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ABSTRACT

Gallium-67 (67Ga) produces Auger electrons with energy range between 0.95 keV
and 9.46 keV [1]. Its therapeutic potential has been reported previously [2-4] but due to
a lack of knowledge on gallium radiochemistry, its use has been neglected. The advent
of 68Ga-PET has improved molecular targeting with radiogallium, inviting re-evaluation
of therapy with 67Ga.
Auger electrons have short travelling distance (up to 2 µm) and as a
consequence, produce high linear energy transfer (LET) with ionisation rate superior to
beta emitters [5]. Because of the limited range, damage only occurs in cells that are
specifically targeted with nearby healthy cells remain unaffected. Compared to other
Auger emitters, 67Ga produces electrons that able to travel somewhat further and thus
may eliminate the need for nuclear localization to exert damage.
This study comprises four parts. Firstly, 67Ga ionisation capability was assessed
in a cell-free system with plasmid DNA. Absence of correctional mechanisms and the
ability to control DNA repair will enable better understanding of the ionising capacity of
67Ga

and its electrons. Damage induced with

67Ga

was compared to

111In

in various

conditions including in presence of DMSO and chelators. 67Ga was able to induce plasmid
strand breaks better than 111In in all conditions.
Toxicity of

67Ga

was further tested in various cell lines using a non-targeted

approach. The toxicity study was performed in three cell lines (HCC1954, DU145 and
MDA-MB-231) in vitro to assess the activity of 67Ga required per cell to kill it. In order to
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localize 67Ga in these various cell lines, it was trapped within lipophilic complexes that
entered the cells passively. Toxicity of 67Ga was compared to 111In delivered similarly in
all cell lines. Results showed 67Ga and 111In have similar toxicity in all cell lines tested.
The third part of the study assessed

67Ga

as a therapeutic radionuclide when

specifically targeted to breast cancer cells by trastuzumab, a human epidermal growth
factor receptor 2 (HER2) antibody. Trastuzumab was labelled with

67Ga.

Both HER2

positive and HER2 negative cell lines were used. As in the previous chapter, 67Ga toxicity
was compared to 111In. Both 67Ga and 111In demonstrated considerable toxicity on HER2
positive cells without affecting the HER2 negative cells.
Finally, the project looked at the potential therapeutic application for 67Ga for
prostate cancer. In this chapter,

67Ga

was attached to prostate specific membrane

antigen (PSMA) and tested for toxicity and specificity of cell killing in PSMA positive and
PSMA negative prostate cancer cell lines in vitro. The result showed that 67Ga-PSMA is
capable of inducing damage to the PSMA positive cells without affecting the PSMA
negative cells.
As a conclusion, 67Ga showed therapeutic potential in vitro and warrants further
investigations for better understanding of its therapeutic capacity.
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CHAPTER 1 LITERATURE REVIEW

1.1 INTRODUCTION
Since the term “magic bullet” was coined by Paul Ehrlich more than a century
ago in targeting infections, the concept has revolutionised the strategy in treating
human diseases. Various fields including cancer therapy, infections, immunology, and
many others have benefitted from the idea.
Beginning with arsphenamine (Salvarsan), a syphilis-targeted drug, the concept
of targeted therapy was later adopted in searching of cancer treatments. In the early
years of cancer therapy, the strategy was based on the general idea that cancer cells
grow at higher rate than normal cells. Therefore, the early agents introduced were
metabolically targeted agents taking advantage of higher metabolic rates of cancer cells.
Although treatment with conventional chemotherapeutic agents showed
sufficient responses in some cases, it is well documented that patients suffered from
classic toxicities with these agents, such as alopecia, gastrointestinal problems,
myelosuppression and more critically, immunosuppression [6]. The occurrence of
toxicities was due to the lack of treatment specificity and hence affecting both normal
and diseased cells that have similar characteristics. As a result, administration of
conventional chemotherapy in patients raised questions on its benefits against risks [7]
and its values to patients’ quality of life [8, 9].
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Due to this, research in cancer therapy was geared up towards specific targets
unique to the cancer cells to ensure specificity in cell killing. This led to discovery of new
knowledge on cancer and its therapy (Figure 1-1) including utilisation of small molecules
such as imatinib in targeting mutated proteins in chronic myeloid leukaemia (CML)
patients [10] and also the use of monoclonal antibodies such as trastuzumab in targeting
human epidermal growth factor receptor 2 (HER2) receptor that is over expressed in
breast and ovarian cancer [11].

Figure 1-1 The progress of research in cancer therapy since Paul Ehrlich's theory on the
use of magic bullet in targeted therapy. Adapted from DeVita and Chu (2008) [12].

1.2 RADIOACTIVE MATERIALS IN TARGETED THERAPY
Radionuclide use for therapy purposes has long been practised starting with
radioactive iodine-131 (131I) against thyroid carcinoma since past 60 years [13]. Like
bioengineered molecules used in targeted cancer therapy, the radionuclide
administered is selectively accumulated and retained in the tumour except that cell
killing is contributed by ionisation.
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In the case of the use of 131I in thyroid ablation therapy, 131I is taken up by the
thyroid cells via sodium iodide symporter that is expressed on thyroid cells [14]. Once in
the cell, beta (β) particles released by 131I with energy of 606 keV will ionise surrounding
tissues and disrupt chemical bonds of nearby molecules, subsequently leading to cell
death. The use of

131I

in thyroid ablation therapy is an ideal case in targeted therapy

where presence of specialised transport mechanisms enables specific damage to the
lesions without affecting the non-targeted nearby cells.
Other than 131I, other commonly used radionuclides for therapy include Yttrium90 (90Y), Samarium-153 (153Sm), Strontium-89 (89Sr), Rhenium-186 (186Re), Radium-223
(223Ra) and very recently Lutetium-177 (177Lu) and many others.

1.2.1 Selection of radionuclides for therapy
Selection of a radionuclide used in therapy is based multiple factors. As listed by
Gudkov et al. (2016) [15], the factors include 1) type of radiation decay, 2) tumour
heterogeneity and size, 3) radionuclide half-life 4) purity of radionuclide used 5) ease of
radiolabelling the carrier molecule, 6) availability of large scale production of the
radionuclide in cost-effective manner, and 7) range of emissions in tissue.
Particulate emissions including alpha (α), beta (β) and Auger electrons are among
the most commonly studied for therapy purposes [16-20]. Among the three, the α
particle is the heaviest particle with +2 charge (helium nucleus) and travels a limited
distance due to heavy interaction with matter (Table 1-1) [21]. The β particle on the
other hand, is much lighter and able to travel to up to 12 mm as compared to α particle.
As a result, energy deposition per distance travelled or linear energy transfer (LET) of α
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particles is 400-fold higher as compared to β particles (Table 1-1)(Figure 1-2). For the
less energetic electrons such as secondary electrons (Auger and Internal Conversion (IC)
electrons), the energy contained per electron is very limited and it travels a short range
that results in high LET. Due to this, there is considerable interest in utilising Auger
electrons for therapeutic purposes.
Due to differences in particle range and energy, each particle has advantages in
certain conditions. With high LET, α particles are able to cause cell damage with as few
as 1 track of ionisations across the cell nucleus [22] whereas with β particles, damage is
mainly contributed by cross fire [23]. Auger electrons on the other hand require cellular
localisation to produce any damage to the cells making its use in large tumours
potentially less effective than α and β particles.
Table 1-1 Characteristics of different energetic particles. Adapted from Kassis A. (2008)

[21]
Decay
α
β

Particles (number of particles)
He nuclei (1)
Energetic electrons (1)

Energy range
5 to 9 MeV
50 to 2300 keV

EC/IC

low-energy electrons (5 to 30)

few eV to keV

Range
40 to 100 µm
0.05 to 12
mm
2 to 2000 nm

LET
80 keV/µm
0.2 keV/µm
4 to 26
keV/µm

Tumour size and heterogeneity are among the obstacles that influence
treatment response [24, 25]. Tumour heterogeneity could include genetics, size, and
microenvironment such as pH and vascularisation that will require careful consideration
in treatment plan. For instance, β particles are more suitable for larger tumours due to
extended distances covered - up to 12 mm whereas α particles can only reach between
40 and 100 µm in tissue [21]. As Auger electrons only travelled less than 2 µm [1], it is
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often assumed that they require localisation near the cell nucleus in order to produce
damage [26].

Figure 1-2 Diagram on scale of ionisation with different ionising particles on chromatin
(A) and packed cells (B). The width of the arrow representing amount of energy liberated
per distance travelled and the length of the arrow representing distance travelled of
each particle. In chromatin (A), all 3 particles able to travel through it at different
ionisation rate. In packed cells (B), Auger electron travels at shortest distance as
compared to α and β particles with energy liberated per distance travelled higher than
β but lower than α particle.
Another important feature in selecting a radionuclide for therapy is its half-life.
As discussed by Gudkov et al. (2016) [27], the optimal physical half-life for therapeutic
radionuclide should is that it corresponds to its carrier biological half-life and it also has
been suggested that radionuclides with half-life between six hours and 7 days are best
suited for therapeutic purpose [28]. For radionuclides with ultra-short half-life, delivery,
preparation, and administration might become an issue. On the other hand, long halflife radionuclides might expose patients to unnecessary radiation dose as with 89Sr (50
days) or 125I (60 days), which would give risk of redistribution to non-target sites.
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In cases where targeting vehicles are required for the targeting mechanism,
selecting radionuclides with uncomplicated radiochemistry would provide an
advantage. Iodine radioisotopes (124I,

125I, 131I)

with simple radiochemistry are always

favoured while available versatile chelators boost the use of a lot of metallic
radionuclides. In contrast, although Thallium-201 (201Tl) is known to produce huge
number of Auger electrons [1], the study of this radionuclide for therapy purposes is
almost negligible due to its unsuitable radiochemistry and consequent difficulty of
incorporating it into targeting molecules.
Compared to imaging, the amount of radioactivity required to produce
therapeutic effects is higher. For an instance, activity of Indium-111 (111In) used in
imaging can be up to 370 MBq per administration [29] whereas the amount used for
therapy can be as high as 18 GBq pe r administration [30]. Therefore, issues such as
availability, costs, and shielding should be properly considered in selecting radionuclide
for therapeutic purposes.

1.3 PARTICULATE RADIATION IN THERAPY
Radionuclide therapy is fundamentally based on the ionisation caused by
particulate matter ejected from a decaying atom interacting with biological
components, leading to damage to biomolecules and subsequently cell death. The
capacity for cell killing by a particle is closely related to its ability to reach critical cell
components and energy deposition per area/volume required to produce damage.
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1.3.1 Alpha particles
Alpha particle emitter use in therapy dates back to the early 1940's[31] but
modern human clinical trials began with Bismuth-213 (213Bi) in 1997 in treatment of
myeloid leukaemia [32]. The therapeutic capacity of α particles is associated with its
ionising potential. Following ejection from the parent nucleus (Figure 1-3), the energetic
α particle (with energy between 5 and 9 MeV) is able to travel to up to 100 µm in tissue
in a straight path [21]. On average, the LET of α particle is 80 keV/µm but towards the
end of its path as it loses energy, it can reach up to 300 keV/µm, an observation known
as the Bragg effect (Figure 1-4). With such high LET, α particles only require 2 to 3 tracks
to produce cell death [27].

Figure 1-3 Production of particulate radiation following radioactive decay. Adapted
from Kassis A. (2008) [21]
With α emitters, damage to the biological system can be inflicted by the recoiling
daughter nuclide as well as the α particle itself. Recoil energies of some popular alpha
emitters including Polonium-212 (212Po), Bismuth-212 (212Bi) and Polonium-210 (210Po)
were 169, 108 and 103 keV respectively and with travelling range of 100 nm. Their LET
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can be as high as 1600 to 1800 keV/µm [17]. With such high LET, it is expected that it
will induce bond rupture in the cells (Figure 1-5).

Figure 1-4 Density of ionisation along path travelled by alpha particle. Adapted from
Kassis A. (2008)[21]
Until recently, there is inadequate data on the use of α emitters clinically. Among
α emitters of interest are astatine-211 (211At),

212Bi, 213Bi,

radium-223 (223Ra), and

actinium-225 (225Ac). Radium-223 chloride (223RaCl2, Xofigo®) was the first α emitter
approved for clinical use in 2013 for the treatment of metastatic bone disease [33] while
213Bi

showed potential against hematologic malignancies [34] as well as solid tumours

clinically [35, 36].

Figure 1-5 Nuclear recoil following released of alpha particle. Both arrows indicate
different directions of both nucleus and particles following released of α particle.
Adapted from L'Annunziata M.F.[37].
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Among disadvantages of α therapy is that with high LET and tissue range of 100
µm, non-specific toxicity should be expected. The use of

223RaCl
2

comes with risks of

haematological toxicities such as leukopenia, thrombocytopenia and anemia [38-40].
Myelosuppression was identified to be the dose limiting factor in studies involving alpha
emitters including

213Bi-lintuzumab

[41] or

225Ac-lintuzumab

[42] in acute myeloid

leukemia (AML) patients.

1.3.2 Beta particles
In recent practice, β emitters became the most utilised radionuclides in therapy.
Popular β emitters used in therapy include 131I and 90Y. As explained earlier, 131I has been
used in thyroid ablation therapy, while conjugation to anti-CD20 (131I-tositomumab,
Bexxar®) is effective against non-Hodgkin lymphoma. Another popular beta emitter, 90Y,
in the form of

90Y-ibritomumab

tiuxetan (Zevalin®) is the first US Food and Drug

Administration (USFDA) approved radioimmunotherapy against non-Hodgkin's
lymphoma. Currently, the use of Lutetium-177 (177Lu) has becoming an interesting topic
in targeted therapy especially against prostate cancer following success in trials [43-45].
β particles are produced following ejection of an electron from the nucleus of an
unstable atom (Figure 1-3) with energy ranging between 50 to 2300 keV (Table 1-1).
Following ejection, β particles can traverse matter and slowly lose their kinetic energy.
Towards the end of its track, the particle travels in contorted path before losing its
energy. Due to low ionisation rate, some of the particles can travel up to 12 mm with
average LET to be around 0.2 keV/µm [21]. With LET 400 times lower than α particles, it
requires more tracks to produce similar energy deposition as α particles. According to
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Kassis (2008)[21], unlike α particles, damage to tissue following exposure to β particles
is mainly contributed by cross fire. Due to this factor and combined with their attractive
physical properties (extended tissue range), β particles are useful in therapy especially
in patients with high tumour burden [46].
While treatment with β emitters is generally safe, there have been reports
concerning radiation-related side effects following the therapy. Hematologic toxicities
are among the most common following the therapies with
90Y-ibritomumab

131I-tositomumab

[47, 48],

tiuxetan [48-51] and 177Lu [52, 53]. Aside from that, the occurrence of

non-specific toxicities such as biliary necrosis as a result of radioembolisation with 90Ymicrospheres in hepatic malignancies [54] or nephrotoxicity following 177Lu-DOTATATE
treatment in neuroendocrine tumour patients [55] is among the implications of having
treatment with the long range particles.

1.3.3 Low-energy particles
Low energy secondary particles are produced during decay of a radioactive atom
by K capture following the vacancy created in the K shell. During electron capture (EC)
or internal conversion (IC) processes (Figure 1-3), a vacancy created in the inner shell (K)
when an electron is captured by the nucleus initiates an electron from the higher shell
dropping to fill in the void. Energy released in this process then triggers a cascade of
electron transitions to fill the new vacancy until it moves to the outermost shell.
Products of this inner shell decay include x-ray photons or monoenergetic Auger, CosterKronig (CK) or super Coster-Kronig (sCK) electrons [56] and collectively, this group of
particles is referred to as Auger electrons.
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On average, between 5 and 30 Auger electrons (depending on the radionuclide)
are produced by a decaying atom per decay with total energy ranging between several
keV to hundreds of keV (Table 1-1) [1]. Subsequent to losing the electrons, the positively
charge daughter atom will undergo charge-transfer process (delocalisation of charge)
whereas the negatively charged Auger electrons travel to up to several micrometers in
contorted paths [21]. Within the short distance travelled, LET of Auger electrons is
calculated to be between 4 to 26 keV/µm [21], 100 fold higher than that typical of β
particles and therefore believed to have damaging effects if in close proximity to the
target site.
To date, the use of Auger electrons in therapy is still at an investigational stage.
Among commonly studied Auger electron emitters are Iodine-125 (125I) [57], Indium-111
(111In)[58, 59], Gallium-67 (67Ga) [60, 61] and several others. Pre-clinical studies with
Auger electrons have been successful but clinical results have not been promising. In
trials against neuroendocrine tumours (NET) with

111In-pentetreotide,

the treatment

was only able to produce partial remission or disease stabilisation in patients while
complete remissions were rare [26, 30]. However, there were several critical issues with
the design especially concerning the principal use of Auger electrons in cancer therapy:
patients with high-tumour burden are not an ideal setting for short-range Auger
electrons. It was later concluded that it is not as effective for clinical applications and
attention shifted to other radionuclides such as Lutetium-177 (177Lu) that proved to be
very potent in targeted cell killing [62, 63].
As Auger electrons theoretically hold many advantages in therapy including 1)
highly specific killing of targeted cells and 2) avoiding non-specific killing of nearby

28

healthy cells, Auger electrons’ potential in therapy should be re-evaluated. Moreover,
as new knowledge of Auger electrons is being uncovered, interesting Auger electron
emitters with attractive properties such as 67Ga and Terbium-161 (161Tb) would broaden
the perspective of Auger electron emitter use in therapy.

1.4 AUGER ELECTRON EMITTERS FOR THERAPY
The Auger electron was named after Pierre Victor Auger following its discovery
in 1923 although it was reported earlier in 1922 by Lise Meitner [64]. Following the
discovery, Auger effects became increasingly important in surface science with the
invention of Auger electron spectroscopy, which nowadays aids in various studies
include metallurgy, gas-phase chemistry, and microelectronics.
The use of Auger electrons for medicinal purposes was initially neglected due to
insignificant energy relative to other radiated particles (α and β). Medical use was first
postulated by Carlson and White (1963) [65] who observed formation of fragment ions
of Tellurium-125 (125Te) (daughter nuclide of 125I) having charge to up to +18 (average of
+9), a phenomenon known as “coulomb explosion,” to be highly destructive. Later, the
theory was proved with coulomb explosion found to be one of the DNA damaging
mechanisms following treatment with

125I

[66, 67]. In many publications however, the

damaging effect of Auger emitters due to the coulomb explosion is less discussed, with
damage assumed to be contributed by the energetic electrons ejected from a decaying
atom [18, 68, 69].
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1.4.1 Physical aspects of Auger emitters
As Auger electrons proved to be radiotoxic, safety and radiation absorbed dose
became issues of concern that required better knowledge of their physical aspects.
Determining the physical properties of Auger electrons, or more importantly Auger
cascades, proved to be tricky especially with low energy levels as well as difficulty in
quantifying their yields. Therefore, the spectra of Auger electrons were usually studied
based on theoretical calculation [1, 70, 71].

1.4.1.1

Auger electron dosimetry

Extensive study was done by Howell (1992) [1] on determination of Auger
electron dosimetry of medically-used radioisotopes based Monte Carlo simulation
methods in order to determine Auger spectra and yields from K, L and M shells of the
each isotopes. In addition, the study also discussed the impacts on tissue of highly
localised energy deposition of the electrons released and projected the theoretical
distance together with their microdosimetry.
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Table 1-2 Decay of some popular radionuclides used in nuclear medicine through production
of Auger electron (AE) and Internal conversion (IC) electrons. Total energy decay includes all
energies from other modes of decay. Adapted from Howell 1992 [1]
Isotope

55

Fe
Ga
99m
Tc
111
In
123
I
125
I
193m
Pt
195m
Pt
201
Tl
203
Pb
67

Physical
Half life
(h)

AE/
decay
(n)

IC /
decay
(n)

Auger
energy/
decay
(keV)

IC
energy/
decay
(keV)

Total
energy/
decay
(keV)

Auger
energy in
% of total
decay

23,652
78
6
67
13
1440
104
96
73
52

5.1
4.7
4.0
14.7
14.9
24.9
26.4
32.8
36.9
23.3

0
0.3
1.1
0.2
0.2
0.9
3.0
2.8
1.1
0.19

4.2
6.3
0.9
6.8
7.4
12.2
10.4
22.5
15.3
11.6

0
28.1
15.4
25.9
20.2
7.2
126.7
160.4
30.2
40.4

5.8
201.6
142.6
419.2
200.4
61.4
149.4
258.7
138.5
363.4

71.9
3.1
0.6
1.6
3.7
19.9
7.0
8.7
11.0
3.2

IC energy
in % of
total
energy/
decay
0
13.9
10.8
6.2
10.1
11.8
84.8
62.00
21.8
11.1

As previously mentioned, radionuclide decay through EC or IC leads to an inner
shell vacancy. En route to its ground state, the excited atom will undergo a series of
transitions including radiative or non-radiative transitions. Products of radiative
transition include characteristic x-rays, common in K-shell vacancy, while products of
non-radiative transitions include Auger electrons, coster kronig (CK) and super coster
kronig (sCK) electrons which typically predominate in L-shell vacancy. In contrast to
Auger electrons (produced following cascade of electron transitions), IC electrons are
produced following collisions of photons that resulted in ejection of inner shell
electrons.
In general, IC electrons have higher energy than Auger electrons, travel further
and produce lower LET typical of β- radiation [72]. Due to their low LET, therapeutic
properties of IC electrons have rarely been discussed as compared to Auger electrons.
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In this study however, both IC and Auger electrons are collectively referred to as Auger
electrons.
As demonstrated by Howell (1992), Auger electrons were produced in various
amount and energies from different emitters. The Auger electron number produced per
decay can be as low as 4 as in 99mTc to as many as 36.9 as in 201Tl. In general, number of
Auger electrons produced increases with increasing atomic number (Z) [1].
Preferred characteristics of Auger emitters for therapy include 1) emission of
high energy Auger electrons, 2) emission of less photon energy to reduce patient's
absorbed dose, 3) suitable physical half-life for therapy, and 4) simple radiochemistry.
In general, higher energy Auger electrons can travel further [1] and thus increase
the likelihood of damaging critical cellular components, which eventually leads to cell
death. In turn, this could reduce the need for organelle targeting mechanisms e.g.
nuclear localising sequences. Among diagnostic radionuclides analysed by Howell R
(1992) [1], 67Ga gave significantly higher energy per electron than others (average 1.34
keV/electron) while popular Auger emitters such as

125I

and

111In

generated average

Auger energies between 0.49 and 0.46 keV/electron.
Auger electrons produced by different radionuclides showed electron energies
proportional to mass of a decaying atom. For instance, the highest Auger electron
energy produced by 55Fe is 6.4 keV while 203Pb can produce electrons with energy of 80.1
keV, the highest recorded among diagnostic radionuclides studied [1]. As a result,
theoretical tissue penetration by 6.4 and 80.1 keV electrons were 1.3 and 97.9 µm
respectively, a feature that is of interest in emitter selection for therapy.
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Auger emitters also radiate energy in other forms including photons. The total
energy released in the form of Auger electron differs between radionuclides with 99mTc
producing just 0.6% of its total emitted energy in the form of Auger electrons while 55Fe
releases 71.9% of total energy released in the form of Auger electrons. Since photons
have very low ionisation rates, their impact on therapeutic ability is very minor but the
potential to irradiate non-targeted, radiosensitive tissue such as bone marrow might
become an issue.

1.4.1.2

Coulombic Explosion

Following ejection of electrons during Auger processes, the atom becomes
multiply ionised, reaching high potential energy within femtoseconds. This condition,
known as coulombic explosion, must reacts with its surroundings to return to normal
state. In some publications, the interaction of these transiently excited, highly ionised
atoms with surrounding molecules is referred to as intermolecular/interatomic
coulombic decay (ICD). Relative to Auger electrons, the impact of coulombic explosion
or ICD on biological system is not yet fully understood. To date, most of the data
gathered regarding coulombic explosion are based on

125I-iododeoxyuridine (125I-UdR)

molecule.
Carlson and White (1963) [65] were the first to observe the occurrence of
coulombic explosion with non-radioactive iodine molecules (CH3I and C2H5I) using x-ray
that induce L-shell ionisation of iodine atoms. Equivalent electron capture in

125I

occurred and they observed the formation of intermediate 125Te ions at multiple ionised
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states with average of +9 (highest observed charge of +18) with a specially designed
mass spectrophotometer [65]. Later, the authors did similar experiments except that
they used radioactive 125I as in methyl and ethyl iodide molecules and observed similar
results [73].
With 125I, the decay process occurs via electron capture and internal conversion
(Figure 1-6). In the first cascade, the decay occurs through electron capture with
formation of 125Te intermediate within 1.6 nanoseconds before decay through internal
conversion (93%) and released of gamma emission (7%) to return to stable 125Te [74]

Figure 1-6 Decay scheme of 125I [74]
The first decay process of

125I

via electron capture results in transition of a

cascade of electrons between the electron shells and release of electrons (Figure 1-7)
[66]. Carlson & White (1963)[65] and Pomplun (2000)[75] showed the electron capture
process will lead to production of a reactive 125Te intermediate with charge up to +18
with mean of +7 (Figure 1-8).
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Figure 1-7 Schematic representation of Auger cascade from 125I decay. Electron capture
by nucleus (black sphere) from K-shell electron leads to radiative transition of K-L2 shell
electron leading to photon emission (red arrow). The vacancy in L2 shell leads to
transitions of electrons between L2, L3M5 shells (dotted vertical lines) with electron at
M5 being released (horizontal arrow near M5). Further electronic transitions occurs until
vacancies are shifted to outer shells. (Symbols; x: electrons not involve in transitions; :
electrons replaced during transition, : vacancy created during transition. (Adapted
from Pomplun and Sutmann (2004) [66])

Figure 1-8 Frequency of charge formation through electron capture decay (first cascade)
of 125I to 125Te (measured in 10000 decay). Adapted from Pomplun et al. (2000) [66].
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The highly ionised intermediate

125Te

ions develops potential energy that

correlates to its charge (Table 1-3)[66]. With high energy potential, it is expected that
the atom would interact with surrounding components. With

125I-UdR

molecule,

intramolecular charge transfer occurs within the molecule with slight increase of charge
at N1, N3, C5 and O2 atom within the thymidine molecule while

125Te

contains most of

the charge (Figure 1-10) [66]. At charge more than +5, it was calculated that bond
lengths became increased due to repelling effect which subsequently led to breakage
and explosion of 125I-UdR molecule [66, 75].
With the average ionisation state of

125Te

intermediate observed between +7

[75] or +9 [65], most of 125I-UdR is expected to break due to coulombic explosion even
before entering the second cascade. The breakage of unstable molecules can initiate
intermolecular coulombic decay (ICD) with surrounding molecules or even generation
of radicals following interaction with water.
Table 1-3 Energy potentials of 125I and 125Te-UdR. Adapted from Pomplun and Sutmann
(2004) [66]
Ionisation degree

125

Te (eV)

125

TeUdR (eV)

1

9.0

8.23

2

18.6

20.85

3

27.96

38.32

4

37.41

61.09

To date, the extent of coulombic decay and/or ICD of Auger emitters is only
studied for 125I. Although the energy potential posed by the intermediary atom during
decay is approximately 1000 times lower than energy contained by the Auger electrons,
their biological impacts should not be overlooked. The behaviour of charge
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delocalisation which leads to interaction with surrounding molecules indicate the need
for better understanding of coulomb explosion not only in the Auger emitting atom but
also in the molecules in which it is present.
In comparison to 125I, some interesting Auger emitters for therapy including 111In
and

67Ga

have totally different characteristics.

67Ga,

with atomic size and number

smaller than 125I, releases highly energetic Auger electrons (Table 1-1) during decay.

1.4.2 Radiation biology and damaging effect of Auger electron
In general, different radiation characteristic will affect cells in different ways.
High LET radiation for instance will directly ionise DNA or cellular materials whereas low
LET radiation will damage cells mainly via indirect pathway mediated by radical
formations [76].
Following irradiation, cells will initiate DNA damage response via ataxiatelangiectasia mutate (ATM) and ataxia-telangiectasia and RAD3-related (ATR) that
initiate downstream proteins activation and initiating kinetic phosphorylation. ATM is
known as master regulator for double strand breaks (DSB) whereas ATR is for single
strand breaks (SSB). Activation of these proteins eventually resulted in cell cycle arrest.
At this juncture, the cell’s fate is found to be based on the degree of DNA damage
and modification of p53 where extensive damage and prolonged p53 activation would
lead to cell death [77].
In the event where DNA is repaired, it will either return to its usual functions or
if the repair were improper, it could result in cell death either by apoptosis, mitotic
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catastrophe, or senesce. In terms of DNA damage and cell death, Tounekti et al (2001)
demonstrated that 150 000 of single strand breaks (SSBs) required to induce cell death
whereas only 300 double strand breaks (DSBs) are required for similar effect [78].
Apoptosis is closely related to activation of p53 genes that increased proapoptotic genes expression mediated with reactive oxygen species (ROS) production
[79]. Alternatively, apoptosis also has been observed happening in absence of p53
activation as it is mediated by ROS formation following irradiation that trigger activation
of mediators that is associated with apoptosis [80].
Mitotic catastrophe on the other hand is said to be the main pathway of cell
death following irradiation with ionising particle that occurs to cells in mitotic phase
[81]. After irradiation, the cell death might happen in instance or the cell continue to
divide with surviving cells usually associated with failed cytokinesis and abnormal nuclei
that forms giant cell [82].
Another cellular response to radiation is senescence where cellular irradiation
would initiate activation of p53 that in turns initiate expression of p21 and subsequently
instigate G1-arrest and senescence. In this state, senesce cells are deemed as viable,
metabolically active, and able to secrete factors as do normal cells except that it is
arrested [83].
Therefore, in measuring cellular toxicity following radiation exposure, viability
assay would only able to discriminate living and dead cells whereas clonogenic assay
would be able to differentiate all aspect of cellular functionality including its
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proliferation capacity which is critical in toxicity assessment following treatment with
radiation.

1.4.2.1

Radiation and DNA damage

Following exposure to ionising radiation, damage to DNA is usually classified
based on type of strand break; single strand break (SSB) or double strand break (DSB)
(Figure 1-9). Energy liberated per single radiation track able to induce damage to
multiple sites of DNA known as clustered damage that is closely associated with
radiation exposure.
Clustered damage is a result of exposure to single track ionising radiation with
lesions within one or two helical turns of DNA [84]. The damage could be expressed in
single and clustered damage to complex double strand breaks depending on the
exposure to varying degree of LET Figure 1-9 Types of DNA damage following exposure
to radiation. Adapted from Lomax et al [85](Figure 1-9).

Figure 1-9 Types of DNA damage following exposure to radiation. Adapted from Lomax
et al [85]
The extent of DNA damage following exposure to radiation is taught to be
dependent on the types of the radiation. Low LET radiation would be able to deposit as
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much as 70% energy onto the DNA whereas 90% of energy of denser radiation deposited
on the DNA that subsequently results in clustered damage [86].
Repair mechanism following DSB is taught to be via two major pathways namely
non-homologous end joining (NHEJ) and homologous recombination. NHEJ repair
damage promptly at all cell phase whereas homologous recombination offers better
repair performance. It has been showed that NHEJ is the major pathway although is
known to be error prone that leads to mutagenesis [87].
SSB on the other hand has different repair mechanism to DSB. It utilizes repair
mechanisms including base excision repair (BER), nucleotide excision repair (NER) and
mismatch repair (MMR) to repair various damage conditions. Mismatch could happen
in the form of mispair nucleotide with estimated 10% of the clustered lesions converted
to DSB during the process [88].

1.4.2.2

Mechanism of cellular damage with Auger electrons

Following ejection from an atom, electrons are assumed to deposit energy in
concentric spherical shells [72]. With

125I,

the absorbed energy around the first

nanometre was calculated to be 80 eV/nm3, dropping to 10 eV/nm3 at second
nanometre and subsequently to 3 eV/nm3 at third nanometre from the decay site [89]
(Figure 1-11 and Figure 1-11).
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Figure 1-10 Optimised Thymidine configurations at different 125Te ionisation rate.
Thymidine molecule (1) with Iodination of thymidine by replacement of methyl group
(2) and molecular structure with Te replacing iodine (3). Subsequent molecules (4 to 9)
is optimised 125Te-UdR molecular structure at different ionisation rate from +1 to +6
respectively. Adapted from Pomplun E. (2000)[75].

Figure 1-11 Energy deposition per nm3 from decay site of 125I decay. Auger electrons
(black line) and CK electrons (red line). Adapted from Kassis et al. (1987) [89]
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Kassis et al. (1987) [72] showed that within 2 nm from the decay site, the 10
eV/nm3 absorbed energy can produce up to 1.6 MGy of radiation dose. Relative to
external beam radiation, radiation dose produced by 125I electrons is 22,000 times higher
than 70 Gy from external beam radiation dose over few weeks of treatment.
With a DNA helix diameter of 2 nm, localisation of an Auger emitter near to the
DNA backbone can produce double strand breaks (DSB). This has been demonstrated
with 123I and 125I where its incorporation between base pairs leads to DSB which translate
into one decay per DSB. Although DNA repair is still possible, damage done was
extensive and might not be restorable to its original form.
Damage to biological systems in the presence of Auger electrons can be
contributed via direct and indirect actions of the electrons. As discussed earlier, DSB of
the DNA backbone are due to direct ionisation of electrons onto the backbone as well
as from coulomb explosion. Indirect damage due to Auger electrons can be mediated by
free radicals generated by the electrons upon contact with water molecule. In turn,
these radicals will ionise cellular components that lie within their diffusion range;
approximately 6 nm for ∙OH radicals [90]. The biological damage due to the indirect
pathway proved to be responsible for up to 70% of DSB as showed in a study with 125I
on Chinese hamster V79 cells [91].
Auger electron therapy has always been associated with highly targeted killing
where only specific localisation of Auger emitters within the cellular components will
induce damage to the cell. One interesting study by Xue L et al. (2002)[92] looking at
bystander effects following Auger emitter treatment was done by mixing

125I-

deoxyuridine (125I-Udr)-labelled cells with unlabelled cells. It showed significant
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reduction in tumour growth. It was later concluded that the reduction in tumour growth
was due to bystander effect which involves cell signalling as 1) almost all 125I present in
the mixture is DNA-bound and 2) with electrons having average tissue penetration range
of <0.5 µm and 3) there was low radiation absorbed dose (<10 cGy) to the unlabelled
cells [92].

1.4.2.3

Target site for damage

Many articles concerning therapeutic applications of Auger electrons showed
that incorporating Auger emitter near to DNA component can increase killing capacity
of Auger electrons [93-95]. As a result, the cell DNA or nucleus became a default target
in discussions concerning Auger electron therapy making targeting strategy more
complicated with certain Auger emitters as the radiolabeled compound must be
delivered to the nucleus.
Data from other studies, however, demonstrated that cellular damage can also
occur through targeting other cellular components. Examples include utilisation of
Avoactin B that induces cell death by targeting mitochondria [96], Amicoumacin A that
acts by targeting eukaryotic ribosomes to induce cell killing [97], or targeting the
cytoskeleton with chondramine [98] and many more. Although these agents did not
involve any radionuclide, they demonstrated that each cellular component might play
bigger role than what we perceived regarding survival of a cell. To date, knowledge of
the sensitivity of various cellular components to Auger electrons is limited except for
DNA [94, 99, 100] and to lesser extent, cell membrane [101].
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1.4.2.4

Coulombic decay/Intermolecular coulombic decay (ICD) and

biological implications
As previously discussed, coulombic decay following electrons released during
Auger process in daughter nuclide requires either intra- or intermolecular charge
transfer to return to a stable state. It is speculated that intermolecular coulombic decay
would involve surrounding molecules in which interactions with critical cellular
components would cause damage.
In a study by Lobachevsky and Martin (2000)[67] looking at damage following 125I
decay in synthetic 41 base pair oligo-DNA, 50% of the damage was contributed by a nonradiation mechanism (coulombic decay). The damage due to non-radiative mechanism
occurs at sites of the DNA where 125I is covalently bound, indicating that charge transfer
from the ionised 125Te atom was responsible for the damage. Between 4 to 5 base pair
breaks were induced by the 125Te intermediate whereas Auger electrons were found to
be responsible for 8 to 9 breaks [67].
To date, understanding of the involvement of coulombic decay from the Auger
process biological damage is very limited. With a lot of aspects to be considered
including different Auger emitters, ionisation rate, energy potential following ionisation,
molecular structure, environment and distance between molecules, the impact of
coulombic decay on biological system means further understanding of coulombic decay
is needed.

44

1.4.3 Clinical experiences with Auger therapy
As preclinical data all point to highly effective cell killing with Auger electron
therapy, some interesting molecules have been tested clinically. To date, only a handful
of radionuclides have been used in high doses for therapy in patients, including 111In and
to lesser extent,

125I

and

67Ga.

Three major studies by Buscombe and co-workers

(2003)[102], Delpassand and co-workers (2008)[26] and Valkema and co-workers
(2002)[103], looking at efficacy of Auger emitters using 111In-octreotide, are the largest
studies to date in terms of sample size.
From the results, it showed that in general, therapy with Auger emitters could in
some cases achieve disease stabilisation or regression contrast to findings with β particle
therapy that able to achieve significant reduction in tumour size [30]. Lu-177 for instance
demonstrated excellent treatment response and toxicity profile in various studies [104106]. Consequently, interest in Auger based therapy waned as it is perceived to be
inferior to emerging α and β particle therapy.
One of the reasons for low response rate in these clinical trials is believed to be
the high tumour burden in the study subjects. As Auger electrons only travel a few
nanometres, localisation into the targeted cells is mandatory. In high tumour burden
patients however, different vascularisations status between tumour cells means
different exposure to Auger emitters that consequently affect their potency.
Radionuclide therapy in high tumour burden cases in theory should produce better
results with α or β particles.
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Due to their limited range, it is likely that more appropriate applications of Auger
electron therapy would be in targeting non-solid tumours, single circulating tumour cells
and small tumour lesions.
To date, data on toxicity evaluation of Auger electron therapy at in vivo or human
studies was mainly based on 111In and 125I studies. Both 111In and 125I demonstrated very
limited non-specific toxicities in animal studies [107, 108]. In a study by Barendswaard
and co-worker (2001)[109] comparing 125I-A33 and 131I-A33, relative toxicity produced
by 131I to 125I was as high as 10:1 [109].
In clinical studies with 111In [102, 110, 111] the incident of non-specific toxicities
were rare even at high dose. Similar observation with

125I-based

therapies where no

serious non-specific toxicity occurred in the trials even with different targeting agents
[112, 113] Results from these studies later approved the observation with the in vitro
study by Govindan et al. (2000) [4] where 125I and 111In have low non-specific toxicity.
This later could serve as a yard stick in estimating possibility of non-specific toxicity with
67Ga.
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Table 1-4 Clinical studies with Auger electron therapy.
No Author

Radiopharmaceuti
cal (total dose)
111
In-Pentetreotide,
(36.6 GBq)

Disease

n

Result

Disseminated
neuroendocrin
e tumour
(NET)

16

At 6 months post
treatment, 2 patients
achieve complete
remission and 3 partial
remission.
Of 18 patients that
received 2 treatments, 2
had partial disease
progression and 16
achieve stable disease.
85% achieved disease
stabilization, 7.5%
partial response.
No significant acute
toxicity
At 3 months posttherapy, 67% achieved
symptomatic
improvement, 20%
complete symptoms
resolution, disease
stabilisation or reduced
hormone level in 90%
patients.
Improve within 26 days
but relapse on day 36th.
Died at 6 months post
therapy.
Therapeutic effect in 21
patients; 1 partial
remission, 6 minor
remission and 14
stabilization.
1 definite response
while 3 patients showed
transient reduction in
white blood count.

1

Buscombe et
al. (2003)
[102]

2

Delpassand
E.S. et al.
(2008) [26]

111

NET

32

3

Delpassand
E.S. et al.[30]

111

In-Pentetreotide
(74 GBq)

NET

112

4

Kong et al.
(2009) [114]

111

In-octreotide +
5-Fluorouracil

NET

15

5

Rebischung et
al. (2008)
[113]

125

I-2’-deoxyuridine
(125dIUdR) +
methotrexate

Neoplastic
meningitis

1

6

Valkema et al.
(2002) [111]

111

In-DTPAOctreotide (up to
160 GBq)

Somatostatin
receptor positive
tumors

50

7

Jonkhoff et al.
(1995) [115]

67

Acute
leukemia

8

In-Pentetreotide

Ga-citrate (46.6
GBq)
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1.4.4 Gallium-67 (67Ga) as a candidate for Auger therapy
67Ga

is one of radionuclides widely used in the nuclear medicine. Its use began

with Edwards and Heyes in 1969 [116] in imaging lymphoma with

67Ga-citrate.

Since

then, numerous scientists have evaluated this radionuclide in imaging many other
pathological conditions including inflammation, infection, and various cancers. It was
considered as a standard for cancer imaging before being replaced by positron emission
tomography (PET) using Fluorine-18 deoxyglucose (18F-FDG). Currently

67Ga-citrate

is

still an important diagnostic modality in inflammation and in cancer in situations where
18F-FDG

is not available.

1.4.4.1
67Ga

Physical properties of 67Ga
is a cyclotron-produced radionuclide generated from bombardment of

either zinc isotopes (66Zn,67Zn or 68Zn and others) [117-119] or copper (63Cu) [120]. 67Ga
has half-life of 3.2 days (72 hours) and decays to 67Zn by electron capture which then
produces de-excitation gamma rays at various photopeaks including at 93 keV (40%),
184 keV (20%), 300 keV (17%) and 393 keV (5%) (Figure 1-12).
In addition to releasing gamma rays, this radionuclide is also known to produce
energetic Auger electrons (7 and 9 keV) as well as conversion electrons having energy
between 80-90 keV (Table 1-5).
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Figure 1-12 Decay scheme of 67Ga. [121]
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Table 1-5 Average radiation spectrum of 67Ga. Adapted from Howell (1992)[1].
Emission
Average energy (MeV) Yield/decay Range (µm)
ƴ1
9.33 x10-2
3.63 x10-1
-2
ƴ2
9.13 x10
3.19 x10-2
-1
ƴ3
1.83 x10
2.27 x10-1
ƴ4
2.09 x10-1
2.36 x10-2
-1
ƴ5
3.00 x10
1.82 x10-1
-1
ƴ6
3.94 x10
5.42 x10-2
ƴ7
4.94 x10-1
1.10 x10-3
-1
ƴ10
8.88 x10
1.90 x10-3
IC 1 K
8.37 x10-2
2.70 x10-1
1.05 x10+2
-2
-2
IC 1 L
9.22 x10
3.76 x10
1.24 x10+2
-2
-3
IC 1 M,N...
9.32 x10
6.60 x10
1.27 x10+2
IC 2 K
8.16 x10-2
2.70 x10-3
1.01 x10+2
-1
-3
IC 3 K
1.75 x10
3.40 x10
3.63 x10+2
-1
-3
IC 5 K
2.91 x10
1.00 x10
8.14 x10+2
Auger KLL
7.43 x10-3
4.70 x10-1
1.63 x10+0
-3
-1
Auger KLX
8.44 x10
1.16 x10
2.02 x10+0
-3
-3
Auger KXY
9.46 x10
8.20 x10
2.45 x10+0
CK LLX
7.29 x10-5
3.46 x10-1
4.31 x10-3
-4
+0
Auger LMM
9.21 x10
1.68 x10
6.06 x10-2
-4
-2
Auger LMX
9.53 x10
1.16 x10
6.36 x10-2
CK MMX
6.24 x10-5
2.07 x10+0
3.91 x10-3
-3
-1
X-ray Kα1
8.64 x10
3.35 x10
-3
X-ray Kα2
8.62 x10
1.67 x10-1
-3
X-ray Kβ1
9.57 x10
4.00 x10-2
-3
X-ray Kβ3
9.57 x10
2.28 x10-2
X-ray L
1.00 x10-3
1.10 x10-2
Total yield of Auger and CK electrons per decay = 4.7
Total yield of IC electrons per decay = 0.32
Total yield of X-rays per decay = 0.57
Total yield of ƴ-rays per decay = 0.88
Total energy released per decay = 201.624 keV
Auger and CK energy released per decay = 6.264 keV
IC energy released per decay = 28.078 keV
X-ray energy released per decay = 4.936 keV
Ƴ-ray energy released per decay = 162.347 keV
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1.4.4.2

67

Ga assessment for therapy

Due to the comparatively large emission of electrons,

67Ga

was tested for its

capacity to induce damage to target tissues/cells, both in vitro and in vivo by various
authors [61, 93, 122, 123].
In order to understand the therapeutic potential of 67Ga, Michel and co-workers
(2003)[124] in their study radiolabelled anti-CD-74 with various Auger and beta emitters
including

67Ga, 111In, 125I,

and

131I.

Following incubation with Raji-B lymphoma cells, it

was found that the conjugated antibodies were toxic to the cells. Cell killing was highest
for 131I conjugated antibody followed by 67Ga, 125I and 111In. With 67Ga, cell killing was
approximately 2 to 3 fold higher than that achieved with 125I [124] per decay.
An earlier study by Ochakovskaya et al. (2001)[122] comparing toxicities of 67Ga,
111In

and 90Y was done on mice injected with Raji-B lymphoma cells [122]. Similar to the

study by Michel and co-worker (2003)[124], the radionuclides were attached to antiCD74 (LL1) before being injected into the mice. With Auger emitters ( 67Ga and

111In)

maximum tolerable dose (MTD) was higher than with the beta emitter (90Y), allowing
higher doses to be administered into the mice. Survival in the test group with 67Ga-LL1
(8.88 MBq) reached 50% as compared to 111In-LL1 (12.95 MBq) which recorded only 40%
survival after 180 days. After treatment with highest tolerable dose of

90Y-LL1

(0.925

MBq) there were no survivals recorded after 50 days therapy. The study also
demonstrated that earlier treatment with 111In (at 3 days post injection of cancer cells)
provide higher percentage survival than 5 and 9 days post injections [122]. The findings
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demonstrate more effectiveness cell killing, without serious side effects, with Auger
emitters as compared to beta emitters.

1.4.4.2.1

Selective toxicity of Auger emitters

Following success in their previous study on therapeutic potential of Auger
emitters (100% killing achieved with 111In and 125I) [125], Griffith et al. [4] later showed
that the non-specific toxicity with beta-emitters in 90Y and 131I was significantly higher
than all of Auger emitters tested (111In,

125I

and

67Ga).

The study was conducted by

comparing damage induced by a radiolabelled specific anti-CD74 (LL1) antibody and a
radiolabelled non-specific (MN-14) antibody. The incubated activity concentration dose
required by each radionuclide conjugated to either LL1 or MN-14 (non-specific antibody)
to induce 99% cell killing was recorded and specificity index was calculated as the ratio
between dose required for non-specific killing to specific killing (Table 1-6).
Table 1-6 Specific and nonspecific toxicity of 5 radionuclides in Raji cell (B cell
lymphoma). Adapted from Govindan et al. (2000) [4]
Radionuclide Concentration required for 99% kill (µCi/ml) Specificity index
LL1 (specific killing) MN-14 (Nonspecific ab)
111
In
13.6 ± 0
332.3 ± 3.6
24.4
125
I
9.1 ± 2.5
685.8 ± 328.2
75.4
67
Ga
2.9 ± 0.8
275.0 ± 62.2
94.8
131
I
2.3 ± 0.2
71.6 ± 31.0
31.8
90
Y
4.4 ± 1.1
33.7 ± 10.1
7.7

The study found that

67Ga

required lower administered radioactivity

concentration as compared to other Auger emitters for specific killing but higher dose
for non-specific killing, which translated into highly specific killing. Among Auger
emitters, 125I produced very limited non-specific toxicity which was attributed to lack of
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high energy electrons (>30 keV) [4]. A study by Rosana and co-workers (2003)[124]
further supported this conclusion; they managed to reproduce similar results in terms
of specificity index after experimenting with different combinations of specific
antibodies (L243 and 1F5).
Based on the experimental designs by both authors, the results could be
interpreted on the basis that radionuclide-antibody complex internalised into the cell
and exerted its damaging effect once located in an intracellular region. For 125I, it needs
to be within the nucleus[91] or membrane[126] to cause significant damage due to
limited distance travelled of its electrons while it may be that

67Ga

only requires

internalisation to cytoplasmic region to produce any damage although membranebound 67Ga could be equally damaging based on previous experience with other Auger
emitters [126-128].

1.4.4.3

Targeting strategy with 67Ga

It should be noted that in all studies assessing the therapeutic potential of 67Ga,
the use of targeting vehicles is mandatory in transporting 67Ga specifically into the target
cells, as demonstrated by Ochakovskaya and co-workers[122] who found a significant
difference between tagged

67Ga (67Ga-DOTA-LL1)

and untargeted 67Ga (67Ga-DOTA) in

terms of cell survival.
Although Auger electrons typically travel less than 2 µm and so should be located
very close to the cell nucleus to produce damage, 67Ga emits Auger electrons with higher
energy than most Auger emitters and it should be sufficient to be internalised into the
target cell to produce the same damage[122]. This phenomenon was observed by
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Jonkhoff and co-workers [115] who showed that even without specific tracer, they were
able to arrest cell growth and induce damage to human leukemic cells even with
moderate activities of 67Ga-citrate (40 µCi/ml).

1.4.5 Translation from 68Ga to 67Ga
With so much success in in vitro and in vivo studies with 67Ga, translation into
clinical applications is expected to follow. However, progress was halted, perhaps partly
due to insufficient understanding of gallium radiochemistry in the late 1990's.
Availability of efficient chelators for gallium was limited and

67Ga

usage in imaging

practice was based on 67Ga-citrate.
Over time, interest in another gallium radioisotope, the generator-produced
positron emitter 68Ga, for imaging purposes increased leading to extensive studies on
gallium radiochemistry. Therefore, the advancement in gallium radiochemistry
knowledge with 68Ga should benefit 67Ga.
68Ga

(half-life 68 min, positron emitter 88%) is now one of the popular Positron

Emission Tomography (PET) radionuclides used in imaging cancers. This radionuclide is
produced by a 68Ge/68Ga generator and hence is available without the need of a local
cyclotron. The attractive properties of 68Ga led to its application expanding in the last
few years especially in imaging neuroendocrine tumours[129] and prostate cancer
[130]. Among the commonly used tracers are 68Ga-DOTATOC, 68Ga-DOTANOC and 68GaDOTATATE [129]. These peptides have different affinity for somatostatin receptor
subtypes with all three showing affinity for somatostatin receptor subtype 5 (SSTR-5)
and SSTR-2 while 68Ga-DOTATATE has very high affinity to SSTR-2 and 68Ga-DOTANOC
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has good affinity to SSTR-3. More than a decade since their introduction, 68Ga-labelled
somatostatin analogues have grown to be one of the mainstays in PET imaging for SSTRexpressing tumours [131].
Another interesting application with
cancer. A

68Ga-labelled

68Ga

recently has been imaging prostate

ligand for prostate-specific membrane antigen (68Ga-PSMA)

demonstrated excellent detection capability even in small metastatic tumours and was
superior to other agents in patients with low prostate specific antigen (PSA) level [132].
More interestingly, as interest in

68Ga

imaging increased, improved chelators

were synthesised that enable radiolabelling to occur at faster rate, less extreme
conditions while still producing a stable complex. Commonly used chelators for
include

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic

triazacyclononane-triacetic

acid

(NOTA).

Recently,

acid

chelators

(DOTA)
such

as

and

68Ga

1,4,7-

N,N’-bis(2-

hydroxybenzyl)ethylenediamine-N,N’-diacetic acid (HBED) [133] and its derivatives as well as
tris(hydroxypyridinone) (THP) [134] were introduced with improved capability and efficiency in
terms of gallium radiolabelling. With knowledge gathered from68Ga experience, we now

have a radiochemical platform for further investigation of

67Ga

as therapeutic

radionuclide.

1.4.6 Summary and Aims
Radionuclide therapy is one of the accepted cancer treatment modalities
available nowadays. Different to conventional chemotherapy, the main mechanism
action of any radionuclide therapy in cell killing is primarily by inducing damage
following exposure to highly destructive ionising radiation (α and β particles). Targeting
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with radionuclide therapy can be provided by conjugating radionuclides to targeting
molecules.
Radionuclide therapy in general can be utilised in different situations due to
different characteristics. α particles for instance produce highest LET, travelling distance
to up to 100 µm making them suitable for solid large cancers lesions although
administration in high amount might be an issue due to toxicity to critical organs. β
particles produced much lower LET due to extended distance travelled making them
suitable for targeting large solid tumours. Like α particles, therapy with β particles
exposes patients to non-specific toxicity to critical organs. Auger electrons on the other
hand have high LET and travel short distances creating a need for localisation within the
target cells for any damage to occur. Therefore, it is postulated that Auger electron
therapy is best utilised against small metastatic lesions or single circulating tumour cells.
Auger emitters damage cells based on two mechanisms: 1) via production of
highly ionising Auger electrons and 2) coulombic explosion of the atom core following
release of electrons. As Auger emitters have different profiles in Auger electrons
productions, it is possible to select emitters that produced most numbers and energetic
Auger electrons for therapeutic purposes.
67Ga

has potential as it produces comparatively energetic Auger electrons able

to travel further than Auger electrons from many other radionuclides. Therefore, there
is higher chance they can reach and disrupt critical cellular components. In vivo and in
vitro studies showed that 67Ga produced high cell killing with high specificity. However,
due to lack of understanding of its radiochemistry and efficient chelators, it was later
neglected. Current interest in 68Ga has led to better understanding of gallium chemistry.
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The knowledge can be transferred to 67Ga making re-evaluation of 67Ga for therapeutic
purposes possible and timely.

1.4.6.1

Aims of the study

The primary aim of this study is to evaluate the therapeutic potential of 67Ga.
This study is designed to understand the capacity of 67Ga to kill cells. It comprises
four parts. Firstly, 67Ga DNA damaging capability was assessed in a cell-free system using
a plasmid. Although this does not mimic real cells or organisms, absence of correctional
mechanisms and the ability to control DNA protection will make the results of
radionuclide-induced plasmid damage more accurate and interpretable mechanistically.
To appreciate the capacity of

67Ga

to induce DNA damage, it is compared to the

established Auger electron emitter in 111In.
The second part of the study examines the toxicity of

67Ga,

compared to

111In

incorporated into cells using a non-targeted approach (lipophilic complexes that entered
the cells passively), in three cell lines in vitro, to assess the incorporated activity of 67Ga
required per cell for cell killing.
The third part of the study assesses 67Ga as a therapeutic radionuclide compared
to

111In

when specifically targeted to breast cancer cells by trastuzumab, a human

epidermal growth factor receptor 2 (HER2) antibody.
Finally, the study evaluates in vitro the potential therapeutic application for 67Ga
for circulating prostate cancer cells, by attaching to prostate specific membrane antigen
(PSMA) ligand.

57

CHAPTER 2 ASSESSMENT OF

67GA

DAMAGE TO

PLASMID DNA

2.1 INTRODUCTION
Cell-free systems such as plasmids in solution are commonly used in assessing
the capacity of Auger electrons to induce damage to molecules [18, 99, 100, 135]. An
advantage of this method over cell-based systems is that it can eliminate factors that
have influence on damage that are present in cell-based system. These include
correction/repair mechanisms as well as external mediators that might affect cellular
behaviour. Therefore, results produced are exact representation of molecular damage
thus making comparisons more accurate and quantifiable.
Plasmid damage following incubation with radionuclides can happen via direct
and indirect mechanisms[57, 100, 136]. A direct mechanism is due ionisation of the DNA
backbone by impact of electrons leading to strand breaks; another is the coulomb
explosion effect discussed in Chapter 1. Indirect damage, on the other hand, is mediated
by free radicals generated following ionisation of water. It was found that with 125I, 123I
and 99mTc radionuclides, both direct and indirect mechanisms are responsible for DNA
damage but as distance between the decaying atom and plasmid DNA increased,
damage to the plasmid is mainly mediated by the indirect mechanism [18, 57, 100, 137].
Plasmid damage can be measured by quantifying different plasmid
configurations. Following single strand breaks (SSB), plasmid in the native supercoiled
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configuration will change to the circular shape. Double strand breaks (DSB) will change
the plasmid configuration to linear. These different configurations translate into
different movement rates on agarose gel electrophoresis (Figure 2-1).

Figure 2-1 Schematic representation of position of different plasmid configurations on
agarose gel following electrophoresis. Arrow on the left show migration of plasmids in
response to electrical flow from cathode (-) to anode (+).
This chapter describe the assessment of the 67Ga damaging effect on plasmid in
comparison to the well-known therapeutic Auger emitter 111In. Aside from having similar
half-lives (78 hours for 67Ga and 67 hours for

111In),

both radionuclides produce both

gamma rays and electrons while decaying [1]. The main difference that makes
comparisons between the two interesting is in the energy spectrum of electrons
produced. 67Ga and 111In both produce similar total Auger energy per decay (6.3 keV for
67Ga

and 6.8 keV for 111In) but they differ in number of electrons produced (4.7 for 67Ga

and 14.7 for 111In) therefore the electrons from 67Ga are more energetic than those from
111In

[1].
Although it is known that damage to plasmids is mediated by direct and indirect

mechanisms, the damage following exposure to high and low energy electrons has never
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been studied. In addition, as both radionuclides produce similar total Auger energy
emission, it is interesting to observe the indirect damage via free radical formation.

2.2 AIM
In this section, the ability of 67Ga to induce plasmid damage is compared to that
of 111In. In order to ensure plasmid damage is due to Auger electrons (both direct and
indirect mechanisms), other factors that possibly influence the damage are also
investigated. Due to different characteristics of Auger electrons from both
radionuclides, this chapter also will be looking at the mechanism of damage to plasmids
following incubation with both radionuclides and examines the effect of distance of the
decaying atom from plasmids by using chelating agents EDTA and DTPA to prevent direct
binding of radionuclides to plasmid.

2.3 MATERIALS AND METHODS
2.3.1 Radionuclide preparation
67Ga

was supplied in the form of

67Ga-citrate

(Mallinckrodt, Netherlands) and

converted to 67Ga-chloride (68GaCl3) by a method introduced by Scansnar and Lier [138].
Briefly, the 67Ga-citrate (containing 41 MBq 67Ga, 1.9 mg sodium citrate, 7.8 mg sodium
chloride and 0.9% benzoyl alcohol in 1 mL preparation, pH between 5.5 and 8.0) was
diluted to approximately 5 mL with dH2O and run through a Silica light SEP-PAK column
(Waters, US) without any preconditioning at rate of 1 mL/min, trapping the radioactivity
on the column. Next, the column was washed three times with 5 mL metal-free dH2O to
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remove residual citrate. Finally, 67Ga was eluted from the column with 0.5 mL of metalfree 0.1 M HCl (Sigma, UK) and collected in 50 µL fractions (1 drop fraction). The
radioactivity in each fraction was measured in a dose calibrator (Capintec, Inc). Fractions
used for the experiments contained 200 to 800 MBq/mL of 67Ga.
111In

was supplied in the form of

111In-chloride

(111InCl3) (Mallinckrodt,

Netherlands, 111 MBq in 0.3 mL hydrochloric acid 15 µM).

2.3.2 Plasmid damage assessment
2.3.2.1

Determination of suitable incubated activity

pBR322 plasmid (Sigma, UK) was supplied in Tris-EDTA (TE) buffer (10 mM Tris
and 1 mM EDTA) at 0.5 mg/mL. 125 ng (0.25 µL) of the plasmid was combined with a
series of activities form 0.1 MBq, 0.5 MBq and 1 MBq of 111In-chloride for determination
of suitable activity to induce DNA damage. The final volume was made to 100 µL with
Dulbecco's PBS (Thermo Fisher, UK). Damage to the plasmid was measured at 4 hours
and 24 hours of incubation.

2.3.2.2

67

Ga and

111

In plasmid damage: Factors involved and

mechanism of damage
Comparison of damage from 67Ga and 111In was done with 1 MBq activity in 125
ng pBR322 plasmid, based on the results of the above experiment.
Factors influencing damage such as gamma rays and chemical effects of the
metals/solutions were also assessed. External irradiation with gamma rays was done by
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separating the radionuclides from the preparation. 1 MBq of either 67Ga or 111In were
placed in 50 mL falcon tube. 125 ng of plasmid prepared in 100 µL PBS in a
microcentrifuge tube were then immersed in the falcon tube containing the
radionuclide. Damage due to exposure to metals/solutions was assessed by incubating
a similar amount of plasmid with non-radioactive gallium and indium salts. Equivalent
amounts of gallium (GaCl3, Sigma, UK) and indium (InCl3, Sigma, UK) as was present in 1
MBq of the radionuclide solutions were added to 125 ng pBR322 plasmid preparation
(0.69 and 0.58 pmoles respectively for gallium and indium).
To assess the mechanism of plasmid damage, 10 µL of DMSO was added to 100
µL preparation containing 1 MBq of either 67Ga or 111In with 125 ng plasmid.
All of the mixtures were made to 100 µL with Dulbecco's PBS and kept at 4˚C
throughout the incubation period. Plasmid damage was measured at 6, 24, 48 and 72 h.

2.3.2.3

67

Ga and 111In plasmid damage: Effect of chelation

1 MBq of 67GaCl3/111InCl3 (1.25 to 5 µL of 67GaCl3, 2.7 µL of 111InCl3) were added
with either 10 µL, 50 mM ethylenediaminetetraacetic acid (EDTA) sodium or 10 µL, 50
mM diethylenetriaminepentaacetic acid (DTPA) and mixed with 125 ng of 0.5 mg/mL
pBR322 plasmid (supplied in 1 mM Tris-HCl and 1mM EDTA) (Sigma, UK).
1 MBq (24.3 µL) of

67Ga

in citrate (7.5 nM sodium citrate) form was being

compared and added into plasmid. The volume was made to 100 µL with Dulbecco's PBS
and the preparation was kept at 4 ˚C. Plasmid damage was analysed every 6, 24, 48 and
72 hours of incubation.
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2.3.3 Agarose gel electrophoresis
Agarose gel was prepared with 0.8 g agarose (Sigma, UK) dissolved in 100 mL of
Tris-base, acetic acid and EDTA (TAE) buffer (pH 8) (Thermo Fisher, UK) by heating for 5
min in the microwave at medium heat. 10 µL of nucleic stain Gel Red™ (Biotium, USA)
was added to the molten agarose and the mixture was left to set in UV-transparent gel
tray (Bio Rad Laboratories, USA).
10 µL of each sample prepared in the previous section was mixed with 2 µL of
concentrated (6x) DNA loading dye ( 30% (v/v) glycerol, 0.25% (w/v) bromophenol blue
and 0.25% (w/v) xylene cyanol [139]. The mixture was then transferred into the wells of
the agarose gel and electrophoresis was performed at 100 V for 25 min in TAE buffer at
room temperature.

2.3.4 Image acquisition and analysis
Following electrophoresis, the agarose gel was viewed with a UV transilluminator
imaging system (Gel Doc-it, BioRad, UK) for approximately 0.2 to 0.4 s of exposure.
Images acquired were analysed with Image J software (version 1.48, NIH, USA). The
intensity of plasmid fraction in each band (supercoiled, circular and linear) was
measured. Background was measured once in each triplicate and subtracted from the
total intensity. Proportion of each plasmid form (circular, linear and supercoiled) was
calculated from total signal combined. Data were expressed as mean and standard
deviation (SD).
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Statistical analysis with 2-way Anova was used to compare plasmid damage
following incubation with

67Ga

and

111In.

Student t-tests were used in cases where

comparison was made between preparations at a time point. Statistical analyses were
done with GraphPad Prism 5 software (version 5.04, GraphPad Software Inc, USA).

2.3.5 Theoretical exposure of plasmid to Auger electrons from 67Ga and
111

In
Theoretical distance between plasmid and radionuclides (67Ga and

111In)

was

calculated based on assumptions that 1) both plasmid and radionuclides uniformly
distributed evenly in a space, 2) the distributions is not affected by interactions with
molecules present in the mixture and 3) size of the molecules were neglected in the
calculation.
Number of plasmid molecules present in the preparation was calculated based
on Equation 2-1.
Equation 2-1 Number of plasmid molecules in preparation
𝑃𝑙𝑎𝑠𝑚𝑖𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 (𝑃) =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑙𝑎𝑠𝑚𝑖𝑑 𝑎𝑑𝑑𝑒𝑑 (𝑔)
23
𝑔 𝑥 6.022𝑥10
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑙𝑎𝑠𝑚𝑖𝑑 (
)
𝑚𝑜𝑙

Once the number of molecules (P) present in the preparation was determined,
its availability per axis of a cube were calculated with Equation 2-2.
Equation 2-2 Number of molecules in an axis (x) of a cube
3

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑎𝑥𝑖𝑠 (𝑥) = √𝑃
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Subsequently, the number of radionuclides present in the preparation were
calculated based on Equation 2-3 with A is number of radioactive nuclei at time t and A0
is total radioactive nuclei present at time 0. λ is the decay constant.
Equation 2-3 Number of radionuclides nuclei at time t.
𝐴 = 𝐴0 ∙ 𝑒 −𝜆𝑡 ∙
Following determination of radioactive nuclei, the number of molecules per unit
volume in a cube was determined for both 67Ga and 111In using Equation 2-2.
To understand the number of radionuclides of

67Ga

and

111In

that have direct

influence (within Auger electron reach) on plasmid, a sphere model was used with
plasmid at the centre. The number of radionuclides for both 67Ga and 111In within 1 µm
(for both 67Ga and 111In) and 2 µm (for 67Ga) were calculated as in Equation 2-4. 1 µm
was used as it is the maximum range of Auger electrons for

111In

while 2 µm is the

maximum range for 67Ga [1]. For that reason, radius (r) was replaced with amount of
nucleus present within the specified radius and therefore n would be representing
number of molecules present within that sphere.
Equation 2-4 Sphere formula
𝑛=

4
𝜋 𝑟3
3
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2.4 RESULTS
2.4.1 Determination of incubated activity
Irradiating plasmid DNA in a cell-free system leads to DNA strand breaks. The
plasmid formation changed from its native supercoiled configuration to either circular
or linear indicating SSB or DSB, respectively. These configurations were quantified
following separation by agarose gel electrophoresis. To determine suitable activity to
induce plasmid damage, a series of “rangefinder”

67GaCl

3

and

111InCl

3

activities were

tested including 0.1 MBq, 0.5 MBq and 1 MBq on 125 ng of pBR322 plasmid.
With 67GaCl3, following 4 hours incubation, the presence of supercoiled plasmid
reduced with increasing activity of

67GaCl

3

(0.58 ± 0.04, 0.48 ± 0.08 and 0.10 ± 0.12

respectively with 0.1, 0.5 and 1 MBq) (Figure 2-2). Further damage can be seen at 24
hours with supercoiled fraction reduced to 0.36 ± 0.02, 0.06 ± 0.02 and 0.06 ± 0.07 at
0.1, 0.5 and 1 MBq treatment respectively. Supercoiled plasmid in the untreated group
also reduced following prolonged treatment from 0.80 ± 0.08 at 4 hours to 0.65 ± 0.01
at 24 hours.
At 4 hours of plasmid incubation, the fraction of circular plasmid formed with
incubation of 0.5 MBq and 1 MBq of

111InCl

3

were 0.37 ± 0.02 and 0.42 ± 0.02, higher

(p<0.05) than untreated group at 0.16 ± 0.04. Prolonged incubation (24 hours) increased
the fraction of circular plasmid formed at all activities tested (0.34 ± 0.02, 0.61 ± 0.03
and 0.84 ± 0.05 respectively for 0.1, 0.5 and 1 MBq of

111In)

while the circular plasmid

(SSB) fraction in untreated group remained at 0.17 ± 0.04 (Figure 2-3).
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It can be seen that between 4 to 24 hours of incubation damage to plasmid was
highest with 1 MBq of both 67Ga and
extensive than

111In.

111In

with damage from 67Ga treatment is more

1 MBq treatment was chosen for subsequent studies as it was

deemed as suitable activity to be used in the following experiment.

Figure 2-2 Plasmid damage assessment following incubation with 0.1, 0.5 and 1 MBq of
67GaCl incubation at 4 and 24 hours. A is the image from gel electrophoresis; B is a bar
3
graph of fraction of supercoiled (i.e. undamaged) plasmid following treatment.
(Untreated supercoiled plasmid at 4h and 24h were 0.80 ± 0.08 and 0.65 ± 0.01
respectively) (n=1, run in triplicate, error bar indicates SD)
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2.4.2 Comparison of 67Ga and 111In plasmid damage
0.1
0
0
0.2 incubation
0.4
0.6 with 10.8
1
Based on the previous section,
plasmid
was done
MBq of 111In
-0.1

Activity (MBq)

and the same with 67Ga. Damage assessments were made for intervals up to 72 hours
to reach roughly 1 half-life of both 67Ga (78 hours) and 111In (67.3 hours). Incubation of
plasmid with

67GaCl

3

or

111InCl

3

showed similar trends (Figure 2-4). At 4 hours of

incubation with 67GaCl3, supercoiled plasmid was reduced to 0.62 ± 0.45, lower (p < 0.05)
than the untreated group (0.85 ± 0.05). From 24 hours onwards, nearly all plasmid
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1.2

treated with 67GaCl3 changed to circular configuration (SSB). The same trend can be seen
with

111InCl

3

where at 4 hours of incubation only 0.47 ± 0.05 fraction of plasmid

remained in supercoiled configuration. At 4 hours, there was no difference (p > 0.05) in
supercoiled plasmid between 67GaCl3 and 111InCl3 treatment. Linear plasmid formations
at 72 hours also showed to be no different between (p = 0.08)

67GaCl

3

and

111InCl

3

treatment (Figure 2-6).
To investigate the effects of gamma doses with 1 MBq of

67Ga

or

111In,

the

plasmid was incubated with the same amount of activity while kept separated from the
radionuclides by a centrifuge tube. Since the 1 mm thick plastic tube is penetrable by
gamma rays but not electrons, the setting should be sufficient to demonstrate the effect
of gamma rays on plasmids. Figure 2-4 showed that external irradiation with gamma
rays produced by 1 MBq of

67Ga

have no effect to the plasmid even up to 72 hours

compared to the untreated group (p=0.48 for difference between external irradiation vs
untreated group with 2-way Anova). With 111In, the trend is different to 67Ga. Prolonged
exposure to gamma rays from 1 MBq of 111In caused an increase in SSB. The fraction of
supercoiled plasmid measured at 72 hours of exposure was 0.43 ± 0.06, significantly (p
= 0.04) lower than the untreated group (0.66 ± 0.04).
Another possible factor that might induce plasmid SSB include the metal itself
[140, 141] which might, for example, act via production of reactive oxygen species in the
presence of oxygen[142]. It is therefore vital to understand the effect of the metal on
SSB. The results showed that with non-radioactive gallium and indium metals, at
amounts of 0.7 and 0.6 pmoles respectively (approximately matching their expected
concentration in the radionuclide samples), no effect was observed on the plasmid.
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B

Figure 2-4 Images of plasmid following treatment with radionuclide preparations at 4,
24, 48 and 72 hours of incubation. A are treatments with 1 MBq 67Ga and B are
treatments with 1 MBq of 111In. Non radioactive GaCl3 and InCl3 are in equivalent to 1
MBq present in 67Ga or 111In. (n=1, run in triplicate, error bar indicate SD)

70

C
Fraction of Supercoiled Plasmid DNA

A

Untreated
67

GaCl3
GaCl3 + DMSO
67
Ga (external)
GaCl3

1.0

67

0.5

0.0
0

20

40

60

80

time (h)

B
Fraction of Supercoiled Plasmid DNA

D

Untreated
111

1.0

111

InCl3
InCl3 + DMSO

111

In (external)
InCl

0.5

0.0
0

20

40

60

80

time (h)

Figure 2-5. Analysis of supercoiled fraction from images in Figure 2-4; A with 67Ga
treatments and B with 111In treatments. (n=1, run in triplicate, error bar indicate SD)
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Free radicals mediate DNA strand breaks following exposure to ionising radiation
[88, 99, 143]. Several Auger emitters such as

125I

[68] and

123I

[137] produce lower

plasmid strand break following addition of DMSO. In this study, it was found that with
both 67Ga and 111In, addition of 14 mM DMSO can be seen to have effects on plasmid
strand break as shown in Figure 2-5 in both 67Ga and 111In preparations. Results were
compared with either

67GaCl
3

or

111InCl

3

preparation to get better understanding of

effect of DMSO.
With 67Ga, DMSO has a protective effect at 24 h with supercoiled fractions of 0.2
± 0.04 and 0.001 ± 0.002 (p = 0.02) for preparations with and without DMSO
respectively. This protective effect was weaker at later time points (p > 0.05). DMSO in
the

111InCl

3

preparation produced a subtly different result. At 24 hours, more

supercoiled plasmid (p = 0.038) was recorded in presence of DMSO (0.47 ± 0.13) than
without (0.06 ± 0.01). Subsequent to 24 hours, a protective effect continued until 72
hours. Comparison of the effect of DMSO on 67Ga and 111In preparations revealed that
at 24 hours, the protective effect of DMSO was greater for 111In than for 67Ga.
The fraction of linear plasmid (correspond to DSB) formation following 67GaCl3
and 111InCl3 treatments was no different at 72 hours (p = 0.08) (0.29 ± 0.05 and 0.35 ±
0.01 respectively for 67GaCl3 and 111InCl3) (Figure 2-6).
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Figure 2-6 Formation of linear plasmid following treatment with 1 MBq of 67GaCl3 and 111InCl3
at 48 hours and 72 hours. (*** p < 0.001) (n=1, run in triplicate, error bar indicate SD)

2.4.3

67

Ga and 111In plasmid damage: Effect of chelation

It is known that damage to the plasmid following incubation with electron
emitters can be partly due to direct effect of electrons as well coulomb explosion of
nuclide on the plasmid. This could occur if the radionuclide becomes chemically bound
directly to the plasmid DNA. Therefore, by creating the distance of between the
decaying atom and plasmid, we should be able to discriminate between the damage
produced directly by very short range electrons from 67Ga and 111In, combined with the
accompanying coulomb explosion effect, and damage from longer range electrons and
free radicals that diffuse to the DNA. More damage should be expected if both can occur.
To create distance between the decaying atom and plasmid, chelators were used
in this study which will chelate the radionuclide preventing chemical interaction with
plasmid. Chelators that were used include EDTA and DTPA for both 67Ga and 111In, and
for 67Ga, citrate as it is available in the supplied form.
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With

67Ga

complexes, it can be seen that at 24 hours, both EDTA and DTPA

afforded some protection of plasmid, with supercoiled fractions of 0 ± 0.06, 0.61 ± 0.02,
0.62 ± 0.014 and 0.7 ± 0.02 for

67GaCl

3,

67Ga-EDTA, 67Ga-DTPA

and

67Ga-citrate

respectively (Figure 2-7). All chelator-treated groups showed bigger supercoiled fraction
than the groups treated with 67GaCl3 without chelating agents.
The

67Ga-citrate

group showed the greatest protection, with no significant

reduction in supercoiled fraction compared to the untreated group which had a
supercoiled fraction of 0.75 ± 0.02 (p = 0.1). From 24 hours onwards, supercoiled plasmid
fraction was further reduced with all

67Ga

treatments except with

67Ga-citrate

with

supercoiled fraction of 0.74 ± 0.02, similar (p = 0.94) to the untreated group with 0.69 ±
0.02 fraction at 72 hours.
Plasmid damage also can be seen to be limited with presence of chelator. At 72h
of incubation, supercoiled plasmid fraction remained 0.18 ± 0.05 following treatment
with 67Ga-EDTA while higher (p = 0.019) fraction recorded with 67GaDTPA at 0.48 ± 0.54
(Figure 2-7).
Incubation of plasmid with 111In-complexes; 111InCl3, 111In-EDTA and 111In-DTPA,
yielded similar patterns as with

67Ga-complexes.

At 24 hours of post incubation,

supercoiled plasmid fractions were lowest with 111InCl3 followed by 111In-EDTA and 111InDTPA (0.06 ± 0.04, 0.74 ± 0.16 and 0.79 ± 0.19 respectively) (Figure 2-8). At 72 hours,
supercoiled plasmid fractions treated with

111InCl

3

remained at 0.08 ± 0.08 with

111In-

EDTA and 111In-DTPA were reduced (0.49 ± 0.27 and 0.75 ± 0.13 respectively).
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Figure 2-7 Effects of chelators on plasmid following treatment with 67Ga (EDTA, DTPA
and citrate) and 111In (EDTA and DTPA) radionuclide complexes. A and B are respective
images from agarose gel following treatment with 67Ga and 111In with various chelators
at 6, 24, 48 and 72 hours of incubation. (n=1, run in triplicate, error bar indicate SD)
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Figure 2-8 Analysis of images from Figure 2-7 with A fractions of supercoiled plasmid
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2.4.4 Theoretical exposure of plasmid to Auger electrons from 67Ga and
111

In
The preparation was assumed to occupy a cube, each length of the container

were calculated to be 4.64 mm (preparation volume of 100 µL)
In 125 ng of plasmid used in the preparation, there are 2.63 x 1010 plasmid
molecules in which 2973.8 molecules in an axis of the cube. On average, distance
between plasmid molecules were calculated to be at 1.56 µm.
In 1 MBq of 67Ga added to the preparation, 4.05 x 1011 67Ga nuclei are present.
On average, 7398.6 67Ga nuclei were available in an axis of the cube. Thus, 67Ga nuclei
were calculated to be present at every 0.63 µm of an axis. At 1 and 2 µm distance, the
numbers of available 67Ga nuclei are 1.6 and 3.2 respectively.
For 111In, total of 3.50 x 1011 111In nuclei were present in 1 MBq preparation. On
average, 7047.3 of 111In molecules were available in an axis of the cube in which distance
between nuclei were 0.66 µm. At 1 µm range, it was calculated that 1.5

111In

nuclei is

present.
In the sphere model with plasmid at the centre, a total of 14.1 111In or 17.2 67Ga
nuclei were present within 1 µm radius. At 2 µm radius, 137.4 of

67Ga

nucleus are

available in the sphere. Calculation for 2 µm was only done for 67Ga as its electrons can
reach to up to 2 µm.
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2.5 DISCUSSIONS
Plasmid DNA damage following exposure to Auger emitters has been reported
by various authors [18, 57, 100] with mechanism of damage shown to be due to direct
ionisation of Auger electrons or via generation of free radicals. Among the advantages
of the cell-free system are absence of corrective mechanisms, relatively simple
execution while generating vital information, making this method useful to investigate
toxicity of Auger emitters. Previous studies with 99mTc [100],111In [68, 99], 123I [137] and
125I [57, 68, 144] conclusively demonstrated the damaging effect of Auger emitters while

studies on 67Ga have been lacking. Therefore, it is important to assess the potential of
67Ga

toxicity in plasmid system method prior to cell studies.

2.5.1 Determination of incubated activity
Determination of suitable activity to produce a measurable range of observable
effects on plasmids over the period of the experiment was necessary in this study. Too
low activity would render the effect to be insufficient while too high would produce
extensive damage to plasmid (saturation) making comparison impossible. In order to
achieve this, a series of activity levels was used starting from 0.1 MBq. At this level the
damage produced was only 20% after 24 hours and not sufficient to produce reliably
quantifiable results. By increasing the activity to 1 MBq, the damage to the plasmid
increased to 80% at 24 hours of incubation. As damage produced following incubation
with 1 MBq already produced significant SSB on plasmid without presence of DSB, the
activity was deemed to be suitable to be used for subsequent study.
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Following incubation, it is expected that radionuclides (67Ga and

111In)

would

bind to the negatively-charged phosphate moiety of DNA backbone as demonstrated by
Sideris et al. with indium [145] as well as Kassis et al. with

111In

[68]. The binding is

important as it provides reachable range for Auger electrons and coulomb explosion to
ionise the DNA backbone.
In 125 ng of pBR322 plasmid (2.86 MDa, 4361 base pairs, one phosphate moiety
per base) used, total of phosphate moieties are 2.30 x 1014 that can serve as binding
sites. Addition of 1 MBq of 111In or 67Ga (3.50 x 1011 and 4.05 x 1011 atoms respectively)
means a ratio of radionuclides to phosphate group of 1 : 657.1 and 1 : 567.9 respectively.
On average, 13.3 and 15.4 molecules of 111In and 67Ga respectively would be binding to
each plasmid molecule.
The approximation is obviously difficult to confirm in the experiment due to
presence of impurities and lack of understanding in the metal behaviour in such
conditions, but it provides a platform for an estimate on the binding. In the setting used
in the experiment, even if the binding constant is not large there should be enough 111In
to bind to all plasmids and subsequently produce strand damage.
1 MBq of 111In and 67Ga was sufficient to produce damage at the desired rate to
the plasmid. Even though sensitivity of the test can be further increased by changing
certain variables, the current setting was assumed to be adequate to serve as
comparison between conditions tested.
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It also should be noted that plasmid damage showed to be consistently at 20%
approximately at 4 hours in the untreated group in all set of experiment. As there is no
data at 0 hour, it could be that the damage was due to the condition of the experiment.

2.5.2

67

Ga and 111In plasmid damage: Factors involved and mechanism of

damage
It is known that gallium has similar but not identical chemical characteristics to
indium. On the atomic size, Ga3+ is relatively smaller than In3+ (radius 62 and 80 pm
respectively [146]. Due to larger size, indium coordination number can reach 7 or 8
whereas it is only 4 to 6 for Ga. The smaller size of Ga3+ creates a higher charge density
leading to greater polarising effect on water, leading to a pKa 2.6 lower than In3+ (4.0) in
hydrated form. With Ga, owing to higher charge density, it tends to ionise coordinated
water at higher pH (7 and above) by forming Ga(OH)4- with slow water exchange rate
[147, 148].
Effect of unchelated 67GaCl3 and 111InCl3 on plasmid strand break showed to be
not significantly different (p=0.5 with 2-way Anova) with both inducing strand breaks in
almost all plasmids at 24 hours of incubation. Since the radionuclide is in free unchelated
form, it is expected that both would bind to plasmid and induce damage by direct
mechanisms. In the preparation where pH is 7.2,

67Ga

has tendency to form anionic

Ga(OH)4- [149], a complex that would be expected to avoid direct binding to plasmid
because they are both negatively charged.
In this study, the difference between the two radionuclides is not significant even
at 6 hours of incubation (p=0.09) in terms of SSB produced. The similarity is also
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observed in the extent of DSB produced by both radionuclides. Among the possible
reasons for the similarity could be low sensitivity of the method used as well as relatively
high activity used for the incubation which causing extensive damage to plasmid.
Repeating the experiment with lower incubated activity would increase the sensitivity
of the damage detection.
It is not known to what extent

67Ga

and

111In

bind to plasmids under the

experiment conditions. In the free form, the radionuclides might be expected to bind to
the plasmid or at least be very near to the plasmid. By chelating the radionuclides,
theoretically, it will avoid direct binding to the plasmid and thus create distance between
the two compounds.
By physically isolating the radionuclide from the plasmid, irradiation with equal
activity of gamma rays from 1 MBq of 67Ga and 111In showed that there was no additional
damage to plasmid, compared to untreated controls, at 24 hours. It therefore can be
said that up to 24 hours exposure, gamma irradiation did not produce any strand breaks
to the plasmid. At 72 hours, however, the strand damage increased in
plasmid by 43% but still none was seen with

67Ga.

111In-exposed

Comparing exposure rate constant

between 67Ga and 111In showed that the exposure rate is higher with 111In at 6.7 x 10-13
C.m2/kg.MBq.s against

67Ga

at 1.55 x 10-13 C.m2/kg.MBq.s [150] (with C representing

coulomb constant) consistent with higher gamma energy of 111In over 67Ga (366 and 162
keV respectively). It could that due to having higher exposure rate, at equal activity,
gamma ray resulting from

111In

will deposit higher energy than

67Ga

resulting in

significantly increase radical formations. As a prospect for therapy, the relatively low
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gamma energy and exposure rate of

67Ga

would protect patients and carer from the

non-target dose.
Incubation of plasmid with non-radioactive GaCl3 and InCl3 showed no effect on
strand breaks. Although these metals have previously been shown to be capable of
inducing DNA damage [140, 141], incubation with a molar amount equivalent to 1 MBq
activity of 67Ga and 111In (respectively at 6.9 and 5.8 nM) is simply too low to produce
any damage to the plasmid.
As it is known that plasmid strand breaks can be caused by direct and indirect
mechanisms, it is important to compare the extent of damage exclusively due to direct
ionisation of an electron to the plasmid. The direct mechanism happens following
deposition of highly localised energy (combination of short-range Auger and long range
CK electrons and coulomb explosion) to DNA. Addition of 10% DMSO into the
preparations gave different results in 67Ga and 111In incubations. Significant reduction in
strand breaks seen in

111In

with 59.1% more plasmid in supercoiled formation as

opposed to 21.7% in 67Ga at 24 hours which translated into 2.7 folds more protection
provided by DMSO against strand breakS by 111In. At 72 hours, the degree of protection
differed for 67Ga and 111In with 3.3% and 15.5% respectively which indicates that radical
scavenging impacts

111In

more than

67Ga;

conversely, the direct mechanisms of DNA

damage are proportionately more for 67Ga than for 111In.
The effect of free radical scavenging has not previously been recorded for
and 67Ga irradiation of plasmids. However, a study with

125I

111In

demonstrated that DMSO

afforded a 40% reduction in strand breaks caused by unbound

125I-antipyrine

while no

reduction was afforded when using DNA groove-bound 125I [68]. A similar study on 99mTc
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showed that free radical scavenging with DMSO resulted in 10-fold lower SSB in nonplasmid bound 99mTcO4- while the no effect is observed in plasmid-bound 99mTc-HYNICDAPI [100]. This indicates that, in non-bound preparation, the indirect effect becomes a
significant mechanism of strand break.
In the 67GaCl3 and 111InCl3 preparations, the degree of radionuclide binding to the
plasmid DNA is not known. Direct binding to plasmid is important to produce direct
damage to the DNA due to limited distance travelled by the Auger electrons produced,
and the potential role of the coulomb explosion. Addition of DMSO reduced plasmid
damage greatly with

111In

but less with 67Ga. Among the possible explanations is that

higher energy electrons [1] produced by 67Ga are able to reach more plasmid compared
to 111In making damage to be significant even in the presence of DMSO.

2.5.3

67

Ga and 111In plasmid damage: Effect of chelation

Comparison of plasmid strand breaks between 67Ga and

111In

in this study has

been carried out by chelating the radionuclides with either EDTA and DTPA (and citrate
for 67Ga). This is intended to prevent or minimise direct contact between radionuclides
and plasmid, in turn allowing us to see the effect of different electron range on the
damage. The reason for using more than one chelating agent was to control
physicochemical properties of both radionuclides.
It should also be noted that EDTA was also present in the plasmid buffer (TrisEDTA buffer, 1mM EDTA). Throughout preparations (without addition of extra EDTA),
the EDTA concentration remained at 2.5 µM which is much lower than the concentration
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of the added EDTA (5 mM). Efforts to remove EDTA from plasmid buffer were however
unsuccessful indicating the needs for EDTA presence in the buffer.
Chelating Ga with EDTA will form a distorted octahedral structure with
hexadentate coordination and an overall single negative charge [151] while In-EDTA has
heptadentate coordination in bipyramidal shape [152]. Both complexes are relatively
stable at log Km of 21 and 25.1 respectively for Ga-EDTA and In-EDTA [153]. Structurally,
complexing Ga with EDTA will enveloped the Ga atom sufficient to avoid direct contact
between Ga and plasmid structure.
The same cannot be said with In-EDTA where almost 180˚ of In atom is exposed
meaning that EDTA is not sufficient to completely enclose the In atom. Due to this, the
exposed side of In atom could coordinate to phosphate groups allowing binding to
plasmid DNA giving higher tendency to produce strand breaks than Ga-EDTA. As both
complexes have -1 charge [154, 155], they would repel the negatively charged plasmid
DNA.
The log Km for Ga-DTPA was 25.5 which means Ga binds more readily to DTPA
than EDTA; being small, it is unable to bind to all the donor groups of DTPA and it is likely
that two of the five carboxylate groups will be uncoordinated, giving the complex an
overall -2 charge at neutral pH. Chelating In with DTPA resulting in similar distorted
pentagonal bipyramid in octadentate configuration with log Km 29.5 [153]. It is worth
noting that In is more readily forming a complex with both EDTA and DTPA than Ga. With
DTPA, both atoms are well enclosed by the DTPA and suggested to have -2 charge [155].
Due to these factors, binding between Ga/In and DNA is likely to be avoided and distance
of the two compounds estimated to be greater than EDTA complex.
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From the study formation of SSB are reduced following chelation in both

67Ga

and 111In preparations. The observed effect can be ranked as follows; chloride > EDTA >
DTPA for SSB formation with both 67Ga and 111In.
The result for

67Ga

and

111In

in chloride and EDTA and DTPA showed some

similarity. As damage can be mediated through direct and indirect ways, it could be that
the observed effect was due to both ways. Furthermore, both radionuclides produce
almost equal total Auger energy and thus could be able to generate equal number of
free radicals which in turn inducing SSB.

Figure 2-9 Molecular structures of Ga-EDTA (A), In-EDTA (B), and In-DTPA (C). Adapted
from Wadas et al. [147]
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2.5.4 Theoretical exposure of plasmid to Auger electrons from 67Ga and
111

In
To understand the effect of distance between radionuclides and plasmid, rough

estimates were done to compare the presence of radionuclides within a specified radius
from the plasmid.
In a sphere model of 1 µm radius with plasmid at the centre, the number of 67Ga
and 111In nuclei was similar with 17.2 and 14.1 molecules. 1 µm radius was selected as it
is the average range of 111In electrons [1]. In a sphere model with 2 µm radius, 137.3 of
67Ga

nucleus were present. The radius of 2 µm was selected with 67Ga as its electrons

can travel to up to 2 µm.
As both radionuclides have similar half-lives (77 hours for 67Ga and 68 hours for
111In),

the number of Auger electrons produced over 3 days of incubation is

approximately 7 for 111In and 2 for 67Ga [1] per nuclei.
The potential advantage of 67Ga over 111In in therapy is the longer range of the
electrons produced by 67Ga. Comparing the number of available radionuclides that are
within their electrons range (i.e. 111In at 1 µm and 67Ga at 2 µm), approximately 10 times
the number of 67Ga are available to produce damage as compared to 111In. With more
67Ga

available, approximately 550 Auger electrons produced are available to inflict

damage to the plasmid as compared to 196 electrons produced by 111In. Although only
a fraction of these emissions will pass through the plasmid, with more 67Ga available,
more damage is expected to the plasmid.
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It should be noted that the calculation was a rough estimate as it neglected
various factors present in the preparation. Firstly, the calculation did not consider
molecules size which will affect the arrangement and distance between molecules.
Secondly, the calculation was done by assuming uniform distribution of the
molecules in the preparation.
Finally, interactions between molecules were not factored in and the
radionuclides were assumed to be in the free form and not bound to DNA. As previously
discussed, both

67Ga

and

111In

radionuclides are insoluble at the preparation pH of 7

[148, 156] and therefore, it would behaves differently than in free form. Another thing
is the preparation also contains phosphate (phosphate buffer) that might influence the
behaviour of the radionuclides in the preparation. Sideris et al. [145] in their study using
Perturbed ƴ- ƴ Angular Correlation (PAC) method in assessing binding of indium (in the
form of InCl3) to DNA proved that indium binds on both phosphate and DNA base
moieties. This effect is obviously has been neglected in this calculation.
Although there are weaknesses with the calculation used, the finding is
consistent with the results with previous experiments in which
superiority over

111In

67Ga

demonstrated

in inducing the damage. Damage due columbic explosion of the

radionuclide decay however was not included in the estimation, but this would only be
relevant for radionuclides directly bound to DNA
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2.6 CONCLUSION
Following incubation with series of activities of 67GaCl3 and 111InCl3 between 0.1
MBq nd 1 MBq, it was found that SSB produced is increases with incubated activity. At
24 hours of incubation, majority of the plasmids are in the circular configuration when
incubated with 1 MBq of 111In. This activity was selected for subsequent studies as the
SSB generated is at desirable amount.
Damage produced by 67Ga-chloride and 111In-chloride on plasmids was identical
where maximum damage is observed at 24 hours of incubation. Other factors including
gamma rays and chemical effects of gallium or indium that might induce strand break
were tested. None of these factors increased production of SSB except gamma ray from
111In

after prolonged incubation (72 hours). This might be due to high gamma dose from

111In

(6.7 x 10-13 C.m2 / kg. MBq.s) that subsequently induce larger fraction of free

radicals than 67Ga (6.7 x 10-13 C.m2 / kg. MBq.s). This corresponds to higher total gamma
energy produced by

111In

compared to

67Ga

(366 and 162 keV respectively). As a

prospect for therapy, low gamma energy from 67Ga is desirable as it produced less body
dose to the patients and carers as compared to 111In.
In the reduced concentration of free radicals following addition of DMSO, both
radionuclides produced different results. It was found that the damage was significantly
reduced in preparation containing

111InCl

3

as compared to

67GaCl

3

(40.9 % and 78.3%

SSB respectively with 111InCl3 and 67GaCl3). Therefore, it can be said that majority (78.3%)
of damage by

67Ga

happen via direct ionisation whereas

111In

damage mainly via

generation of free radical. Theoretical calculation showed that due to longer range
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electrons produced by 67Ga, amount of 67Ga that can inflict damage is approximately 10
times more than

111In.

This proved to be advantageous with

67Ga

for utilization in

therapy as it inflicts more damage to the target cells which translates into higher
efficiency in cell killing.
Complexing 67Ga and 111In with EDTA and DTPA theoretically should be able to
create distance from plasmid DNA by enveloping the radionuclide as well as by forming
a negatively-charged molecule. With chloride,

67Ga

would exist in the form of

[67Ga(OH)4]- and following chelation with EDTA and DTPA would form [ 67Ga-EDTA]- and
[67Ga-DTPA]-2 respectively at incubation pH of 7.2. For

111In,

without presence of

chelator, it would be in the form of [111In(OH)3] while addition of EDTA and DTPA would
form a complex of [111In-EDTA]- and [111In-DTPA]-2 at pH 7.2.
The damage observed with 67Ga can be ranked as [67GaCl3] > [67Ga-EDTA]-> [67GaDTPA]-2 and same observed with

111In

with [111InCl3] > [111In-EDTA]- > [111In-DTPA]-2.

Reduction in damage coincide with increase in negatively charge molecules which
increases the distance between decaying atom and plasmid DNA. Comparison between
67Ga

complexes and

111In

complexes showed them to be similar in terms of plasmid

damage indicating similar capabilities of both radionuclides in damaging DNA with both
direct and indirect mechanisms.
One of the limitations of the experiment was that complete removal of EDTA
cannot be attained thus it is possible that some of 67Ga and 111In are not in free form.
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CHAPTER 3

ASSESSMENT OF

67GA

CELLULAR

TOXICITY IN VITRO

3.1 INTRODUCTION
67Ga

used to be a gold standard in lymphoma imaging for more than 3 decades

[157, 158] but was later replaced following the emergence of positron emission
tomography (PET) imaging with Fluorine-18 deoxyglucose (18F-FDG). It has proven useful
in disease staging, monitoring disease progression and relapse, monitoring therapy
response and predicting treatment response [158]. In Hodgkin's disease (HD), the
detection sensitivity with

67Ga

was found to be 70 to 83% [159] while the detection

sensitivity in Non Hodgkin's lymphoma (NHL) depends on the extent of cell
differentiation, with less differentiated cells having higher avidity for gallium [158].
Other cancers shown to be gallium-avid include lung cancer, melanoma, multiple
myeloma and many more [158, 159].
In these applications 67Ga is administered in the form of 67Ga-citrate. Following
administration, 67Ga uptake by the cells is believed to be mainly mediated by transferrindependant mechanisms [160]. In cancer cases, especially in lymphoma, up-regulation of
transferrin receptor on the cell surface was said to be responsible for significant uptake
of 67Ga into the cells [3] although there were conflicting data on the uptake mechanism
[161].
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In early 67Ga radiotoxicity studies, knowledge of the accumulation mechanism of
67Ga

into cells was limited and mainly based on imaging studies. Therefore, toxicity

studies were designed involving prolonged incubation of

67Ga-citrate

in non-solid

cancers such as lymphoma [2, 3]. One of the problems with such experimental design
was that transferrin receptor would be a limiting factor in the amount of 67Ga present in
the cells [162]. Cell heterogeneity combined with limited uptake of 67Ga-transferrin into
the cells made prolonged incubation with

67Ga

necessary to ensure sufficient activity

enters cells to induce damage. Consequently, activity per cell required to induce toxicity
was difficult to determine and toxicity was always measured against incubated activity
concentration in the medium (MBq/mL) rather than bound activity per cell.
Nonetheless, the studies were able to demonstrate 67Ga toxicity in cells [2, 3].
Once the cell killing potential of 67Ga was observed, later studies on 67Ga toxicity
were designed to be more targeted to specified cells. Michel et al. labelled LL1, an antiCD74 antibody with 67Ga to target lymphoma cells. The in vitro work demonstrated that
the combination kills cells with high specificity [124].
There are two questions that need addressing to fully assess the toxicity of 67Ga
in cells. Firstly, how much bound activity per cell is required for a toxic response and
secondly, what is the cell killing capability of 67Ga against a wider range of cancer cell
types?
In order to establish toxicity data in more cell types, a non-specific means to
deliver 67Ga into cells is required. Complexing 67Ga with weakly coordinating lipophilic
chelators may be one approach to achieve this and should be able to localise 67Ga into
the cells via passive diffusion, in a similar manner to that used for cell labelling with 111In
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[163]. The practice of delivering 67Ga via such a lipophilic complex is not established as
regular practice in a clinical setting. This chapter describes the evaluation of such a
method to deliver 67Ga non-specifically into cells, and its use in three cancer cell lines,
including breast and prostate cancer cell lines, to determine the toxicity of 67Ga. In order
to transfer maximal 67Ga into cells, several lipophilic complexes were tested to identify
a complex that produce the highest amount of binding to the cells, allowing an
assessment of whether the ability of 67Ga to induce DNA strand breaks comparable to
111In

may translate into comparable cellular toxicity.

3.2 AIM
The primary aim of this chapter is to establish a method for non-selective
intracellular delivery of 67Ga, and to use it to gather toxicity data of 67Ga in various cell
lines. Toxicity data will be compared to 111In in terms of activity per cell required for cell
killing.

3.3 MATERIALS AND METHODS
3.3.1 Cell culture
MDA MB 231 (breast cancer cell line), HCC1954 (breast cancer cell line) and
DU145 (prostate cancer cell line) were grown as monolayers at 37 ºC in T-75 flask in a
humidified atmosphere with 5% CO2. HCC1954 and DU145 cells were grown in RPMI1640 medium (with L-glutamine 1.5 mM; PAA Laboratories, Austria) supplemented with
10% fetal bovine serum (Invitrogen) and penicillin/streptomycin (Invitrogen). MDA MB
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213 cells were grown in Dulbecco's Modified Eagle Medium (DMEM) with 4.5 g/L
glucose; (PAA, Austria) supplemented with L-glutamine, 10% fetal bovine serum and
penicillin/streptomycin. Prior to use, cells were washed twice with PBS, trypsinised with
1 mL Trypsin-EDTA (Invitrogen, US) and after 5 minutes, trypsinisation was halted with
10 mL full medium. Cells were then harvested and washed twice with phosphate
buffered saline (PBS).

3.3.2 Radioactive lipophilic complex preparations
67

3.3.2.1

Ga-lipophilic complex preparations

Lipophilic complexes of
[164].

Oxine

67Ga

were prepared according to Ballinger and Boxen

(8-hydroxyquinoline)

(Sigma)

and

tropolone

(2-hydroxy-2,4,6-

cycloheptatriene-1-one) (Sigma) were dissolved in 100 % ethanol (to 1 mg/mL) while
MPO (2-mercaptopyridine-N-oxide) (Sigma) was dissolved in distilled water to 1 mg/mL.
20 to 50 MBq (0.1 to 1 mL) of 67Ga-citrate (Mallinckrodt Medical Inc, Netherlands) was
added to the ligand solution (50 µg (50 µL) of oxine and tropolone, 500 µg (500 µL) of
MPO). The mixtures were vortexed for 5 minutes before extracted into dichloromethane
(Sigma, USA) using pipette. Following drying of dichloromethane, the activity of

67Ga-

labelled lipophilic complexes (67Ga-oxine/67Ga-MPO) were measured with gamma
counter. Prior to use, 67Ga-oxine was redissolved in 50% ethanol at 600 MBq/mL activity
concentration.
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3.3.2.2

111

In-oxine preparation

111In-oxine

was prepared according to Thakur et al. [163]. Up to 75 MBq (0.1 to

0.2 mL) of 111In-Cl3 (Mallinckrodt, Netherlands) were added into a glass vial and adjusted
to pH 6 with 2 µL 0.1 M Sodium acetate buffer. Next oxine solution (1 mg/mL in ethanol)
(50 µL) was added to the vial and vortexed for 5 minutes. Chloroform was added to the
mixture and following vigorous shaking,
using pipette and the yield of

111In-oxine

111In-oxine

in organic solvent was extracted

was measured with gamma counter.

Percentage of yield was calculated of activity present in organic solvent over total
activity in organic and aqueous phase. Like

67Ga-oxine, 111In-oxine

was redissolved in

50% ethanol at 600 MBq/mL of activity concentration.

3.3.3 In vitro cell studies
3.3.3.1

Identification of 67Ga lipophilic complex for toxicity study

The uptake of

67Ga

complexes (oxine, tropolone and MPO) was studied as a

function of time in MDA-MB-231, HCC1954 and DU145 cells. This was only done for 67Ga
to identify best uptake profile with 67Ga-lipophilic complex The cells were prepared in
suspension of 1 x 106 cells/mL in in Dulbecco's phosphate buffer saline (DPBS) pH 7
(Invitrogen, US) and then incubated with 0.1 MBq/mL of 67Ga complexes with remaining
volume was made to 1 mL with DPBS. Cellular uptake of 67Ga was measured for intervals
up to 1 hour in 2 mL Eppendorf tubes at 37 C
ͦ in a 5% CO2 incubator. At chosen time
points, cells were centrifuged at 220 x g for 1 min and supernatant and cell pellet were
separated. Both fractions were then measured for radioactivity using a gamma counter
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(Wallac, Germany). Cell-bound activity was determined as activity in cell pellet divided
by total activity in pellet and supernatant.

3.3.3.2

Binding study with 67Ga-oxine and 111In-oxine

Binding studies comparing 67Ga-oxine and 111In-oxine were done by incubating
0.1 MBq of radionuclide complex into 1 x 106 cells of the three cell lines (MDA-MB-231,
DU145 and HCC1954, prepared in PBS) in centrifuge tube for 1 hour at 37°C in a 5% CO2
incubator. Following incubation, the cell suspensions were centrifuged at 220 x g for 5
min and washed twice with ice-cold PBS. Radioactivity was measured for both cell pellet
and supernatant with a gamma counter. Percentage binding was determined as fraction
of activity in cell pellet divided by total activity in supernatant and pellet.
Radioactive amount per cell (Bq/cell) was calculated based on Equation 3-1 and
was calculated in each type of cell and treatment. The activity per cell from binding study
was used as constant for toxicity studies by assuming direct relationship between
incubated activity and cell-bound activity.
Equation 3-1 Calculation of activity per cell
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙 (𝐵𝑞/𝑐𝑒𝑙𝑙) =

3.3.3.3

[% 𝑐𝑒𝑙𝑙 𝑏𝑜𝑢𝑛𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦][𝑡𝑜𝑡𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑎𝑑𝑑𝑒𝑑 (𝐵𝑞)]
[𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑖𝑛 𝑝𝑟𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛][100]

Radioactive retention study

1 X 106 cells were treated with 0.1 MBq of either

67Ga-oxine

or

111In-oxine

in

centrifuge tubes in triplicate for 1 hour at 37 C
ͦ in a 5% CO2 incubator with total
preparation volume made up to 1 mL with PBS. After the incubation, cells were
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centrifuged at 220 g x for 5 min, separated from the supernatant and washed twice with
PBS to the remove the free unbound radioactive. The cells were then plated in a 6-well
plate and left for up to 3 days in a 5% CO2 incubator.
At intervals of 1, 12, 24, 48 and 72 hours, the medium was collected, cells washed
with PBS twice, and the washings and medium were pooled and counted to give free
unbound radioactivity. The cells were lysed with 1M NaOH and collected as cell-bound
radioactive portion. Both unbound and cell-bound radioactive portions were measured
with a gamma counter. Percentage of cell-bound radioactivity was calculated. Time of 0
hour was referred as 100%.

3.3.3.4

Cell survival assay with Trypan blue viability assay and

Clonogenic Assay
The in vitro cytotoxicity of

67Ga-oxine

and

111In-oxine

was evaluated in

MDAMB231, HCC1954 and DU145 cell lines. Briefly, cells were prepared at 2.5 X 10 5 cells
suspended in PBS in centrifuge tubes prior to incubation with liphophilic complexes.
Activities added to the cell suspension were 2, 4, 8, 10, 12.5, 15, 17.5, 20 and 25 MBq/mL
for 67Ga-oxine and 0.5, 1, 2, 4, 5, 10, 20, and 30 MBq/mL for 111In-oxine. The final volume
was made up to 250 μL with HBSS in centrifuge tubes. Oxine and ethanol concentrations
were standardised at 7 µM and 1% respectively throughout all preparations to eliminate
variability between samples. Treated cells were incubated at 37 °C for 1 hour. Following
incubation, the cells were centrifuged at 220 x g to remove the supernatant, washed
twice with PBS and re-suspended in their respective fresh media.
Controls used included non-internalising forms of the radionuclides and the
decayed oxine complexes. For non-internalising radionuclides,

67Ga-citrate

and

111In-
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chloride only were used where the radionuclide showed no binding to the cells. For
decayed oxine complex, the prepared 67Ga-oxine or 111In-oxine were left to completely
decay before being used. Comparisons were made equivalent at treatment with
radioactive concentrations of 20 MBq/mL for MDA-MB-231 and HCC1954 cells and at 15
MBq/mL for DU145 cells.

3.3.3.4.1

Trypan Blue Assay

Following treatment with radiolabelled lipophilic complexes as described in
Section 3.3.3.4, 2 x 105 cells were seeded in 6-well plates, with 2 mL per well of complete
media and left to grow for 72 hours at 37°C in 5% CO2 incubator. The supernatant was
then removed and cells were washed twice with DPBS, trypsinised and counted for
viability with trypan blue with number of viable cells were counted and represented in
percentage relative to the untreated group.

3.3.3.4.2

Clonogenic Assay

Clonogenic assay was done by seeding between 800 and 2500 treated cells per
well in 6-well plates. Cell number for controls were seeded at 800 cells per well and the
cell number increased as the treatment concentration increased to 2500 cells per well.
The cells were then left to grow in 2 mL per well complete media in 37 °C in 5% CO 2
incubator for 10 to 14 days. Media were replaced every 3 days. At 10 to 14 days post
treatment (depending on colony formations), the colonies were fixed and stained with
50% methanol (Sigma) and 50% of 1% crystal violet in water (Sigma, UK) and counted
for colonies comprising of 50 cells or more.
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Radionuclide uptake for toxicity studies (trypan blue and clonogenic assays) was
expressed as cell-bound activity (Bq/cell) by multiplying factors (radioactivity for toxicity
study (MBq/mL) /radioactivity for binding study (MBq/mL) to Bq/cell calculated in
Chapter 3.3.3.2 based on their respective cell type and radioactive treatment.
Surviving fraction (SF) was calculated based on Franken et al. (2006) [165] by
determining plating efficiency of each cell type (Equation 3-2) followed by SF calculation
(Equation 3-3). Results were expressed as mean and standard deviation (SD) .
Equation 3-2 Plating efficiency formula
𝑃𝑙𝑎𝑡𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑃𝐸) =

𝑛𝑜. 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑
𝑥 100%
𝑛𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑

Equation 3-3 Surviving fraction formula
𝑆𝑢𝑟𝑣𝑖𝑣𝑖𝑛𝑔 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝑆𝐹) =

𝑛𝑜. 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝑛𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑥 𝑃𝐸

3.4 RESULTS
3.4.1 Radioactive lipophilic complex preparations
Following extraction into organic solvents, radiolabelling yields of 67Ga lipophilic
complexes were 93.38 ± 4.8%, 80.1% and 24.9% for oxine, tropolone, and MPO,
respectively. The average yield for 111In-oxine was 98.5 ± 0.3 %. (n=3 for 67Ga and 111Inoxine preparations, n=1 for 67Ga-tropolone and MPO).
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3.4.2 Comparison of lipophilic complexes
Cell binding studies of 67Ga-oxine, 67Ga-tropolone and 67Ga-MPO in 1 x 106 cell of
MDA-MB-231 cells revealed that 67Ga-oxine complex produced the highest cell binding
at 1 hour of incubation (Figure 3-1). With 67Ga-oxine, the binding percentage at 1 minute
of incubation quickly reached 6.22 ± 0.35 % and steadily increased to 9.4 ± 2.5 following
a 1-hour incubation. The binding results with the other two complexes, namely 67Gatropolone and 67Ga-MPO, were not statistically different (p > 0.05 with 1-way Anova)
with 0.77 ± 1.09 % and 0.84 ± 0.2% of binding for

67Ga-tropolone

and

67Ga-MPO,

respectively, at the first minute of incubation). For these complexes, binding
percentages did not improve, even at 1 hour.
From the results, it can be seen that cell labelling was disappointingly inefficient
in all cases but that
compared to

67Ga-oxine

67Ga-tropolone

produced significantly higher binding percentage as

and

67Ga-MPO.

Therefore,

67Ga-oxine

was selected for

subsequent studies on 67Ga toxicity (67Ga-oxine binding to centrifuge tubes was 0.07 ±
0.04%)

99

% cell-bound radioactivity

15

Ga-67 oxine
Ga-67 Tropolone
Ga-67 MPO

10

5

0
0

20

40

60

Time (min)

Figure 3-1 Cell binding study with various lipophilic complexes of 67Ga following 1-hour
incubation in MDA-MB-231 cells. (n=1, run in triplicate, error bar indicates SD)

3.4.3

67

Ga-oxine and 111In-oxine cell binding and retention

Following a 1-hour incubation with either 67Ga-oxine or 111In-oxine in MDA-MB231, DU145 and HCC1954 cells, 111In-oxine can be seen to consistently produce higher
binding percentages than 67Ga-oxine (Figure 3-2). Incubation of MDA-MB-231 cells with
67Ga-oxine

and 111In-oxine yielded 14.7 ± 3.0 % and 71.13 ± 6.0% of binding respectively

after a 1-hour incubation. In HCC1954 cells, 67Ga-oxine binding percentage was 5.02 ±
2.19 % while with 111In-oxine 59.18 ± 1.38 % was achieved. Incubation of radionuclide
complexes in DU145 cells produced 7.47 ± 1.32 % with 67Ga-oxine and 60.61 ± 8.85 with
111In-oxine. The binding to

non-internalised 67Ga-citrate and 111In-chloride in all cell lines

on average were very low at 2.42 ± 2.8 and 0.16 ± 0.15 % respectively.
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Figure 3-2 Cell binding assay of 67Ga- and 111In-oxine in MDA-MB-231, DU145 and
HCC1954 cells following a 1-hour incubation with 0.1 MBq of radionuclide complex in 1
x 106 cells in 1 mL preparation. (n=1, run in triplicate, error bar indicates SD)
Calculations of activity per cell (Bq/cell) following incubation with 0.1 MBq/mL
of radionuclide complexes in 1 x 106 cells showed that for 67Ga-oxine, the total activity
per cell in all cell lines was 0.01 ± 0.00 Bq/cell. With 111In-oxine, the total activity per cell
in MDA-MB-231 cells at one hour was 0.07 ± 0.01 Bq/cell and the value was similar in
DU145 and HCC195 (0.06 ± 0.0 Bq/cell) (Table 3-1).
Table 3-1 Cell-bound activity for MDA-MB-231, DU145 and HCC1954 cell lines as in
percentage and activity per cell (Bq/cell) following incubation with 67Ga-oxine or 111Inoxine (n=2, run in triplicate, error presented in SD)
Radionuclide MDA-MB-231
% cell-bound activity
Bq/cell

67

Ga

14.36 ± 3.02

DU145

HCC1954

7.47 ± 1.32

5.02 ± 2.19

111

In

71.13 ± 6

60.61 ± 8.85 59.18 ± 1.38

67

Ga

0.01 ± 0.003

0.01 ± 0.002 0.01 ± 0.001

0.07 ± 0.01

0.06 ± 0.01

111

In

0.06 ± 0.01
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From the results, in all cell lines, incubation with 111In-oxine was able to deliver
between 6 to 7 folds more activity per cell than with 67Ga-oxine.
Retention of 67Ga-oxine and 11In-oxine in cells after initial labelling was followed
for 72 hours post incubation (Figure 3-3). In MDA-MB-231, 67Ga cleared from cells at
faster rate (p = 0.02) with only 69.6 ± 0.67 % remaining in the cell as compared to 111In
with 89.1 ± 4.9 % at 12 hours. At subsequent time points, both radionuclides steadily
washed out of the cells until at 72 hours only 50.8 ± 2.9 % of 67Ga and 52.7 ± 0.4 % and
111In

remained in the cells.
In DU145 cells, the washout of both radionuclides was different than seen in

MDA-MB-231 cells. With 67Ga-oxine, at 1 hour of incubation, 89.6 ± 1.9% remained in
the cells. The radionuclides further washed out of the cells leaving only 38.8 ± 0.7 % to
be cell-bound at 72 hours. With 111In-oxine, a similar trend of washout was observed to
67Ga-oxine.

At 1 hour of post-incubation, 74.0 ± 1.7 % of

111In-oxine

are cell-bound. It

was extensively washed out from the cells leaving only 31.2 ± 1.4 % to be cell-bound at
72 hours.
Radionuclide washout in HCC1954 cells showed that following 1-hour incubation
with 67Ga-oxine, 82.0 ± 6.9 % of radionuclides to be cell-bound. At 12 hours only 51.1 ±
7.8 % of 67Ga was associated with cells and further leaked out leaving 36.1 ± 6.6 % of
activity remained cell-bound at 72 hours. With 111In-oxine, at one hour 93.7 ±0.8 % was
still cell-bound and slowly washed out over time leaving 51.3 ± 0.3 % of

111In

to cells-

bound at 72 hours.
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Figure 3-3 Retention of radionuclides in various cell lines with A; MDA-MB-231 cells, B;
DU145 cells, and C; HCC1954 following 1 hour incubation with 67Ga-oxine and 111Inoxine. (0 hour on x-axis corresponds to the end of 1 hour incubation with radioactive
complex) (n=1, run in triplicate, error bar indicates SD)
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3.4.4 Cytotoxicity Studies
3.4.4.1

Trypan blue viability assay

Figure 3-4 shows the effects of treatment with 67Ga-oxine and 111In-oxine on the
viability of MDA-MB-231 cells as measured with trypan blue. After 72 hours of
incubation, the percentage of viable cells steadily reduced (as compared to untreated
control) with increasing activity per cell for both 67Ga-oxine and 111In-oxine treatment.
With 67Ga-oxine, the cellular activity required to produce reduction in 50% cell viability
(A50) was 1 Bq/cell and for 10% of cell viability (A10) it was 2 Bq/cell. At 2.5 Bq/cell
viability fell to approximately zero. With

111In-oxine,

the A50 was 0.5 Bq/cell but in

contrast to 67Ga, the viability reached plateau beginning at 3.5 Bq/cell and did not fall
below 21.38 ± 12.47 % and similar (p = 0.6) viability recorded at higher Bq/cell. The
surviving cells (i.e. those that did not take up trypan blue) showed different morphology
than untreated MDA-MB-231 cells, appearing larger in size and existing as single cells as
compared to untreated cells that could hinted to senesce cells (Figure 3-10).
With 67Ga treatment, comparison with the untreated group showed that at 20
MBq/mL of

67Ga-oxine

showed reduction in viability to 6.01 ± 1.3 % while incubation

with non-internalised 67Ga-citrate at 20 MBq/mL showed to be no difference (p = 0.47)
to the untreated group at viability of 85.71 ± 27.44 %. Treatment with decayed

67Ga-

oxine showed a significant reduction (p = 0.043) in viability to 58.65 ± 15.62 % as
compared to the untreated group (100 %). 111In-oxine produced 29.2 ± 9.14 % viability
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with 20 MBq/mL treatment and non-internalised 111In-chloride reduced viability only to
51.79 ± 9.5 % whilst decayed 111In-oxine produced 49.58 ±2.47 % reduction in viability.
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Figure 3-4 Viability assay of MDA-MB-231 cells following treatment with 67Ga-oxine
and 111In-oxine. Viability (compared to untreated group) was measured after 72 hours
of treatment with radionuclide complex. Graph A represents viability of MDA-MB-231
cells following treatment with various activities/cell. Graph B is a comparison to
controls at equivalent 20 MBq/mL radionuclide oxine treatment. (With 20 MBq/ml
incubation, cell-bound activity for 67Ga-oxine is 2 Bq/cell and 14 Bq/cell with 111Inoxine)(n=1, run in triplicate, error bar presented in SD)
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The difference in viability between

111In-oxine

and the non-internalised

chloride was not significant (p = 0.14) while the difference between

111In-

111In-oxine

and

decayed 111In-oxine the difference was significant (p = 0.047).
In DU145 cells, treatment with

67Ga-oxine

and

111In-oxine

in general produced

similar traits as observed in MDA-MB-231 cells (Figure 3-5). Treatment with 67Ga-oxine
produced a consistent reduction in viability with increasing activity per cell. Like MDAMB-231, A50 was recorded at 1 Bq/cell while A10 was slightly higher at 1.5 Bq/cell.
Viability following treatment with

111In-oxine

showed that A50 was 1 Bq/cell but the

viability did not fall after 1.2 Bq/cell and stayed within 20% range even with higher
activity per cell. In comparison to untreated controls at 100%, cell viability following
treatment with

67Ga-oxine

was 17.39 ± 6.61 %; with non-internalized

viability was 47.2 ± 8.35 % and with decayed

67Ga-oxine

67Ga-citrate

it was 51.24 ± 12.18 %.

Treatment with 67Ga-oxine produced a significant reduction in viability when compared
to non-internalized

67Ga-citrate

(p = 0.009) and decayed

67Ga-oxine

Compared with untreated control, treatment with 15 MBq/ml of

(p = 0.014).

111In-oxine

produced

22.12 ± 8.26 % of cell viability while treatment with non-internalised 111In-chloride (15
MBq/mL) produced 68.22 ± 9.38 % followed with decayed 111In-oxine of 56.85 ± 10.83
%. Statistical analysis revealed that the difference between
internalised

111In-citrate

111In-oxine

and non-

was significant (p = 0.008) but it there was no significant

difference between 111In-oxine and decayed 111In-oxine (p = 0.078).
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Figure 3-5 Viability assay of DU145 cells following treatment with either 67Ga-oxine or
111In-oxine. Viability was measured (reference to untreated group as 100%) after 72
hours of treatment with radionuclide complex. Graph A represents viability of DU145
cells following treatment with various activities/cell. Graph B is a comparison to
controls at equivalent with 15 MBq/mL radionuclide oxine treatment (With 15 MBq/ml
incubation, cell-bound activity for 67Ga-oxine is 1.5 Bq/cell and 9 Bq/cell with 111Inoxine) (n=1, run in triplicate, error bar presented in SD)
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Effects of incubation with 67Ga-oxine and 111In-oxine on viability of HCC1954 cells
are shown in Figure 3-6. Again, with 67Ga-oxine, the cell viability reduced with increasing
activity per cell. To produce 50% reduction in viability, only 0.5 Bq/cell of 67Ga-oxine was
required and reduction to 10% viability required 1 Bq/cell. There were no viable cells as
the treatment concentration higher than 2 Bq/cell. Treatment with 111In-oxine revealed
a 50% reduction in cell viability at 2.5 Bq/cell. Further increases in activity per cell did
not produce reduction in cell viability and the percentage of viability remained within a
30% range. When considering the controls, 67Ga-oxine showed reduced viability to 12.15
± 7.06 % with non-internalized 67Ga-citrate at 65.42 ± 7.1 % and decayed 67Ga-oxine at
42.06 ± 19.62 % reduction in viability. With 111In-oxine, viability was reduced to 30.6 ±
16.8 % while non-internalized 111In-Cl3 produced 51.49 ± 13.43 and decayed 111In-oxine
gave 56.7 ± 15.88 %.
Overall, treatment with

67Ga-oxine

in all cell lines was able to produce 0%

viability while 111In-oxine unable to achieve 0% viability in all cell lines even with very
high activity.
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Figure 3-6 Viability assay of HCC1945 cells following treatment with either 67Ga-oxine
or 111In-oxine. Viability was measured after 72 hours of treatment with radionuclide
complex. Graph A represents viability of HCC1954 cells following treatment with
various activities/cell. Graph B is a comparison of controls with 20 MBq/mL
radionuclide oxine treatment. (With 20 MBq/ml incubation, cell-bound activity for
67Ga-oxine is 2 Bq/cell and 12 Bq/cell with 111In-oxine) (n=1, run in triplicate, error bar
presented in SD)
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3.4.4.2

Clonogenic assay

Following incubation with

67Ga-oxine

and

111In-oxine,

clonogenic capacity in

MDA-MB-231 cells was measured (Figure 3-7). In general, clonogenic capacity reduced
with increasing activity per cell for both

67Ga

and

111In.

With

67Ga-oxine

treatment,

reduction in surviving fraction (SF) by 0.5 (A50) required 0.25 Bq/cell and reduction to
0.1 (A10) required 1.55 Bq/cell. 111In in this cell line produced an A50 of 0.15 Bq/cell and
an A10 of 0.7 Bq/cell. Comparison to controls showed that with

67Ga-oxine,

no cells

survive at 20 MBq/mL incubated activity (2.8 Bq/cell) while non-internalized 67Ga-citrate
incubation produced 0.84 ± 0.11 SF and 0.67 ± 0.08 SF when treated with decayed 67Gaoxine complex. The SF for both non-internalised

67Ga-citrate

and decayed

67Ga-oxine

was no different to the untreated group (p > 0.05) but was statistically different to 67Gaoxine (p = 0.005 and 0.006, respectively, for

67Ga-citrate

and decayed

67Ga-oxine).

Comparison of 111In to its controls showed a SF for 111In-oxine at 0 ± 0, non-internalized
111In-chloride

at 0.72 ± 0.013 and decayed

non-internalized

111In-Cl
3

and decayed

111In-oxine

111In-oxine

at 0.45 ± 0.075. The SF for both

is significantly (p = 0.4 and 0.08

respectively) different to untreated group and 111In-oxine.
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Figure 3-7 Clonogenic assay of MDA-MB-231 cells following treatment with 67Ga-oxine
and 111In-oxine. Graph A shows the surviving fraction with increased activities per cell
and Graph B shows surviving fraction compared to controls at 20 MBq/mL. (With 20
MBq/ml incubation, cell-bound activity for 67Ga-oxine is 2 Bq/cell and 14 Bq/cell with
111In-oxine) (n=1, run in triplicate, error bar presented in SD)
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Incubation of DU145 cells with 67Ga-oxine and 111In-oxine showed similar trends
to those observed in MDA-MB-231 cells (Figure 3-8). With 67Ga-oxine, the A50 was 0.3
Bq/cell and the A10 was 0.95 Bq/cell. 111In-oxine produced an A50 of 0.65 Bq/cell and an
A10 of 0.875 Bq/cell. Comparison between 67Ga preparations showed that at 15 MBq/mL
incubation, SF produced by 67Ga-oxine was 0.04 ± 0.03, by non-internalized 67Ga-citrate
was 1.19 ± 0.13, and by decayed 67Ga-oxine was 0.74 ± 0.17. The SF after exposure to
non-internalized 67Ga-citrate and decayed 67Ga-oxine was significantly higher (p < 0.02)
than for 67Ga-oxine but was not significantly different to the untreated group (p > 0.49).
Comparison of 111In controls (at equivalent 20 MBq/mL of 111In-oxine) revealed an SF for
111In-oxine

at 0 ± 0, non-internalized 111In-citrate at 1.06 ± 0.11 and decayed 111In-oxine

at 0.69 ± 0.2. As observed for 67Ga controls, non-internalized 111In-chloride and decayed
111In-oxine

SF were not different (p > 0.15) from the untreated group but different (p <

0.027) from 111In-oxine treatment.
Clonogenic assay results on HCC1954 following treatment with
111In-oxine

67Ga-oxine

and

are shown in Figure 3-9. 67Ga-oxine showed an A50 of 0.1 Bq/cell and an A10

at 0.5 Bq/cell while

111In-oxine

showed an A50 of 0.6 Bq/cell and A10 of 0.8 Bq/cell.

Comparison to 67Ga controls at incubation of 20 MBq/mL revealed SF with 67Ga-oxine to
be 0.013 ± 0.009, non-internalised 67Ga-citrate at 0.66 ± 0.14 and decayed 67Ga-oxine at
0.91 ± 0.11. SF fraction from both non-internalised 67Ga-citrate and decayed 67Ga-oxine
was not different to the untreated group (p > 0.12) but was different to 67Ga-oxine (p <
0.017). For controls with 111In, SF of HCC1954 cells was 0 ± 0 with 111In-oxine, 1.03 ± 0.24
with non-internalised 111In-chloride and 0.63 ±0.19 with decayed 111In-oxine. Similar to
67Ga

preparations, SF from non-internalised 111In-chloride and decayed 111In-oxine was
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not statistically different to the untreated group (p > 0.057) but was different from 111Inoxine (p < 0.028).
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Figure 3-8 Clonogenic assay of DU145 cells following treatment with 67Ga-oxine and
111In-oxine. Graph A shows surviving fraction with increasing activity per cell and graph
B shows surviving fraction comparison to controls compared at 15 MBq/mL activity.
(With 15 MBq/ml incubation, cell-bound activity for 67Ga-oxine is 1.5 Bq/cell and 9
Bq/cell with 111In-oxine)(n=1, run in triplicate, error bar presented in SD)
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Figure 3-9 Clonogenic assay of HCC1954 cells following treatment with 67Ga-oxine and
111In-oxine. Graph A shows surviving fraction following increased activity per cell and
graph B shows surviving fraction compared to controls compared at 20 MBq/mL activity.
(With 20 MBq/ml incubation, cell-bound activity for 67Ga-oxine is 2 Bq/cell and 12
Bq/cell with 111In-oxine)(n=2, run in triplicate, error bar presented in SD)
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Figure 3-10 Images of giant HCC1954 cells from a clonogenic assay at day 12 post
incubation viewed at 400x magnification. A is the colony formed in the untreated group
with cell diameter between 10 to 15 µm (highlighted in red circle), B multinucleated
giant cell growing into approximately 180 µm in diameter after treatment with 10
MBq/mL 111In-oxine.
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3.5 DISCUSSION
67Ga

has to date mainly been used in imaging studies with the radionuclide in

67Ga-citrate

form. Its mechanism of uptake into tumours and other lesions is unclear;

transferrin receptor CD71 is believed to be responsible for significant uptake of 67Ga into
cells [166]. For imaging purposes, this targeting mechanism is often capable of
producing accurate detection of lymphoma cells with sufficient signal produced in the
lesion region. For toxicity studies with 67Ga however, high activity is required to produce
any damage to the cells while rapid transfer of 67Ga into the cell in a consistent manner
is essential when measuring toxic activity in any meaningful way.
One way of delivering 67Ga into the cells in a reasonably consistent manner is by
complexing

67Ga

with lipophilic complexes. Complexing

67Ga

is not a routine clinical

practice but has been previously reported [164, 167, 168]. Among the previously used
lipophilic ligands are oxine, tropolone and MPO (Figure 3-11).

Figure 3-11 Structures of lipophilic ligands a, oxine b, tropolone and c, MPO.
Reacting 67Ga-citrate with oxine, tropolone and MPO produced variable yields of
lipophilic complexes.

67Ga-oxine

tropolone (80.1%) and

67Ga-MPO

gave the highest yield (92.1%) followed by

67Ga-

(24.9%). The finding is consistent with findings by

Ballinger and Boxen (1992) [164] where 67Ga-oxine produced 93.7 % yield with lowest
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amount oxine added at 10 µg. With tropolone, they reported that 50 µg amount of
tropolone was needed to produce 97.5% yield while 1000 µg of MPO was needed to
produce 98.8% yield [164]. Oxine is more readily able to complex with

67Ga

than the

other two lipophilic complexes, as measured by chloroform extraction.
Cell binding comparisons between the three complexes showed that 67Ga-oxine
produced highest radionuclide uptake (9.42 ± 2.49 %) as compared to the other two 67Ga
complexes (0.41 ± 0.15 and 0.98 ± 1.38 % respectively for

67Ga-tropolone

and

67Ga-

MPO). A similar observation has previously been reported with uptake of 67Ga-oxine of
78.7 ± 0.9% [164]. A direct comparison, however, cannot be made to this study since the
labelling was done in whole blood without quantification of cells present in the
preparation.
Studies by Karanikas et al. (1997) 149 and Yano et al. (1985) 148, on the other hand,
showed 67Ga-MPO gave the highest binding percentage as compared to 67Ga-oxine and
67Ga-tropolone

when tested in platelets . Yano et al. [167] observed variable results (10

% to 84 %) in binding percentage when using 67Ga-oxine. Since both studies were carried
out in platelets, presence of serum transferrin protein may further aid the uptake. In our
study, serum proteins were absent making lipophilic complex the sole vehicle to transfer
67Ga

into cells.
In selecting a suitable lipophilic complex for subsequent studies,

67Ga-oxine

complex was superior to the other preparations; 67Ga-tropolone and 67Ga-MPO in terms
of radiolabelling yield as well as cell uptake of the radionuclide. Therefore, oxine was
chosen as a lipophilic molecule for subsequent studies. Incubation time for the study
was set at 60 min as the cell uptake of 67Ga was shown to reach plateau at 60 min.
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Following incubation of 67Ga-oxine and

111In-oxine

in various cell lines, the cell

uptake of 111In-oxine was superior to that of 67Ga-oxine by 5-6 folds in all cell lines. Cell
uptake of

111In-oxine

was consistent with previous studies with binding percentages

observed to be up to 80% [163, 167, 169] while incubation with

67Ga-oxine

showed

consistently low binding percentage in previous studies [167, 168]. One of the possible
explanations for this could be due to the stability constant of oxine binding to the metals
(Table 3-2). Gallium has a higher stability constant than indium when complexed with
oxine. It is postulated that 111In-oxine, can diffuse into the cell cytoplasm, then dissociate
whereupon 111In binds to cytoplasmic proteins and resides within the cell compartment
[163]. In case of 67Ga-oxine, being a more stable complex, this radionuclide diffuses into
the cells and as it retains its integrity for longer, it may subsequently diffuse out from
the cells once the medium is replaced with a non-radioactive medium. The relative lack
of dissociation removes the thermodynamic driving force that would trap

67Ga

in the

cell. This hypothesis could be tested in the future study using solvent extraction method
on the incubated media.
Table 3-2 Log stability constant of oxine on Ga3+ and In3+. Adapted from Yano et al.
(1986) [167].
Log stability constant
K1
K2
K3
Ga3+ 14.5

13.5

12.5

In3+

11.9

11.5

12.0

In this study, radionuclide incubation was performed in a serum-free
environment. This was done to limit

67Ga

and

111In

potential uptake via transferrin-

mediated mechanism. Without serum, radionuclide uptake into cells is assumed to be
solely dependent on lipophilic complex trafficking.
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Washout of 111In from cells is a known problem with
111In

cells,

111In-oxine.

In endothelial

retention was reduced to 45 % after 24 hours of incubation while in

mesenchymal stem cells, only 35 % and 27 % of

111In

remained at 24 and 48 hours

respectively [170]. Similar behaviour was found in haematopoietic progenitor cells
where the retained amount reduced to 32 % at 24 hours and 18 % at 48 hours [169]. In
this study, 111In retention in cells at 24 hours varied between cells with MDA-MB-231 at
70.7%, DU145 at 30.3 % and HCC1954 at 72.3 %. Carr et al. (1995) [170] suggested that
111In

that leaked out of the cells was the membrane-bound 111In and not cytosol-bound

111In

due to weak interaction between 111In and the membrane.
With

67Ga-citrate,

it was found that the radionuclide washout from HL60

promyelocytic leukemic cells was subject to the presence of transferrin during the
incubation step. After 24 hours and in the presence of transferrin, approximately 50 %
of 67Ga remained associated to the cells whilst only approximately 35 % of 67Ga remained
with the cells in the absence of transferrin [171]. Here, retention of 67Ga in MDA-MB231, DU145 and HCC1954 cells was found to be at 66.1 %, 51.8 % and 44.6 %
respectively. The same author also reported that washout rate occurred rapidly at first
6 hours of post incubation [171]. The findings from both studies were consistent with
this study showing limited retention of 67Ga within the cells. However, the amount was
deemed as sufficient to produce toxicity to the cells.
The extrapolation of cell-bound activity from the earlier uptake study was chosen
to represent activity per cell in toxicity study instead of directly measuring the fraction
of cell-bound activity. This is because some cells in the toxicity study observed were
dead during incubation with high amount of radioactivity. As a result, the dead cells will
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lose membrane integrity leading to release of cytoplasmic materials including
radionuclides making measurement unrepresentative. Kassis et al. [58] in their study
also demonstrated that

111In-oxine

uptake into cells proportionately increases with

increasing incubated activity. It should also be noted that as the cell bound activity is
highly dependent various variables including both biological factors and preparation, its
reproducibility is expected to be limited to this setting.
As

67Ga

showed to have lower internalisation as compared to

111In,

higher

incubated activity for 67Ga is required to produce similar cell-bound radioactivity to 111In.
The assessment of cell-bound radioactivity is important as it avoid underestimation of
67Ga

activity in toxicity study. Fortunately, since non-internalising 67Ga or 111In produced

no significant toxicity in the clonogenic assays, it was simple to correct for the difference
in uptake between 67Ga and 111In.
Toxicity assessment on

67Ga

and

111In

was done by minimising variables that

affect the assays by 1) using a similar lipophilic complex for both radionuclides and by 2)
standardising the amount of composition of media with respect to potentially toxic
constituents such as oxine and ethanol throughout preparations. Oxine is a quinoline
derivative which has numerous biological activities including antimicrobial, antioxidant,
anti-inflammatory and antidiabetic properties. In this study, the oxine concentration
was standardised to 7 µM throughout preparations as oxine is toxic to the cells [172].
Therefore, by standardising the oxine amount in all preparations, its influence on cell
toxicity can be controlled for.
Here, cellular response to the treatment was measured with two assays namely
with the trypan blue viability assay and clonogenic assay. The trypan blue viability assay
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is a common and simple method of measuring viability. It discriminates cell viability
based on dye uptake status where dead cells appear blue due to presence of dye due to
loss of membrane integrity.
Therefore, it can be said that this test measures cell survival based on one
feature of cellular dysfunction: loss of membrane integrity. Since cellular dysfunction
can be manifest in many ways, this test might not be a complete measure of treatment
response in terms of clonogenic survival, which is the important parameter in cancer
treatment. Agents can be cytostatic without having any cytocidal effects. Therefore cells
may not be killed but rather arrested in growth and thus making this method insensitive
in measuring such response [173].
Another problem was the timing issue. In some cases, cells require sufficient
time to lose membrane integrity following treatment [174] while in some cases, dead
cells disintegrate too soon making them undetectable in the measurement, leading to
under or overestimate of cytotoxicity [175]. However, since this method can be easily
done at any time point of incubation, it was chosen to measure the immediate impact
of radionuclide treatment on the cells at day three following incubation. Day three was
chosen to allow both radionuclides to reach approximately one half-life.
To overcome the limitations of the trypan blue viability assay, this study also
measured toxicity using a clonogenic assay. This method is widely used in determine
toxicity of anticancer agents [175]. The assay measures capability of cells to replicate
and form a colony of 50 cells or more from one single cell. Compared to the trypan blue
viability assay and metabolic assays, the clonogenic assay typically shows the most
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reliable results [173]. Therefore, it is regarded as a gold standard in measuring all modes
of cell death and growth arrest following treatment [176].
When comparing both types of assays, this study showed that the clonogenic
assay was more sensitive, consistently producing similar effects, in terms of surviving
fraction, even at low amounts of activity/cell with both 67Ga and 111In.
Interestingly, the responses to radionuclide complex treatment between cells
were similar but not identical. MDA-MB-231 cells were more sensitive to

111In-oxine

than to 67Ga-oxine. HCC1954 cells on the other hand, were more sensitive to 67Ga-oxine
therapy while DU145 cells gave mixed results for 67Ga-oxine and 111In-oxine treatments
in both assays (Table 3-1).
Cell morphology has previously been found to be related to treatment response
by regulating differentiation, survival, motility and proliferation [177]. Treatment with
Auger electron emitters has been shown to give energy deposition in different cell
compartments in different cell geometries [178, 179], cell sizes [180] and even nucleus
arrangements [181]. Therefore, there are multiple factors that might influence a cell's
sensitivity against both radionuclides. As well as different cell morphology, different
cells may have different intracellular distribution of radionuclides, different DNA repair
capabilities etc. That said, one interesting difference between HCC1954 to MDA-MB-231
cells is the larger cytoplasmic area in HCC1954 cells which might favour long range
electrons produced by 67Ga over 111In.
Previous toxicity studies with 67Ga have been carried out in a different way to
here where cells were incubated over a long period with the radionuclide. Jonkhoff et
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al. [2] incubated lymphoma U937 cells with 67Ga-citrate for up to 6 days. Govindan et al.
[4] in their study incubated 67Ga-LL1 with cells for 2 days while Kourmarianou et al. [93]
incubated 67Ga-NOTA-MNT (modular nano transporter) for 24 hours with cells. In this
study, cells were incubated for 1 hour before being plated for cell growth assays (3 and
10 days respectively for trypan blue viability and clonogenic assay). For that reason,
direct toxicity comparison to other studies cannot be made because of different
exposure rate to the radionuclide.
Previous study by Reilly et al. on 111In toxicity showed a SF of 0.1 with clonogenic
assay in the region of 0.1 to 0.13 Bq/cell following treatment with

111In-DTPA-hEGF

in

MDA-MB-468 cell line [59], 6 folds more potent as compared to this study (0.7 to 0.8
Bq/cell). It could be that the higher potency in cell killing in a study by Reilly et al. was
due111In nuclear localisation which was 15.5% of total cell-bound activity at post 24
hours of incubation [59].
Contrasting results were observed in the controls of all cell lines tested with cell
growth assays. With trypan blue viability assay, treatment with non-internalised 67Gacitrate or 111In-chloride and decayed oxine complex caused significant reduction in cell
viability in contrast to the results from the clonogenic assay. Perhaps, lower viability
(with trypan blue viability assay) slowed cell growth following treatment with the noninternalised radionuclide and decayed oxine complex due to short incubation period (3
days). On the other hand, with longer incubation (10 days) with clonogenic assay, it
enabled cells to recover and function normally.
The surviving cells in

111In-oxine

treatment group showed distinct physical

changes from the normal appearance, becoming much larger in diameter, existing as
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single cells and lost capability to replicate (Figure 3-10). These cells survive up to 12 days
of incubation (over observation period) and can be seen in clonogenic assay. Some of
these cells can grow to more than 10 times their normal diameter with nucleus
appearing multinucleated. The giant cells that formed following the treatment were
perhaps a result of cellular injury following irradiation. The study is in concordance with
observation by Kaur et al. [182] where following irradiation, the cells still able to survive
but lost the ability to proliferate and arrested at G2/M phase. It is also possible that the
cells were senescence cells following irradiation. In clinical setting, presence of
senescence cells following therapy it not desirable as it can protect tumors from immune
clearance and play role to provide growth factors and angiogenesis to tumors [183].
More importantly, this study was able to demonstrate toxicity of

67Ga

to be

similar to 111In. The cell killing with both radionuclide treatments was specific; absence
of cellular uptake led to no effect to the cells. This finding is consistent with the limited
range of Auger electrons produced by both

67Ga

and

111In

(2 and 1 µm respectively)

meaning the emitters need to be internalised to produce damage. Aside from Auger
electrons, the coulombic explosion effect is also likely to be effective only at very limited
distance. Understanding of radionuclide subcellular localisation is necessary as it will
provide important information on damaging effect of Auger emitters.
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3.6 CONCLUSION
General 67Ga cell localisation can be achieved with the lipophilic oxine complex
although much less efficiently than for 111In. In this study, it was found that 67Ga-oxine
was able to transport 10-fold higher activity to the cells as compared to 67Ga-tropolone
or 67Ga-MPO. 67Ga-oxine was therefore chosen for toxicity study.
Building on the comparison between 111In and 67Ga to induce DNA damage in the
previous chapter, 111In has been used to compare toxicity produced by 67Ga toxicity in
cells. To ensure a fair comparison, both radionuclides were complexed with oxine. The
complexes were incubated with the cells and their uptake in cells was measured. 111Inoxine was found to have higher uptake percentage than 67Ga-oxine in all cell lines by 6
to 7-folds. Radionuclide washout was followed for up to 72 hours. Both 67Ga and 111In
complex showed similar washout rates in MDA-MB-231 and DU145 cell lines. In
HCC1954 cells, 67Ga was washed out much faster than 111In.
Cell growth assays with 67Ga-oxine and 111In-oxine showed that the clonogenic
assay was more sensitive than the trypan blue viability assay. With clonogenic assay,
treatment with 67Ga-oxine was like 111In-oxine in all cell lines.
Overall, it can be said that both radionuclide complexes displayed toxicity in
mammalian cells with different cells displaying only slightly different susceptibility to the
radionuclides. Clinically, this would benefit patients as damage will only affecting cells
that internalise the Auger emitters. Therefore, occurrence of non-specific toxicity in the
patients receiving can be avoided if tumour-specific delivery can be achieved.
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As a conclusion,

67Ga

proved to have toxicity potential and warrants further

investigation as a therapeutic radionuclide.
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CHAPTER 4 GALLIUM-67 IN TARGETED THERAPY
AGAINST HER2 POSITIVE CELLS

4.1 INTRODUCTION
In the previous two chapters, 67Ga demonstrated comparable capacity to 111In in
inducing DNA damage in cell-free system as well as comparable cytotoxicity when taken
up in several selected cell lines using a non-targeted approach. In the latter approach, it
was found that the amount of activity required to produce 90% cell kill (A10) in the three
cell lines was remarkably consistent, between 0.5 to 1.55 Bq/cell for 67Ga-oxine and 0.7
to 0.87 Bq/cell for 111In-oxine. Importantly, neither radionuclide showed cell killing when
not internalised, which demonstrated the need for intracellular localisation.
Following the success in establishing that 67Ga does cause toxicity in the selected
cancer cell lines, the next step was to establish the therapeutic potential of 67Ga in more
targeted approach. For this reason, the anti-HER2 (anti-Human Epidermal Growth Factor
Receptor-2) antibody trastuzumab (Herceptin®) was chosen as a delivery vehicle to
which to attach the radionuclide as it is readily available and its targeting system is wellestablished and simple.
Trastuzumab is a well-known monoclonal antibody developed by Genentech Inc
(San Francisco, CA, USA) in 1990 and it was registered with the United States Food and
Drug Administration (US FDA) in 1992 for treatment against HER2 positive (HER2+)
breast cancer [184]. It is now being used clinically to treat HER2+ cancers including
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breast, oesophageal and stomach cancers as either as a lone agent or in adjuvant
therapy [184-186].
HER, also known as Epidermal Growth Factor Receptor (Erb), consists of variants
identified as HER1, HER2, HER3 and HER4 and these are a group of transmembrane
tyrosine kinase receptors. They regulate various aspects of cellular physiology including
growth, survival, adhesion, migration, differentiation and many others [187]. In cancers,
HER2 receptors were found to be overexpressed in 20 to 30% of cases of invasive breast
carcinomas [188]. Trastuzumab acts by binding to the HER2 receptor on the cell surface
at its juxtamembrane domain. This binding results in inhibition of cell proliferation and
cell death[188]. Following binding of trastuzumab to the HER2 receptor the
trastuzumab-HER2 internalises [189]. Its fate following internalisation however varies in
different cell lines depending on HER2 expression levels. In highly expressing HER2 cell
lines, the recycling of trastuzumab is extensive while in low expressing HER2 receptor
cells, receptor recycling is undetected [189].
Here, the toxicity of 67Ga using a targeted approach with several cell lines will be
determined and the extent of 67Ga toxicity will be compared to that of 111In as in previous
chapters. The human breast cancer HCC1954 cell line was chosen as it is HER2-positive
(HER2+). The overexpression of HER2 by HCC1954 is well documented due to the
presence of multiple amplified regions on chromosomes, including on chromosome 17q
[190, 191]. As a control cell line, HER2 negative (HER2-) human breast cancer MDA-MB231 cells were used[192].
Initially, DOTA was chosen as the bifunctional chelator (BFC) to be conjugated to
trastuzumab due to its ability to chelate various radiometals including

111In

and

67Ga
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[147]. The purpose of standardising chelator for both radionuclides is to reduce
variability in binding affinity and on cell toxicity. As the study progressed, it was found
out that radiolabelling 67Ga to DOTA-trastuzumab was challenging due to unfavourable
labelling conditions such as extreme labelling temperature and pH for trastuzumab
antibody. For this reason, the tripodal tris(hydroxypyridinone) (THP) (three 1,6dimethyl-3-hydroxypyridinone-4-one groups) (Figure 4-1) was used as the BFC to
replace DOTA and with which to attach 67Ga to trastuzumab. The advantage of THP over
DOTA in radiolabelling was that it enabled gallium labelling at lower concentrations and
more importantly under milder condition such as at pH 6.5 and at room temperature
[134].

Figure 4-1 Structure of H3-THP-PnNCS

4.2 AIM
The primary aim of this study was to determine whether 67Ga can cause cell kill
when targeted to HER2+ cells via trastuzumab. Its toxicity will be compared to

111In-

trastuzumab.
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4.3 METHOD
4.3.1 Radionuclide preparation
67Ga

was supplied in citrate form at a concentration of 80-160 MBq in 2.2 mL

(Mallinckrodt, Netherlands).

111In

was supplied in chloride form (111In-Cl3) at 110-200

MBq in 0.3 mL (Mallinckrodt, Netherlands).

4.3.1.1

Converting 67Ga-citrate to 67GaCl3
67Ga

was supplied in citrate form at activity concentration of 72.7 MBq/mL. The

presence of citrate in the preparation as well as low activity concentration will affect the
antibody radiolabelling efficiency. Therefore, conversion of 67Ga-citrate to 67GaCl3 would
provide better radiolabelling conditions of 67Ga.

4.3.1.1.1

Method 1 Furukawa et al. [193]

67Ga-citrate

(21-46 MBq in 0.7-12 mL) was mixed with 0.1 M ascorbic acid and

concentrated hydrogen bromide HBr at 4:1:7. Butyl acetate (2 mL) was then added and
the mixture was vigorously shaken for 1 min. Next, the organic layer was separated from
the aqueous layer via a separating funnel and both parts were measured to determine
the percentage of total radioactivity within each fraction with a dose calibrator. The
organic layer was then evaporated under a nitrogen gas stream. 500 µL of 0.1 M HCl
were added to the vial to make

67Ga-chloride

ready for labelling. The percentage of

recovery was calculated with Equation 4-1.
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Equation 4-1 Calculation of percentage of recovery with Method 1
A𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝑥 100
𝑇𝑜𝑡𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑢𝑠𝑒𝑑

4.3.1.2

Method 2 Chan and Gonda [194]

24-60 MBq 67Ga-citrate (in 0.5-1.5 mL) was added to 200 mg silica gel (Sigma, UK)
in a 50 mL falcon tube. The mixture was shaken for 10 minutes to allow binding of 67Ga
to the silica gel. The falcon tube was then centrifuged at 4000 rpm for 5 min and the
supernatant was removed. The silica gel was washed with 20 mL dH2O by centrifuging
at 1000 x g for 5 min and the supernatant was discarded. This step was repeated three
times to remove citrate ions. Following a washing step, 0.5 mL of 0.1M HCl was added
to the silica gel whilst shaking. After 15 min, the falcon tube was centrifuged and the
supernatant contained 67Ga-chloride, which was collected and measured to determine
yield, calculated with Equation 4-2.
Equation 4-2 Calculation of percentage of recovery with Method 2

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝐻𝐶𝑙
𝑥 100
𝑇𝑜𝑡𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑢𝑠𝑒𝑑

4.3.1.3

Method 3 Scasnar and van Lier [138]

67Ga-citrate

(2.2 mL, 130 MBq) (Mallinckrodt, Netherlands) was diluted to 5 mL

with distilled water (dH2O). The 5 mL of diluted 67Ga-citrate was passed through a SEPPAK silica light 120 mg column (Waters, USA) at 1 mL/min rate with 10 mL syringe,
without pretreatment of the SEP-PAK column. The SEP-PAK cartridge was then washed
3 times with 5 mL dH2O to remove citrate ions. The retained activity was measured as
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percentage retained in the column. The presence of citrate ion was checked with
addition of silver nitrate in the waste of final wash. No precipitation indicated absence
of citrate in the final wash. The trapped 67Ga on the SEP-PAK was then eluted from the
cartridge with 0.1 M HCl. In order to identify the main fraction containing eluted 67Ga,
the HCl was collected in 0.5 mL fractions with a total volume of 3 mL. Once it was known
that the first fraction contains all the 67Ga chloride, the eluted volume was collected in
50 µL fractions with total elution volume of 0.5 mL. Percentage of recovery was
calculated with Equation 4-3
Equation 4-3 Calculation of percentage of recovery with Method 3

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑒𝑙𝑢𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝐻𝐶𝑙
𝑥 100
𝑇𝑜𝑡𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑢𝑠𝑒𝑑

4.3.2 Conjugation of trastuzumab with DOTA
Trastuzumab (MabThera, Roche) in 23.5 mg/mL saline was dialysed prior to
conjugation

with

S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane

tetraacetic acid (p-SCN-Bn-DOTA, Macrocyclics, USA). 850 µL trastuzumab was loaded
into a 3.5 kDa molecular weight cut-off Slide-a-lyzer™ cassette (ThermoFisher, USA) and
dialysed overnight against 1 L of 0.25 M pH 5.5 sodium acetate containing 2 g/L chelex
(Sigma, UK). The dialysing mixture was replaced every 2 hours (12 hours overnight).
Following dialysis, the antibody concentration was determined with a Nanodrop 1000
Spectrophotometer (Thermo Fisher Scientific, USA). DOTA conjugation to trastuzumab
was achieved at 2 different molar ratios, namely 40 times and 100 times. The dialysed
trastuzumab (10 mg, 12.8 mg/mL) was added to 40 and 100 times molar excess p-SCNBn-DOTA (1.1 mg, 10 µL and 1.83 mg, 50 µL respectively). 83 µL 1 M NaHCO3 pH 9.5 was
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then added to the mixture. The mixture was left for 60 min at room temperature whilst
being stirred. The antibody was dialysed overnight against 1 L mixture of 0.25 M pH 5.5
ammonium acetate containing 2 g/L chelex (changed every 2 hours, 12 hours for
overnight) to remove any unbound p-SCN-Bn-DOTA. The conjugated trastuzumab was
measured for concentration using Nanodrop 2000 (Thermo Scientific, US) at UV
absorbance of 280 nm. The conjugated trastuzumab was kept at -20 ˚C.

4.3.3 Conjugation of trastuzumab with H3-THP-ph-SCN
Trastuzumab (435 L, 22.96 mg/mL) in physiological saline solution was dialysed
against 50 mM of ethylendiaminetetraacetate sodium (EDTA) solution for 30 min to
remove any adventitious transition metal ions present in the centrifuge tube. The
mixture was loaded into Vivaspin 2 (Sartorius, Germany), spun at 4000 x g, washed with
metal-free HEPES buffer twice and later recovered in metal-free HEPES buffer. The
concentration of antibody recovered in the metal-free HEPES buffer was determined to
be 12.46 ± 0.05 mg/mL at UV absorbance of 280 nm with Nanodrop 2000. A solution of
21 µL of 10 mM H3THP-Ph-SCN in DMSO (at 10:1 molar ratio of chelator to antibody)
was added to trastuzumab (3.23 mg, 260 µL, pH 8.7) resulting in a slightly turbid solution
that was agitated and allowed to react at room temperature for 2 hours, and then at 4
°C for 2 hours. The reaction solution was then applied to a Sephadex PD MidiTrap G-25
size exclusion column (GE Healthcare) and eluted with ammonium acetate solution (0.2
M). The first eluate fraction (1 mL) was discarded. The next eluate fraction (1.5 mL) was
applied to a Sephadex PD-10 size exclusion column and eluted with aqueous ammonium
acetate solution (0.2 M). Fractions (500 L) were collected and measured for antibody
concentration with Nanodrop 1000 Spectrophotometer. Fraction 8 with antibody
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concentration of 3.48 mg/mL was used for radiolabelling. Aliquots of 50 µL were kept at
-20 C
̊ until used.

4.3.4 Determination of bifunctional chelator to antibody ratio
The method was based on Cooper et al. [195] using a mixture of 64Cu and cold
Cu2+. 5 MBq of 64CuCl2 was added to a known concentration of cold CuSO4 to make 0.25
mM Cu2+ solution. DOTA-trastuzumab was added to Cu2+ in increasing amounts ranging
from 1.25 x 10-9 to 12.5 x 10-9 moles with the total volume adjusted to 100 µL with 0.1
M ammonium acetate at pH 6. The mixture was left to react for 90 min at 37 ˚C.
Following incubation, free Cu2+ was scavenged by addition of 2 µL of 50 mM EDTA. After
5 min, 1 µL of the solution was spotted on instant thin layer chromatography - silica gel
(ITLC-SG) strip (6 x 1 cm). Once dried, the strip was developed in 0.1 M citrate buffer, pH
5. The strip was then cut into two and measured for radioactivity at both origin and
solvent front with gamma counter. The number of chelators per antibody was calculated
as in Equation 4-4.
Equation 4-4 Calculation of ratio of DOTA ligand per antibody

(𝑚𝑜𝑙𝑒𝑠 𝑜𝑓

𝐶𝑢2+

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑎𝑡 𝑜𝑟𝑖𝑔𝑖𝑛 𝑜𝑓 𝐼𝑇𝐿𝐶 − 𝑆𝐺
in the preparation) (𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑡𝑟𝑎𝑠𝑡𝑢𝑧𝑢𝑚𝑎𝑏 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛)

It should be noted that in subsequent preparations of DOTA-trastuzumab, only
40x molar excess of DOTA was used.
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4.3.5 Radiolabelling trastuzumab
4.3.5.1

DOTA-trastuzumab

DOTA-trastuzumab (50 µg in 3.7 µL ammonium acetate 0.2 M) was incubated
with 67Ga-citrate (44 MBq in 0.756 mL). pH was adjusted to 4.5 and 5.5 with 0.1M HCl
and the preparation was heated to 40 ˚C for 2, 5 or 21 hours on a heating block.
Following heating, free 67Ga was scavenged with 2 µL 50 mM EDTA pH 5.5.
Radiolabelling DOTA-trastuzumab with 111InCl3 was achieved by adding 94.07 ±
29.35 MBq 111InCl3 in 0.119 ± 0.03 mL to 100 - 200 µg of DOTA-trastuzumab in 7.5 to 15
µL 0.2 M ammonium acetate. Approximately 3 times the volume of ammonium acetate
0.1 M pH 5.5 (compared to 111In-Cl3; between 0.25 to 0.43 mL) was further added to the
mixture. The preparation was then heated at 40 ˚C on a heating block for 120 minutes.
Free unbound 111In was scavenged with addition of 2 µL of 50 mM EDTA.
For quality control of both preparations, 1 µL of the preparation was dropped on
Whatmann 1 (W1) paper (width: 1, length: 6.5 cm) and left to dry. Once dried, the W1
paper was developed in 1 mM DTPA and scanned with a radio-TLC scanner (Raytest,
Germany) to determine the radiolabelling efficiency.
Preparations with less than 95% labelling efficiency were purified by size
exclusion column chromatography. Briefly, the PD-10 column (GE Healthcare) was pretreated 3 times with 10 mL of 0.1 % bovine serum albumin (BSA) in PBS. One mL fractions
were collected and measured for radiochemical purity (RCP) by paper chromatography.
1 µL samples from each fraction were spotted on W1 paper, left to dry and developed
in 1 mM DTPA. Due to multiple samples, the ITLC paper was measured for radioactivity
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with phosphorimager (Perkin Elmer, USA). The RCP was measured as the percentage of
total radioactivity at the origin.

4.3.5.2

THP-trastuzumab

The radiolabelling was achieved with increasing volume of

67Ga-citrate

(48.58

MBq/mL) at 1, 4 and 8 times the volume (i.e. 25, 100 and 200 µL, respectively) of 100 µg
THP-trastuzumab (25 µL). The pH was adjusted to pH 6.5 with 0.1 M sodium bicarbonate
(NaHCO3). The mixture was left for 15 minutes at room temperature (RT) in a
microcentrifuge tube. Free 67Ga was scavenged with 50 mM EDTA.
The radiolabelling of THP-trastuzumab with

67Ga

also was done in absence of

citrate using 67GaCl3 at 58.33 ± 11.9 MBq in 0.08 ± 0.007 mL to 100 µg THP-trastuzumab
(25 µL). The pH was adjusted to 6.5 with 0.1 M NaHCO3 and the mixture was left for 15
minutes at RT. Subsequent experiments with 67Ga-THP-trastuzumab were prepared with
this method.
Labelling efficiency was measured as described above. If preparations showed
less than 95% labelling efficiency, they were purified by column chromatography
method as previously described.

4.3.6 Expression of HER2 receptor on cells
50 x 104 HCC1954 and MDA-MB-231 cells were prepared in the FACS® tubes (BD
Biosciences, USA). The cells were incubated with 4 nM trastuzumab. Final volumes were
500 µL in PBS and cells were incubated for 20 minutes at RT. Cells were then pelleted at
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1500 rpm for 5 minutes and washed twice with ice-cold PBS. 1 µL goat anti-human IgGPE (200 µg/0.5 mL; Santa Cruz Biotechnology, USA) was added to all preparations with
a final volume of 500 µL in PBS for 10 minutes at 37 ˚C. Finally, cells were pelleted as
before, washed twice with ice-cold PBS, resuspended in 500 µL ice-cold PBS and
analysed for 10000 cells using the BD FACSCalibur (BD Biosciences, USA).

4.3.7 Binding assay
50 x 103 per well HCC1954 and MDA-MB-231 cells were seeded 24 hours prior to
the experiment in 6-well plates and incubate in a 5% CO2 incubator at 37 ˚C. 4 nM of
radiolabelled trastuzumab (67Ga-THP-trastuzumab and

111In-DOTA-trastuzumab)

concentrations (0.04 and 0.09 MBq respectively for 67Ga and

111In)

was added to the

cells (final volume: 250 µL in complete media) for 1 hour at 37 ˚C. In some cases
radiolabelled trastuzumab was supplemented with unlabelled trastuzumab so as to
increase the concentration to 4, 10, 40 and 100 nM. The media was then collected, cells
washed twice with 200 µL PBS, and the washes were combined with media removed
earlier to determine unbound activity. Cells were lysed with 200 µL 0.1 M sodium
hydroxide (NaOH) and collected as cell-bound activity. Radioactivity was then measured
using a gamma counter (Wallac 1282 Compugamma, Wallac, Germany). The percentage
of cell-bound radioactivity was calculated as in Equation 4-5.
The binding study was also done with 67Ga-THP and 111In-DOTA alone in HCC1954
cells. This was to determine whether they acted as correct controls for non-internalised
radionuclide used in later toxicity studies. Approximately 0.5 MBq, 2.5 µL of
THP/111In-DOTA were added to 250 µL complete media. The extent of

67Ga-

67Ga-THP/111In-
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DOTA-trastuzumab binding non-specifically to the well plate was also measured by
incubating 4 nM preparations in empty wells. Subsequent steps were as described in
the previous paragraph.
Equation 4-5 Calculation of cell-bound activity following incubation with radiolabelled
trastuzumab.
𝐶𝑒𝑙𝑙 − 𝑏𝑜𝑢𝑛𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦
𝑥 100
𝐶𝑒𝑙𝑙 − 𝑏𝑜𝑢𝑛𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 + 𝑈𝑛𝑏𝑜𝑢𝑛𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

4.3.8 Internalisation assay
1 x 106 HCC1954 cells in centrifuge tubes were incubated with 4 nM 67Ga-THPtrastuzumab/111In-DOTA-trastuzumab with final volumes at 1 mL with complete media.
The mixture was left for 1 hour in a 5% CO2 incubator at 37 ˚C. Following incubation, the
cells were centrifuged at 1500 rpm for 5 min and the supernatant was collected as
unbound activity. The cells were washed twice with 500 µL of PBS to remove the
remaining unbound activity, which was collected with the supernatant. Both cell-bound
and unbound activities were measured in a gamma counter (Wallac 1282
Compugamma, Germany).
As described by Reilly et al. (2000) [59], the cell pellets were resuspended and
incubated in 1 mL of 500 mM sodium chloride and 200 mM sodium acetate buffer (pH
2.5) for 5 min at 4 ˚C to strip the radioactivity from the surface of cells. The cells were
spun to remove non-internalised activity (supernatant) from internalised activity
(pellet). Both fractions were counted, and the percentage of internalised activity was
calculated as in Equation 4-5.
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4.3.9 Distribution of radionuclides in cells by microautoradiography
In general, the method for microautoradiography described by Puncher and
Blower (1995) [196] was followed except that cells were prepared in gelatin slabs and
not by snap freezing method (frozen section).
1 x 106 HCC1954 and MDA-MB-231 cells in centrifuge tubes were treated with 0
nM or 4 nM 67Ga-THP-trastuzumab (0 MBq and 0.04 MBq respectively) and made up to
1 mL with complete medium. The preparation was incubated in a 5% CO2 incubator at
37 ˚C for 1 hour. Preparations were then spun at 220 x g rpm and supernatant (unbound
activity) was removed and cells were further washed with PBS twice to remove unbound
67Ga.

Cells were then fixed in 4% formaldehyde (in 4% PBS) for 20 minutes at room

temperature, washed twice with 500 µL PBS, and finally re-suspended in 200 µL PBS.
18 % gelatine was prepared in PBS and heated at medium heat in microwave for
3 minutes until all gelatine dissolved. Once the temperature was reduced until warm to
touch, 400 µL gelatine was added to the cells in a square (1 cm x 1 cm) mould. The
preparations were slowly mixed to avoid introduction of bubbles. The mould was kept
at 4 ˚C for 15 min until the gelatine now containing cells solidified. Once solidified, the
gelatine slab was cut into a cube of 4 x 4 x 4 mm. The samples were snap frozen in
isopentane in liquid nitrogen and sections were then cut at 10 µm thickness by cryostat
(Bright Instrument Company Ltd, UK) and slices were placed on positively charged
polylysine-coated slides. These slides were then coated with a thin layer of K2 Ilford
photographic emulsion (Ilford, Germany). All the preparations involving the emulsion
were done in dark room. The emulsion was prepared by adding 10 mL emulsion to 16.7
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mL distilled water containing 0.01% glycerol and heating to 37 ˚C until dissolved. Once
coated with emulsion, slides were left to dry on a level surface and were kept at 4 ˚C for
24 hours in a light-protected case. After 24 hours exposure, slides were acclimatised to
room temperature and then developed for 5 minutes in Kodak D19 (Kodak, USA) that
was prepared at 15.8 % (w/v) in distilled water. The developing process was terminated
by dipping the slide into 1% acetic acid for 30 seconds; slides were then dipped into 0.5%
gelatine to fix the cells to the slide. The gelatine-coated slides were then left to dry for
20 minutes. Finally, the autoradiographs were fixed in 30% sodium thiosulphate for 5
minutes and washed for 10 minutes. The slides were then left to dry at room
temperature.
Prior to imaging, 1 drop (50 µL) of DAPI-containing mounting solution was
applied to the slide and a coverslip was placed onto the slide. Images were acquired with
a EVOS FL Cell imaging microscope (Life Technologies, USA) at 460 nm excitation to
image DAPI with ultraviolet light (UV) and with transmitted light to image cells and the
silver grains from the microautoradiography. The images were analysed with Image J
(NIH, USA). The DAPI image was converted to binary mode and overlayed with the image
captured with transmitted light. The total silver grain signal around the cells was
measured (in circular shape, 25 µm in diameter around the cell) for concentration with
cells identified as being DAPI-positive. The amount of signal in cells was subtracted by
the background and categorised as in Table 4-1.
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Table 4-1 Classification of cell labelling with 67Ga-THP-trastuzumab
Classification of
labelling
Unlabeled
Low
Medium
High

Number of silver
grains
≤ 10
11 ≤ x ≤ 40
41 ≤ x ≤ 90
≥ 91

4.3.10 Viability assay
The viability assay was performed as described for the binding study except that no
unlabelled trastuzumab was added to the radiopharmaceuticals. Both 67Ga and

111

In labelled

antibodies were also standardised at 0.18 MBq/µg to ensure fair comparison. Radiolabelled
concentrations used were at 0, 4, 10 40 and 100 nM (0, 0.03, 0.07, 0.3, 0.7 and 7 MBq
respectively) for both

67

Ga-THP-trastuzumab and

Controls included non-internalised radionuclide, i.e.

111

In-DOTA-trastuzumab preparations.

67

Ga-THP and

111

In-DOTA, at the same

activity as present in 100 nM 67Ga-THP-trastuzumab and 111In-DOTA-trastuzumab, namely at 0.5
MBq. HER2- cells (human breast cancer MDA-MB-231) were incubated with 100 nM 67Ga-THPor 111In-DOTA-trastuzumab preparations. Following a 1 hour incubation, the supernatants were
removed and cells were washed twice with 200 µL PBS. Complete media was added to the cells
to 1 mL and cells were left to grow in 6-well plates for 3 days in the 5% CO2 incubator at 37 ˚C.
Cells were then counted for viability using the trypan blue exclusion assay. Percentage was
calculated in reference to the untreated group.

4.3.11 Clonogenic assay
The clonogenic assay was performed by plating 2 x 103 cells in 6-well plates 24 hours
prior to the experiment. Cells were then treated with 4, 10, 40 or 100 nM 67Ga-THP-trastuzumab
or 111In-DOTA-trastuzumab in complete media. Final volume in each well was 500 µL. The cells
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were incubated in a 5% CO2 incubator at 37 ˚C for 1 hour. The activity-containing medium was
then removed, and cells were washed twice with 200 µL DPBS. 2 mL complete medium was
added to cells, which were then incubated in a 5% CO2 incubator at 37 ˚C for 9 to 14 days with
medium changed every 3 days. Cells were then fixed and stained with 1:1 methanol/1% crystal
violet (Sigma, UK). Colonies consisting more than 50 cells were counted and represented as
surviving fraction (SF) as explained in Equation 3-3. Controls were as described for the viability
assay although non-internalised

67

Ga-THP and

111

In-DOTA were 1.35 MBq (activity equal to

present in 100 nM preparation).

4.4 RESULTS
4.4.1 Radionuclide preparation
4.4.1.1

Converting 67Ga-citrate to 67Ga-Cl3

Three methods were tested to convert

67Ga-citrate

to

67GaCl

3.

Two important

criteria that were looked for in the 67Ga conversion included high yield and high activity
concentration.

4.4.1.1.1

Method 1 (Furukawa et al. [193])

Following extraction, the percentage of 67Ga present in the organic solvent was
79.7 ± 22.34 %. However, upon evaporation of organic solvent, more than 90% of 67Ga
bound to the container used for drying (both plastic and glass containers) leaving only
small portion of 67Ga useable for subsequent studies.
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4.4.1.1.2

Method 2 (Chan and Gonda [194])

With this method, the percentage of 67Ga recovered was 66.98 ± 10.3 % of the
starting activity. Following recovery in chloride, 67Ga-Cl3 concentration was 39.88 ± 3.22
MBq/mL.

4.4.1.1.3

Method 3 (Scasnar and van Lier [138])

In the first step of passing 67Ga-citrate through the SEP-PAK silica column, 84.9 ±
4.5 % of 67Ga was retained on the column. Following washing, only small fractions of
67Ga

eluted from the column leaving 82.5 ± 5.14 % of the starting activity retained on

the column. In the final step where 67Ga is eluted with 0.1 M HCl, 77.74 ± 3.89 % of total
67Ga

used in the conversion process was recovered in the eluate, with more than 98 %

of the activity eluted in the first of 0.5 mL fraction. Therefore, to further increase the
activity concentration, the radioactivity was collected in smaller fraction of 50 µL (Figure
4-2). With this, the activity concentration in the highest fraction was found to be at
1009.6 ± 388.2 MBq/mL.
Method 3 was selected for further studies as it able to concentrate 67Ga highest
of all methods tested as well as with highest recovery of 67Ga.
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Figure 4-2 Elution profile of 67Ga from SEP-PAK silica column with 0.1 M HCl in 0.5 mL
fractions.

4.4.2 Determination of bifunctional chelator per antibody ratio.
Upon addition of Cu2+ preparation made of a mixture of

64Cu2+

and non-

radioactive Cu2+, to a fixed amount of DOTA-trastuzumab preparations, the percentage
of labelling efficiency was reduced with increasing amounts of Cu 2+ as shown in Figure
4-3. With 40x molar excess, an average of 6.17 ± 2.4 DOTA chelators were bound to an
antibody while with 100x moles excess of DOTA-trastuzumab, 5.91 ± 1.31 DOTA
chelators per antibody based on calculation as described in Equation 4-4. Both
preparations were not significantly different (p=0.66) in the amount of DOTA chelator
per antibody and hence the subsequent study was based on 40x molar excess
preparation.
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Figure 4-3 Percentage of labelling efficiency following incubation of series of Cu2+
concentrations with 1.25 x 10-10 moles DOTA-trastuzumab preparations (40x and 100x
moles excess).

4.4.3 Radiolabelling trastuzumab
In order to determine the radiolabelling efficiency, the preparations were tested
using the method of Alirezapour et al. (2013 and 2014) [197, 198] with W1 paper as
stationary phase and 1 mM DTPA as the mobile phase. Here, the radiolabelled antibody
remained at the origin whilst free 67Ga or 111In moved with the solvent front.

4.4.3.1

67

Ga-DOTA-Trastuzumab

Radiolabelling

67Ga

with DOTA-trastuzumab was achieved with various

67Ga

forms, namely 67Ga-citrate and 67Ga-Cl3. With 67Ga-citrate, little to no radiolabelling was
recorded at pH 5.5 even after prolonged incubation (28.5% at 5 hours, pH 5.5) at pH at
4.5 (Figure 4-4).
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Figure 4-4 Radio-TLC chromatograms used in determining the radiolabelling yield of
67Ga-citrate to DOTA-trastuzumab at different pH and length of incubation. A and B
were performed at pH 5.5 with A at 2 hours and B at 5 hours incubation. C and D were
done at pH 4.5 with C at 2 hours and D at 5 hours incubation. Radiolabelled
trastuzumab remains at the origin while unlabelled 67Ga travels with solvent front.

Due to low radiolabelling (28.5%) for

67Ga-citrate/DOTA-trastuzumab,

the

radiolabelling was further tested in a citrate-free environment. DOTA-trastuzumab was
radiolabelled with 67Ga converted from citrate to chloride. The radiolabelling (2 hours,
pH 5.5) improved to 58.4 % labelling efficiency (Figure 4-5). Following purification
(Figure 4-6) the SA of the preparation was 0.04 MBq/µg of antibody.
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Figure 4-5 Radio-TLC from radiolabelling 67Ga-Cl3 and DOTA-trastuzumab.

Figure 4-6 Phosphorimage of a series of W1 paper chromatograms that represented
each fraction following purification of 67Ga-DOTA-trastuzumab by column
chromatography (PD-10). SA of fractions 4 (98% purity) was 0.04 MBq/µg. The SA is
deemed too low for toxicity study.

4.4.3.2

67

Ga-THP-trastuzumab

Radiolabelling THP-trastuzumab with

67Ga

has never been done before and

therefore, the following study was designed to understand the ability of this chelator in
chelating 67Ga in its citrate form. Increasing the activity/volume of

67Ga-citrate

(48.57

MBq/mL) added to 100 µg THP-trastuzumab resulted in reduced labelling efficiency.
Addition of 1.21 MBq (25 µL) 67Ga-citrate resulted in 100 % labelling efficiency with a SA
of 0.012 MBq/µg. Increasing the activity fourfold to 4.86 MBq (100 µL)

67Ga-citrate

resulted in 84% (0.04 MBq/µg) of labelling efficiency. Further increasing the activity to
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9.7 MBq (200 µL) produced just 33% (0.03 MBq/µg) labelling efficiency. Presence of
citrate in the preparation was thus assumed to affect the radiolabelling. Following that,
the radiolabelling of THP-trastuzumab in citrate free environment with 67GaCl3 (58.33 ±
36.13 MBq/mL) (5.8 MBq, 10 µL) with 100 µg of THP-trastuzumab was evaluated. The
radiolabelling

was

able

to

achieve

90%

labelling

efficiency

(

Figure 4-7) with a SA post purification of 0.26 ± 0.08 MBq/µg (Figure 4-8). With
higher SA achieved by this method,

67Ga-trastuzumab

for subsequent studies were

based on 67GaCl3 and THP-trastuzumab.

Figure 4-7 Radio-TLC of radiolabelling of 67Ga-Cl with THP-trastuzumab at pH 6.
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Figure 4-8 Phosphorimage from series of W1 radiochromatograms representing each
fraction following purification of 67Ga-THP-trastuzumab with size exclusion column
chromatography. Fractions 3 and 4 showed the highest at 0.26 ± 0.08 MBq/µg

4.4.3.3

111

In-DOTA-trastuzumab

Radiolabelling DOTA-trastuzumab with 111In-Cl3 was more straightforward than
for 67Ga. The radiolabelling yield was 98.1 ± 0.5 % with SA at 0.607 ± 0.11 MBq/µg (Figure
4-9). No purification was required.

Figure 4-9 Radio-TLC from radiolabelling 111In-Cl3 with DOTA-trastuzumab.
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4.4.4 Expression of HER2 receptor on cells
To ensure the presence of HER2 receptors on cells, flow cytometry was carried
out. Figure 4-10 demonstrates that HCC1954 express HER2 receptors while no HER2
receptors were present on MDA-MB-231 cells.

Figure 4-10 Flow cytometry of HCC1954 and MDA-MB-231 for HER2 expression. The red
line is the reading from HCC1954 cells alone, the orange line is HCC1954 cells treated
with anti-human IgG-PE, the blue line represents MDA-MB-231 cells (HER2-ve) treated
with trastuzumab and anti-human IgG-PE and the green line is HCC1954 cells treated
with trastuzumab and anti-human IgG-PE. (Untreated MDA-MB-231 cells line (not
shown in graph) is identical to treated MDA-MB-231 cells [blue line]). Presence of HER2
receptors is indicated with increased in log fluorescence intensity. Readings are
represented from average result from 10000 cells.

4.4.5 Binding Study
The binding of 67Ga-THP-trastuzumab and

111In-DOTA-trastuzumab

to HCC1954

cells was evaluated at 4, 10, 40 and 100 nM. At 4 nM, binding by 67Ga-THP-trastuzumab
was statistically significantly different (p = 0.01) to binding with 111In-DOTA-trastuzumab
at 10.69 ± 1.32 % and 6.15 ± 1.64 %, respectively. The percentage of binding of both
preparations was reduced as radiolabelled trastuzumab concentrations increased up to
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100 nM; 67Ga-THP-trastuzumab produced 1.15 ± 0.98% binding while 0.83 ± 0.85% for
111In-DOTA-trastuzumab

(Figure 4-11).

For the non-internalised complexes 67Ga-THP and

111In-DOTA,

minimal binding

observed at 0.070 ± 0.015% and 0.028 ± 0.001 %, respectively. Binding in MDA-MB-231
(HER2-) cells produced 0.18 ± 0.10 % binding for 67Ga-THP-trastuzumab and 0.21 ± 0.23
% with

111In-DOTA-trastuzumab.

Non-specific binding of radiolabelled trastuzumab to

the well plates was found also minimal with

67Ga-THP-trastuzumab

and

111In-DOTA-

trastuzumab (0.12 ± 0.04 and 0.01 ± 0.02 % respectively).
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Figure 4-11 Binding of 67Ga-THP-trastuzumab and 111In-DOTA-trastuzumab to HER2+
(HCC1954). A binding study with increasing trastuzumab concentrations and B binding
study of controls including non-internalized complexes (67Ga-THP or 111In-DTPA) and
HER2- (MDA-MB-231) cells.
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4.4.6 Internalization of radiolabelled trastuzumab
Internalisation assays were performed for 67Ga-THP and 111In-DOTA-trastuzumab
in HCC1954 cells. Following incubation of 1 x 106 cells with 4 nM of both preparations
for one hour, 19.71 ± 1.32 % of 67Ga-THP-trastuzumab and 11.93 ± 3.32 % of 111In-DOTAtrastuzumab were cell bound with 62.08 ± 1.43 % and 60.78 ± 15.45 % of that activity
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Figure 4-12 Subcellular localisation of radiolabelled trastuzumab preparations. (n=1,
run in triplicate, error bar represents standard deviation)

4.4.7 Distribution of radionuclide on cells with microautoradiography
Incubation of 4 nM 67Ga-THP-trastuzumab in 1 x 106 cells HCC1954 showed that
14.86 ± 0.38% of activity added was cell-bound. Further study looking at the radionuclide
distribution with microautoradiography revealed that radioactivity of individual cells
varied considerably from cell to cell with each varying from unlabelled to highly labelled.
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Figure 4-13 shows the degree of radioactivity bound to each cell, as
demonstrated in the number of grain formation within the cells. 15.15% of cells were
classed as unlabelled with majority of cells (39.39%) were classed as lowly labelled (≤ 10
silver grains) (Figure 4-14).
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Figure 4-13 Microautoradiography of single cells following treatment with 4 nM of
The arrows showing the cells with cell boundaries were marked
as green circles with blue (DAPI) delineating the nucleus in A, B, C, D and E images.
Silver grains are coloured red in the images. A shows untreated cells with B, C, D and E
showing varying degrees of radioactive-associated cells from unlabelled, low, medium
and highly radioactive cells, respectively. Scale bars showed at right corner of each
pictures scaled at 50 µm.

67Ga-THP-trastuzumab.
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Figure 4-14 Bar graph showing percentage distribution of radioactive cells from
unlabelled, low medium and highly labelled following treatment of 67Ga-THPtrastuzumab (n=1, analysis of total of 66 cells)

4.4.8 Viability assay
Following treatment of 67Ga-THP- and

111In-DOTA-trastuzumab,

the viability of

cells decreased with increasing trastuzumab concentration (Figure 4-15). Treatment
with 67Ga-THP-trastuzumab produced significant reduction (p=0.037) at 100 nM (0.131
Bq/cell) as HCC1954 cells viability was reduced to 66.49 ± 4.75%. Treatment on HER2cells and with non-internalised

67Ga-THP

complex did not produce reduction in cells

viability.
Treatment with 111In-DOTA-trastuzumab at similar trastuzumab concentrations
to

67Ga-THP-trastuzumab

produced similar results. Following conversion to Bq/cell, it

was found that it required less decay per cell at 0.094 Bq/cell to produce 66.17 ± 6.72 %
viability as compared to 67Ga-trastuzumab.
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Figure 4-15 Viability assay following treatment of increasing concentration of 67GaTHP-trastuzumab/111In-DOTA-trastuzumab (standardized to 0.19 MBq/µg) on HCC1954
and MDA-MB-231 cells. A is the comparison of viability from treatment of 67Ga to 111Intrastuzumab at various trastuzumab concentrations while B is the comparison at
Bq/cell. C is the comparison of viability to controls including to the non-internalised
complex and HER2- cells at 100 nM
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4.4.9 Clonogenic assay
Similar to the viability assay, the results for the clonogenic assay demonstrated
a reduction in surviving fraction (SF) with increasing trastuzumab concentrations (Figure
4-16). With 67Ga-THP-trastuzumab, the SF reduced to 0.38 ± 0.13 at 100 nM (p=0.03),
more than for 111In-DOTA-trastuzumab at the same concentration (0.55 ± 0.16).
Controls showed that MDA-MB-231 cells were not affected by 67Ga trastuzumab
treatment, unlike HCC1954 cells, following incubation with
111In-trastuzumab,

67Ga-THP

complex. With

treatment on HER2- cells showed no reduction in SF whereas

treatment with non-internalised

111In-DOTA

complex showed a small but significant

(p=0.003) reduction in the SF to 0.82 ± 0.09.
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Figure 4-16 Clonogenic assay following treatment at increasing concentrations of 67GaTHP-trastuzumab and 111In-DOTA-trastuzumab preparations (standardised to 0.19
MBq/µg) on HCC1954 and MDA-MB-231 cells. A is the comparison of surviving fraction
of 67Ga to 111In-trastuzumab at various trastuzumab concentration. B is the comparison
of surviving fraction to controls including the non-internalised complex and HER2(MDA-MB-231) cells at 100 nM.
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4.5 DISCUSSION
4.5.1 Conjugating p-SCN-Bn-DOTA to trastuzumab
The targeting strategy in this study was based on conjugating

67Ga

to

trastuzumab antibody. As such, the DOTA chelator was selected as the bifunctional
chelator (BFC) of choice to chelate the radionuclide to the antibody as it is able to chelate
various important trivalent radiometals including

111In3+, 90Y3+, 67/68Ga3+

as well as the

lanthanides [147]. Due to a wide variation of chelating ability, it was chosen in this study
as ideally it would have provided a similar platform in toxicity study where

67Ga

was

again being compared to 111In.
Structurally, DOTA is 12-membered tetraaza ring with a semi-rigid structure
facilitating complexation with metals leading to kinetically inert and thermodynamically
stable complexes [199]. Like other macrocycles, radiolabelling kinetics with DOTA were
found to be slow at room temperature and often required heating between 37 to 98 ˚C
depending on the metal [200, 201]. The optimal radiolabelling temperature for both
111In

and 67/68Ga was between 80 and 98 ˚C [200] but such high temperatures are not

suitable when working with thermolabile proteins such as antibodies. There have been
however a few studies which showed that it is possible to radiolabel a DOTA-conjugated
antibody at lower temperature (40 ˚C) with both 111In [198]and 67Ga [197] leading us to
consider using DOTA as BFC in this study.
In this study, the p-isothiocyanatobenzyl-DOTA (p-SCN-Bn-DOTA) derivative was
chosen to be conjugated to trastuzumab. The isothiocyanate (SCN) group reacts with
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nucleophilic amino acid residues on the protein; only its binding to lysine results in
irreversible binding [202].
In this study, the p-SCN-Bn-DOTA was conjugated to trastuzumab (Figure 4-17)
at two different molar excess ratios: 40x and 100x. The reason of using such high molar
excess of DOTA ligand in conjugation process was primarily to maximise the use of
potential binding sites available for DOTA conjugation, which would increase the
amount of radionuclides available per antibody to induce damage to the cells. Among
the risks of conjugating such a high number of BFC on antibody is reduction in affinity as
observed by Paik et al. on increasing amount of DTPA per monoclonal colorectal
carcinoma antibody (MAb-17-1A) [203]. In the case of DOTA-trastuzumab (Figure 4-17),
it was found in a previous study that conjugation with up to 150-molar excess of NHSDOTA yields up to 15 chelators per trastuzumab molecule without affecting affinity
[204].
In this study, at both molar excess ratios 40x and 100x, the average BFC per
antibody was found to be consistent as reported in other studies [197, 198]. Hence 40x
molar excess preparation has been used for subsequent studies.
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Figure 4-17 Suggested structure of Bn-DOTA-trastuzumab

4.5.2 Radiolabeling DOTA-herceptin with 67Ga-citrate
67Ga

was supplied in the form of citrate and hence in the early part of this study,

the radiolabelling of DOTA-trastuzumab was done with

67Ga-citrate.

The results

however showed that no radiolabelling occurred in the process either after prolonged
heating (up to 21 h) or at acidic pH (4.5). Among the possible factors was that citrate has
moderately strong affinity to the trivalent gallium ion with log k of 10.02 [205] and thus
could impede DOTA chelation action on the gallium, especially at high excess as is the
case in this context.
In order to understand the influence of citrate on 67Ga radiolabelling, 68GaCl3 was
used to represent citrate-free preparation. With 68GaCl3, the radiolabelling with DOTAtrastuzumab produced 59.25% labelling efficiency, which demonstrated the need for
citrate-free environment to radiolabel DOTA-trastuzumab with 67Ga.

4.5.2.1

Converting 67Ga-citrate to 67GaCl3

Citrate-free preparation of

67Ga

can be achieved in two ways: by using

67Ga

supplied in the chloride form or by converting 67Ga-citrate to 67GaCl3. Due to high cost
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of 67Ga supplied in the chloride form, this study resorted to converting 67Ga-citrate to
67GaCl

3.

Several methods were tested including extraction of 67Ga into organic solvent

[193] and gallium trapping with silica gel [138, 194], which was introduced due to
extensive binding of gallium to glass vials [206].
The method introduced by Furakawa et al. involves extraction into butyl acetate.
67Ga-citrate

was vigorously mixed with hydrogen bromide (HBr) and ascorbic acid. This

method was initially designed to prepare iron-free

67Ga-labelling

solution. For that

reason, ascorbic acid was used to keep Fe at Fe2+ which has low extraction into butyl
acetate [193]. Following extraction into butyl acetate, it was found that high 67Ga was
present in the organic solvent. Upon drying, the majority of the activity bound to the
container wall. Both plastic and glass containers were tested and showed a similar
extent of wall binding. For that reason, this method was deemed to be not suitable for
this study.
Another method tested based on a report by Chan and Gonda (1991) [194] took
advantage of 67Ga binding to a glass surface. Principally, silica gel is used as adsorbing
material for 67Ga. Following short incubation 67Ga will bind to silica gel while citrate and
other non-bound species will be removed by centrifugation. With this method we were
able to extract

67Ga

into HCl with average activity concentration of 39.88 ± 3.22

MBq/mL. Although this method showed that it is possible to convert to

67GaCl

3,

the

activity concentration was lower than 67Ga in its citrate form (53.9 ± 6.24 MBq/mL). This
might become an obstacle in reaching high SA in the radiolabelling process due to the
dilution factor and therefore, this method was also considered to be not suitable for this
study.
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The last method of

67GaCl
3

conversion was based on a method suggested by

Scasnar and van Lier (1993) [138] which is basically an improvisation from the method
suggested by Chan and Gonda (1991) [138]. The main difference from the method
suggested by Chan and Gonda (1991) was that this method was using Sep-Pak column
containing silica gel. With the column,

67Ga

trapping is more efficient and offered a

cleaner process with less contamination risks.
As suggested by Scasnar and van Lier (1993),

67Ga

collected in the form of

chloride to up to 1009.6 ± 388.2 MBq/mL which is more than 25 fold higher than the
method suggested by Chan and Gonda and 18 times higher than in citrate form.
Although the conversion of

67Ga-citrate

to

67GaCl

3

achieved its objectives,

analysis of components in 67GaCl3 preparation was not done. Among potential important
impurities is Zinc (Zn), which is a product of decayed

67Ga;

this should be further

investigated in the future.

4.5.3 Radiolabelling studies
4.5.3.1

67

Ga-trastuzumab

Subsequent to the success in converting 67Ga from citrate to the chloride form,
the radiolabelling was done with DOTA-trastuzumab. In a citrate-free preparation, the
radiolabelling occurred albeit at low efficiency.
Comparing our radiolabelling of

67Ga-DOTA-trastuzumab

to another study by

Alirezapour et al., the SA recorded in this study is more than 16 fold lower than their
0.67 MBq/µg [197]. There were however several vital aspects in their study that might
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lead to different SA to this study. Among important differences was that

67Ga

used in

this study was initially supplied in the form of 67Ga-citrate while Alirezapour et al. [197]
used the cyclotron-produced 67GaCl3. The conversion to 67GaCl3 produced a more diluted
preparation and possibly altered the components in the solution as compared to the
cyclotron-produced

67GaCl .
3

The more diluted preparation reduces the chelator

concentration for radiolabelling leading to lower radiolabelling efficiency [207].
Radiolabelling

67Ga

to DOTA-trastuzumab was not able to produce good

radiolabelling yield. Only 0.04 MBq/µg of SA was achieved from the radiolabelling with
only 0.06% of chelator present in the preparation occupied by

67Ga.

Possible

explanations include the presence of citrate as well as low 67Ga activity concentrations.
The SA from 67Ga-DOTA-trastuzumab achieved in this study was deemed insufficient to
produce any observable damage in toxicity study. This was based on results of

111In-

DOTA-trastuzumab toxicity study that was run in parallel to this study. For that reason,
this study looked for other options of radiolabelling 67Ga to trastuzumab in order to get
higher SA.
One of the options identified was replacing DOTA with THP as the bifunctional
chelator. Among the advantages of THP over DOTA was that it has been shown to have
excellent capacity in chelating

67/68Ga3+

in milder conditions and lower chelator

concentrations [134]. Berry et al. (2011) [134] in their study on the effect of ligand
concentration on 68Ga radiolabelling yield, THP ligand produced 73% labelling efficiency
at 1 µM, 10 fold higher than with DOTA (7%) at same concentration. Furthermore,
radiolabelling with THP ligand can be achieved at milder pH at very short incubation time
of 5 minute at room temperature [134]. These features proved to be an advantage in
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radiolabelling thermolabile, and pH-sensitive proteins used in this study. An initial trial
radiolabelling with THP-trastuzumab (Figure 4-18) was done with

67Ga

in its supplied

form, 67Ga-citrate. The results showed that the THP was able to chelate 67Ga even in the
presence of citrate but due to low activity concentration the radiolabelling was unable
to reach the required SA for a toxicity study. Ligand per antibody quantification was not
made with THP-trastuzumab and therefore calculation on ligand concentration cannot
be done. Nevertheless, the exercise was sufficient to demonstrate that 1) THP is able to
chelate 67Ga even in the presence of citrate and 2) there is a need to concentrate 67Ga
in order to achieve high SA.

Figure 4-18 Structure of THP-trastuzumab.
By converting

67Ga-citrate

to

67GaCl

3,

its activity can be collected in more

concentrated form by more than 16-folds. Radiolabelling THP-trastuzumab with more
concentrated

67Ga,

in the chloride form, was able to achieve 58.33 ± 11.9 %

radiolabelling yield with SA at post purification were 0.26 ± 0.09 MBq/µg. Comparing to
67Ga-DOTA-trastuzumab,

the SA achieved with

67Ga-THP-trastuzumab

was 6.5 fold

higher.
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Following the success in radiolabelling 67Ga to THP-trastuzumab at high SA (0.18
MBq/µg) THP was chosen as ligand of choice for subsequent study comparing

67Ga-

trastuzumab toxicity to 111In-trastuzumab.

4.5.3.2

111

In-trastuzumab

Radiolabelling DOTA-trastuzumab with 111In was more straightforward than with
67Ga.

Radiolabelling yields were consistently high at 98.1 ± 0.5 % while SA was 0.607 ±

0.11 MBq/µg trastuzumab, more than 2-fold higher than that achieved with 67Ga-THPtrastuzumab and 15-fold higher than 67Ga-DOTA-trastuzumab.
Radiolabelling with

111In

using DOTA has been demonstrated in several studies

[198, 208] to be successful at low temperature between 37 to 40 ˚C and mild condition
at pH 6 as in this study. However, replicating similar conditions proved tricky with
67/68Ga.

DOTA chelation of 67/68Ga was described as requiring higher temperature since

it suffered from slower rates [147] making 67Ga chelating capacity worse than

111In

as

observed in this study. In addition to that, diluted 67Ga and DOTA in the preparation as
compared to the 111In preparation could also be a major factor in the failure of labelling
DOTA-trastuzumab in higher SA with 67Ga.

4.5.4 Binding study of 67Ga/111In-trastuzumab
A receptor binding study was performed with 67Ga-THP-trastuzumab and 111InDOTA-trastuzumab on high expression HER2 cells (HCC1954, HER2+) and low expression
cells (MDA-MB-231, HER2-). To ensure consistency, binding of

67Ga-THP-trastuzumab

and 111In-DOTA-trastuzumab were measured in the same experiment.
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At the low antibody concentration of 4 nM,

67Ga-THP-trastuzumab

produced

higher binding than 111In-DOTA-trastuzumab to HCC1954 cells. No binding was observed
in HER2- cell lines with either preparation, confirming the specificity of the trastuzumab
preparations.
Binding of non-HER2-targeting complex was also evaluated in this study.

67Ga

was complexed with THP to make 67Ga-THP while 111In was complexed with 111In-DOTA;
the same chelators that were used as BFC in the antibody complexes. The binding study
with the non-binding complexes is important primarily to demonstrate the binding
status of non-binding complex. In a toxicity study, the non-binding radionuclide will
represent equal gamma ray irradiation without introducing Auger electrons into the
cells.
Following incubation with cells, trastuzumab is expected to bind to HER2
receptor on cell surfaces and later to be internalised. Data from this study showed that
following one-hour incubation, nearly two thirds of the cell-bound activity was
internalised with only one third remaining membrane-bound. The internalisation
process has been estimated to reach a steady state between 2 to 4 hours following
incubation after which will the rate gradually decreased [209]. Austin et al. (2004) [209]
in their study demonstrated that trastuzumab internalisation had occurred extensively
by 3 h of incubation. Following internalisation, trastuzumab was shown to be extensively
recycled with 50% recycled within 5 min and 85% within 30 min [209]. From a therapy
perspective, recycling could be a disadvantage because it will 1) reduce time contact
between radionuclide and critical organelles to induce damage and 2) potential loss of
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radionuclide in the recycling process. Therefore, trastuzumab might not be the best
antibody for therapeutic application with Auger therapy.

4.5.5 Distribution

of

radionuclide

among

cells

with

microautoradiography
Understanding cellular distribution or radionuclide would always be an
advantage especially in monitoring treatment efficacy. In this study, the cells were
treated with 4 nM 67Ga-THP-trastuzumab with an average binding percentage of 14.86
± 0.38 %.
Following exposure of radiolabelled cells to nuclear emulsion, particulate
emissions from the radionuclide can interact with silver bromide present in the emulsion
resulting, after developing and fixation, in formation of silver grains [210]. The grains
formed can be visually observed under the microscope and their distance from the
decaying atom are dependent on emitted particle energy (Table 4-2) which in turn
determines the resolution of the autoradiography [210]. In turn, the grains can be used
to represent radionuclide distribution in cells and subsequently enable dosimetry
calculation at cellular level.
In this study, the microautoradiography technique was employed to observe the
distribution of radiolabelled trastuzumab among cells, testing the unstated assumption
that the average cellular uptake reflects the uptake in all cells. Its resolution was not
determined but due to having more energetic emissions than 99mTc [1], it is postulated
that resolution of 67Ga is lower than recorded with 99mTc (2.8 µm [210]).
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Table 4-2 Electron emission from 99mTc decay and its travelling range in emulsion.
(Adapted from Puncher and Blower (1994) [210].
Electron energy
(keV)
142.2
17.8
15.4
1.9
1.6
0.4

Range in emulsion
(µm)
85
2.2
2.0
<0.2
<0.2
<0.2

The distribution of activity among cells was found to range from “unlabelled” to
“highly labelled” when incubated with 4 nM of

67Ga-THP-trastuzumab.

The non-

uniformity of binding has been reported elsewhere although with different radiolabelled
compounds and cells [211, 212] hinting at different behaviour of cell binding as well as
differing degree receptor expression of each cells. The consequence of non-uniformity
of binding is crucial to toxicity not just with radionuclide therapy but any targeted
therapies, which consequently produce variation of outcome on treatment response. It
implies that a significant population of the tumour cells will not be killed even at very
high administered doses because they do not take up the radionuclide. Although
surprising, on reflection the inhomogeneity is consistent with the FACS results which
showed that in the HER2-expressing cells, the expression levels varied over two orders
of magnitude.

4.5.6 Cell growth assays
The effectiveness of targeted cell killing by 67Ga has been compared to that by
111In

where targeting properties were provided by trastuzumab. Several previous

radionuclide trastuzumab studies including with

211At

[213], 111In [214, 215] and

177Lu
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[216] (but not including Auger electron emitters) either in vitro or in vivo demonstrated
specificity of cell killing when conjugated to trastuzumab.
As in previous chapter, cell growth was assessed via two methods: trypan blue
viability assay and clonogenic assay. In trypan blue viability assay, living cells are defined
as those having intact membrane while the clonogenic assay evaluates their replicative
capacity. For crude and fast evaluation on cell response to treatment, trypan blue
viability assay is the test of choice but clonogenic assay provides more accurate response
relevant to cancer treatment. Both tests were used in this study.
The reduction of viability with the trypan blue assay was minimal with both
treatments when both preparations were standardised at 0.19 MBq/µg of antibody
while no damage reported with radioactive-free trastuzumab at similar concentration
[217]. In a treatment with 111In-DOTA-trastuzumab at 0.74 MBq/µg, a 4 folds higher SA,
viability was significantly reduced to 15 % which is approximately 5 folds more than
treatment with 0.19 MBq/µg preparation. Therefore, it can be said that limited
reduction in viability observed in this study was mainly due to limited amount of
radionuclide present in the cells. The limiting factor for higher SA in this study was the
low SA achieved in 67Ga-THP-trastuzumab radiolabelling.
The cell nucleus has always been identified as the main biological target when
assessing therapeutic potential of Auger emitters [5]. With trastuzumab, a previous
study by Constantini et al. (2007) [215] involving incubation of DOTA-trastuzumab with
SK-BR-3 (Her2 +ve cells) for 24 hours showed that trastuzumab localisation was limited
to the cytoplasmic region without any nuclear localisation. The finding was supported
by Ram et al. who suggested that internalised trastuzumab will accumulate in
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endosomes before being removed from the cells[189]. Based on the fact that
trastuzumab intracellular localisation does not involve the cell nucleus, it can be said
that cytotoxic action of Auger electron produced by 67Ga and 111In-trastuzumab might
not involve direct ionisation in the cell nucleus since the electron range are limited to 2
µm (67Ga) and 1 µm (111In) [1]. It is possible that direct ionisation of electrons in critical
organelles such as mitochondria leads to cell damage. Aside from that, damage to the
cells following incubation of 67Ga/111In-trastuzumab could also be due to free radicals
generated by the electrons [91] or due to ionisation of the highly unstable Ga/In atom
following ejection of electrons.
67Ga

and

111In

share many similarities including similar total Auger electron

energy released (6.3 keV for 67Ga and 6.8 keV for

111In

[1]). Since radical formation is

believed to relate directly to energy deposited [218], it is possible that radical formation
is equally generated by electrons from 67Ga and 111In, resulting in similar damage rates
in treatments where cellular constituents of 67Ga and 111In are similar.
To date, there have been no studies specifically assessing the biological
implications of coulombic decay of atom core of Auger emitters. Nonetheless, the effect
could be too big to ignore. Following ejection of electrons, the atom would become
heavily charged depending on the number of electrons liberated and become very
unstable. The positively charged atom (up to +4 with 67Ga and +14 with 111In) would have
an impact on the biological system. With alpha emitters, nucleus recoil following
ejection of alpha particle were studied and their ionizing capacity were quantified and
showed to have biological implications [17, 20]. In case of Auger emitters however, no
study directly assessing the biological impacts following coulombic decay of the atom.
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Understanding the biological impacts of

67Ga

coulombic decay would lead to a better

understanding of the damaging mechanisms of Auger emitters.

4.6 CONCLUSION
In understanding

67Ga

were tested to radiolabel

toxicity in a molecular targeted study, several methods

67Ga

to trastuzumab. Due to its wide range of chelating

capacity, DOTA was selected as chelator of choice. Its radiolabelling with 67Ga proved to
be inefficient, primarily due to presence of citrate in the preparation, and required
unsuitable conditions for the antibody. As a result, low SA was achieved, insufficient to
produce toxicity to cells. As an alternative, THP chelator which requiring milder
conditions for radiolabelling was used and was able to produce 5 folds higher SA than
DOTA-trastuzumab at 0.18 MBq/µg. Radiolabelling

111In

with DOTA-trastuzumab

achieved high SA at 0.76 MBq/µg of antibody. In toxicity studies, SA of both preparations
were standardised at 0.18 MBq/µg to reduce influence of trastuzumab antibody to
toxicity.
Binding of

67Ga-THP-trastuzumab

to cells was like that of

111In-DOTA-

trastuzumab. After 1 hour of incubation, it was found that nearly two thirds of the bound
activity from both preparations was internalised into the cells. Cellular distribution with
microautoradiography revealed non-uniformity of binding among cells. Up to 15.5% of
cells were found to be essentially unlabelled while 19.7% were highly labelled with 67GaTHP-trastuzumab. Perhaps, such difference was due to the cells having varying degree
of receptor expression but are in any case consistent with the FACS data.
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The implication from unequal binding in therapy perspective is vital. Not only will
the cells receiving less survive the therapy but also the average toxic dose calculated
might not be accurate. It is not known if variation in dose distribution among cells is
exclusive to HER2-trastuzumab targeting or can be generally applied to other targeting
antibodies or peptides. With Auger electrons having limited range (up to 2 µm with
67Ga), proper understanding of microdistribution is important to ensure therapy success.

Cell growth assessment was measured with both a trypan blue assay and a
clonogenic assay. Results from both assays indicate that

67Ga

kills a fraction of the

targeted cells while the unlabelled trastuzumab treatment [217] and non-targeted cells
are unaffected. Similar results were observed with 111In-trastuzumab, but at higher SA
of 111In-trastuzumab, more cell killing was observed with A50 reaching 0.09 Bq/cell. The
toxic effects of 67Ga and 111In at similar concentration were comparable.
As a conclusion, 67Ga-THP-trastuzumab and 111In-DOTA-trastuzumab both cause
reduction in cell viability and clonogenic capacity in the targeted cells. Cellular binding
of the radionuclides is also important as lack of binding means there is no effect on cell
survival. In larger perspective, this study hinted that the utilization of Auger emitter
therapy in cancer treatment would enable high specificity in cell killing without affecting
normal cells. As a result, non-specific toxicities that is usually associated with
chemotherapy is reduced with Auger therapy that subsequently contributes to better
treatment outcome, improve patient’s Quality of Life (QoL) and reduction in financial
needs associated with the management of the adverse effects of conventional
chemotherapy.
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CHAPTER 5 TARGETED THERAPY WITH 67GA-PSMA
ON DU145-PSMA CELLS

5.1 INTRODUCTION
As an Auger emitter,

67Ga

was shown to have potential for use in therapy as

described in the previous chapters. 67Ga can be used with high specificity to induce cell
killing and has shown comparable therapeutic efficacy to

111In.

The previous chapter

covered targeted studies using trastuzumab; however, this was only tested as a proof of
concept. This chapter is focussed on applying

67Ga

as a therapeutic radionuclide in

prostate cancer as the knowledge of PSMA targeting with another gallium radionuclide,
68Ga,

was properly established.
Prostate cancer (PCa) is one of the most common cancers in men in the US [219]

and in the UK alone, over 40,000 new cases are diagnosed every year [220]. The
aetiology of PCa is believed to be multifactorial although only race [221], age and family
history [222] are established risk factors to date. There are several hallmarks of PCa that
enable identification and staging of the disease. Aside from physical changes to the size
of the prostate, biomarkers such as Prostate Specific Antigen (PSA) and Prostate Specific
Membrane Antigen (PSMA), present on prostate cells, are used as diagnostic and
prognostic markers for PCa [223].
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In normal physiology, PSMA (Figure 5-1) is expressed on all prostate tissues with
expression level increased in cancer tissue [224, 225]. In PCa, the expression and
enzymatic activities of PSMA was found to be amplified 100 to 1000 times as compared
to those levels found in healthy tissue [226]. Due to this feature, PSMA was identified as
a valuable biomarker for both PCa diagnosis and treatment. The production of this
molecule was also found to be up-regulated in advanced disease making it suitable to
be utilised as prognostic biomarker in monitoring PCa progression [227, 228].

Figure 5-1 Structure of PSMA monoclonal antibody (mAb) antigen. Adapted from
Schwab, M. (2011) [229]
Taking advantage of PSMA reliability as tumour marker, it has been used in
imaging studies with 68Ga. Another advantage with PSMA is that the antigen has been
shown to be quickly internalised by PSMA-positive cells [230, 231] making the antigen a
valuable target in imaging and therapy of prostate cancer. Various

68Ga-labelled

conjugates of PSMA been used for imaging purposes among others including 68Ga-DKFZPSMA-11 (Glu-NH-CO-NH-Lys-(Ahx)-[68Ga(HBED-CC)] [232], 68Ga-DOTA-PSMA-617 [233]
displayed ability in sensitively and specifically imaging prostate cancer.
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Following the success with anti-PSMA in imaging studies, the anti-PSMA ligand
was later paired with therapeutic radionuclides such as with Lutetium-177 (177Lu-PSMA)
[234] and Iodine-125 (125I-PSMA) [235] for treatment of PCa. To date, the results with
177Lu-PSMA have

been positive clinically with reduction in PSA levels following 6 months

follow up [236].
In the event of PCa metastasis, it was found that circulating tumour cells (CTCs)
which expressed PSMA (PSMA +ve) were elevated in PCa patients. In castrate-resistant
prostate cancer patients (CRPC), an average of 54 cells/mL were found to be PSMA +ve
as opposed to 3 cells/mL in healthy subject [237]. As CTCs are associated with metastatic
growth [238], targeting CTCs should be the main agenda in PCa treatment plan.

177Lu-

PSMA, one of the promising radionuclide therapies against prostate cancer, was
effective against PCa as well as being able to lower CTC counts clinically [239]. Reduction
in CTC however is yet to be proven either as a direct response to the

177Lu

therapy

because of reduction of tumour mass following therapy.
In targeting CTC, it is believed that Auger electron emitters may be superior to
beta emitters due to high their high LET [21] making single cell killing more effective.
Therefore, the use of Auger emitting radionuclide such as 67Ga should be considered in
targeting PCa CTCs. Furthermore, PSMA internalisation following binding [240]
enhances the prospects of 67Ga producing damage to the cell.
For these reasons, this chapter will explore the potential of utilising 67Ga in the
treatment of PCa. In this study,

67Ga

will be chelated to naphthyl-containing DOTA-

conjugated PSMA inhibitor (DOTA-PSMA) (Figure 5-2) [240] and will be tested in DU145
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prostate cancer cells transfected with the PSMA-expressing gene (DU145-PSMA) [241].
The anti-PSMA conjugated to trishydroxypyridinone (THP) chelator (THP-PSMA), a
compound newly developed by fellow PhD student, Jennifer Young, is also tested.

Figure 5-2 Structure of DOTA-PSMA (A) and THP-PSMA (B)

Following radiolabelling, both DOTA- and THP-PSMA were tested for their
therapeutic efficacy and specificity for PSMA-expressing prostate cancer cells in vitro.

5.2 AIM
This chapter evaluates 67Ga-PSMA as a targeted therapeutic agent against PSMAexpressing prostate cancer cells in vitro to assess the feasibility of utilising the compound
clinically.
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5.3 METHODS
5.3.1 Radionuclide preparation
67Ga-citrate was converted to 67GaCl

3 as described by Scasnar and van Lier (1993)

using a SEP-PAK silica column [138]. This has been described in full detail in Chapter 4.

5.3.2 Cell culture
DU145-PSMA (human prostate carcinoma) transfected with the PSMAexpressing gene and DU145 (PSMA-negative) were provided courtesy of Dr Florian
Kampmeier, Division of Imaging Science and Biomedical Engineering [241]. The cells
were grown as a monolayer at 37 ˚C in a humidified atmosphere with 5% CO2 incubator
in RPMI 1640 medium (Invitrogen, US) supplemented with 10% fetal bovine serum, Lglutamine 1.5 mM and penicillin/streptomycin (Invitrogen, US).

5.3.3 Radiolabelling THP-PSMA and DOTA-PSMA
THP-PSMA was synthesised by PhD student Jennifer Young in the Division of
Imaging Science and Biomedical Engineering. For radiolabelling, 100 µg of 1 mM THPPSMA in saline was added to 67GaCl3 (12.75 ± 6.29 MBq, 0.04 ± 0.02 mL) and the mixture
was adjusted to pH 7 with sodium bicarbonate (NaHCO3). The mixture was left for 15
minutes before the addition of 2 µL of 50 mM ethylenediaminetetraacetic acid (EDTA)
to scavenge free 67Ga. No purification was required.
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To radiolabel DOTA-PSMA with 67Ga, 100 µg of DOTA-PSMA (ABX, Germany) in
0.1 M HEPES buffer was added to

67GaCl

3

(98.23 ± 48.83 MBq, 0.13 ± 0.01 mL). The

mixture was adjusted to pH 4 to 4.5 with 0.1 M NaHCO3 or 0.1 M HCl and heated to 90
˚C for 15 minutes on a heating block. Following heating, 2 µL of 50 mM EDTA was added
to the mixture to scavenge free unbound

67Ga.

No purification was done to the

preparation.
Determination of radiolabelling efficiency of both preparations was based on a
method developed by Jennifer Young using high-performance liquid chromatography
(HPLC) analysis using Agilent 1200 LC system with gamma detection (Flow-count,
LabLogic) and UV with an Agilent Eclipse XDB-C18 column (9.4 x 250 mm, 5 µm) attached
to HPLC system at 1 mL/min. Mobile phase A was made of water and 0.1% trifuoroacetic
acid (TFA) and mobile phase B was made of acetonitrile and 0.1% TFA. Between 0 to 5
min, 100% mobile phase A was passed through the column. Between 5 to 15 min, mobile
phase B was increased linearly to 50%. At 15 to 20 minute, the flow containing 100% of
mobile phase A. Calculation of chelator occupancy was calculated as in Equation 5-1.
Equation 5-1 Calculation of percentage of chelator occupancy by 67Ga following
radiolabelling 67Ga-Cl3 to PSMA conjugates (DOTA-PSMA and THP-PSMA); mol of 67Ga
was calculated as in Equation 2-3.
𝑚𝑜𝑙 𝑜𝑓𝐺𝑎 − 67 𝑎𝑑𝑑𝑒𝑑 𝑥 % 𝑜𝑓 𝑟𝑎𝑑𝑖𝑜𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
𝑚𝑜𝑙 𝑜𝑓 𝑃𝑆𝑀𝐴 𝑎𝑑𝑑𝑒𝑑

5.3.4 Binding Study
DU145-PSMA and DU145 cells were plated in 24 well plates at 5 x 10 4 cells/well
in 2 mL complete media 24 hours prior to the study. The medium was discarded, and
180

cells were incubated with mixed radiolabelled-PSMA and unlabelled PSMA preparations.
For 67Ga-THP-PSMA binding study, incubated PSMA concentrations were 5, 10, 100, 250,
500 and 1000 nM while with 67Ga-DOTA-PSMA, the PSMA concentrations added were
at 0.1, 0.5, 1, 5, 10, 25, 50 and 100 nM. Higher

67Ga-THP-PSMA

concentrations were

required as specific activity of the preparation is lower than

67Ga-DOTA-PSMA

preparation. The final volume in each well was made up to 200 µL with complete media.
For DU145 cells, incubations were made at 1000 nM with 67Ga-THP-PSMA or 5 nM with
67Ga-DOTA-PSMA.

The cells were incubated for 1 hour at 37 ˚C in 5% CO2 incubator. The supernatant
was removed, and cells were washed twice with 200 µL of ice-cold PBS, which was
collected with the supernatant as the unbound fraction of

67Ga.

The cells were then

lysed with 200 µL of 1 M NaOH and liquid was collected as the cell-bound fraction of
67Ga.

Both fractions were measured for 67Ga activity with the gamma counter (Wallac

1282 Compugamma Unviersal). Cell-bound activity fractions were calculated as the
activity in cell-bound fraction of 67Ga divided by the total incubated activity.
Binding studies of non-binding 67Ga complexes (67Ga-THP-Ac/67Ga-DOTA) were
also performed to serve as controls in the toxicity assay below. Both

67Ga

complexes

were incubated at similar incubated activities of 67Ga-THP-PSMA concentrations at 1000
nM or at 5 nM with 67Ga-DOTA-PSMA.

5.3.5 Toxicity studies (viability and clonogenic assays)
15 x 103 DU145-PSMA cells were prepared in microcentrifuge tubes and
incubated with a series of

67Ga-THP-PSMA

at 0, 10, 100, 250 and 500 nM (incubated
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activity of 0, 0.004, 0.038, 0.095 and 0.19 MBq respectively).With

67Ga-DOTA-PSMA,

PSMA concentrations added to the cells were 0, 10, 100, 250, 500 and 1000 nM
(incubated activity of 0, 0.019, 0.19, 0.47, 0.93 and 1.86 MBq respectively).
Incubation volume was made to 1 mL with complete media. Cells were then left
for 1 hour at 37 ˚C in a CO2 incubator and were centrifuged at 220 x g for 5 minutes,
washed twice with PBS and re-suspended in complete media.
For viability assays, 10 x 103 cells treated as above were plated in 6-well plates
and in 2 mL complete media and left to grow at 37 ˚C in 5% CO2 incubator. At 72 hours
of incubation, the cells were collected and counted with hemocytometer for viability
with trypan blue.
For clonogenic assays, the cells were seeded at increasing cell number from 1000
to 2000 with increasing

67Ga-THP-PSMA/67Ga-DOTA-PSMA

concentrations in 6-well

plates. The media were replaced every 3 days and cells were left to grow for 10 to 14
days. The colonies were fixed and stained with methanol:1% crystal violet (1:1) with
colonies compromising 50 cells or more counted.
Controls for the toxicity studies included the non-binding 67Ga-complexes (67GaTHP and 67Ga-DOTA) and unlabelled 'cold' PSMA (THP-PSMA and DOTA-PSMA) at equal
activities or concentrations to 500 nM for
67Ga-DOTA-PSMA

67Ga-THP-PSMA

(0.19 MBq) or 1000 nM of

(1.86 MBq), highest concentrations used for toxicity study with 67Ga-

THP-PSMA or 67Ga-DOTA-PSMA respectively.
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5.4 RESULTS
5.4.1 Radionuclide preparation
Following conversion to

67GaCl ,
3

the fraction (6) with the highest activity

concentration was recorded at 530.44 ± 337.17 MBq/mL.

5.4.2 Radiolabelling PSMA
5.4.2.1

THP-PSMA

Radiolabelling THP-PSMA with 67Ga-Cl3 produced 1.59 ± 0.45 MBq/µg of specific
activity (SA) with a labelling efficiency of 87.70 ± 9.80 % (Figure 5-3). The calculated
chelator occupancy, i.e. percentage of THP-PSMA chelator occupied by 67Ga atoms, was
0.18 ± 0.03 %.

Figure 5-3 Radio-HPLC of 67Ga-THP-PSMA where free 67Ga-EDTA was detectable at 2
min while 67Ga-THP-PSMA eluted at 12 min.
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5.4.2.2

DOTA-PSMA

Radiolabelling DOTA-PSMA with 67GaCl3 produced an average SA of 6.73 ± 2.21
MBq/µg with a labelling efficiency of 92.44 ± 11.9 % (Figure 5-4). On average, the
percentage chelator occupancy for DOTA-PSMA was 0.46 ± 0.15 %.

Figure 5-4 Radio-HPLC of 67Ga-DOTA-PSMA where free 67Ga-EDTA is detectable at 2
min and 67Ga-DOTA-PSMA at 14 min.

5.4.3 Binding assay
The binding assay was performed separately for 67Ga-THP-PSMA and 67Ga-DOTAPSMA on DU145-PSMA and DU145 cells. With

67Ga-THP-PSMA,

at low incubated

concentration of 5 nM, the cell-bound activity was 0.61 ± 0.07% but with further
increase to 1000 nM, cell-bound activity reduced to 0.27 ± 0.01% indicating targetmediated binding (Figure 5-5). The binding of 67Ga-THP-Ac to DU145-PSMA cells at the
activity equivalent to that present at 1000 nM 67Ga-THP-PSMA was found to be 0.06 ±
0.01%, while binding of 1000 nM

67Ga-THP-PSMA

on DU145 cells was 0.11 ± 0.003%.

Binding percentages of both preparations were lower (p<0.006) than for 1000 nM 67GaTHP-PSMA on DU145-PSMA cells.
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Figure 5-5 Binding percentage of 67Ga-THP-PSMA on DU145-PSMA cells after 1 hour
incubation. A is the cell-bound radioactivity percentages at increasing incubated
concentrations of PSMA preparations with DU145-PSMA cells and B is the comparison
of binding percentages of controls; DU145-PSMA cells with non-binding 67Ga-THP-Ac
and DU145 cells with 67Ga-THP-PSMA, to 1000 nM DU145-PSMA 67Ga-THP-PSMA. (n=1
in triplicate, error bar indicates SD)
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The binding study with 67Ga-DOTA-PSMA on DU145-PSMA cells revealed higher
binding percentages than achieved with

67Ga-THP-PSMA

as shown in Figure 5-6.

Incubation of 67Ga-DOTA-PSMA at 0.05 nM produced 6.82 ± 0.55% while at 100 nM, 0.45
± 0.04% of incubated radioactivity was cell-bound. At 5 nM, 2.64 ± 0.09 % of boundradioactivity recorded, more than 4 fold higher than recorded for 67Ga-THP-PSMA.
The controls included
67Ga-DOTA-PSMA

67Ga-DOTA

on DU145-PSMA (5 nM: 0.11 ± 0.04%) and

on DU145 cells (5 nM 0.09 ± 0.01%).

5.4.4 Viability assay
5.4.4.1

Treatment of 67Ga-THP-PSMA on DU145-PSMA cells

Viability results with

67Ga-THP-PSMA

are shown in Figure 5-7. There was a

limited reduction in viability with increasing incubated concentration of

67Ga-THP-

PSMA. Treatment with 100 nM 67Ga-THP-PSMA showed a reduced viability (p=0.04) to
86.35 ± 4.17 % as compared to the untreated group. At 500 nM (0.19 Mbq) 67Ga-THPPSMA only produced a slight further reduction in viability to 83.59 ± 3.21%.
The treatment of DU145-PSMA with 67Ga-THP at the equivalent activity present
in 500 nM 67Ga-THP-PSMA did not affect the viability nor did treatment with 500 nM
unlabelled THP-PSMA in DU145-PSMA. Similar results were also recorded after
treatment of DU145 cells with 500 nM 67Ga-THP-PSMA where viability remained like the
untreated group.
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Figure 5-6 Binding percentage following incubation of 67Ga-DOTA-PSMA with DU145PSMA cells. Graph in A showing percentage of cell-bound radioactivity with increasing
incubated PSMA concentration (67Ga-DOTA-PSMA and unlabelled DOTA-PSMA) and B
is comparison of extent of binding of controls (DU145-PSMA with 67Ga-DOTA and
DU145 with 67Ga-DOTA-PSMA) to 5 nM 67Ga-DOTA-PSMA with DU145-PSMA. (n=1, run
in triplicate, error bar indicates SD)
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Figure 5-7 Viability assay following treatment with 67Ga-THP-PSMA on DU145-PSMA
cells. Graph in A shows percentage viability following treatment of increasing 67GaTHP-PSMA concentrations and B shows comparison of treatment to controls including
non-bound 67Ga-THP complex, unlabelled THP-PSMA and DU145 cells incubated with
equivalent activities and PSMA concentrations as 500 nM 67Ga-THP-PSMA in DU145PSMA cells. (n=1, run in triplicate, error bar indicates SD)

188

5.4.4.2

Treatment of 67Ga-DOTA-PSMA on DU145-PSMA cells

In the toxicity study with

67Ga-DOTA-PSMA

on DU145-PSMA, unlike

67Ga-THP-

PSMA, cell-bound radioactivity was measured following incubation (due to more
significant toxicity of

67Ga-DOTA-PSMA

over

67Ga-THP-PSMA

that leads to more

attention given to 67Ga-DOTA-PSMA). This enabled the decay rate per cell (Bq/cell) to be
calculated and allowed us to look at the relationship between incubated

67Ga-DOTA-

PSMA concentration and cell-bound activity as demonstrated in Figure 5-8. Cell-bound
activity was 0.02 ± 0.001 Bq/cell at 10 nM (0.019 MBq) incubation and increased to 0.31
± 0.09 Bq/cell with 100 nM (0.19 MBq) incubation. Activity per cell further increased at
higher incubated concentrations of 500 nM (0.93 MBq) and 1000 nM (1.86 MBq) to 0.49

Cell-bound 67Ga (Bq/cell)

± 0.05 and 1.96 ± 0.66 Bq/cell respectively.

3

2

1

0
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500
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67

1000

1500

Ga-DOTA-PSMA

Figure 5-8 Relationship between incubated 67Ga-DOTA-PSMA concentrations and cellbound activity (Bq/cell) in DU145-PSMA cells. (Incubated activities at 10, 100, 250, 500
and 1000 nM of 67Ga-DOTA-PSMA were 0.019, 0.19, 0.47, 0.93 and 1.86 MBq
respectively) (n=1, run in triplicate, error bar indicate SD)
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In general, it can be seen that treatment of 67Ga-DOTA-PSMA on DU145-PSMA
cells, the cell viability was reduced as shown in Figure 5-9. At low incubated
concentration of 10 nM (0.07 MBq) (0.017 Bq/cell), the viability reduced to 92.33 ± 1.70
%. By increasing the incubated concentration to 500 nM (3.35 MBq) (0.49 Bq/cell), the
viability decreased to 84.67 ± 1.98 % while at 1000 nM (6.73 MBq) (1.96 Bq/cell)
treatment, 79.95 ± 3.05 % of cells were still viable.
Treatment with 67Ga-DOTA and unlabelled DOTA-PSMA on DU145-PSMA cells or
67Ga-DOTA-PSMA

on DU145 cells at equivalent to

67Ga-DOTA-PSMA

activity or

concentration at 1000 nM did not affect cell viability.
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Figure 5-9 Viability assay following treatment of 67Ga-DOTA-PSMA on DU145-PSMA
cells. A is percentage of DU145-PSMA viability following treatment with 67Ga-DOTAPSMA at different PSMA concentration and B is viability percentage of DU145-PSMA
cells at bound-activity per cell (Bq/cell). C is bar graph comparing treatment at
equivalent activity and concentration to 1000 nM of 67Ga-DOTA-PSMA preparation.
(n=1, run in triplicate, error bar indicates SD)
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5.4.5 Clonogenic assay
5.4.5.1

Treatment of 67Ga-THP-PSMA on DU145-PSMA cells

The clonogenic assay performed with

67Ga-THP-PSMA

on DU145-PSMA cells

demonstrated reduced DU145-PSMA clonogenic capacity with increasing

67Ga-THP-

PSMA concentration and activity (Figure 5-10). At 100 nM (0.038 MBq) of

67Ga-THP-

PSMA, the surviving fraction (SF) recorded was 0.96 ± 0.06, not statistically different to
the untreated group (p=0.6). Further increases in incubated activity at 250 nM (0.095
MBq) was able to reduce the SF to 0.69 ± 0.02 as compared to the untreated group
(p=0.004). At higher incubated concentration of 500 nM (0.19 MBq), SF was found to be
0.65 ± 0.03.
Controls, i.e. non-binding 67Ga-THP or unlabelled THP-PSMA on DU145-PSMA or
67Ga-THP-PSMA

treatment on DU145 at equivalent activity/concentration to 500 nM

(0.19 MBq) of 67Ga-THP-PSMA, did not affect the SFs, which were 1.00 ± 0.09, 0.95 ±
0.04, and 0.91 ± 0.06, respectively (p>0.07).

5.4.5.2

Treatment of 67Ga-DOTA-PSMA on DU145-PSMA cells

Treatment of DU145-PSMA cells with 67Ga-DOTA-PSMA produced a reduction in
SF with increased incubated concentration and Bq/cell (Figure 5-11). At 100 nM (0.19
MBq) or 0.31 Bq/cell, a significant reduction (p=0.04) in SF to 0.63 ± 0.03 was observed.
Further increase in 67Ga-DOTA-PSMA concentration to 500 nM (0.93 MBq) (0.48 Bq/cell)
produced 0.54 ± 0.07 SF. By doubling the 67Ga-DOTA-PSMA concentration to 1000 nM
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(1.83 MBq) (1.96 Bq/cell), the SF was 0.10 ± 0.01. The activity per cell that leads to SF of
0.5 (A50) and 0.1 (A10) was determined to be at 0.1 and 1.96 Bq/cell respectively.
Treatment of 1000 nM of unlabelled DOTA-PSMA on DU145-PSMA cells
produced a SF of 0.74 ± 0.04 but the reduction was not statistically different when
compared to the untreated group (p=0.07). Similar observations were recorded with
treatment of 67Ga-DOTA on DU145-PSMA cells where SF reduced to 0.82 ± 0.04 (p=0.36)
and for 67Ga-DOTA-PSMA to DU145 cells with a SF of 0.91 ± 0.11 (p=0.55).
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Figure 5-10 Clonogenic assay following treatment of 67Ga-THP-PSMA on DU145-PSMA
cells. A is SF with increasing 67Ga-THP-PSMA concentration and B is comparison to
controls at equivalent activity and concentration to 500 nM 67Ga-THP-PSMA
preparation. (n=1, run in triplicate, error bar indicates SD)
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Figure 5-11 Clonogenic assay of DU145-PSMA cells following treatment with 67GaDOTA-PSMA. A is SF of DU145-PSMA at different 67Ga-DOTA-PSMA concentrations and
B is SF at activity per cell and C comparison to controls at treatments equivalent to
1000 nM of 67Ga-DOTA-PSMA. (n=1, run in triplicate, error bar indicates SD)
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5.5 DISCUSSION
5.5.1 Radiolabelling 67Ga-PSMA
Radiolabelling both THP-PSMA and DOTA-PSMA with

67Ga

was best achieved

with 67GaCl3. This is primarily due to higher activity concentrations in 67GaCl3 (500.60 ±
323.37 MBq/mL) preparation as compared to 67Ga-citrate (57.01 ± 8.13 MBq/mL). This
enables us to achieve high SA as previously demonstrated in Chapter 4.
The process of radiolabelling 67GaCl3 to THP-PSMA was done slightly differently
as compared to radiolabelling

67GaCl
3

to DOTA-PSMA. With THP-PSMA, the

radiolabelling procedure was achieved at pH 6.5 with incubation at RT for 5 minutes as
suggested by Berry et al. [134] and Ma et al. [242] primarily because it was found that
the tripodal chelator will be deprotonated at pH 6 to 7 making it ready coordinate 67/68Ga
at this pH [243]. By contrast to THP-PSMA, radiolabelling with DOTA-PSMA was achieved
at lower pH of 4 - 4.5 as suggested by Benesova et al. [240].
Radiolabelling 67GaCl3 to THP-PSMA and DOTA-PSMA yielded different SA with
67Ga-DOTA-PSMA (6.27 ± 2.21 MBq/µg) achieving 3-folds higher SA than 67Ga-THP-PSMA

(1.59 ± 0.45 MBq/µg). Chelator occupancy with both preparations was poor (0.18 ±
0.03% for THP-PSMA and 0.46 ± 0.15% for DOTA-PSMA). Possible limiting factors include
presence of trace metals and relatively low 67Ga concentrations used.
Like 67Ga-THP-PSMA, radiolabelling 67Ga to DOTA-PSMA also suffered from low
SA. Benesova et al. demonstrated that in radiolabelling 67GaCl3 to DOTA-PSMA, the SA
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can reach as high as 0.1 GBq/nmol (or 90.2 MBq/µg) with chelator occupancy of 6.21%
[240]. The SA reported in that study was 15-folds higher than in this study.
Radiolabelling both compounds with 67GaCl3 was not efficient in this study. One
of the possible factors was due to converted 67GaCl3 having relatively low specific activity
compared to other studies [240]. Another possible factor is the presence of 67Zn, a decay
product of 67Ga which might influence with 67Ga radiolabelling efficiency with DOTA as
demonstrated in another study [200]. It is also likely that presence of other metal
contaminants in the preparation affecting the labelling efficiency.

5.5.2 Binding study with 67Ga-PSMA
The binding studies performed with,

67Ga-THP-PSMA

and

67Ga-DOTA-PSMA

produced different levels of binding. Even at low PSMA concentrations (5 nM),

67Ga-

THP-PSMA showed 0.61 ± 0.07 % of binding, 10-folds lower than recorded for

67Ga-

DOTA-PSMA at 6.77 ± 1.15 % at the same concentration. The higher binding percentage
achieved for 67Ga-DOTA-PSMA may be due to optimised affinity of DOTA-PSMA itself.
Benesova et al. demonstrated improved binding affinity as well as biologic properties of
the DOTA-PSMA compared to Glu-NH-CO-NH-Lys(Ahx)-HBED-CC (HBED-PSMA) by
optimising the molecule's linker length, polarity, size, flexibility and presence of
aromatic groups [240]. The improved DOTA-PSMA design was shown to have higher
binding affinity than HBED-PSMA with Kd of 2.34 nM and 12.0 nM, respectively. The
study also reported that DOTA-PSMA is effectively internalised and showed improved
clearance and high tumour accumulation leading to higher tumour-to-background ratio
as compared to HBED-CC [240]. The improved features of DOTA-PSMA contributed to
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optimised structure-activity relationship (SAR). It proved to be an advantage in this study
where high affinity and extensive internalisation are necessary to deliver sufficient 67Ga
to damage to the cells. Moreover, combination of fast clearance and high tumour uptake
would be beneficial if it is used clinically for therapy in terms of radiation dose to the
patient.
With THP-PSMA, the compound was developed in-house and a novel
combination of PSMA with THP chelator with the aim for imaging PSMA positive
tumours with 68Ga. The low binding percentage achieved in this study was possibly due
to low affinity compared to the DOTA conjugate.

5.5.3 Viability assay
The results from the viability study with both

67Ga-THP-PSMA

and 67Ga-DOTA-

PSMA were similar. Both preparations produced a slight reduction in viability to 82.24 ±
3.16% (67Ga-THP-PSMA) and 84.67 ± 1.98% (67Ga-DOTA-PSMA) when incubated with 500
nM (0.19 and 0.93 MBq of incubated activity of 67Ga-THP-PSMA and 67Ga-DOTA-PSMA
respectively) of PSMA concentration. As explained by Kassis (2008) [21], the lack of
lethal effects from the therapy would render the survival curve to be broad, resembling
data from X-ray exposure.
At higher concentrations (1000 nM) (6.73 MBq) of 67Ga-DOTA-PSMA, a further
reduction in viability was observed (79.95 ± 3.05%). No reduction in cell viability
following treatment with controls including cold-PSMA, non-binding

67Ga-complex

as

well as in PSMA (-ve) cells was seen indicating specificity and target-mediated effects of
67Ga-PSMA.
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The reduction in viability in these studies was far lower than the results achieved
with

67Ga-oxine

as in Chapter 3. Following treatment with

67Ga-oxine

on DU145 cells

(PSMA negative), activity required to induce 50% (A50) and 10% (A10) reduction in
viability on DU145 cells were at 1 and 1.5 Bq/cell. In this study, even though the
treatment reached 2 Bq/cell (with 67Ga-DOTA-PSMA), viability was not further reduced.
One of the possible explanations for this is due to radionuclide localisation
strategy used in both set of experiments.
receptor present on the cell while

67Ga-PSMA

67Ga-oxine

internalised through PSMA

localisation was aided by lipophilic

complex. Being dependant on PSMA receptor expression, 67Ga-PSMA would suffer from
unequal distribution (with varying PSMA expression) while

67Ga-oxine

localisation is

expected to be uniform throughout cells as no cellular mediators involved. As a result,
more 67Ga-PSMA is needed to produce similar effect as compared to 67Ga-oxine. It would
be interesting to assess the microdistribution profiles of the two agents.

5.5.4 Clonogenic assay
The results fo the clonogenic assays show that at 500 nM incubation, the SF
reduced more for

67Ga-DOTA-PSMA

than for

67Ga-THP-PSMA

(0.54 ± 0.07 for

67Ga-

DOTA-PSMA and 0.65 ± 0.03 for 67Ga-THP-PSMA). Lower SF recorded with 67Ga-DOTAPSMA can be said to be caused by higher SA (6.73 ± 2.21 MBq/µg) of the preparation as
compared to 67Ga-THP-PSMA (1.59 ± 0.45 MBq/µg). The reduction however can be said
to be minimal given that
67Ga

67Ga-DOTA-PSMA

contained approximately 3-folds higher in

compared to 67Ga-THP-PSMA preparation.
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With 67Ga-DOTA-PSMA, the treatment was purposely increased to 1000 nM to
understand the effect of higher concentrations of radiolabelled PSMA. At 1000 nM, the
SF reduced to 0.10 ± 0.01 with A50 and A10 was measured at 0.7 Bq/cell and 2 Bq/cell
respectively. This was higher than for 67Ga-oxine on DU145 cells where the A50 and A10
were 0.3 and 0.95 Bq/cell respectively.
Like viability result, the higher radioactivity per cell with

67Ga-DOTA-PSMA

treatment is required to produce similar result as with 67Ga-oxine and similar to viability
study, it is possible that it suffers from similar non-uniform distribution due to varying
degree of receptor expression in the cell population. As a result, higher average of
activity per cell is required to produce similar damage to 67Ga-oxine treatment.
Comparing results from the clonogenic assay and viability assay following
treatment with either 67Ga-DOTA-PSMA or 67Ga-THP-PSMA indicates contrasting result.
In viability studies, cell viability was 79.95% at 1000 nM (6.73 MBq) of 67Ga-THP-PSMA
treatment but with clonogenic assay, SF reduced to 0.1 (10%). It could be that due to
prolonged cell exposure to 67Ga (up to 14 days) enabled the complex to exert its effect
as compared shorter period (3 days) with viability assay.
In an earlier study Leeuwen-Stok et al. found that treatment with

67Ga-citrate

resulted in cell cycle arrest when tested in U-937 and U-715 human lymphoma cell lines
[60]. The study that was designed to understand the cytotoxicity of

67Ga

upon

combination with various cytostatic drugs demonstrated that 67Ga incubation alone was
able to produce sufficient cytostatic effect [60]. Moreover, previous clinical studies with
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high doses of

67Ga-citrate

exhibited short-lived responses after the treatment [115].

These findings might indicate that 67Ga-PSMA treatment acts by arresting cell growth.
More importantly, the study also demonstrated the need for 67Ga binding to the
cell to exert a toxicity effect as exposure of cells to non-binding 67Ga-complexes showed
no effect on their clonogenic capacity. This feature is one of the main advantages of
using Auger electron emitters for therapy over other ionising particles as demonstrated
by Govindan et al. [4].

5.5.5 Feasibility of 67Ga-PSMA as a therapeutic agent for clinical use
Translating

67Ga-PSMA

for clinical use as a therapeutic agent requires various

questions to be addressed. These include 1) capability of delivering sufficient 67Ga into
small tumours and circulating tumour cells (CTCs) and 2) amount of activity required in
therapy and the radiation dose to the patient.
The use of 67Ga as a therapeutic agent is assumed to be best suited in targeting
CTCs or small cancers due to limited ionisation range either by the electron or the atom
core itself. In order to achieve this, several important features including the compound's
affinity and its capacity scavenging CTCs in the circulation [244] need to be addressed
prior to translation into clinical studies. Several studies showed that PSMA is an
attractive target in prostate cancer [237, 245] due to up-regulated expressions of PSMA
receptor on prostate cancer cells [246-248] with expression increased in higher grade
cancers [249]. In a study by Dassie et al. an RNA aptamer (A9g) targeting circulating
PSMA-positive CTCs resulted in reduced cell migration in vitro and metastatic activity in
vivo indicating targeting PSMA-positive CTCs is possible [250].
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High specific activity is extremely important when considering radionuclides for
use in therapies. At 6.73 MBq/µg, obtained at 1000 nM 67Ga-DOTA-PSMA, the previously
determined (Chapter 3) activity/cell, i.e. 2 Bq/cell, was achieved. This subsequently led
to a SF value of 0.1. However, at 1000 nM, the incubated PSMA concentration is
considered extremely high given the Kd of the compound is 2.3 nM (with human
prostate adenocarcinoma LNCaP cells) [240]. Nonetheless, this was necessary here as
the SA was very low.
As demonstrated by Benesova et al., an SA of 90.2 MBq/µg, achieved with 67GaDOTA-PSMA preparation[240], showed that it is possible to achieve higher SA. At 90.2
MBq/µg SA, the amount required to produce 0.1 SF as in this study (with 6.73 MBq/µg
SA of 67Ga-DOTA-PSMA, 13.4 folds lower in SA) lower PSMA concentration is estimated
to produce similar effect at 76.92 nM (by a factor of 13.4 from 1000 nM).
With estimated average human blood volume of 6 L [251], approximately 46.06
GBq of 67Ga-PSMA preparation at SA of 90 MBq/µg would be needed to achieve blood
67Ga-DOTA-PSMA

concentration of 76.92 nM that produced 0.1 SF.

Another factor that could influence the toxicity in receptor-mediated uptake
study include its varying degree of receptor expression level. PSMA expression
correlated with increasing cancer grade and was found to be amplified 1000 fold in high
grade cancer [226]. Due to this factor, including varying degree of receptor expression
among cells used in this study, it could be that 46 GBq might be an overestimate for
clinical translation.
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Although the theoretical amount of 67Ga required in therapy initially appears to
be very high, there are variables including the amount of PSMA receptor present on the
cell surface as well as the compound’s biological half-life that might lower the required
administered activity for therapy by several fold.
Knowledge of the

67Ga

toxicity following high dose administration to healthy

tissues is very limited. Jonkhoff et al. [115] showed that a high dose of

67Ga-citrate

administered to patients, from 1.3 to 3.89 GBq, resulted in a whole body dose of 0.68
mSv/GBq while red marrow dose was estimated to be between 0.49 to 2.62 mSv/GBq.
Toxicity was limited to muscle pain and they concluded that administration of

67Ga-

citrate up to 3.89 GBq is tolerable and safe [115]. It should be noted that the data were
acquired from non-targeted

67Ga-citrate

therapy. In targeted therapy, non-specific

patient's dose is expected to be lower.
Since data with 67Ga is very limited, inference of the toxicity of high dose 67Ga
was based on

111In

measurements with which more therapeutic clinical studies have

been carried out.
In a study by Delpassand et al. [26], a safety and efficacy study of

111In-

pentetreotide, with up to 18.5 GBq per administration, resulted in minimal hematologic
toxicity without renal toxicity despite kidney doses up to 11.32 Gy (total dose of 74 GBq)
[30]. The study showed that it is possible to administer high activity of Auger electron
emitter such as 111In without any apparent toxicity to the patient. This is yet to verified
for 67Ga, but with a similar particulate emission profile to 111In, it should be safe even at
high activities.
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Theoretically, radionuclide

therapy with

67Ga-DOTA-PSMA

should be

translatable into clinical practice as a treatment of prostate cancer. As PSMA receptor is
present on CTCs [252] and 67Ga was shown to be suitable for CTCs in other studies, the
use of 67Ga-PSMA against prostate cancer should benefit patients, especially those with
advanced disease. However, achieving very high SA following radiolabelling is
mandatory to increase

67Ga

binding to the targeted cells as well as reducing total

administered activity.

5.6 CONCLUSION
Utilising 67Ga-PSMA for therapeutic purposes against prostate cancer especially
in targeting CTCs is an interesting prospect. This study explored the therapeutic
potential of two PSMA preparations,
the two,

67Ga-DOTA-PSMA

67Ga-THP-PSMA

and 67Ga-DOTA-PSMA. Between

can be radiolabelled at higher SA at 6.73 ± 2.21 MBq/µg,

approximately 3-folds higher than achieved with 67Ga-THP-PSMA at 1.59 ± 0.04 MBq/µg.
However, the factor that limit specific activity are not fully understood at present.
Binding studies with both radiopharmaceuticals revealed that of the two
radiopharmaceuticals,

67Ga-DOTA-PSMA

produced superior cell-binding due to its

higher binding affinity.
Toxicity assessment was done with both the trypan blue viability and the
clonogenic assay. The viability assay showed limited reduction of viability to only 80%
even at very high concentration of both

67Ga-PSMA

radiopharmaceuticals on PSMA-

positive cells. No reduction of viability with non-bound 67Ga-THP or 67Ga-DOTA or with
204

unlabelled PSMA were observed. Perhaps, the viability study was done following short
exposure to the treatment while clonogenic assay involves prolonged exposure or it was
due to presence of senescence cells following the treatment.
Clonogenic assessment with
67Ga-DOTA-PSMA

67Ga-PSMA

preparations revealed that at 500 nM

(incubated activity of 0.93 MBq), produced higher reduction in SF at

0.54 ± 0.07 while 67Ga-THP-PSMA (incubated activity of 0.19 MBq) only reached 0.65 ±
0.03. The higher reduction in clonogenic capacity with 67Ga-DOTA-PSMA as compared
to

67Ga-THP-PSMA

is assumed to be caused by higher SA and higher affinity. Further

increases in PSMA concentration to 1000 nM (incubated activity of 1.86 MBq)

67Ga-

DOTA-PSMA able led to a SF of 0.1. The decay rate per cell required to reduce the
clonogenic capacity to 50% (A50) and 10% (A10) were measured at 0.7 Bq/cell and 2
Bq/cell respectively. The amount of activity required to produce similar effects were 2folds lower with 67Ga-oxine on similar cell line. It is postulated that higher activity per
cell required to achieve the same level of cell kill could be due to clonal variation.
Estimating a required activity of 2 Bq/cell to produce a 0.1 SF, the required
activity to produce similar effects clinically was calculated at 46.06 GBq. This was based
on the high SA at 90.2 MBq/µg reported in another study [240]. Based on previous
clinical experience with high dose 67Ga-citrate [115] and

111In-pentetreotide

therapies

[26, 30], utilisation of Auger emitters should be relatively safe even at very high activity
due to limited ionising range. Furthermore, with PSMA expression up-regulated with
disease progression, targeting CTCs or small size tumour should offer an interesting
prospect for 67Ga-PSMA therapy.
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CHAPTER 6

SUMMARY AND FUTURE WORKS

The prospect of utilising Auger electron in therapy has always been interesting.
Due to having high ionisation capacity within the micrometer range, very specific cell
killing can be achieved without affecting the untargeted cells. This should be an
advantage in cancer patients where maintaining normal bodily functions are crucial for
their survival as well as quality of life (QoL) which is lacking with conventional
chemotherapeutic agents [253].
Selection of

67Ga

as a candidate for Auger electron therapy in this study was

mainly due to long range Auger electrons [1] that can come into contact with more
critical organelles for toxic effect. Earlier studies that looked at its toxic potential ranked
67Ga as one of the

most potent Auger emitters with high specificity in cell killing [4, 124].

However, due to lack of radiochemistry of 67/68Ga understanding at that time, attention
was given to other radionuclides. Currently, with interest in 68Ga as PET imaging agent
growing, the radiochemistry of gallium has expanded, and interesting chelators have
been identified making utilisation of 67Ga for therapy possible. More interestingly, the
prospect of theranostic pairing with 68Ga should become an advantage.
To understand the potential toxicity of 67Ga, this study was designed in different
way from other therapeutic studies with Auger emitters. Because extracellular

67Ga

exerted no significant toxic effect, we were able to adopt an approach of measuring
toxicity as a function of the average amount of activity internalised into the cell (Bq/cell)
and compare it with 111In.
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6.1.1 Summary of major findings
In the early part of the study, 67Ga was incubated with plasmid DNA, a cell-free
system that lacked DNA repair mechanisms. At 24 hours of incubation of 1 MBq 67GaCl3
with plasmid, almost all plasmids were found to have single strand break (SSB). However
chelating 67Ga with EDTA, DTPA and citrate reduce the SSB. It was thought that due to
chelation and the formation of negatively charged complexes, direct binding of 67Ga to
the negatively charged DNA was prevented or reduced, creating distance between 67Ga
and the plasmid backbone. Similar observations were recorded with

111In

albeit with a

lower degree of SSB formation.
Upon addition of DMSO, a free-radical scavenging compound, into the mixture,
SSB formation in 67Ga preparation was significantly higher than 111In i.e. DMSO afforded
less protection against 67Ga than against 111In. One explanation for this is that electrons
produced by 67Ga directly ionise plasmid backbone more as compared to

111In

where

ionisation was mediated by formation of radicals following ionisation of water. Simple
calculation showed that 137.3

67Ga

nuclei were available within its electron range (2

µm), approximately 10 times more than

111In

(14.1) at its electrons range (1 µm). As a

result, in the absence of free radicals, 67Ga outperformed 111In in inducing plasmid strand
breaks. In presence of chelators, both radionuclides performed with similar efficacy with
increased in distance resulting in reduced plasmid damage.
To provide methodology to establish 67Ga toxicity data in wide range of cells, the
radionuclide was complexed with oxine, an ionophore capable of forming lipophilic
complexes with gallium and indium and hence carrying them non-specifically into cells.
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Three cell lines were tested with

67Ga-oxine

including MDA-MB-231, DU145 and

HCC1954. Like the plasmid study, 111In was used to compare the toxicity with 67Ga in the
cells. Binding studies revealed that
111In-oxine

67Ga-oxine

has lower cell uptake as compared to

by 6 to 7-folds in all cell lines tested. In toxicity studies, cellular activity

required to produce 90% reduction in survival with 67Ga-oxine was between 0.5 to 1.6
Bq/cell while with

111In-oxine,

the activity per cell was at 0.7 to 0.9 Bq/cell. Overall, it

was concluded that the capacity of intracellular 67Ga in inducing toxicity in cells was like
that of 111In, while radioactivity in the medium, that was not internalised, showed very
little toxicity.
Following success in toxicity determination in the three cell lines, the study later
aimed at assessing 67Ga potential in targeted therapy. Trastuzumab was identified as a
targeting moiety against HER2 positive (HER2+) cells mainly due to its availability and
established knowledge and experience within the department. With the initial aim of
comparing toxicity of

67Ga

with a wider range of radionuclides, DOTA chelator was

suggested due to its versatility in chelating radiometals. However, radiolabelling 67Ga to
DOTA-trastuzumab proved to be inefficient mainly due to presence of citrate in the
commercially available

67Ga

products, and unsuitable conditions required for

radiolabelling of an antibody (low pH and high temperature).
To overcome the citrate problem, 67GaCl3 was prepared from 67Ga-citrate which
resulted in 10-folds increase in 67Ga activity concentration. The problem with DOTA has
been overcome by replacing DOTA with the tripodal tris(hydroxypyridinone) (THP)
chelator as it is able to chelate gallium under milder conditions. After success in
radiolabelling

67Ga

to trastuzumab, toxicity studies showed that it can produce
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reduction in clonogenic capacity to SF of 0.38 ± 0.13 after incubation of 100 nM (0.71
MBq) of

67Ga-THP-trastuzumab.

With incubation of similar specific activity of

111In-

DOTA-trastuzumab preparation, the clonogenic capacity of HER2 positive cells was not
different statistically to 67Ga-THP-trastuzumab.
Distribution of

67Ga-THP-trastuzumab

among HCC1954 cells studied by

microautoradiography later revealed wide variation in radionuclide distribution
between the cells with some cells being essentially unlabelled while others were highly
radiolabelled. From a therapy perspective, the variation in binding might consequently
result in unequal distribution among cells leading to different cellular responses. The
finding is vital especially in Auger emitter therapy due to limited damaging range. Better
understanding of the inhomogeneous radionuclide distribution among cells should be
given more attention in future to ensure treatment success.
As targeted therapy with 67Ga begins to look feasible, the study later aimed at
therapy potential against prostate cancer. The PSMA-targeting moiety known as PSMA
617 (DOTA-PSMA) was selected as the targeting component against PSMA positive cells.
Following incubation with

67Ga-DOTA-PSMA

at 1000 nM which yielded cell-bound

activity of 2 Bq/cell, the clonogenic capacity reduced to SF of 0.1. Importantly, the study
showed that without internalisation (using non-PSA expressing cells and using nonPSMA-conjugated 67Ga), clonogenic ability was not affected.
Feasibility calculations for clinical use in treatment later showed that
approximately 46 GBq of 67Ga per administration would be required to produce a similar
effect to that observed in vitro. The estimate is believed to be an overestimate especially
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with cells used in this study could have low expression of PSMA receptor. With high
expression of PSMA receptor in PCa cases, total dose can be reduced by several folds.

6.1.2 Future works
While intracellular

67Ga

demonstrated its toxicity in vitro, much more work is

needed to further understand this radionuclide, including basic understanding of the
radionuclide itself and ways of exploiting its toxicity potential.

Basic understanding of 67Ga

6.1.2.1

The use of 67Ga in nuclear medicine has not been varied much. Since past three
decades,

67Ga

was mainly used as

67Ga-citrate

either for clinical use or in research

activities including for therapeutic assessment. Due to this,

67Ga

use was not fully

exploited either as an imaging radionuclide or as a therapeutic radionuclide.
As demonstrated in this study,

67Ga-citrate

proved difficult to radiolabel to

targeting moieties. By converting it to 67GaCl3, efficient radiolabelling occurred albeit at
low chelator occupancy and specific activity. As a result, higher concentration of labelled
conjugate was required to produce significant damage to the targeted cells, with the
accompanying risk of saturation of the target. To ensure possible translation into clinical
use, better understanding of its radiochemistry is mandatory to achieve highest possible
specific activity.
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6.1.2.2

67

Ga for therapy

Aside from its radiochemistry, the mechanism of action of

67Ga

as therapeutic

agent also has not yet been properly understood. The ionisation capacity of the Auger
electrons has been widely studied but the ionisation potential of the residual atom core
itself (the “coulomb explosion” effect) has never been discussed. Following ejection
electrons, the atom core would become positively charged depending on number of
electrons liberated (67Ga releases 4.1 electrons per decay on average) and would
become very unstable and have great ionising potential. It could be that toxicity effect
observed were in significant part due to the unstable atom core. This is likely to be
particularly damaging if the

67Ga

is in direct contact with the DNA, but less so at a

distance.
Aside from 67Ga (producing 4 electrons per decay), it is would also be interesting
to study the ionising potentials of other major Auger electron producers including

125I

and 201Tl that produced 25 and 37 electrons per decay respectively [1].
Ionising range of

67Ga

is known to be very short (at µm range) and requiring

internalisation for toxicity. Ideally the best way of exploiting 67Ga toxicity potential is by
combination with targeting moiety that has high internalisation percentage, long
residence time and low recycling rate. Candidates include anti-PSMA and anticarcinoembryonic (anti-CEA) [254], which possess some of the characteristics that
should be explored. Aside from that, delivering 67Ga via targeted nanoparticles would
be an interesting option in therapy perspective.
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Another way to enhance

67Ga

toxicity potential is target the cell nucleus. As

reported by Kourimanou et al. [93], 67Ga was 17 times more toxic when delivered to the
nucleus. Therefore, addition nuclear localising sequences (NLS) or nuclear transporters
into the targeting moiety should be considered to increase 67Ga cell killing potency.
With its short-range Auger electrons, tailoring targeting site to various critical
cell components should be interesting. Targeting cell membrane for an instance should
be able to produce sufficient damage to the cells as demonstrated with 125I.

6.1.2.3

67

Ga-PSMA as therapeutic agent

The therapeutic potential of 67Ga-PSMA has been demonstrated in this study but
more studies are needed for translation into clinical use and better understanding.
Contrast to beta or alpha particles, the range of ionisation with 67Ga is very limited and
thus require internalisation to exert its effect onto cells as demonstrated in this study.
Therefore, it is postulated that the best use for

67Ga-PSMA

in therapy is in

targeting circulating tumour cells (CTCs) or small size tumours. Since this application is
different from conventional radionuclide therapies or chemotherapeutic agents (which
are more suitable for targeting bulk cancer), further understanding of the ability to
scavenge CTCs and small size tumours should be developed.
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