, the
pharmacokinetic parameters of these compounds in mouse plasma were measured by LCMS/MS in this study. As a result, the estimated half-lives (T1/2) of Cu-ATSM and ATSM in
mice plasma were 21.5 and 22.4 min, respectively. This finding suggest that the chemical
substances contained in the 64Cu-ATSM investigational drug formulation did not accumulate
in the body at the one-week dosing intervals as scheduled in the planned clinical trial.
Given the half-lives, amount of Cu-ATSM and ATSM in the investigational drug (15 µg
in total with 2:25 ratio), and the planned dosing schedule of the clinical trial, a 7-day
intravenous toxicity study in mice was performed in this study. A mixture of Cu-ATSM and
ATSM was administrated once per day for 7 days into BALB/c mice intravenously, and
general toxicities were compared to those of the vehicle and saline controls. These results
59

indicated that the no-observed-adverse-effect-level of the mixture of Cu-ATSM and ATSM
was determined to be 81 µg/kg. This dose is approximately 320-fold higher than the chemical
dose of Cu-ATSM and ATSM on a μg/kg basis, with 15 µg per dose in total, in our current
investigational drug formulation. In the 135 μg/kg-treated group, one male and one female
mouse died immediately after dosing at days 5 and 7, respectively. These animals did not
show any abnormalities in cage-side observations, body weight, and food consumption
during their survival. Necropsies and histopathological observations of these animals showed
injection-derived mild inflammation at the injection site only. Because Cu-ATSM and ATSM
are soluble in DSMO only and the dose was approximately 540-fold higher than the chemical
dose of Cu-ATSM and ATSM contained in our current investigational drug formulation, the
potential risk of chemical exposure at this level could be substantially low. For the remaining
surviving animals, any treatment-related changes in cage-side observations, body weights,
food consumption, urinalysis, hematological and serum biochemical parameters, necropsy,
organ weights, and histopathological examinations were not observed during the study.
Lewis et al conducted the preclinical toxicology and pharmacology studies of a CuATSM formulation using standard in vitro and in vivo assays, as well as 14-day toxicity
studies in both rats and rabbits [57], before initiating their clinical trial of 64Cu-ATSM for
PET imaging. In their toxicology studies, ATSM (69.73%), Cu-ATSM (4.98%), CoCl2
(0.38%), and NiCl2 (24.91%) were contained in the formulation. These four materials were
dissolved in DMSO (1%), ethanol (5%), and saline (94%) before use. Mutagenicity was
determined in the in vitro Salmonella reverse-mutation plate-incorporation assay, in vitro
L5178Y/TK+/- mouse lymphoma mutation assay, and in vivo micronucleus assay in rats.
Safety pharmacology studies were performed by cardiovascular and pulmonary safety testing
in beagle dogs and neurologic safety assessment was conducted in rats. A 14-day toxicity
study of the toxicology formulation in rats and rabbits was also performed. The results
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showed that the formulation has an appropriate margin of safety for clinical use. They
submitted an investigational new drug application to the U.S. Food and Drug Administration
to initiate clinical trials of 64Cu-ATSM by single-dose intravenous administration for PET
imaging of patients with cervical cancer. The current formulation developed from the result
of this study contains sodium L-ascorbate as a stabilizer rather than ethanol. Additionally, the
dosing schedule of the planned clinical trial here is once per week for four weeks rather than
single administration. However, the results of their studies were very supportive for preparing
our investigational new drug application of 64Cu-ATSM for treating malignant hypoxic
tumors such as glioblastoma.
Based on the results obtained in this study and those of previous studies, we designed our
phase 1 study of 64Cu-ATSM to administer a therapeutic dose to patients with malignant
hypoxic tumors such as glioblastoma once per week for four weeks to evaluate the safety and
efficacy of this promising drug for future clinical practices.
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Conclusion and Future Perspective
In this study, the formulation to stabilize therapeutic dose of 64Cu-ATSM and the efficient
manufacturing process were developed, and the adverse events of chemical exposure by CuATSM in the formulation were evaluated.
This study was conducted to investigate a new procedure to protect 64Cu-ATSM against
radiolysis at high radioactivity required for the therapeutic application, and demonstrated that
sodium L-ascorbate could effectively stabilize the therapeutic dose of 64Cu-ATSM for up to
24 h after radiolabeling at radioactivity concentration for therapeutic scale production. A new
filtration protocol was also investigated for the sterilization of 64Cu-ATSM solution, and
PVDF membrane filtration was selected in this study with higher radiochemical yield after
filtration compare to the conventional filters. Based on these results, we designed the
formulation containing sodium L-ascorbate for 64Cu-ATSM injectable solution as an
investigational drug for the clinical trial and manufacturing procedure using PVDF
sterilization membrane filter.
Preclinical safety evaluations using Cu-ATSM made of stable copper isotope and its
precursor ATSM were also conducted in this study to design the protocol of the planned
phase 1 clinical trial. The half-lives of Cu-ATSM and ATSM in the plasma of mice after
intravenous administration were estimated to be 21.5 and 22.4 min, respectively in this study.
Given the half-lives, amount of Cu-ATSM and ATSM in the investigational drug (15 µg in
total with 2:25 ratio), and the planned dosing schedule of the clinical trial, a 7-day
intravenous toxicity study in mice was performed in this study. No adverse effects were
observed when Cu-ATSM and ATSM were administered at 81 µg/kg (320-fold higher than
the clinical doses on a μg/kg basis). These results suggest that our current investigational
drug formulation containing Cu-ATSM and ATSM at a dose of 15 μg can be safely
administered to patients once per week for 4 weeks for treatment with 64Cu-ATSM. This
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study would provide the useful data to create the protocol of the phase 1 clinical trial of 64CuATSM to evaluate the safety and efficacy in patients with malignant hypoxic tumors such as
glioblastoma.
Currently, there are limited treatment options against malignant hypoxic tumors with poor
prognosis in the standard clinical practices. Therefore, innovative treatment alternatives for
these fatal diseases are urgently needed. Once the safety and efficacy of 64Cu-ATSM will be
proved in the clinical trials, novel treatment option using 64Cu-ATSM will provide a hope to
the patients with malignant hypoxic tumors. Furthermore, in order to expand the accessibility
of 64Cu-ATSM treatment to patients in the daily clinical practices, several improvements on
chemistry, manufacturing, and quality control will be required. For example, in order to
reduce the radiation exposure to the operators during commercial scale production with larger
radioactivity, the development of automated production equipment consisted of 64Cu
purification, synthesis and formulation of 64Cu-ATSM, sterilization and dispensing procedure
should be necessary. In addition, to reduce the radiation exposure to the medical staffs, the
packaging of the 64Cu-ATSM product will have to be optimized, i.e. using syringe-type vials
for ready-to-injection, confirming stability of 64Cu-ATSM in the syringe-type vials, and
designing the specific lead container for radiation shield during the transportation. The
findings obtained in this study will provide useful information to conduct these future
developments.
Finally, the findings obtained from this study give us significant chemical and biological
strategies to bring new 64Cu-labeled therapeutics promptly to the clinical practices. These
strategies could also be applied to the other emerging radiometal complexes in the near
future.
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Supplemental Information
Supplementary Table S1-1
Hematological parameters after intravenous administration of Cu-ATSM/ATSM in
male mice
Dose

Cu-ATSM/ATSM (µg/kg)

Items

Vehicle

27

81

135

Saline

RBC 10E4/µL

904 ± 31

891 ± 54

890 ± 19

895 ± 39

1005 ± 48

HGB g/dL

13.2 ± 0.5

13.2 ± 0.8

13.0 ± 0.3

13.3 ± 0.6

15.1 ± 0.8

HCT %

44.8 ± 1.5

44.1 ± 2.5

44.0 ± 0.9

44.6 ± 2.2

49.8 ± 2.5

MCV fL

49.6 ± 0.5

49.5 ± 0.5

49.5 ± 0.5

49.8 ± 0.4

49.6 ± 0.4

MCH pg

14.6 ± 0.2

14.7 ± 0.2

14.7 ± 0.1

14.8 ± 0.2

15.1 ± 0.2

Reticulocyte %

7.8 ± 0.8

7.5 ± 1.9

7.3 ± 1.6

8.2 ± 1.4

3.2 ± 0.5

PLT 10E4/µL

109.6 ± 7.2

104.9 ± 11.8

105.4 ± 9.0

111.4 ± 9.0

101.3 ± 8.0

WBC 10E2/µL

40.1 ± 9.7

43.9 ± 14.2

42.8 ± 7.6

49.8 ± 13.7

59.3 ± 16.8

LYMP %

71.9 ± 6.8

69.9 ± 5.2

68.1 ± 8.4

73.3 ± 3.7

71.2 ± 8.5

NEUT %

23.9 ± 6.2

25.5 ± 4.9

27.2 ± 7.8

23.0 ± 4.1

24.8 ± 7.5

EOS %

2.7 ± 0.8

2.8 ± 1.1

3.2 ± 0.9

2.1 ± 0.4

2.5 ± 1.1

BASO %

0.2 ± 0.2

0.2 ± 0.2

0.2 ± 0.1

0.2 ± 0.1

0.3 ± 0.2

MONO %

0.9 ± 0.3

1.2 ± 0.4

0.9 ± 0.5

1.0 ± 0.3

0.9 ± 0.3

LUC %

0.4 ± 0.2

0.4 ± 0.3

0.3 ± 0.2

0.3 ± 0.2

0.3 ± 0.1

Values are shown as the mean ± S.D. of ten animals except for 135 µg/kg group with nine
animals. RBC: Red Blood Cells, HGB: Hemoglobin, HCT: Hematocrit, MCV: Mean Red
Blood Cell Volume, MCH: Mean Red Blood Cell Hemoglobin, PLT: Platelets, WBC: White
Blood Cells, LYMP: Lymphocytes, NEUT: Neutrophils, EOS: Eosinophils, BASO:
Basophils, MONO: Monocytes, LUC: Large Unstained Cells
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Supplementary Table S1-2
Hematological parameters after intravenous administration of Cu-ATSM/ATSM in
female mice
Dose

Cu-ATSM/ATSM (µg/kg)

Items

Vehicle

27

81

135

Saline

RBC 10E4/µL

900 ± 33

909 ± 20

888 ± 33

889 ± 28

975 ± 26

HGB g/dL

13.3 ± 0.5

13.5 ± 0.4

13.0 ± 0.6

13.2 ± 0.4

14.8 ± 0.2

HCT %

45.1 ± 1.2

45.7 ± 1.1

44.4 ± 2.0

45.1 ± 1.3

49.1 ± 1.1

MCV fL

50.1 ± 0.7

50.3 ± 0.5

49.9 ± 0.8

50.8 ± 0.6

50.4 ± 0.5

MCH pg

14.7 ± 0.2

14.9 ± 0.2

14.7 ± 0.2

14.8 ± 0.2

15.2 ± 0.3

Reticulocyte %

7.8 ± 1.1

7.3 ± 1.3

7.1 ± 1.2

8.1 ± 1.6

3.4 ± 0.5

PLT 10E4/µL

103.4 ± 7.6

108.6 ± 10.8

96.9 ± 5.3

104.5 ± 7.2

94.3 ± 8.1

WBC 10E2/µL

40.3 ± 9.6

45.8 ± 14.3

38.9 ± 14.4

48.2 ± 21.9

49.7 ± 14.7

LYMP %

73.2 ± 4.6

75.1 ± 2.5

70.8 ± 4.5

73.2 ± 3.7

75.6 ± 4.9

NEUT %

22.4 ± 4.0

20.6 ± 2.6

25.0 ± 4.2

22.5 ± 2.9

20.1 ± 4.7

EOS %

3.0 ± 0.7

3.1 ± 0.9

3.0 ± 0.5

2.9 ± 0.9

2.9 ± 0.8

BASO %

0.1 ± 0.1

0.1 ± 0.1

0.1 ± 0.1

0.2 ± 0.1

0.1 ± 0.1

MONO %

0.9 ± 0.2

0.8 ± 0.3

0.8 ± 0.5

0.8 ± 0.3

0.9 ± 0.3

LUC %

0.4 ± 0.1

0.3 ± 0.1

0.4 ± 0.2

0.4 ± 0.3

0.4 ± 0.2

Values are shown as the mean ± S.D. of ten animals except for 135 µg/kg group with nine
animals. RBC: Red Blood Cells, HGB: Hemoglobin, HCT: Hematocrit, MCV: Mean Red
Blood Cell Volume, MCH: Mean Red Blood Cell Hemoglobin, PLT: Platelets, WBC: White
Blood Cells, LYMP: Lymphocytes, NEUT: Neutrophils, EOS: Eosinophils, BASO:
Basophils, MONO: Monocytes, LUC: Large Unstained Cells

77

Supplementary Table S2-1
Serum biochemical parameters after intravenous administration of Cu-ATSM/ATSM
in male mice
Dose

Cu-ATSM/ATSM (µg/kg)
27

81

135

Items

Vehicle

AST IU/L

67 ± 12

64 ± 13

65 ± 11

70 ± 25

72 ± 12

ALT IU/L

84 ± 19

86 ± 26

81 ± 14

93 ± 35

95 ± 17

LDH IU/L

196 ± 40

195 ± 34

179 ± 29

218 ± 82

213 ± 36

CPK IU/L

62 ± 12

61 ± 12

58 ± 12

58 ± 11

56 ± 12

ALP IU/L

496 ± 30

521 ± 21

495 ± 35

508 ± 23

505 ± 86

T-CHO mg/dL

119 ± 8

114 ± 9

119 ± 9

122 ± 8

116 ± 12

TG mg/dL

133 ± 44

172 ± 37

155 ± 24

170 ± 48

150 ± 53

T-BIL mg/dL

0.1 ± 0.0

0.1 ± 0.0

0.1 ± 0.0

0.1 ± 0.0

0.1 ± 0.0

GUL mg/dL

195 ± 19

190 ± 19

194 ± 22

183 ± 16

184 ± 16

BUN mg/dL

22 ± 3

23 ± 3

24 ± 3

23 ± 3

23 ± 3

0.10 ± 0.03

0.10 ± 0.02

0.10 ± 0.02

0.09 ± 0.02

0.10 ± 0.02

Na mmol/L

154 ± 2

154 ± 2

154 ± 2

154 ± 2

154 ± 2

K mmol/L

4.4 ± 0.4

4.3 ± 0.3

4.4 ± 0.4

4.4 ± 0.4

4.4 ± 0.3

Cl mmol/L

120 ± 2

120 ± 2

120 ± 2

119 ± 2

119 ± 2

Ca mg/dL

9.4 ± 0.2

9.5 ± 0.2

9.5 ± 0.2

9.5 ± 0.2

9.5 ± 0.3

P mg/dL

6.9 ± 1.2

6.5 ± 1.0

6.6 ± 0.7

7.1 ± 0.9

6.5 ± 1.2

TP g/dL

5.0 ± 0.1

4.9 ± 0.2

5.0 ± 0.1

5.0 ± 0.2

5.0 ± 0.2

ALB g/dL

3.4 ± 0.1

3.4 ± 0.1

3.4 ± 0.2

3.4 ± 0.1

3.4 ± 0.1

A/G

2.2 ± 0.2

2.3 ± 0.2

2.1 ± 0.2

2.2 ± 0.2

2.2 ± 0.3

CRNN mg/dL

Saline

Values are shown as the mean ± S.D. of ten animals except for 135 µg/kg group with nine
animals. AST: Aspartic Aminotransferase, ALT: Alanine Aminotransferase, LDH: Lactate
Dehydrogenase, CPK: Creatine Phosphokinase, ALP: Alkaline Phosphatase, T-CHO: Total
Cholesterol, TG: Triglyceride, T-BIL: Total Bilirubin, GUL: Glucose, BUN: Blood Urea
Nitrogen, CRNN: Creatinine, TP: Total Protein, ALB: Albumin, A/G: Albumin/Globulin
ratio
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Supplementary Table S2-2
Serum biochemical parameters after intravenous administration of Cu-ATSM/ATSM
in female mice
Dose

Cu-ATSM/ATSM (µg/kg)

Items

Vehicle

27

81

135

Saline

AST IU/L

78 ± 17

78 ± 10

87 ± 31

85 ± 26

104 ± 61

ALT IU/L

66 ± 15

69 ± 9

91 ± 52

74 ± 17

79 ± 37

LDH IU/L

192 ± 30

187 ± 51

201 ± 86

188 ± 61

203 ± 47

CPK IU/L

205 ± 210

130 ± 206

83 ± 33

124 ± 135

88 ± 53

ALP IU/L

471 ± 43

472 ± 34

437 ± 60

451 ± 49

492 ± 60

94 ± 7

92 ± 7

99 ± 8

95 ± 9

91 ± 9

TG mg/dL

127 ± 37

146 ± 48

109 ± 36

155 ± 63

114 ± 51

T-BIL mg/dL

0.1 ± 0.0

0.1 ± 0.0

0.1 ± 0.0

0.1 ± 0.0

0.1 ± 0.0

GUL mg/dL

202 ± 24

219 ± 25

228 ± 20*

227 ± 23

224 ± 19

BUN mg/dL

24 ± 4

26 ± 3

23 ± 7

26 ± 5

24 ± 6

0.12 ± 0.02

0.12 ± 0.01

0,13 ± 0.03

0.12 ± 0.02

0.12 ± 0.03

Na mmol/L

154 ± 2

155 ± 3

154 ± 1

154 ± 2

154 ± 2

K mmol/L

3.7 ± 0.3

3.7 ± 0.3

3.7 ± 0.2

3.9 ± 0.4

3.8 ± 0.3

Cl mmol/L

123 ± 2

123 ± 2

122 ± 1

122 ± 1

122 ± 1

Ca mg/dL

9.5 ± 0.3

9.4 ± 0.2

9.5 ± 0.3

9.6 ± 0.3

9.4 ± 0.2

P mg/dL

8.0 ± 1.4

7.8 ± 0.6

7.4 ± 1.6

7.9 ± 1.3

7.9 ± 0.8

TP g/dL

4.7 ± 0.1

4.7 ± 0.2

4.7 ± 0.1

4.7 ± 0.1

4.7 ± 0.2

ALB g/dL

3.5 ± 0.2

3.5 ± 0.2

3.4 ± 0.1

3.5 ± 0.2

3.5 ± 0.2

A/G

2.8 ± 0.3

2.8 ± 0.2

2.5 ± 0.3

2.8 ± 0.4

2.8 ± 0.4

T-CHO mg/dL

CRNN mg/dL

Values are shown as the mean ± S.D. of ten animals except for 135 µg/kg group with nine
animals. *P < 0.05 vs. vehicle control. AST: Aspartic Aminotransferase, ALT: Alanine
Aminotransferase, LDH: Lactate Dehydrogenase, CPK: Creatine Phosphokinase, ALP:
Alkaline Phosphatase, T-CHO: Total Cholesterol, TG: Triglyceride, T-BIL: Total Bilirubin,
GUL: Glucose, BUN: Blood Urea Nitrogen, CRNN: Creatinine, TP: Total Protein, ALB:
Albumin, A/G: Albumin/Globulin ratio
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Supplementary Table S3-1
Organ weights after intravenous administration of Cu-ATSM/ATSM in male mice
Dose

Cu-ATSM/ATSM (µg/kg)

Items

Vehicle

27

81

135

Saline

Brain mg

408 ± 12

416 ± 9

412 ± 7

424 ± 9**

424 ± 7

Heart mg

118 ± 10

118 ± 13

122 ± 8

128 ± 22

117 ± 6

Lung mg

135 ± 7

141 ± 11

141 ± 8

139 ± 9

146 ± 15

1.38 ± 0.13

1.47 ± 0.08

1.42 ± 0.07

1.50 ± 0.14

1.40 ± 0.14

Kidney-RL mg

351 ± 22

362 ± 16

371 ± 27

372 ± 25

357 ± 31

Testis-RL mg

145 ± 8

148 ± 8

145 ± 11

144 ± 8

143 ± 7

Liver g

Values are shown as the mean ± S.D. of ten animals except for 135 µg/kg group with nine
animals. **P < 0.01 vs. vehicle control. RL: Right and Left.
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Supplementary Table S3-2
Organ weights after intravenous administration of Cu-ATSM/ATSM in female mice
Dose

Cu-ATSM/ATSM (µg/kg)

Items

Vehicle

27

81

135

Saline

Brain mg

411 ± 9

409 ± 7

408 ± 14

411 ± 7

413 ± 10

Heart mg

105 ± 11

106 ± 9

100 ± 8

100 ± 9

107 ± 13

Lung mg

123 ± 13

122 ± 5

122 ± 7

119 ± 9

124 ± 5

1.10 ± 0.08

1.09 ± 0.10

1.09 ± 0.09

1.09 ± 0.09

1.09 ± 0.10

259 ± 16

259 ± 6

247 ± 32

260 ± 17

244 ± 22

Liver g
Kidney-RL mg

Values are shown as the mean ± S.D. of ten animals except for 135 µg/kg group with nine
animals. RL: Right and Left
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