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1. Introduction

1.1. Insight in molecular imaging with focus on PET

“Molecular imaging” originally understood as visualisation of targeted structures in
living organisms has further developed in modalities allowing for tracking the
biochemical processes in vivo on a molecular level. The administered radiolabelled
probe follows in an ideal case a biological pathway very similar to its endogenous
analogue. Indirectly, the biological counterparts (receptors, enzymes, and

transporters) of such a substance can be visualised after binding of a radiolabel.™

Today, clinicians have remarkable range of medical imaging techniques. Diagnosis
with sonography (ultrasound), radiography (X-ray) or computed tomography (CT)
provides the information concerning tissue morphology. Magnetic resonance
imaging (MRI) with its high spatial resolution (< 1 mm) is mostly employed also for
obtaining the anatomical information. Nevertheless, measuring of the brain activity
associated with changes in blood flow (degree of oxygenation), or determination of
metabolites (e.g. N-acetyl aspartate, choline, creatine, lactate) in body tissues
broaden the application of MRI also to functional imaging. Single photon emission
tomography (SPECT) and positron emission tomography (PET) are associated with
radiolabelled contrast agents, and provide the purely functional information.”” The
latest advanced technologies combine the acquisition of functional and anatomical

imaging in one device (PET/CT, PET/MRI).”!

Both SPECT and PET have had high impact on medicine, particularly on oncology,™
cardiology™ and neurology.'® The unique sensitivity of PET and SPECT providing
information complementary to the anatomical images produced by other
modalities makes these techniques ideal for imaging with biomarker- and
microenvironment-targeted tracers. Both modalities have become extremely
important in the clinic; however, PET undoubtedly possesses a number of
significant advantages over its single-photon cousin. PET provides higher sensitivity
(required tracer concentration = 10® to 10™°M; concentration for SPECT
approaches 10° M), higher resolution (2-3 mm or lower, 6—8 mm for SPECT) and
mainly the ability to quantify the absolute radioactivity uptake in the tissue of
interest.”? On the other hand, SPECT is competing PET with its generally lower prize

and estimated at least 10-times higher number of installed devices worldwide.®
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What comes before we may construct the actual PET image? Briefly, the tracer
usually administered as a bolus injection follows its biological pathway (ideally,
accumulates in the region of interest and the residual fraction is excreted) upon
simultaneous decay of its radioactive label. A positron released from the atomic
nucleus by B*-decay travels in the ambient tissue until it loses its kinetic energy. At
this stage, it encounters its antiparticle (an electron) and these two mutually
annihilate. Their mass is converted into two almost antiparallel 511 keV y-rays.
These y-rays leave the tissue and strike the coincidence detectors in a ring of a PET
camera. Importantly, the output is generated only when signals from two
coincidence detectors simultaneously trigger the circuit. Thus, the main advantages
of PET lie in physics: the short distance reached by a positron prior to annihilation
results in high spatial resolution, the coincidence detection allows for tremendous

sensitivity.”

1.2. PET nuclides and tracers

For years after the introduction of the first positron-emission transaxial tomograph
by Michael Ter-Pogossian et al. in mid-'70s,"” the portfolio of PET
radiopharmaceuticals was dominated by small tracers with short biological half-life.
Accordingly, the choice of a radiolabel was in favour of non-metallic radionuclides
with correspondingly short half-lives. This holds true in many respects till today as
the most used PET radiopharmaceuticals contain ®F, C, *N and O (Table 1).

Table 1: Common non-metallic PET nuclides, their physical properties and production
[11]
route.

Nuclide B* decay (%) ty/, (min) Emax (MeV) Production
tc 99.8 20.38 0.96 YN(p,a)"'C
BN 99.8 9.96 1.19 °0(p,a)*N
0 99.9 2.04 1.72 “N(d,n)"*0
8¢ 96.9 109.70 0.63 ¥0(p,n)**F
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In small organic molecules, the radiolabels are attached via a covalent bond as for
example in C-choline™ and ™F-FEC™ (prostate cancer), 'C-PiB™ and
BF_Florbetapir™ (Alzheimer’s disease, targeting of the B-amyloid), *F-FDG™®
(enhanced glucose uptake), *F-FMISO™ (imaging of hypoxic tissues), “*F-FLT!*®

[19]

(proliferation), **C-methionine™® and ¥fF-FET™” (brain tumours). Somewhat simpler

[21] [23]

are “N-ammonia®" and 0-water™ (myocardial perfusion) or “*F-fluoride

(bone imaging).

Larger molecules (peptides, proteins, antibodies), whose pharmacokinetics and
receptor affinity are not influenced to a considerable extent by addition of a
chelating moiety and optionally a linker, can be easily and efficiently labelled with

radiometals (Figure 1).2*

? : ‘\ targeted structure )j
‘}‘{_)— \\ 7) )/

receptor

linker

.‘.
chelator
1
&

biomolecule

Figure 1: A schematic structure of a radiometallated bioconjugate binding to the receptor
of the targeted structure.

Although there were attempts to introduce non-metallic radiolabels via a covalent
bond to a peptide, those strategies have met certain limitations. A prime example
might be '®F-Galacto-RGD labelled via *F-fluoroacylation of glycosylated
c(RGDfK).”! This tracer for targeting o,B; integrins showed to be very promising
imaging agent in clinical studies with patients suffering from malignant melanomas,
sarcomas, glioblastomas, breast cancer and head and neck cancer.”®®
Unfortunately, despite being the most extensively studied integrin a,Bs-specific PET
tracer in the clinical setting, rather complicated synthetic protocol is hardly

transferrable to a GMP-compliant production.[27]
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Contrary to that, a NODAGA-coupled c(RGDyK) showed improved in vivo
performance in preclinical studies and could be sufficiently labelled with *4Ga.l®
Recently, unprecedently robust labelling strategy, higher tumour uptake and
promising pharmacokinetics were achieved with a novel trimeric ¢c(RGDfK) tracer

%8Ga-TRAP(RGD); (Figure 2).2%*"

O HHf i n\"/\/o\/\o/\/o\/\o/\/:
Hj:>=NH

8Ga-TRAP(RGD),

A

right : left

Figure 2: A schematic structure of 68Ga-TRAP(RGD)a and an example of its whole-body
biodistribution (A) followed by PET (MIP, 90 min p.i.). Transaxial slice in abdomen of a
patient suffering from pancreatic adenocarcinoma: Gd-contrast-based T,-weighted (B), T,-
weighted (C) and diffusion-weighted (D) MRI images showing no malignancy (blue arrow);
the liver metastasis in left lobe detected by PET 60 min p.i. (E) and the PET/MRI fusion (F).
Detail of PET image of abdominal, 60 min p.i. (G). PET/MRI, recorded on Siemens Biograph
mMR, Klinikum rechs der Isar, TU Minchen - unpublished data, with courtesy of
Dr. J. Notni, Dr. med. A. Beer and Prof. M. Schwaiger.
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An elegant approach for labelling of small peptides with '*F was developed by
McBride et al. who introduced the radiolabel via an aluminium complex. “®F-[AIF]**
is prepared in aqueous solution and further complexed by NOTA-like conjugates.*"!
Interestingly, shortly after the introduction of a new method, the first kit for

d.B? The method seems to need further

F-[AIF]** labelling was reporte
optimisation to reach its full potential since elevated temperatures have been
inevitable and reached specific activities are relatively low.*® However, the first
human study with ®F-Alfatide, a c(RGDyK) NOTA-linked dimer labelled via Al"

complex, in lung cancer patients showed very promising results.®*

Nowadays, a variety of available metallic radionuclides allows for a precise
selection of a radiolabel fitting to a desired application. Among them, ®Cu, ®Ga
and recently also ¥Zr (Table 2) have been in focus for development of new PET
radiopharmaceuticals.?***! Utilisation of ®Rb has been limited to myocardial

perfusion PET using *2Rb-RbCl.*®!

Table 2: Selected metallic PET nuclides, their physical properties and production route.™

Nuclide B* decay (%) t Emax (MeV) Production
Cu 17.6 12.7 h 0.66 ®Ni(p,n)**Cu
*Ga 89.1 67.7 min 1.89 *Ge/®Ga
#Rb 95.5 1.3 min 3.15 82Sr/**Rb
87r 22.7 78.5h 0.90 ¥Y(p,n)*°zr

Short-lived ®Ga suits to pharmacokinetics of small peptidic tracers. **Cu with B*
energy similar to that of '®F allows for better spatial resolution of p-PET images in
preclinical research.®” In the clinical context, differences in B* energy between *°F
and *8Ga were shown as a minor issue, since the spatial resolution is in this case
determined rather by the technical parameters of current PET devices.*®
Considering the half-life of a radionuclide, ®®Ga allows for acquisition of the PET
images in the range of several hours p.i., **Cu serves for experiments in the frame

of hours to days and recently popular ®°Zr is a label of choice for antibodies whose

destiny in vivo can be observed in the range of days to approximately one week.!

14



Lately, development of novel ®Ga-PET tracers has attracted large scientific
community, especially because of the radionuclide availability from the ®Ge/**Ga
generator (see Chapter 2).*' Chemists have been on the search for ®Ga-based
alternatives for SPECT with *™Tc and have been trying to improve the current
radiolabelling strategies.****7®®! Physicians have investigated the potential of
®8Ga-peptides along with well-established and approved “gold standard PET tracer”
B DG Novel ®Ga-based probes, e.g. ®®Ga-DOTA-CPCR4-2 (imaging of
chemokine receptor CXCR4, metastatic processes),'”® ®Ga-DOTA-BASS (sst2 and
sst3 receptor antagonist),*” ®Ga-DOTA-BPAMD (bone imaging),"*”! ®®Ga-NODAGA-
5,8-dideazafolic acid (folate receptor imaging)“® or ®¥Ga-PSMA (prostate cancer)*”!
have been evaluated. At the same time, the industry reacts to increasing demand

for ®Ga by providing sophisticated automated systems for GMP-compliant!*®

preparation of ®*Ga-labelled tracers.
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2. Background of the studies

2.1. Renaissance of Gallium-68

Gallium-68 was introduced as a non-invasive molecular imaging agent for brain
scanning already in early '50s. It was investigated along with %*Cu, "*As and ?*Hg.!*"!
One of the reasons for including *®Ga in the studies was already published report
on ?Ga as a potential therapeutic agent for bone tumours.®® The original
Gleason’s “Positron cow”, how the first liquid 8Ge/*®Ga generator was called,™"
was further optimised and followed by Greene and Tucker’s attempts to
immobilise the parent ®Ge on an inorganic resin (Al,05).5? This idea gave a sound

base for development of the generators as we know them today.”*

The early column-based generators provided *®Ga in a complex with EDTA.®
[®Ga(EDTA)]” became a popular brain-imaging tracer which allowed for
measurement of increased blood-flow of brain tumours.” Nevertheless, stability
of [Ga(EDTA)]” (logK =21.0)"® prevented the direct use of *Ga for labelling

procedures and therefore limited the wider use of this otherwise very interesting

nuclide.
300 -
= PubMed
SCI
200 -
100 -
D_
S N & H % b O A D O O N & D L 0N DO O N
S5 o o o o S o o' & 9 O L O N NN
FEITEIFTEETIFFFITFTFITLSLLS S

Figure 3: Number of publications on ®Ga registered in Science Citation Index (SCI) and
PubMed per year. Search: "Gallium-68" or "Ga-68" or "68Ga".
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After the first reported column-based generators, a number of generators
providing *®Ga’* in its ionic form had been developed but, generally, their use
stayed restricted to the inventors or close collaborators. A number of pioneering
studies with ®Ga-labelled peptides in Europe was done with so called “Heidelberg
generator” with pyrogallol-based resin.®” Limited supplies of ®®Ga became history
in the year 1996, when the first commercially available generator was introduced
to the market by Cyclotron Ltd. (Obninsk, Russian Federation).[ss] Other producers
entering the market in 2008 (Eckert & Ziegler, IDB Holland distributing the
generator by iThemba LABS, or lately Isotope Technologies Garching) made the
%8Ga widely accessible.®*®” The availability of the generators is reflected by

increasing number of published studies (Figure 3).

The commercially available ®*Ge/*®Ga generators (Figure 4) are portable, led-
shielded chromatographic columns filled with a matrix material for adsorption of
the mother radionuclide ®®Ge. The matrix consists of inorganic materials as TiO,,
SnO, or a suitable organic polymer. Long half-life of ®®Ge (271 d) and the matrix
stability allow for the use of a single generator up to a period of approximately two

years. ®Ga*" for labelling purposes is then eluted with 0.05—1.0 M hydrochloric

d [53,61]

aci

1996 2008 2008 2010
Cyclotron Co. Eckert&Ziegler iThemba LABS ITG Garching
Russia Germany South Africa Germany

Figure 4: Commercially available ®*Ge/*®Ga generators according to manufacturers and the
year of introduction to the market.
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2.2. Handling the *®Ge/%®Ga generator eluate

Gallium-68 can be eluted several times a day, depending on the overall generator
activity and/or the activity needed for a preparation of a radiopharmaceutical.
Contrary to typical PET nuclides, ®F and '!C, there is no need for an on-site
cyclotron and the ®Ga®* labelling strategies are in principle one-step reactions
where the metal cation becomes coordinated into a chelate. However, taking a
more detailed look at the practical conditions, we find a set of factors hindering the
smooth %Ga’* labelling chemistry. Among them, the limitations caused by high
volume of the eluate and/or its acidity, labelling at elevated temperatures or upon
use of the microwaves, and selection of the appropriate chelating systems have

been reported more frequently.’®>¢7¢"!

Passionate discussions have been dedicated to the influence of metal contaminants
in the *®Ge/®®Ga generator eluate, water, buffers and hydrochloric acid that are
typical components of a labelling procedure.® Besides the inevitable and
constantly formed contaminant Zn*, the ®®Ga*®" decay product, the metals from
matrix materials (Sn", Ti"), Fe*, A’* and Cu®* have been found in the eluate. Each
of the listed metal cations is a potential competitor for ®Ga*" in binding to a
chelator. In this respect, Fe** with chemical and physical properties similar to Ga>*
is to be considered. Recently published data revealed high influence of Cu*
and Zn*™ on labelling of carboxylic derivatives of 9- and 12-membered
polyazacycloalkanes. Since the abundance of Cu® in the eluate is negligible and
reported only occasionally, content of Zn** stays as one of the crucial parameters

for the efficient labelling.”®

To eliminate the content of metal contaminants, three methods of eluate
processing have been developed. A “cationic” purification is mostly applied for the
TiO,-based generators eluted with HCI of low concentration. It employs the column
filled with a strong cationic exchanger (SCX) to adsorb the eluted ®Ga*, Fe*, zn®*
and Ti" whereas *®Ge" from the generator breakthrough passes through the
column. A purification step using 80% acetone/0.15 M HCI allows for wash-out of
Fe**, Zzn** and Ti" and *®Ge from the dead volume of a SCX cartridge. ®*Ga*" is then
quantitatively eluted with 98% acetone/0.05M HCI. Acetone is classified as a
solution with negligible intravenous toxicity of 5.5 g/kg (rat) and most of its content
is evaporated during labelling procedure.® Alternatively, a method using 5 M NaCl

solution for elution of ®Ga from a SCX cartridge has been reported recently.[GS]
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An “anionic” purification demands mixing the generator eluate with highly
concentrated HCl to form [®GaCl,]” complex that can be adsorbed on a strong
anionic exchanger (SAX) whereas *Ge" is separated. The SAX is then washed with
5.5M HCl and purged with nitrogen; ®®Ga®" is eluted with a small amount of
water.®® Despite claiming the eluate purification, the authors of publications
related to this method do not provide the metal contents proved by ICP-AES
analysis before and after the purification step. With respect to the “cationic”
method, this one is more oriented towards the eluate processing and activity
concentration. It is aimed at achievement of lower labelling volumes and therefore
higher precursor concentration resulting in higher achieved specific activity (SA) of

the labelled conjugates.

A high activity concentration can be achieved very elegantly using the
“fractionation”. Only a small fraction, typically 1.0-1.5 mL, of the eluate is
separated, mixed with a buffer solution and directly used for labelling. Also the
ratio ®Ga**: M™ (where M is a metal contaminant) is herewith maximised.®*? This
method is usually of choice for SnO,-based generators eluted with 1 M HCl as they

are characterised by very low ®Ge breakthrough.
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2.3. Gallium-68 chelating agents
Once the *®Ga*" containing solution is ready to use for labelling, the chemistry of
Ga** and the chelator as a part of a bioconjugate play the decisive role. The optimal

bifunctional chelator (BFC) should be compatible with the nature of a

[67] [68]

radiometal,”"" as well it ought to fulfil following requirements:

v’ Stability/Kinetic inertness: The BFC should form highly stable complexes to
prevent hydrolysis and transmetallation/transchelation in vivo resulting in
unspecific biodistribution of a radiolabel.

v Fast complexation kinetics: The metal-chelate complex should be formed
rapidly and quantitatively at low chelate concentration, ideally at room
temperature and pH suitable for biologically active targeting vectors.

v Selectivity: The radiometal of interest should be bound preferably over
other metal cations, e.g. its decay product(s) or contaminants from
production of the radionuclide.

v' Versatile conjugation chemistry: The BFC should be amenable to
conjugation or modification with activating groups and/or linkers.

v' Accessibility: The synthesis of a BFC should be straightforward,
reproducible and generally as simple as possible. Cost-effective, scalable
synthesis in at least gram amount is a key factor for making the new

optimal BFC available for widespread utilisation.

However, fulfilment of the above listed parameters does not have to necessarily
mean a success of a BFC since the nature of a formed metal—-chelate complex can
dramatically change the pharmacokinetics of the conjugated targeting group. On
the other hand, not fulfilling the almost ideal features can be to some extent
tolerated upon excellent in vivo performance of a tracer. An prime example of the
latter is employment of 1,4,7,11-tetrazacyclododecane-1,4,7,11-tetraacetic acid
(DOTA, Figure 5)®" as a chelator for ®®Ga. Despite exhibiting a few notable
drawbacks in labelling with 8Ga’*, the great clinical success of 8Ga-DOTA-TOC,
®Ga-DOTA-NOC and ®®Ga-DOTA-TATE for the imaging of somatostatin receptor
subtypes in patients with neuroendocrine tumours made DOTA the so far mostly

employed chelator for %8Ga.l""

Nevertheless, optimisation of the ®Ga®*" labelling properties of a chelate was

challenging a couple of research groups over past years. To a coordination chemist,
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the fol

lowing features of DOTA with respect to **Ga** could appear as a

springboard for ligand-design optimisation:

a)

HO,C ™

C

The size of DOTA cavity and 8 donor atoms are more suitable for binding
rather large cations (trivalent lanthanides, Bi**, Y**, S¢*) than small Ga*'
preferring octahedral geometry.”" That is also why the complexation of
Ga®* by DOTA shows relatively slow kinetics and demands elevated
temperatures.”’”
The protonation constants of two opposite carboxylic pendant arms of
DOTA exhibit relatively weak acidity (pK, 4.68, 4.11).”® Thus, DOTA is not
fully deprotonated and “pre-prepared” for the complexation at low pH of
the eluates. Correspondingly, the optimal pH for labelling of DOTA lies
between 3 and 4.7" In this region, formation of colloidal gallium
(oxides/hydroxides phases) even at nanomolar concentration is favoured
(Figure 10) and therefore hinders the smooth labelling process.

DOTA forms thermodynamically stable complexes also with other metal
cations present in the %®Ge/®®Ga eluates and therefore high chelator
amounts are needed to eliminate the competitive coordination

reactions./””!

R2 R! R'=R%2=H NOTA
N W TCoaH P mPN R! = R2 = (CH,),CO,H NOTGA
] HOL™ N N{ "COM - p1= cH,co,H, R2 = H NODASA
N R'=(CH,),COH,R?=H  NODAGA

HOzC\/ \_/ \/COZH R2 COZH R1 = p-C6H4-OH, R2 =H NODAPA-OH

Figure 5:

A certai

DOTA R'=p-C¢H,-NCS,RZ=H  NODAPA-NCS

Schematic structures of DOTA and NOTA-like bifunctional chelators.

n improvement in labelling was achieved by employing somewhat smaller

triazacyclononane  derivatives. 1,4,7-triazacyclononane-1,4,7-triacetic  acid

(NOTA)!

76l and its derived bifunctional chelators (Figure 5) NOTGA,”” NODASA,"®

NODAGA,"” NODAPA-OH®” and NODAPA-NCS®” also form stable Ga" complexes.

They ca

n be labelled at their lower concentration at elevated temperatures or at

higher concentration already at 25 °C."*!
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In early '90s Parker et al. reported on synthesis of several phosphinic acid
analogues of NOTA (Figure 6) and suggested them as chelators for a y-emitter
7Ga.®! Later on, they synthesised also bifunctional phosphinic chelators, where
the coupling moiety (linked primary amine) was attached to one of the TACN
nitrogen atoms or to a backbone.® Despite related compounds were synthesised
and further studied,[83] to the author’s best knowledge, none of the compounds

found their practical application over the years.

R1
HO\E o HO.L_ o
=0 p-p TRAP-H =
o —/ O \
R:\'?/\N N) R = CgHs TRAP-Ph R1\_}‘3/\N N) , R'=R?=CHg, R® = (CHy)sNH, 1
on_ny  RIgH NOTWP R on (N ™R RI=RI=H R = (CHNH, 2
R = CH,CH,4 NOTEP OH
P\/OH R = (CH,),CO,H TRAP-Pr P,
g R g R

Figure 6: Discussed TACN-based phosphinic acid chelators.

A truly simple synthetic approach starting from cheap chemicals and resulting in
good vyields of TRAP-Pr® has made this bifunctional chelator (with three carboxylic
groups amenable to coupling to primary amines) very attractive for ®Ga. So far,
TRAP-Pr has been successfully applied for preparation of number of trimeric®®*
and bimodal”™ bioconjugates that could be labelled with ®Ga in reproducible

synthetic protocols providing high yields of radiochemically pure PET tracers."*”

With respect to kinetic stability of ®*Ga-complexes in vivo, the use of open-chain
chelators (Figure 7) like DFO or DTPA for Ga" is disputable, even though the
labelling is easily achievable already at room temperature.®® Labelling at room
temperature leading to formation of kinetically stable ®Ga-complexes is extremely
challenging since it allows for introduction of ®Ga to sensitive biomolecules.
Among the reported open-chain chelators for ®Ga, HBED®” in its modified form
HBED-CC®® seems to form relatively stable complexes with ®Ga already at 25 °C."°!
Its conjugate with glutamate-urea-lysine motive linked via 6-aminohexanoic acid
was labelled with ®Ga*" and has already entered the clinical studies with patients
suffering from prostate cancer.””” The Orvig group has recently reported on a
number of ethylenediamine derivatives of DEDPA®” (initially called BCPE)™
forming stable complexes with ®Ga, however the stability dramatically changes

upon further functionalization and conjugation of small peptides.®”
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Figure 7: Open-chain chelators for **Ga recently or more often mentioned in literature.

Recently, also AAZTA ligand (Figure 8) introduced initially for binding Gd** as a

¥ was investigated with Ga**, nevertheless with

potential MRI contrast agen
contradictory results published by different groups so far.*” Based on the similarity
with Fe®*, a few siderophores with hydroxypyridinone (YM103)® and
hydroxypyrone (NOKA)®® motive were investigated for binding Ga** but too little

has been known to judge their suitability.

CO,H o
/ﬁi J\/\ )v HOLON )COzH " /_\ o
M N -
)\Jﬁ /t\jj & J CH2 o1
R' OH
R CO,H
YM103 AAZTA NOKA

Figure 8: Recently introduced chelators suggested for %Ga.
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2.4. Acidobasic and coordination behaviour of gallium, a-aminocarboxylic
and a-aminophosphinic acids

Gallium is predominantly abundant in oxidation state +3 and prefers coordination
number 6 in close to octahedral geometry, less often coordination to four ligands in

1" and

the tetrahedron. Figure 9 shows structural similarity of [Ga(NOTA)
[Ga(HsTRAP-Pr)]®. Ga" is “sandwiched” between N; and O planes (with dihedral
angle 47.6° and 52.2° for NOTA and TRAP-Pr, respectively) in trigonal antiprismatic

coordination sphere with Ga"

somewhat closer to the N3 plane. Also comparison of
average N—-Ga-0O “diagonal” angles (167.4° and 169.9° for NOTA and TRAP-Pr
complexes, respectively) reveal the geometry of [Ga(HsTRAP-Pr)] closer to
octahedron (180°). Similar parameters were observed for [Ga(TRAP-Ph)]®*" and

[Ga(H-NODASA)]"® complexes.

Figure 9: Structural similarity of [Ga(NOTA)] (A) and [Ga(H3;TRAP-Pr)] depicted as a top view
(B) with highlighted torsion angle between N; and O; plane, and a side view (C) with detail
on “diagonal angle” and distances between Ga" and the barycentres of N; and O; planes.
Atoms coloured as: Ga - green, P - orange, N - blue, O - red, C - grey, H atoms are omitted
for simplicity.

The ionic radius of Ga>* (62 pm in hexaaqua complex) is very similar to that of high-
spin Fe** (65 pm).”® The similarity of complexes was shown also by comparing
[Ga(HsTRAP-Pr)] and [Fe(HsTRAP-Pr)]. The Fe" complex adopted more distorted
coordination geometry.® Both trivalent cations exhibit high affinity to transferrin

and behave accordingly in vivo.™

From distribution of Ga" species in aqueous solution along pH scale (Figure 10)
might be noted the strong tendency for formation of colloidal polynuclear hydroxo

09 Gallium in its ionic form, respectively [Ga(H,0)s]**, is present

species.
predominantly only in very acidic pH (< 2.5). At pH 3, 50% is already presented as
Gag(OH);5 in equilibrium at 37 °C. At pH 7, soluble gallate starts to be formed and

becomes a dominant species above pH 9.
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The formation of colloidal gallium is dependent on concentration and temperature.
Gallium at nanomolar concentration readily precipitates already at room
temperature at pH = 3 and the process is accelerated at elevated temperatures.™™
Therefore, chemically optimal conditions for complexation of Ga*" are 25 °C and pH

< 2.5. Ideally, similar conditions ought to be applied for no-carrier-added *4Ga.!*
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Figure 10: Left - distribution of Ga" species (Cg; =2 mM in 0.15 M NaCl, 37 °C) as a function
of pH; graphics adopted from ref. [100]. Right - formation of “colloidal *Ga” in a HEPES-
buffered eluate (pH 3.3, 5 min, N =3) as a function of temperature, determined by radio-
TLC (0.1 M NazCitrate), blue line depicts the availability of “free *®Ga” (calculated); author’s
unpublished data.

According to the Pearson’s hard-soft acid-base theory, the Ga** ion is classified as a
hard Lewis acid and forms the most stable complexes with hard Lewis donor atoms
such as oxygen or nitrogen, e.g. carboxylates, phenols, phosphonates,
phosphinates, hydroxamates, and amines."! The listed donor groups can be found

in motifs of the mostly employed as well as novel chelators for Gallium-68

(Figures 5-8).

Carboxylate-functionalised macrocyclic amines have dominated the chelate design
for Ga". Also the phosphinic acid derivatives (Figure 6) were shown a good

nat

alternative for "™Ga and later *’Ga. Both phosphinic and carboxylic acids bear
afterdeprotonation of acidic moiety a single negative charge. The sp’-hybridised
carbon atom gives the carboxylic acids a planar geometry whereas the phosphorus-
containing acids are tetrahedral and generally bulkier. a-aminocarboxylic acids
show higher basicity of the amino group (log K= 9.5-11.0 compared to 8.0-9.0 for
phosphinic analogues) whereas a-aminophosphinic acids show higher acidity

(log K = 0.5—1.5 compared to 2.0-3.0 for carboxylic analogues).”*>*%%
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Figure 11: Protonation scheme of NOTA (top). Distribution diagram shows that NOTA (left)
is fully deprotonated at highly basic pH, at pH < 5 one or more carboxylates are protonated.
For comparison, phosphinic acid pendant arms of TRAP-H (right) are fully deprotonated
even at strongly acidic pH. Protonation scheme and species notation for TRAP-H is
analogous to NOTA,[0>108l

Different acidity of carboxylate-type NOTA and its phosphinate analogue TRAP-H
results in notably different distribution of protonated species depending on pH
(Figure 11). Descending pH from basic to acidic region, the protonation of first
carboxylic pendant of NOTA occurs already at pH5 (HsNOTA) and reaches 50%
abundance at pH = 3.5 where the protonation of the second carboxylate begins. At
pH 2.5 almost exclusively species with one and two protonated pendant arms were

found. Looking back at the distribution of Ga"

in aqueous solution (Figure 10), at
the same pH only 40% of Ga" is present in ionic form amenable for complexation.
Contrary, phosphinate-type TRAP-H with all three deprotonated acidic groups is the
only present species at pH1. The acidobasic behaviour of TACN-based
phosphinates is therefore compatible with aqueous chemistry of gallium. At the
same pH where [Ga(H,0)¢]*" is present, the phosphinic acids are deprotonated and

thus “pre-prepared” for the complexation as in this case, protonation is the process

competing the complex formation.
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2.5. Aim of the study
The goal of presented thesis was to develop a bifunctional chelator tailored for

®8Ga®" and employ it further in preparation of novel ®Ga-PET radiopharmaceuticals.

The search for the right chelate design was based on comparison of the model
polyazamacrocyclic compounds (known as well as newly designed) as the potential
chelators for ®®Ga®*. Such a comparison should have revealed the trends in
coordination chemistry of Ga*" with different carboxylic and phosphinic acid
derivatives, and ought to help to suggest structural motives of new bifunctional

chelates.

" chemistry but also practical aspects given by the parameters of

Not only Ga
commercially available **Ge/®*Ga generators had to be taken in account. The
desired chelator for application in ®Ga-PET was expected to bind **Ga** quickly and
into a stable complex. The labelling should have proceeded using the non-purified
generator eluate, at low ligand concentration, over broad pH range and ideally also

at room temperature. The complexation reaction had to provide only one product

assuring the radiochemical purity of ®Ga PET tracers.

Preferably, the chelator for preparation of monoconjugates was in our focus since
we needed an additional building block together with TRAP-Pr meant for multimers
and bimodal probes. The labelling properties should have been kept identical or in
ideal case better. Certainly, the labelling strategy had to be transferrable to a fully

automated, GMP-compliant procedure.

Upon availability of such a novel chelate, bioconjugation to already established
small peptides and initial proof-of-concept preclinical studies were planned. In the
case of positive results, the new chelate should have been further employed as a
sound base for development of novel ®*Ga radiopharmaceuticals for diagnosis with

PET.
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3. General section - introduction to selected methods

Most of the methods described in the publications that resulted from the work on
presented dissertation are well-known to a skilled artisan. Therefore only selected
topics as the synthetic approach, NMR spectroscopy and labelling methods are

pinpointed in this chapter.

3.1. The synthesis of TRAP chelators

The Mannich synthesis is a multicomponent condensation reaction. Non-enolisable
aldehyde (e.g. formaldehyde) forms an imine or iminium salt with a primary or
secondary amine that further accepts the free electron pair of an enolisable

carbonyl compound (Scheme 1).%”!
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Scheme 1: The Mannich reaction (A) and its mechanism (B).

Kurt Moedritzer and Riyard Irani have shown that a hydrogen atom bound directly
to the phosphonic and phosphinic acids exhibits also acidic behaviour, similarly to
the acidic proton of enolisable ketones. The Mannich reaction was then easily
adopted for preparation of the aminomethylphoshonic/-phosphinic acids

(Scheme 2).1*%!
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Scheme 3: Moedritzer-Irani reaction yielding TRAP and typical by-products.

Nevertheless, the synthesis of TRAP chelators (Scheme 3) as well as other
aminomethylphosphinic acid derivatives via Moedritzer-Irani reaction s
accompanied by a formation of methylated amines."® The reductive methylation
upon oxidation of phosphinic acids to phosphonic ones is complicating the
otherwise simple synthetic approach, mainly because of problematic separation of
by-products. Generally, the methylation is supressed by enhancing the
concentration of the reactants, lowering the reaction temperature and optimised
the acidity of a solvent.® The mentioned parameters can be tuned according to
reactivity of different phosphinic acids. The reaction with hypophosphorous acid
bearing two phosphorus-bound hydrogen atoms is feasible already at 25°C
whereas alkylphosphinic acids generally demand elevated temperatures
(60-95 °C). Statistically, the formation of methylated by-products correlates with
the number of reactive sites on nitrogen atoms of primary and/or secondary

amines in a polyamine or a macrocycle.[m]
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3.2. *'P and "*Ga NMR spectroscopy

The nuclear magnetic resonance spectroscopy (NMR) is an indispensable analytical
tool for characterisation of organic compounds. Typically, the chemical shifts in 'H
and °C spectrum as well as the interaction constants allow for assignment of the

signals to a chemical structure.

From 23 know isotopes of phosphorus, only *'P is stable and therefore present at
100% abundance. Moreover, >'P is has a NMR active nucleus with % spin and
gyromagnetic ratio (y,) 10.841 x 10’ rad-T™"s™* (42.5% of that for 'H) which makes
it suitable for evaluation of phosphorus-containing molecules. The typical chemical
shifts span a relatively large range (AS = 2000 ppm) and are referenced to the shift
of 85% ag. HsPO, (6=0ppm). Interaction constants 'Jpy are generally large
(400-1000 Hz) and increase with decreasing bulk of the substituent on a
phosphorus atom, *Jpx > “px, “Jou are hardly observable, Jpp in —=P—E—P— (where

element E is C or O) ranges approximately from 20 to 80 Hz.**?

Besides the characterisation of the products, fast acquisition of *'P NMR spectra
allows for following the reaction mixtures and efficient optimisation of the reaction
steps and conditions accordingly. Therefore, we can observe the formation of
—C—P—-H or —C—-P-C- bonds on phosphinic acids or oxidation of phosphinic to
phosphonic acids (Figure 12). Further, in the case of formation of metal complexes
accompanied by the change of *'P chemical shifts we can derive the complexation
kinetics. *'P shifts and interaction constants can also help to determine the

structure of a complex in solution.
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Figure 12: The typical *'p NMR chemical shifts and coupling patterns of phosphinic and

phosphonic acids and their derivatives.™!
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Accordingly, the Ga" complex formation/decomposition kinetics can be also
evaluated by "*Ga NMR spectroscopy, which is highly valuable especially in the case

of carboxylic chelators.*!

Although both naturally abundant Ga isotopes
%Ga (60%) and *Ga (40%) have quadrupole NMR active nuclei with spin 3/2, *Ga is
the nucleus of choice for NMR studies. "‘Ga (y,=8.1731x10" rad-T™"s™)
is more sensitive and provides more narrow signals compared to
%Ga (y,=6.4323x10" rad-T™s"). "*Ga signals are referenced to [Ga(H,0)s*"
(6 =0ppm) or [Ga(OH),]” (6 =220 ppm). The broadening of "‘Ga NMR signals

generally complicates the spectra interpretation especially for Ga~ complexes with

lower symmetry. Therefore, no "Ga NMR signal can be detected for e.g. Ga"
citrate or acetate complexes.”™ The same holds true for less symmetrical
[Ga(TRAP)] complexes. However, highly symmetrical [Ga(TRAP-Pr)] complexes with
N50; coordination planes provide relatively sharp "*Ga singlets at & = 100-150 ppm

whereas “out-of-cage” complexes with Og coordination are detected at about

& = -10 to -50 ppm.®*

The complex formation can be observed as the integral intensity difference
between "Ga NMR signal of [Ga(H,0)¢]** being changed to Ga"-chelate.
Accordingly, the acid- or base-promoted hydrolysis can be followed by integral
intensity changes between signals for Ga"-chelate and [Ga(H,0)s)*" or [Ga(OH)4]’,

respectively. #1412l
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3.3. Approaches to labelling with Gallium-68

Since the ®®Ge/®*Ga generators with SnO, matrix (iTHEMBA Labs, South Africa) used
in reported studies showed low *®Ge breakthrough and generally low content of
metal contaminants, labelling with the fractionated eluate was of our choice.
Fractionation is the simplest and fastest from the so far reported methods and in
our case provided also reproducible results. Three types of labelling setup were
described in attached publications (Appendix 2—4): manual labelling, automated

labelling and manual labelling with addition of metal salts.

Manual labelling procedure allows for relatively fast evaluation of a chelator by
means of labelling yields depending on precursor concentration, temperature, pH
and time. Typically, about 20 samples could be evaluated within 1 hour, which is
approximately the time needed for obtaining only one value from automated
procedure. Moreover, changing the parameters is fast and simple without necessity
to adjust the operating software. Therefore, manual labelling is recommended for
fast evaluation of optimal labelling conditions for a certain chelating system or
comparison of more chelators. Each data point should be obtained using different
batches of the eluate and at least as a triplicate to assure the statistically reliable

data.”

Obtaining the labelling data using automated procedure is generally more time-
consuming but since it eliminates variations possibly caused by a human factor, it
allows for more precise and better reproducible results. It is generally
recommended for labelling of final bioconjugates meant for preclinical studies.
GMP-compliant, fully automated synthesis is mandatory for transfer of novel
tracers from preclinical research to clinical trials. The same holds true for routine

production of *Ga PET radiopharmaceuticals."""*"

The chemoselectivity of chelators for *®Ga®* was evaluated upon artificial
contamination of the eluate with ascending concentration of Zn**, Cu®, Fe**, AI*,
sn" and Ti" salts dissolved in 1 M HCl in prior to labelling. The experiments were
conducted in a similar manner as manual labelling, here with the constant chelator
concentration. Decrease of radioactivity incorporation upon enhanced contaminant
concentration was compared to blank labelling solution (no contaminant added).
To answer the concerns of potential contamination with long-lived parent *%Ge",
the investigated chelators were labelled also with ®®Ge" at identical labelling

conditions.®®!
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The labelling in presence of metal contaminants is answering the academic
question of chemoselectivity under radiochemical conditions and describing the
effect of competing metal cations. Therefore, and from practical point of view,

manual labelling procedure is of choice here.

The technique using artificial contamination of the labelling solution can be further
utilised also for evaluation of chelators tailored for different radiometals.
Accordingly, the chelators for ®Cu®* would be among other parameters
characterised by resistance to presence of Ni**, and the chelators for *zr** would
be efficiently binding Zr** even in the presence of Y**. Recently, a related study
investigating the influence of different cations on labelling of DOTA-TATE with *°Y

and Y’Lu was reported.!**®
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4. Results and discussion

This chapter primarily outlines the reported project and logical order of the
development of tailored chelators for preparation of ®Ga-radiopharmaceuticals for
PET. Rather than the scientific details available in attached original peer-reviewed
publications (Appendix 1-5), the overall idea and achieved success should be

apparent to a reader in brief.
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Complexation of metal ions with TRAP (1,4,7-triazacyclononane phosphinic
acid) ligands and 1,4,7-triazacyclononane-1,4,7-triacetic acid: phosphinate-

containing ligands as unique chelators for trivalent gallium

J. Simeéek, M. Schulz, J. Notni, J. Plutnar, V. Kubicek, J. Havlickova, P. Hermann,

Inorg. Chem. 2012, 51, 577-590.

The publication is focused on comparison of

y

acidobasic and coordination properties of TACN-
based phosphinic acid chelators and NOTA. Two
already described TRAP chelators, TRAP-H and
TRAP-Ph, were prepared with improved yields in
optimised synthetic strategy. The synthetic part
describes also further modification of TRAP-H into a novel chelator TRAP-OH. Since
TRAP-Pr, published by Notni et al. in 2010, showed very promising coordination

""it was also included into the comparison. We wanted to

properties towards Ga
find out, what makes TRAP-Pr a better chelator for Ga*' compared to NOTA.
Knowing the role of different phosphinic acid derivatives should help us in

designing new bifunctional chelators for ®Ga.

Thermodynamic stabilities (logK) of Ga" and zn", ca", Mg", cu", Lu" or Gd" TRAP
complexes were determined by potentiometry. Comparison of log K values showed
that Ga*'is preferred by TRAP over other investigated bivalent and trivalent metals.
The phosphinic acid chelators TRAP-OH and TRAP-Pr formed Ga" complexes much
faster than the other compared ligands (followed by *'P and/or *Ga NMR). The
phosphinic acid complexes were fully resistant to the acid-promoted hydrolysis.
Generally, it seemed that the phosphinic acid has to be further modified with a

hydrophilic or oxygen-bearing moiety to bind Ga>* quickly into a stable complex.

For the first time, the direct observation of stable “out-of-cage” Ga" complex was
reported for TRAP-OH at slightly basic pH. The most probable structure
corresponding to observation with multinuclear NMR spectroscopy and

potentiometry was suggested according to the DFT calculations.
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TRAP, a powerful and versatile framework for Gallium-68

radiopharmaceuticals

J. Notni, J. Simecek, P. Hermann, H.-J. Wester, Chem. Eur. J. 2011, 17, 14718-22.

To prove the suitability of previously

described TRAP chelators (/norg.

~
o

Chem. 2012) for preparation of ®*Ga-

%Ga incorporation (%)
o
o

radiopharmaceuticals, they had to be

N
@

compared under radiochemical
' ' Dligand] (uM) conditions. All aforementioned TRAP
chelators, NOTA and DOTA were labelled with ®*Ga*" obtained from a commercially

available ®Ge/®*®Ga generator.

Based on the previous results from comparison at millimolar concentrations, we
expected certain improvements with TRAP as for example the possibility of
labelling at lower temperatures or in more acidic region because of the presence of
phosphinic acids. Surprisingly, the differences between NOTA, DOTA and TRAP
chelators were dramatic. TRAP could be labelled at 20 and 40 times lower
concentration (and molar amount) compared to NOTA and DOTA, respectively.
TRAP-Pr and TRAP-OH were labelled quantitatively even at pH 0.5. Phosphinates
were efficiently labelled at lower precursor amounts already at 25 °C, meanwhile
DOTA needed elevated temperatures and NOTA had to be used in higher excess in

order to achieve quantitative labelling at room temperature.

Further, this publication describes preparation of trimeric conjugates of TRAP-Pr
and the first automated labelling of TRAP(RGD); followed by preclinical evaluation.
The first data showed not only superior labelling properties but also excellent
affinity of TRAP(RGD); to the a,B; integrin, both in vitro and in vivo using mice
models xenografted with M21/M21L (high/low o,B; expression) human melanoma.
Preparation of TRAP(RGD),(Rhodamine) is mentioned as an example of achievable

bimodal probes.
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A monoreactive bifunctional triazacyclononane-phosphinate chelator with

high selectivity for Gallium-68

J. Simecek, O. Zemek, P. Hermann, H.-J. Wester, J. Notni, ChemMedChem 2012, 7,
1375-1378.

This study is focused on development of a
bifunctional chelator NOPO and the results from
preclinical studies with **Ga-NOPO-peptides.
According to the results from previous
publications, chelate design of NOPO comprises

TACN  substituted with one methylene(2-

0%
%Ga-NOPO-RGDfK %Ga-NOPO-NOC

carboxyethyl)-phosphinic acid pendant arm and
two methylene-(hydroxymethyl)phosphinates. Compared to TRAP-Pr (three
conjugation sites) and TRAP-OH (no conjugation site), NOPO bears one carboxylic
moiety for coupling to primary amines. Even this asymmetrically substituted
derivative showed excellent labelling properties previously found with the

symmetrical TACN-based chelators.

Moreover, NOPO showed high chemoselectivity for ®®Ga** even in the presence of
chemically similar Fe** and ®®Ga decay product, Zn**. Tolerance for those critical
metal ions resulted in highly reproducible radiochemical yields and high specific

activities of investigated bioconjugates.

Proof-of-concept preclinical imaging was done with conjugates of two well
established peptides. Nal>-Octreotide (NOC) for targeting the sst2 receptors
overexpressed in neuroendocrine tumours was employed for preparation of
®Ga-NOPO-NOC. The in vivo experiments using nude mice bearing AR42J (rat
pancreas carcinoma) tumour xenografts proved high and specific uptake of **Ga-
NOPO-NOC and fast renal clearance of the tracer. ®®Ga-NOPO-c(RGDfK) was used
for mapping of a,B; integrin expression in a nude mouse bearing human melanoma

xenografts.

After the initial evaluation, NOPO was found an attractive framework for
development of new ®8Ga-labelled tracers and/or transfer of current vectors from

research to clinics.
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How is 68Ga-IabeIIing of macrocyclic chelators influenced by metal ion

contaminants in ®Ge/*®Ga generator eluates?

J. Simecek, P. Hermann, H.-J. Wester, J. Notni, ChemMedChem 2013, 8, 95-103.

The results from  previous publication
(ChemMedChem 2012) opened the discussion
about the chemoselectivity of the phosphinic
acids ligands for ®®Ga**. The macrocyclic chelators
are known for selectivity for certain metal ions
according to the ligand’s size, number of

coordination sites and their type. Since Zn**, Fe**,

AP*, cu®, snV, Ti" and ®Ge" are the most
frequently detected trace contaminants in the ®Ge/*®Ga generator eluate, we
artificially contaminated the ®Ga** eluate with them. Labelling efficiency in
ascending concentrations of the metal salts (from “no metal added” to thousand-
fold excess of a contaminant over the chelator) was compared for DOTA, NOTA,

TRAP chelators, NOPO and corresponding ¢(RGDfK) conjugates.

The investigated chelators were not significantly influenced by presence of Fe*,
AP?*, cu®™, sn" and Ti" at concentrations typically abundant in ®*Ge/*®*Ga generator
eluate. Zn** as the product of parent ®Ga*" decay can reach a critical concentration
influencing the labelling of NOTA and DOTA-like bioconjugates. At the same time,
NOPO and TRAP showed exceptional tolerance to high excess of Zn** over the

chelator.

This observation was further clarified as transmetallation of Zn" complexes to *Ga"
by direct labelling of Zn" complexes of investigated ligands. The transmetallation of

Zn" complexes was studied also by *'P and "*Ga NMR and MS.

The reported observations helped to explain common limitations for labelling of
NOTA and DOTA with ®Ga*" and showed a completely new feature of phosphinic
acid chelators, their chemoselectivity for ®*Ga**. The experimental setup reported
in this study could be also used as a new method for evaluation of chelators for the

use in nuclear medicine.
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Copper-64 labelling of triazacyclononane-triphosphinate chelators

J. Simedek, H.-J. Wester, J. Notni, Dalton Trans. 2012, 41, 13803-13806.

In the study “How is ®*Ga-labelling of

macrocyclic chelators influenced by

——NOPO

metal ion contaminants in %Ge/%®Ga
- = -NOPO-RGD

0 4
° — TRAP-Pr generator eluates?” we found that

- = -TRAP(RGD),
TRAP-H the presence of Cu* reduced

——NOTA

Bound activity (%)

labelling efficiency with NOTA. Also

ligand] (M) TRAP-like chelators were influenced
by Cu®* more significantly than by Zn**. As a couple of recent publications reported
on feasible preparation of ®Cu-labelled NOTA-like conjugates and high in vivo
stability of the formed ®4Cu-chelates, we were interested if the same holds true

also for the phosphinic acid chelators.

We carried out standard set of labelling experiments using NOTA, DOTA and TRAP-
like chelators, this time with ®Cu®. The comparable performance of
triazacyclononane-based chelators independently on N-substituents was observed.
All TACN-based chelators performed better than DOTA. The absolute molar amount
of the chelator showed to be the critical parameter for efficient and reproducible
labelling. Generally, the labelling was quantitative when the molar amount of a

chelator exceeded the total content of metal contaminants in **Cu’®* solution.

We also labelled a number of TRAP-like conjugates and briefly investigated the in
vivo properties of ®*Cu-TRAP(RGD);. Both *‘Cu- and ®®Ga-TRAP(RGD); showed
similar biodistribution and tracer accumulation in M21 tumour xenografts. The in

vivo stability of ®*Cu-labelled TRAP-like conjugates remained an opened issue.

However, we concluded that in the case of TRAP-like conjugates, %Ga" can be
exchanged by ®Cu" in order to achieve higher spatial resolution of p-PET imaging in

rodent species at early time point after the tracer administration.
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5. Summary

The presented dissertation describes the process of tailoring the design of
macrocyclic chelators for ®Ga®*". We prepared and evaluated a number of
phosphinic acid derivatives of triazacyclononane with symmetrical N,N’,N"'-
substitution pattern to see the influence of different pendant arms. So called TRAP
chelators were compared with the carboxylic triazacyclononane derivative NOTA

with respect to formation kinetics, selectivity and stability of Ga" chelates.

After chemical (*”*Ga") and radiochemical (*®Ga") evaluation of NOTA, TRAP-H,
TRAP-Ph, TRAP-Pr and TRAP-OH, we selected the most promising chelators TRAP-Pr
(with three conjugation sites) and TRAP-OH (no conjugation via amide bond
possible). These two chelators could be efficiently labelled already at 0.03 uM
concentration, pH 0.2, at 25 °C or within 1 min, which made them far more suitable

for ®Ga*" in comparison to the other investigated ligands.

Their substitution patterns were combined in the design of NOPO, a ligand for
direct monoconjugation to primary amines of small biomolecules. After the first set
of radiochemical evaluation, NOPO became the focused chelator in our further

research with *Ga*".

NOPO suits to the critically selected features that a bifunctional chelator designed
for binding ®Ga** should fulfil. The synthetic protocol was simplified and optimised
to good isolated yields (45% in multistep synthesis). NOPO has a long shelf-life and

" complex is thermodynamically

does not demand any special handling. Its Ga
stable (log K = 25.01) and kinetically inert (stable in 6 M HCIO, over months). Direct
monoconjugation to small peptides is easily achievable in 10 minutes and followed

by standard purification procedures.

NOPO showed high chemoselectivity for ®*Ga®* even in presence of other metal
cations in huge excess, namely Zn*, the daughter product of ®*Ga decay. This
feature of a chelator for ®*Ga*allows for convenient labelling strategies using non-
purified eluate, independently on the content of other metallic impurities.
Radiolabelling of the conjugates is comparable with the free chelator within the
error margins. An excellent reproducibility of the labelling yields is one of the
strongest features of NOPO with respect to translation of new PET tracers to the

clinics.
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Besides chemical and radiochemical evaluation, we proved the clinical potential of
®Ga-NOPO-peptides using two conjugates of well-established vectors,

Nal*-Octreotide and c(RGDfK).

®8Ga-NOPO-c(RGDfK) was used for mapping the a,B; integrin expression in nude
mice bearing human melanoma xenografts with high (M21) and low (M21L) o,
expression. The radiotracer accumulated specifically in tissues expressing a,f;

integrins. The uptake in M21 tumour was 2.02% ID/g at 60 min p.i.

PET imaging of mice bearing rat pancreatic carcinoma AR42J xenografts with
®8Ga-NOPO-NOC resulted in images with low background, biodistribution studies
showed high and specific tumour uptake (13.87% ID/g at 120 min p.i.) and high

tumour to background ratio.

Both investigated radiotracers were fully stable against transchelation to EDTA, in
human plasma and PBS at 37 °C, and in vivo in small animal models. The complete
preclinical evaluation of ®*Ga-NOPO-NOC and *Ga-NOPO-c(RGDfK) proved NOPO a
good platform for preparation of ®Ga-radiopharmaceuticals. Additionally, the
straightforward labelling procedure and repeatedly achievable quantitative yields
made NOPO preferable over DOTA- and NOTA-like chelators for development of

the monoconjugates with diagnostic potential.

From the preclinical point of view, ®Ga-labelled NOPO-monoconjugates are
important because of exceptionally high achievable SA (up to 7 TBg/umol).
Extremely low precursor amounts (= 0.1 ug compared to = 20.0 ug for DOTA-like
conjugates) necessary for quantitative labelling yields are valuable for targeting the
receptors with low density in rodents. At the same time, no pharmacological
effects of unlabelled conjugate might be expected. Moreover, once reaching the
maximally achievable SA, it can be exactly tuned by addition of corresponding

nat

amount of a ""Ga-NOPO-peptide. It allows for very precise dosing of a ®*Ga-radio-
pharmaceutical and the studies of influence of the SA on the tracer’s

biodistribution.

In order to obtain the pu-PET images with higher spatial resolution or the images at

the late time point p.i., NOPO-conjugates can be alternatively labelled with **Cu®".

41



The so far reported features of NOPO make it the cutting edge ligand for ®Ga*".
Our novel approach to labelling with ®Ga*" was quickly recognised within the
scientific community dealing with the similar problematic. The latest results have
been extensively presented at a number of international meetings (see the list of
conference contributions) and the cooperating network has started being
developed. The significance of our results is reflected by interest coming also from

the industry.
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ABSTRACT: Three phosphinic acid 1,4,7-triazacyclononane
(TACN) derivatives bearing methylphosphinic (TRAP-H),
methyl(phenyl)phosphinic (TRAP-Ph), or methyl-
(hydroxymethyl)phosphinic acid (TRAP-OH) pendant arms
were investigated as members of a new family of efficient Ga**
chelators, TRAP ligands (triazacyclononane phosphinic acids).
Stepwise protonation constants of ligands and stability
constants of their complexes with Ga®, selected divalent
metal, and Ln’* ions were determined by potentiometry. For
comparison, equilibrium data for the metal ion—NOTA (1,4,7-

‘in-cage’ complex

‘out-of-cage’ complex

triazacyclononane-1,4,7-triacetic acid) systems were redetermined. These ligands exhibit high thermodynamic selectivity for Ga**
over the other metal ions (log K, — log Ky = 7—9) and a selective complexation of smaller Mg** over Ca*". Stabilities of the
Ga®" complexes are dependent on the basicity of the donor atoms: [Ga(NOTA)] (log K. = 29.6) > [Ga(TRAP-OH)] (log
Kga = 23.3) > [Ga(TRAP-H)] (log Kg,r = 21.9). The [Ga(TRAP-OH)] complex exhibits unusual reversible rearrangement of
the “in-cage” N3O; complex to the “out-of-cage” O4 complex. The in-cage complex is present in acidic solutions, and at neutral
pH, Ga** ion binds hydroxide anion, induces deprotonation and coordination of the P-hydroxymethyl group(s), and moves out
of the macrocyclic cavity; the hypothesis is supported by a combination of results from potentiometry, multinuclear nuclear
magnetic resonance spectrometry, and density functional theory calculations. Isomerism of the phosphinate Ga** complexes
caused by a combination of the chelate ring conformation, the helicity of coordinated pendant arms, and the chirality of the
coordinated phosphinate groups was observed. All Ga®* complexes are kinetically inert in both acidic and alkaline solutions.
Complex formation studies in acidic solutions indicate that Ga** complexes of the phosphinate ligands are formed quickly
(minutes) and quantitatively even at pH <2. Compared to common Ga®* chelators (e.g, 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) derivatives), these novel ligands show fast complexation of Ga** over a broad pH range. The discussed
TRAP ligands are suitable alternatives for the development of ®*Ga radiopharmaceuticals.

B INTRODUCTION

Positron emission tomography (PET) is a noninvasive highly
sensitive imaging modality providing a unique window for
quantifying physiological functions and biochemical processes
in living organisms. PET has become widely used over the past
decade mainly in oncology and cardiology. The majority of
PET examinations are conducted using ['*F]-fluorodeoxyglu-
cose (['"®F]FDG), an agent for imaging of enhanced metabolic
activity. Recent trends tend to combine PET with other
imaging modalities as PET/CT' or PET/MRL> Chemistry
needed for progress in probe design should be developed to
reach the full potential of the emerging scanners. In addition,
new PET isotopes (mostly those of metallic elements) have
been suggested for utilization in human medicine. Among the
f-emitting  radiometals, generator-produced’ isotope **Ga

-4 ACS Publications  © 2011 American Chemical Society
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[89% p*; 71, = 67.7 min; E,(f") = 740 keV] is the most
promising, and its production, chemistry, and clinical use have
been reviewed recently.*”” The metal radioisotopes cannot be
used directly but must be bound by suitable ligands into
thermodynamically stable and kinetically inert complexes. Also,
other parameters, such as fast complexation kinetics, a pH
suitable for quantitative complex formation, the solubility of the
ligand and the complex, hydrophilicity and lipophilicity, an
ability to attach the ligand and/or complex to a biomolecule,
etc, have to be considered in designing radiometal-binding
ligands.
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Chart 1. Ligands Discussed Herein
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Scheme 1. Synthesis of TRAP-R Ligands”
o)
o e
N o] N
<\H/> IR R=Ph: () N R <\ /> R
nHen. * PPy RERG T R G } ST o NN RR0
\/ O=P—"\__/ - HO OH
TACN
H  TRAP-H
Ph  TRAP-Ph
R = H: (ii)
Q. CH,OH Vo
~OH |
N + [HOH,C N CH,OH
HOH,C CH,0H AN N £
2 N 20 0=P—/"\_/\-R=0
O—/P\/  ~RE HO/ OH

HO

OH

TRAP-OH

“Conditions: (i) (CH,0),, 6 M aqueous HCL, 90 °C, 24 h; (ii) (CH,0),, H,0, room temperature, 24 h; (iii) (CH,0),, 6 M aqueous HCl, reflux, 24
h.

Generally, hydrated Ga* ion, [Ga(H,0),]*", is stable only in
highly acidic solutions. Between pH 3.5 and 7, an insoluble
precipitate of colloidal Ga(OH); is formed. At pH ~7.5 and
above, the hydroxide solubilizes due to formation of [Ga-
(OH),]™ anion. The Ga* ion is classified as a hard Lewis acid
and prefers octahedral coordination geometry. It forms the
most stable complexes with ligands containing groups with hard
Lewis donor atoms such as oxygen or nitrogen, e.g,
carboxylates, phenols, phosphonates, phosphinates, hydroxya-
mates, and amines.

Among applicable chelators, those derived from macrocyclic
ligands 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
derivatives and 1,4,7-triazacyclononane-1,4,7-triacetic acid
(DOTA and NOTA, respectively) (Chart 1) are preferred
because of the increased thermodynamic stability as well as
kinetic inertness of their gallium(1II) complexes® ' compared
with their open-chain analogues as DTPA derivatives.'" Several
DOTA-based ligands,'”” mainly in combination with small
peptides, have shown their clinical potential in nuclear
medicine. Among the %8Ga PET tracers, °®Ga-labeled
somatostostatin analogues (e.g,, the golden standard $Ga-
[DOTA®,D-Phe!,Tyr*]-octreotide, **Ga-DOTATOC) are ex-
tensively studied because of their superior results in neuro-
endocrine tumor inlaging.13_15 Despite an extensive use of
DOTA-like ligands for complexation of trivalent lanthanides,
they cannot be considered as ideally suited for coordination of
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Ga*" ion; it should be mentioned that Ga*" complexes of the
DOTA conjugates are the most commonly used because some
bifunctional DOTA-like ligands are commercially available and
their chemistry is well-established. The DOTA cavity geometry
on one hand and the preference of Ga®* ion for the regular
octahedral coordination on the other hand result in bad fitting
of the metal ion into the ligand cavity.>'®'” In contrast,
NOTA-like ligands present a cavity that is almost ideal for small
octahedral metal ions such as Ga®*;'*'®72° thus, a number of
NOTA-like Iizgands have been synthesized for gallium(III)
complexation.”*°

It has been shown that complexation properties of 1,4,7-
triazacyclononane derivatives as well as other macrocyclic
chelators with respect to metal ions can be altered by
replacement of carboxylate group(s) with phosphinates.26
Early examples of such li§ands showed good fitting of Ga**
ion into the ligand cage.”’ A phosphinic acid derivative of
TACN tailored for very efficient ®Ga complexation is TRAP-Pr
(Chart 1).”® Using TRAP-Pr, radiolabeling could be performed
even at room temperature and at pH <1 with a radiochemical
yield of >90% within just a few minutes.

However, the reasons for the almost ideal properties of
TRAP-Pr in complexation of carrier-free Ga are not fully
understood. Thus, we decided to study a set of macrocyclic
phosphinate-containing ligands and to reinvestigate the
complexation properties of NOTA, as data for the latter ligand
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Table 1. Stepwise Protonation Constants of the Title Ligands and Comparison with the Values for Other TACN-Based Ligands

constant TRAP-H? TRAP-Ph? TRAP-OH? TRAP-Pr*® TRAP-OMe™*! NOTP* NOTA

log K, 10.48,% 10.16° 12.08 11.47 11.48 11.8 12.1 11.98,° 13.0,% 13.17°
log K, 3.28% 3.13° 3.24 3.85 544 3.65 94 5.65,° 5.6,% 5.74°
log K 111 1.44 1.30 4.84 14 7.5 3.18,° 2.5,% 3.22°
log K, 423 59 19,4 1.96°

log Kj 3.45 2.9

log Ky 1.66

“From this work (bold), at 25 °C, I = 0.1 M (NMe,)CL “From ref 35 (0.1 M KNO,). “From ref 8 (0.1 M KCl). “From ref 40. “From ref 43 [0.1 M
(NMe,)Cl]; this set of constants was used for the metal ion stability constant determinations.

Table 2. Complex Stability and Stepwise Protonation Constants for Gallium(III) Complexes of the Studied Ligands and Some
Others”

log Ki g, or log Ky

equilibrium” TRAP-H TRAP-OH TRAP-Pr*® NOTA DOTA™
L+ Ga 2 LGa 2191 233 26.24 29.60 31.0° 26.05
LGa + H' 2 HLGa 1.6 0.7¢ 0.9 1.57°
H_,LGa + H" 2 LGa + H,0 7.97 6.96° 9.8 9.83 9.70°
H,LGa + H" 2 H_|LGa + H,0 9.0

“At 25 °C and I = 0.1 (NMe,)CJ; for ligand structures, see Chart 1. bCharges of ligand and complex species have been omitted for the sake of
simplicity. “For specification of the protonation sites and for structures of the corresponding deprotonated species, see the text. #Value
corresponding to the protonation of the coordinated phosphinate groups and, so, to the H,LGa 2 H;LGa + H* equilibrium.”® “Value corresponding
to the protonation of the coordinated acetates and, so, to the H;LGa 2 H,LGa + H* equilibrium.'°

are not fully consistent in the literature.****° These ligands To prepare TRAP-H, the reaction could be conducted even
bearing acetate or phosphinic acid moieties with different at 20 °C with hypophosphorus acid as the only acidifying agent.
substituents on the phosphorus atoms are used to study the Under these mild conditions, the reaction resulted in a high
influence of the TACN pendant arms on coordination spectroscopic yield (90%; *'P NMR of the reaction mixture).
behavior. TRAP-Pr and this series represent differences in However, in this case, small amounts of other common
coordinating groups [CO,H vs P(R)O,H], hydrophilicity and byproducts, P-hydroxymethylated compounds, were present.
lipophilicity, and the ability to form weak complexes employing Further lowering the temperature led only to a prolonged
donor atoms only from the pendant arms (CH,OH and reaction time with no further suppression of the methylation.
CH,CH,CO,H phosphorus atoms substituents). Unfortunately, because of a very inefficient separation of these

byproducts, the isolated yield was significantly lowered (33%).
Il RESULTS AND DISCUSSION Regardless, TRAP-H was prepared with a slightly higher yield

compared to that with the procedure described previously.*®
The preparation of TRAP-OH proceeded in two steps. The
first one was identical with the synthesis of TRAP-H. In the
second step, nonpurified TRAP-H was converted directly to
TRAP-OH by the reaction with an excess of newly added
paraformaldehyde. Upon complete P-hydroxymethylation, the
purification from any N-methylated species was much more
efficient and TRAP-OH was then obtained in 70% yield.
Equilibrium Studies. Stepwise protonation constants
(Table 1; the full set of experimental data is presented in
Table S1.1 of the Supporting Information) were determined by
potentiometry in the presence of tetramethylammonium cation

Throughout this Article, the abbreviations, e.g., TRAP-H, will
be used regardless of ligand protonation state, except in cases in
which the distinction is necessary for comprehension or used in
formulae of distinct complex species; then, the abbreviations
will be used according to IUPAC nomenclature, e.g., Hstrap-H.

Ligand Synthesis. The title TRAP ligands were synthe-
sized via Mannich-type Moedritzer—Irani reaction (Scheme
1).>' However, the syntheses were complicated by problems
commonly connected with Mannich-type reaction of organo-
phosphorus compounds in aqueous media. The main side
reaction is formation of N-methylated species;> it led to
problematic purification of the reaction mixtures and decreased

yields of the isolated products. The presence of the N- to prevent the undesirable formation of the alkali metal ion
methylated compounds was proven by isolation of the complexes that occurs for various polyaminopolycarboxylates
corresponding byproduct in the case of TRAP-Ph synthesis. and similar ligands. In the case of NOTA, its weak interaction
The reductive methylation of a nitrogen atom(s) can be with alkali metal ions has been confirmed in solution by NMR
suppressed by conducting the reaction at the high overall measurements.>® The first protonation constant can be assigned
concentration of the reactants and lowering the reaction to protonation of a ring nitrogen atom and is the most
temperature with the optimal acidity of the solvent.>>*® The important for the overall basicity of the ligands. As expected,

synthesis of TRAP-Ph was complicated by low reactivity of the phosphinate ligands exhibit lower log K, values than the
phenylphosphinic acid requiring a high acidity of the reaction carboxylate (NOTA) or phos%)honate (NOTP) analogues. For
medium (6 M HCI) and a high temperature (90 °C).>* As the aminoalkylphosphinic acids,”® the value depends on the

reaction conditions support N-methylation, the spectroscopic electronic properties of the phosphorus-bound substituents.
reaction yield of TRAP-Ph never exceeded 70% [*'P nuclear The hydrogen atom can be considered as the most electron-
magnetic resonance (NMR) of the reaction mixture] and was withdrawing substituent in this series, leading to the least basic
further decreased during purification. nitrogen atoms; surprisingly, the electron-withdrawing phenyl
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Table 3. Stability Constants (log Ky ) of Selected Metal Ions with the Title Ligands and Chosen NOTA Analogues®

metal ion TRAP-H TRAP-OH

Ga™ 2191 23.3

Mg** 5.32° 6.59
Ca?* 429" 4.87
Ccu?* 13.43° 15.53
Zn* 13.04% 16.12
La** 742 8.56
Gd* 8.75 10.10
Y3 8.69 9.96

c

TRAP-Ph TRAP-Pr?® NOTA

¢ 2624 29.63 31.07
5.38 7.84 10.97 9.69°
3.77 6.04 10.32 8.92°
15.18 16.85 21.99 21.63¢
c 16.88 21.58

¢ 11.26 13.5"
c 13.46 144

“A full set of the determined stability constants is given in the Supporting Information; for ligand structures, see Chart 1. “From ref 35. “Not
determined because of the precipitation of the complex. “From ref 8. “From ref 29. “From ref 47.

[GalL)]

[Ga(OH),]

[Ga(OH),I
[Ga(L)OH)I

6 8
-log[H"]

6 8
-log[H"]

J’/ GE(H'L)(OHHZ
A‘

6 8
-log[H']

Figure 1. Distribution diagrams for Ga**~NOTA (A), Ga**~TRAP-H (B), and Ga**~TRAP-OH (C) systems (cg, = ¢, = 0.004 M).

substituent exhibits the highest basicity. This effect can be
caused by a shielding of the last N-bound proton by
hydrophobic benzene rings from an interaction with surround-
ing water; a similar order of constant values has been observed
for phosphinic acid derivatives of other polyaza macro-
cycles.***”*® In general, the ligand basicity trends are similar
to those observed for other amino acids: phosphonates >
carboxylates > phosphinates ~ phosphonic monoesters.*®

The log K, value could be assigned to the protonation of the
second ring nitrogen atom. Next, protonation (corresponding
to K;) should take place on acetate or phosphinate/
phosphonate pendant arms;>>** the next constant, K,, was
determined only for NOTA (acetate arm protonation).** The
three remaining possible protonation constants for the
phosphinate ligands could not be determined as the
protonations occur only in strongly acidic media; this has
been directly proven by NMR titration of phosphinic acid
derivatives of 1-oxa-4,7-diazacyclononane.>® This observation
agrees with the general knowledge that phosphinic acids exhibit
higher acidity than carboxylic ones; in the title ligands, even at
pH ~1, some of the pendant arms are deprotonated and, thus,
“pre-prepared” for the binding of metal cations.

The stability constants for complexes of NOTA and the title
phosphinate ligands with gallium(III) as well as with some
other cations were determined by potentiometric titrations
(Tables 2 and 3; the full set of the experimental data is given in
Table S1.2 of the Supporting Information). In the case of
TRAP-Ph, determination of stability constants was possible
only for Mg**, Ca**, and Cu*" ions because of the insolubility of
the other complexes.

In an acidic solution, some of the in-cage Ga®>" complexes are
formed too slowly (see below) for a conventional potentio-
metric titration. Similarly in an alkaline solution, the rearrange-
ment of the in-cage complexes and their full decomposition is
also slow processes. Therefore, the titrations had to be
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performed using the out-of-cell technique with an equilibration
time of 4 weeks at room temperature. As one can see from
distribution diagrams (Figure 1), full complexation is reached
even at pH 1.5, that is, in the beginning of the titrations.
Therefore, the stability constants had to be determined from
the equilibrium in the alkaline region where the macrocyclic
ligands compete with hydroxide anions {{Ga(OH),]” for-
mation}. Full hydroxide-induced dissociation occurs for the
TRAP-H and NOTA complexes at slightly alkaline pH values,
and the dissociation proceeds through formation of simple
hydroxido species, [Ga(L)(OH)]™; a similar chemical model
was found for the Ga**—TRAP-Pr system.”® A more
complicated situation was observed in the case of the Ga**—
TRAP-OH system where species with formal [H_;GaL]™ and
[H_,GaL]*" stoichiometries had to be included in the chemical
model. The species start to form even in slightly acidic
solutions (Figure 1) and could correspond either to the
hydroxido complexes or to the complexes with deprotonated P-
hydroxymethyl group(s). The site of deprotonation cannot be
distinguished by potentiometry, because this method can
observe only the amount of protons in the titrated solution.
The presence of these species was surprising and led to a more
thorough investigation as discussed below. The correctness of
the potentiometric models was confirmed by NMR measure-
ments; the determined concentrations of the species agreed
with the abundances determined from the distribution diagram
(Figure 1). The deprotonation of an alcohol group induced by
its coordination to Ga®* ion is not very common in aqueous
solutions, and it was observed in only a few cases. The
deprotonated alcoholate group is coordinated in the [Ga-
(Hcitrate),]*” anion,* and the only alcoholate groups are
bound in the gallium(IIT) complex of an inositol derivative.*’
The data presented here extend this phenomenon to a new
structural motif, the P-hydroxymethyl group.
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In the monoprotonated [Ga(HL)]" species present in acidic
solutions, Ga®* cation is located inside the cavity of the
phosphinate ligands and the proton is bound to an oxygen
atom of a coordinated phosphinate group as suggested by
NMR data (no free ligand was detected after the full
equilibration at these pH values); the same phenomenon has
been observed in the [Ga(trap-Pr)]*~ complex®® and in metal
ion coméplexes of some polyaza macrocyclic polyphosphonate
Iigands4 or for the [Ga(dota)]~ complex."

The stability constant of the [Ga(NOTA)] complex was
redetermined in this work, but a comparison with the previous
value is problematic as the original work® does not provide
enough data on the equilibration time. The stability constants
for gallium(III) complexes of the macrocyclic phosphinate
ligands are lower than that for the [Ga(NOTA)] complex as a
result of the lower basicity of the phosphinate ligands. It is
clearly documented by the linear dependence of log K(GaL) on
the sum of the protonation constants corresponding to ring
nitrogen protonations, log K; + log K, (Figure S1.1 of the
Supporting Information). Regardless, the thermodynamic
stability of the complexes is high enough for possible in vivo
utilizations. Comparison of log Kg, values of the studied
complexes with those of divalent metal ion complexes (Table
3) indicates an excellent thermodynamic selectivity of the
studied ligands for Ga®* ion. At least hexadentate macrocyclic
ligands are required for the formation of thermodynamically
stable complexes as stabilities of gallium(III) complexes with
series of pentadentate 1-oxa-4,7-diazacyclononane derivatives
with the same pendant arms are much lower [log K(GaL) =
8.9-14.9].%

To determine the selectivity of the ligands for gallium(III)
complexation and to accumulate and/or redetermine data for
more metal ions, we ran potentiometric titrations with the
ligands and selected metal ions. The stability constants, Ky, of
complexes of the title ligands and similar TACN derivatives are
listed in Table 3, and the full set of stability constants together
with selected distribution diagrams and more comparisons of
data for different systems are given in the Supporting
Information (Tables S2 and S3 and Figures S1.2—S1.5). The
stability constant values (Table 3) show high selectivity of all
ligands for complexation of small metal ions, and this property
is even more pronounced for the phosphinate ligands. The
binding selectivities of the TRAP ligands for Ga’* are 1-3
orders of magnitude greater than that of NOTA, and it might
be a source of the efficient binding of carrier-free ®*Ga** (e.g, in
the presence of the decay product, Zn2*) observed previously.*®
This can be explained by a combination of the small internal
ligand cavity, the difference in pendant arm donor atom
hardness, and/or the coordination requirements of the metal
cations. The data suggest that (i) log Ky, values are similar for
copper(I) and zinc(II) complexes as in TACN-like ligands,
one nitrogen atom has to be bound axially to Cu** ion leading
to a lower thermodynamic stability of the complexes; (ii)
complex stabilities are higher for the smaller and harder Mg**
ion when compared with those of the Ca** ion and are more
pronounced for hard phosphinate-containing ligands; (iii) there
is a pronounced difference between La** and Gd** complex
stability constants as the smaller Gd** ion fits the small ligand
cavity better; and (iv) we noticed a high selectivity for the small
and hard Ga®" ion as mentioned above. In general, the values of
stability constants depend on the overall basicity of the ligands
and, therefore, are ordered as follows: phosphonate >
carboxylate > phosphinate.
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To obtain more data for trivalent metal ions relevant for
biomedical applications and to test the correctness of the
chemical model for the Ga**~TRAP-OH systems, we
determined the stability constants of selected rare earth metal
ions. The values of stability constants of phosphinate ligands
are very low. However, potentiometric chemical models for
these ions (requiring higher coordination numbers, mostly 8 or
9) and TRAP-OH (theoretically, a nonadentate ligand) were
analogous to that for the Ga>*~TRAP-OH system. Therefore,
we can speculate that the hard Ln** or Y** ions can also induce
a deprotonation of the P-hydroxymethyl group(s) with their
simultaneous coordination to the central ions. Such a
hypothesis is supported by facts that more deprotonated
species (H_,LM and H_,ML, or even H_;ML for Y**) had to be
involved in the chemical model (Table S1.2 of the Supporting
Information); their formation starts at neutral pH, and they
have unusually high abundances and may contain coordinated
hydroxide and/or alcoholate anion(s) (Figure S1.4 of the
Supporting Information). As the analogous species were also
suggested in the Ga’’~TRAP-OH system (vide infra), the
metal ion-induced deprotonation and simultaneous coordina-
tion of the hydroxymethyl group(s) seem to be a general case
for this particular ligand. The phenomenon observed here is the
first example of the formation of a chelate with an a-
hydroxymethylphosphonic/phosphinic acid group involving
alcoholate coordination.

DFT Calculations for Ga3>*—~TRAP-OH Complexes. As
one can see from Figure 1B, the [Ga(L)] species (HsL =
TRAP-OH) is dominant in acidic solutions; Ga*" ion is bound
in the in-cage complex having an octahedral N;O; arrangement
as found in other complexes of phosphinate’”*® or
phosphonate*® TACN derivatives. With an increase in pH,
the deprotonated species [H_;LGa]™ and [H_,LGa]*~ appear,
followed by complex decomposition and formation of the free
ligand and the [Ga(OH),]™ anion. Because these species appear
at higher pH values, the hydroxide anion seems to play a role in
the processes. It can act as a Bronsted base deprotonating one
or more P-hydroxymethyl moieties of the in-cage complex and/
or coordinate to the Ga®" ion that is still inside the ligand cage
with replacement of a bound pendant arm(s). The other
possibility is deprotonation of the P-hydroxymethyl moieties to
furnish nucleophilic alcoholate anions that could coordinate
Ga®" ion; it induces the movement of the central ion out of the
ligand cage with formation of an out-of-cage complex where
Ga*" ion is bound to the phosphinate side arms but not to the
ring nitrogen atoms. In addition, this out-of-cage complex can
bind water molecules or hydroxide anions if not all
coordination sites are occupied by ligand oxygen atoms.
These processes lead to an Og coordination arrangement.
With these considerations in mind, a set of possible structures
for the [H_,LGa]™ and [H_,LGa]*” species was suggested.
These structures cannot be distinguished by potentiometry,
because this method can reveal only a number of protons in the
titrated solution. However, from the comparison with the other
complexes investigated here (see above), coordination of only
hydroxide anion that would start at pH S seems to be rather
improbable.

Once the equilibrium was reached, the unusual deprotonated
species have high abundances. Unfortunately, any attempts to
determine their structure by multinuclear NMR failed because
of extremely broad and/or complicated spectra. NMR
measurements of the purified [Ga(L)] comglex prepared in
an acidic solution showed the expected””*** spectra [Figure
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Figure 2. *'P{'"H} NMR spectra of fully equilibrated solutions prepared by mixing Ga* ion and TRAP-OH (cg, = ¢, = 0.005 M). The given pH

values are those for the equilibrated solutions.

Scheme 2. The Most Suitable Species in the Ga>*—~TRAP-OH System As Suggested by the DFT Calculations”
[Ga™{L(CH,OH)}]

+79.2 kJ/mol

[GalO{HL(CH,0H),(CH,0)}(OH)]-
2

1

+20H | -H,0

+66.0 kJ/mol

[Gal{HL(CH,OH)(CH,0),}(OH)I>

3

“Relative free energies, AGy,, are referenced to a AG_,;(1) of 0 kJ/mol.

+89.7 kJ/mol

[Ga™HL(CH,OH)(CH,0),}OH)*
4

$3.1 of the Supporting Information; 8y 37.3, dg, 1352 (@, =
305 Hz)] and the corresponding '"H NMR spectrum with the
presence of a single diastereoisomer (see below) of the
complex. It is consistent with the structure of other gallium(I1I)
in-cage complexes with NOTA-like ligands.16 However, among
the NMR spectra recorded for different nuclei on the complex
solutions at higher pH values, only the *'P{'H} NMR spectra
were reasonably resolved to be interpretable (Figure 2). The
7lGa NMR signals of any deprotonated species were not
detected. This points to rather unsymmetrical structures of the
[H_,LGa]™ and [H_,LGa]*" species. These species were not
exchanging with each other or with the free ligand on the NMR
time scale.

Thus, DFT calculations were employed to suggest structures
of the species that can be present in the Ga**~TRAP-OH
system. Because of a larger number of degrees of freedom in
these molecules, the energies presented below must be
considered only as estimates, and some considerations were
taken into account prior to the calculations. At pH >6, the main
ligand species present in solution is the (Htrap-OH)>~ anion
(Figure S2.1 of the Supporting Information) in which the
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proton is bound to the ring nitrogen atoms; in the considered
out-of-cage complex species, the ring nitrogen atoms may also
bind a proton as the pK, for such deprotonation in the free
ligand is as high as 11.5 (Table 1). It is well-known that
phosphorus acid oxygen atoms are able to form strong
hydrogen bonds. The most probable coordination environment
of Ga’* ion in such complexes should be close to the
octahedron. During the calculations, a modeling of the solvent
influence was conducted with conditions as close as possible to
the experimental conditions. Stoichiometries, binding modes,
and relative energies of selected species considered during DFT
calculations are shown in Scheme 2. More details about the
calculations and a full set of the species considered in the
calculations together with figures of their structures can be
found in the Supporting Information (Figures $2.2—S2.5). In
the following text, the protonated ligand sites will be
distinguished according to the following examples (charges
will be omitted for the sake of simplicity). For ligand
monoprotonated on a ring nitrogen atom and having all P-
hydroxymethyl groups protonated, the notation will be
{HL(CH,OH);} (with a charge of —2). For a ligand with
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deprotonated ring nitrogen atoms and with two deprotonated
P-hydroxymethyl groups, the notation will be {L(CH,OH)-
(CH,0),} (having a charge of —5). Gallium(III) in the in-cage
complex will be labeled as Ga® and in the out-of-cage complex
as Ga'®,

In-Cage Complexes. The neutral in-cage complex [Ga®{L-
(CH,OH);}] (1) was taken as a reference with a relative Gibbs
free energy (AG) of 0.0 kJ/mol (Figure 3). To test the

Figure 3. Calculated structure of the in-cage [Ga®{L(CH,0H),}] (1)
complex (H;L = Hjtrap-OH) taken as the lowest-energy complex.
Hydrogen atoms except those in OH groups have been omitted for the
sake of clarity, and the hydrogen bond is shown as a dashed line.

correctness of our calculations, the calculated geometric
parameters were compared with the experimental X-ray
diffraction data {for the [Ga(Hjtrap-Pr)] complex},28 and the
agreement was found to be very good (Table S2.1 of the
Supporting Information). Although hydrogen bonds should be
generally considered with great care within the presented
calculations, a strong hydrogen bond between the PCH,OH
group and a coordinated phosphinate oxygen atom of the
adjacent pendant arm [Oc—H--Op, 2.819 A; £O—H--Op,
162° (Figure 3)] can be noted. Analogous hydrogen bonds
were found in structures of most species discussed in this
section. The structure of 1 corresponds to the measured NMR
spectra. Sequential deprotonation of the external P-hydrox-
ymethyl group(s) leading to [Ga’{L(CH,OH),(CH,0)}]"
(1a) and [Ga(i){L(CHZOH)(CHZO)Z}]Z_ (1b) species (Fig-
ures S2.2 of the Supporting Information) was considered, as
well. However, the pK, for deprotonation of the P-

hydroxymethyl group in aqueous solution calculated from the
Gibbs free energy difference using equations from ref 49 equals
15.1. This value is too high to be accessible in an aqueous
solution under common conditions; therefore, these structures
can be excluded as those corresponding to the [H_;LGa]™ and
[H_,LGa]*" species.

Out-of-Cage Complexes. As a first attempt, species having
Ga®* coordinated in an octahedral fashion by three phosphinate
oxygen atoms and three oxygen atoms coming from the P-
hydroxymethyl groups (1-, 2-, or 3-fold deprotonated) were
tested. For the input structures, the Ga®>* ion was moved off the
cage with a simultaneous transfer of a proton into the cage. In
the output structure, the proton was found to be bound to a
ring nitrogen atom with a rather strong hydrogen bond contact
to a coordinated phosphinate oxygen atom (N—H---O, 2.6—2.9
A; ZN—H---O, 150—155°) and also exhibits a weak interaction
with the other ring nitrogen atoms. However, the calculations
for any simple isomerization or deprotonation did not lead to
an octahedral Ga®* coordination and always resulted in
distorted pentacoordinate environments. All structures of the
species [A—C (Figure S2.3 of the Supporting Information)]
formed by sequential removal of the proton(s) from the
reference in-cage [Ga®{L(CH,OH),}] (1) complex have high
relative energies (see the Supporting Information). The
inaccessibility of the octahedral coordination sphere in these
complexes can be explained by high sterical strain induced by
the simultaneous presence of various Ga(—O—P—CH,0—)
chelate rings. In addition, the number and type of structurally
clearly distinguishable phosphorus atoms in species A—C do
not fit the peak pattern in experimentally observed *'P{'H}
NMR spectra (Figure 2). Thus, the simple flip from the in-cage
coordination sphere to an out-of-cage sphere with all three side
arms coordinating in the same way can be ruled out.

This might be overcome by the introduction of a coligand,
such as water or hydroxide anion; trivalent gallium has a high
affinity for these ligands, and species with coordinated
hydroxide anions had to be involved in the best chemical
models for the gallium(III) systems with other NOTA
analogues. As mentioned above, most of the structures were
calculated with a protonated ring nitrogen atom (the proton is
probably shared among all nitrogen atoms). The proton is
bound inside the (Htrap-OH)*™ anion in an analogous manner
(Figure S2.1 of the Supporting Information), and a similar
sharing of the last proton inside the ligand cavity was suggested
for the 2-thioethyl TACN derivative.>’

Figure 4. Structures of the out-of-cage species as suggested by calculations: (A) [H_,LGa] = [Ga'”{HL(CH,OH),(CH,0)}(OH)]" (2), (B)
[H.,LGa]*™ = [Ga”{HL(CH,0H)(CH,0),}(OH)]*" (3), and (C) [H;LGa]’>~ = [Ga®{L(CH,0H)(CH,0),}(OH)]*~ (4), where H,L =
TRAP-OH. Hydrogen atoms except those in OH or NH groups have been omitted for the sake of clarity, and the hydrogen bonds are shown as
dashed lines.
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Filling one coordination site with a water molecule furnished
energetically disfavored (from 100 to 185 kJ/mol) and highly
distorted pentacoordinated complexes [species D and E
(Figures S2.4 of the Supporting Information)]. It was found
that the water molecule is bound only loosely (Ga—0,, 2.12—
243 A). As trivalent gallium has a high affinity for the
hydroxide anion, the anion should be the most suitable
coligand. In addition, deprotonated species found in other
Ga*'—ligand systems and experimentally studied in this Article
contain a coordinated hydroxide anion. There are several
possibilities for how to arrange various numbers of deproto-
nated P-hydroxymethyl moieties and the OH  coligand. The
structures are shown in Figure 4 and Figure S2.5 of the
Supporting Information. Most of the calculated structures
exhibit a distorted octahedral coordination arrangement
expected for trivalent gallium and can be stabilized by
intramolecular hydrogen bonds.

Among the species having a potentiometric [H_,LGa]'~
stoichiometry, the [Ga®{HL(CH,0OH),(CH,0)}(OH)]™ (2)
complex (Scheme 2 and Figure 4) is the most energetically
favored species, although the coordination polyhedron of this
species, a trigonal bipyramid, is not very common in
gallium(III) complexes. Bond distances point to a strong
coordination of the central ion (Ga—Op, 1.96—1.99 A; Ga—Oc,
2.01 A; Ga—Oy, 1.88 A). The in-cage proton is bound to a ring
nitrogen atom and is kept inside the ligand cavity by a system of
hydrogen bonds between nitrogen and oxygen atoms, as shown
above and in Figure 4. Other species, 2a and 2b, were also
considered (Figure S2.5 of the Supporting Information).
Although they exhibit octahedral structures that are more
common for the gallium(III) ion, their relative energies are very
high in comparison (175 and 251 kJ/mol, respectively) with
that of 2.

The experimentally observed 2-fold deprotonated species,
[H_,LGa]*", should have one protonated ring nitrogen atom
and only one P-hydroxymethyl group, as in the calculated
[Ga(°){HL(CHZOH)(CHZO)Z}(OH)]Z_ (3) anion (Figure 4
and Scheme 2). This species has the lowest energy (66 kJ/mol)
among all out-of-cage species and exhibits a distorted
octahedral environment around the Ga** ion [Ga—Op, 2.05—
2.13 A; Ga—Oc, 2.01 A; Ga—0y, 1.93 A; £0—Ga—0, 80—98°
(for adjacent oxygen atoms)]. The other considered species
with such a stoichiometry was [Ga(°){HL(CHZOH)3}(OH)3]2_
(3a) (Figure S2.5 of the Supporting Information), but it
exhibited a much higher relative energy (228 kJ/mol).

The fully deprotonated complex [H_;LGa]*>” might be the
species present in alkaline solutions; however, [Ga(OH),]”
anion formation should be more favorable under such
conditions. Thus, in solution, this species is probably present
(if ever) only with low abundance and could not be involved in
the potentiometric chemical model. Regardless, the small
singlet peak at 29.4 ppm was observed in the *'P{'H} NMR
spectrum of the solution at high pH (Figure 2). Hence, this
stoichiometry was also heeded during calculations. At high pH
values, the nitrogen atom(s) should be deprotonated [ligand
log K, = 11.47 (Table 1)] and the [Ga®{L(CH,OH)-
(CH,0),}(OH)]*~ (4) species (Figure 4 and Scheme 2),
possessing a structure analogous to that of 3 but without the in-
cage proton, is the most likely for the [H_jLGa]®~
stoichiometry. The coordination polyhedron around the Ga**
ion [Ga—Op, 1.98—2.14 A; Ga—Og, 2.03 A; Ga—Oy, 1.94 A;
£0—-Ga—0, 82-101° (for adg’acent oxygen atoms)] is still
distorted. Although the [Ga "){HL(CHZO)3}(OH)]3_ [4a
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(Figure S2.5 of the Supporting Information)] species has an
only slightly higher energy (93 kJ/mol), there is a protonated
ring nitrogen atom; thus, this structure was excluded. All three
low-energy structures might be further stabilized by another
intramolecular hydrogen bond between the phosphinate and
the neighboring hydroxymethyl group (Oc—H:+-Op, 2.6—2.9 A;
£0¢—H-Oy, 146—168°), as shown in Figure 4.

Structures 2—4 are in accordance with *'P{'H} NMR spectra
(Figure 2). As stated above, these solution species are not
fluxional and do not convert into each other on the NMR time
scale, probably because of the rigidifying role of the proton
inside the ligand cavity. Thus, the phosphorus atom environ-
ment in species 2 ([H_,LGa]  stoichiometry) should exhibit
two signals like reference in-cage complex 1 (the P-
hydroxymethyl groups are protonated) and one signal with a
much smaller §;, (with a more electronegative P substituent, i.e.,
the deprotonated alcoholate). Analogously, species 3
([H_,LGa]*" stoichiometry) should exhibit one signal close
to reference complex 1 and two peaks in the 22—28 ppm
region. The small singlet at 29.4 ppm observed at high pH
might be attributed to species 4 ([H_;LGa]*~ stoichiometry),
where phosphorus atoms are averaged on the NMR time scale
because of fast proton exchange between P-hydroxymethyl
groups.

Information from the calculations can be summarized as
follows. (i) Reference in-cage complex 1 has the most stable
structure of all species investigated. (ii) As expected, a simple
deprotonation of the P-hydroxymethyl moiety in in-cage
complex 1 is difficult to achieve in an aqueous solution. (iii)
A simple flip from the in-cage arrangement to the octahedral
out-of-cage coordination sphere with three fully coordinated
side arms only (chelate rings formed by the "OPCH,O~ or
~“OPCH,OH moieties only) will not occur because of the steric
strain. (iv) The out-of-cage species possessing an Og
coordination environment can be obtained only by addition
of the hydroxide anion as a coligand. (v) Structures with
reasonably low relative energies can comprise both penta- and
hexacoordinated Ga®* ion. (vi) The structures might be
stabilized by intramolecular hydrogen bonds.

Isomerism of Gallium(lll) Complexes in Solution. As
mentioned above, the most stable in-cage gallium(III)
complexes of the NOTA-like ligands exhibit distorted
octahedral coordination arrangements. From another point of
view, the Ga®* ion is “sandwiched” between twisted trigonal O,
and Nj planes. Such an arrangement leads to chiral complexes
in which the chirality is caused by a combination of the
conformation of macrocycle-containing chelate rings (656/141)
and the helicity of the coordinated pendant arms (A/A). It
leads to two diastereomeric pairs, A665/AAAA and AS6S/AAIA.
The phenomenon is fully analogous to the isomerism well-
documented in lanthanide(III) complexes of DOTA-like
ligands®' and has been observed for NOTA complexes with
different metal ions.***> In the phosphinic acid NOTA
analogues, the phosphorus atoms become chiral (R/S) after
coordination to a central metal ion; again, the same chirality
originating from the metal ion coordination of the phosphinate
group is commonly observed in lanthanide(III) complexes of
phosphinic acid analogues of DOTA.>" Hence, combination of
all the chiralities in complexes of TACN bearing three
phosphinate pendant arms results in four possible diastereo-
meric pairs, A655-RRR/AAAA-SSS, A656-RRS/AAAA-SSR,
AS565-RSS/AAAA-SRR, and AS65-SSS/AALA-RRR (Figure S2.7
of the Supporting Information). In the solid state, only one of
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the diastereomers, A665-RRR/AAAA-SSS, was observed for the
[Ga(trap-Ph)] and [Ga(Hjtrap-Pr)] complexes.””*® In sol-
ution, isomerism was investigated only for the [Ga(trap-Pr)]*~
complex; the isomer present in solution was shown to be
identical to that in the solid state.”®

It is known that the [Ga(NOTA)] complex is present as a
single diastereomer in the solid state but is fluxional in solution
at room temperature as its 'H NMR spectrum exhibits average
signals.'"® On the other hand, phosphonate or phosphinate
complexes are more rigid and the diastereomers of their
complexes do not convert into each other.””*** As described
above, the NMR spectrum of the in-cage [Ga(trap-OH)]
complex and DFT calculations indicate that, in solution, the
complex is present as a rigid A656-RRR/AAAA-SSS isomer, like
the [Ga(trap-Pr)]*>~ complex.”®

A different situation was observed for the [Ga(trap-H)]
complex as unusual NMR spectra were obtained. Despite the
common quadrupole broadening of "'Ga NMR spectra, four
very narrow NMR signals in a 1:3:4:2 intensity ratio (5, values
of 132.00, 134.96, 137.80, and 140.45 ppm and w,, values of
154, 200, 186, and 162 Hz, respectively) were observed (Figure
S). The signals probably correspond to the presence of all four
diastereomers of the complex (Figure S2.7 of the Supporting
Information). The doublet in the *'P NMR spectrum centered
at 22.0 ppm (YJpy = 599 Hz) shows inconspicuous shouldering
of the 20.1 ppm signal (Figure S); the doublet is in agreement
with the "H NMR spectrum that shows two overlapping H—P
doublets centered at 7.20 and 7.25 ppm with 'Jpy; values of 607
and 561 Hz, respectively. Unfortunately, one-dimensional and
two-dimensional 'H and/or *C NMR spectra (or correlations
with 3P NMR spectra) of the isomeric mixture were too
complicated or had signals that were overly broad to be useful
for assignment of the structures of the individual isomers
(Figure S3.2 of the Supporting Information).

The extraordinarily narrow "'Ga NMR resonances (com-
pared with those of complexes of other TACN-based
ligands)'#***5272%% point to the high symmetry of the
donor atom arrangements in the [Ga(trap—H)] diastereomers.
The ratio of the four 'Ga NMR signals is independent of the
conditions used for preparation of the complex [different
temperatures ranging from 25 to 80 °C, different rates of
reactant mixing, the source of the Ga®* cation, Ga(NO;); or
GaCl, and dilution of the reacting solutions]. In addition, the
ratio of 'Ga signals remained constant under all conditions
applied during the preparation of the complex, such as heating.
Evidently, the isomers are not fluxional, and an energetic barrier
for their mutual transformation has to be relatively high. This
hypothesis was examined by DFT calculations.

The relative Gibbs energies were calculated for these four
diastereoisomers and were found to be very close to each other
(Table S2.4 of the Supporting Information). This supports the
assumption, made above, that four signals in the "'Ga NMR
spectrum originate from four different diastereomers. The
obtained relative energies of particular isomers are 0.00, —3.68,
—7.25, and —6.25 kJ/mol for A0S5-RRR, A655-RRS, AS66-RSS,
and AJ00-SSS, respectively. However, the conversion from one
diastereomer to another is accomplished by rotation of the N—
CH,—PO, moiety or inversion of the ethylene chain in the
ethylenediamine chelate ring; activation barriers of the
processes should be substantially high. We calculated the
barrier height for the conversion from Ad66-SSS to Ad66-RSS
(AG") to be 130 kJ/mol relative to the AJSS5-SSS isomer.
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Figure 5. "'Ga (A), *'P (B), and a low-field part of 'H (C) NMR
spectra of the [Ga(trap-H)] complex (the shoulder in the P NMR
spectrum is marked with an arrow).

Interconversions among the other isomers should have similar
energetic barriers.

The Ga’*—~TRAP-Ph system cannot be experimentally
investigated in a similar manner because of the precipitation
of a white solid (presumably the previously investigated
complex, its AJ600-RRR/AAAA-SSS isomer27). However, the
diluted supernatant solution taken before complete precip-
itation exhibits several *'P{'H} NMR signals in the region
expected for the gallium(III) complex.

The differences in abundance of the complex diastereo-
isomers with varied substituents on phosphorus atoms show an
interesting analogy with the lanthanide(III) complexes of the
tetraphosphorus acid derivatives of DOTA.*® In these
complexes (with a square antiprismatic coordination geome-
try), only one major diastereoisomer was present in solution if
the phosphorus atom substituents were alkyls such as Me,
CH,OH, Et, and Bn. For more electronegative phosphorus
atom substituents such as H, Ph, and OR/, a full set of all
possible diastereomers was observed in solution. The same
phenomenon was observed here for gallium(III) complexes of
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tris(phosphinic acid) derivatives, TRAP-R. The ligands with
alkyl substituents (CH,CH,CO,H in TRAP-Pr or CH,OH in
TRAP-OH) give rise to only one diastereoisomer of the
complexes, while those with more electron-withdrawing
substituents (H in TRAP-H or probably also Ph in TRAP-
Ph) form a mixture of diastereoisomers during complexation.
However, such a hypothesis needs more data to be confirmed.

Formation and Decomposition of the Gallium(lil)
Complexes. To study the formation and decomplexation of
the gallium(III) complexes, we used *'P and "Ga NMR
spectroscopy. Formation of the complexes at room temperature
was monitored by 7’Ga NMR spectroscopy and quantified by
comparison to the intensity of the [Ga(OH),]” signal as a
standard; monitoring of the reaction progress by "'Ga NMR
spectroscopy has been recently used for the quantitative kinetic
evaluations of complex formation and decomplexation in the
Ga**~DOTA! and Ga**~NOTA~—citrate® systems. The *'P
NMR spectra were used to show more detailed changes in the
abundance of the free ligands, intermediates, and final
gallium(III) complexes.

The rate of formation of the complex is strongly influenced
by the substituent on the phosphorus atom, showing the
important role of the substituents in the design of the TRAP
ligands for trivalent gallium complexation (Table 4). At pH 2.8,

Table 4. Half-Times (t,,,) and Times of the Quantitative
Formation (#;qs) of the [Ga(L)] Complexes®

ligand pH tz t100%

TRAP-H 2.8 30 min 220 min
1 21h 15 days
0 36 days 240 days

TRAP-OH 2.8 c <S min
1 14 min 60 min
0 3.8 days 31 days

TRAP-Pr” 2.8 c <5 min
1 3 min 12 min
0.8 20 min 100 min
0 12 days

NOTA 2.8 c <S min
1 270 min 6 days
0 d d

At 25 °C, 1:1 L:Ga molar ratio, cg, = 0.01 M. “From ref 28. “Not
measurable because of a fast reaction. “No reaction observed.

all examined ligands except TRAP-H showed very fast
complexation; gallium(III) was quantitatively bound in less
than 5 min, which is the shortest possible time needed between
preparation of a sample and measurement of the NMR spectra.
At pH 1, TRAP-OH and TRAP-Pr showed much faster
complexation than NOTA; however, the Ga**—TRAP-H
complex needed approximately 15 days to be fully formed. At
pH 0O, all the phosphinate ligands were still able to form
complexes with Ga®* ion, albeit slowly (weeks); meanwhile,
NOTA showed no signs of complex formation even after 40
days. Such measurements were not possible for TRAP-Ph;
however, the fast precipitation even in acidic solutions points to
rather fast complexation. The results emphasize the importance
of careful pH control during the complexation with NOTA as
described previously.* The higher acidity of the phosphinic acid
groups and the lower basicity of the ring nitrogen atoms of the
phosphinic acid TACN derivatives are responsible for complex-
ation even at pH 0, where the more basic NOTA exhibits no
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gallium(IIT) binding. The results also show that ligands with
electron rich side-chain substituents are able to interact with
Ga* ion (TRAP-OH, TRAP-Pr, and probably TRAP-Ph) and
thereby significantly accelerate the formation of the final in-
cage complexes. The comparison of TRAP-OH and TRAP-H
complexation can serve as an example; the Ga** ion is bound by
the ligand with P—CH,OH groups much faster than by the
ligand with P—H groups, although both ligands do not have
dramatically different basicities and the primary donor atoms
are the same. Weakly interacting pendant arms move the metal
ion closer to the macrocyclic cavity as seen Figure $3.3 of the
Supporting Information. The deprotonated phosphinate group
accelerates the transfer of the metal ion into the ligand cavity
and helps to simultaneously remove nitrogen-bound protons
from the cavity. The data for complexation at low pH are in
accord with the recent observation that mixed acetate—
phosphonate derivatives of TACN are more efficient chelators
for carrier-free ®*Ga®* than NOTA.*?

We point out that Ga** complexation at pH values as low as
1 is of outstanding practical importance, as 0.1 M aqueous HCI
is used for elution of some popular commercially available
%Ge/%Ga generators. Our study shows that, in contrast to
NOTA, particularly TRAP-Pr is able to form a complex with
Ga*" rapidly under these conditions. In full accordance with this
finding, our recently published results for the ®*Ga radio-
chemistry of the TRAP chelators™ showed that these can
indeed be readily labeled with %Ga at pH <1 and, therefore,
also using the neat ®Ge/%Ga generator eluate. Despite not
being applicable for all purposes, this method is compatible
with many targeting moieties, such as most of the oligopeptides
used for peptide receptor imaging. We therefore hold the view
that TRAP ligands represent a big step forward in the
development of kit production of **Ga radiopharmaceuticals
in a “shake-and-shoot” synthetic approach, which is known
from *™Tc radiotracers. Moreover, the highly selective and
efficient Ga®>" complexation by TRAP ligands, as shown in this
study, readily corresponds to the finding that much lower
chelator concentrations are required for *Ga labeling.>* TRAP-
based %Ga radiopharmaceuticals can therefore be produced
with hitherto unknown specific activitites, thereby allowing the
smallest molar amounts of tracers to be administered for PET
imaging. As an “ideal tracer” should be applied in the smallest
possible amounts, to minimize interference with the
biochemical equilibria governing the biosystem or organism
under investigation, TRAP ligands can be considered of
fundamental importance for future **Ga radiopharmaceutical
research.

The kinetic inertness of the [Ga(trap-H)] and [Ga(trap-
OH)] complexes was tested in 6 M HCIO, at room
temperature. No sign of decomposition was observed over 6
weeks, confirming the high kinetic inertness of these complexes
against proton-assisted decomposition. The same complete
inertness to proton-assisted decomplexation has been observed
for the [Ga(NOTA)] and [Ga(trap-Pr)]*~ complexes.'®**

Decomplexation in alkaline solutions proceeds for weeks for
NOTA and TRAP-Pr complexes.ls’28 However, the situation
was different for the [Ga(trap-OH)] complex. This in-cage
complex is transformed to the out-of-cage complexes as
discussed above. The reaction was followed only by *'P{'H}
NMR spectroscopy as the out-of-cage complexes exhibit no
"'Ga NMR signal. The in-cage complex is fully stable up to pH
~S. At higher pH values, the transformation proceeds
progressively faster. Equilibrium was reached after ~3 weeks

dx.doi.org/10.1021/ic202103v | Inorg. Chem. 2012, 51, 577—590



Inorganic Chemistry

at pH 7.2, after ~6.5 days at pH 8.1, and after ~1.5 days at pH
9.5, and no signals or species other than those shown in the
fully equilibrated samples (Figure 2) were observed during the
course of the reaction. The rearrangement of the in-cage to the
out-of-cage complex at physiological pH over hours to days
does not interfere with the suitability of the TRAP-OH-based
ligands for practical application as the decomposition is still
slow in comparison with the half-life of the %Ga isotope and/or
the labeled tracer pharmacokinetics (minutes to hours). Similar
considerations concerning a relation of **Ga half-life and the
rate of decomplexation of the Ga>* complexes of DOTA and its
monoamide in the slightly alkaline region have been pointed
out recently."

Bl CONCLUSION

The properties of TRAP ligands, phosphinic acid derivatives of
1,4,7-triazacyclononane bearing different phosphorus substitu-
ents (H, Ph, CH,OH, or CH,CH,CO,H), were compared with
those of the carboxylic acid analogue, NOTA. Thermodynamic
studies showed that the phosphinic acid ligands are more acidic
than NOTA and their acidity or basicity depends on the
substituent on the phosphorus atom. The stability constants
were determined for their complexes with Ga®>" and other metal
ions; in addition, this parameter was redetermined for the
[Ga(NOTA)] complex by applying the improved method. The
thermodynamic stability of the gallium(III) complexes strongly
depends on the ligand basicity, in the following order:
[Ga(NOTA)] > [Ga(trap-Pr)] > [Ga(trap-OH)] > [Ga(trap-
H)]. Although selectivity for Ga*" complexation is very high for
all TACN-based ligands, phosphinate ligands exhibit higher
selectivity than NOTA for binding small metal ions. All
investigated phosphinate ligands are able to bind trivalent
gallium efficiently even at pH 0 and are, generally, more
efficient than NOTA. The binding is very fast for TRAP-Pr and
TRAP-OH, possessing coordinating substituents on the
phosphorus atoms that increase the local metal ion
concentration close to the macrocyclic cavity. Thus, the
presence of phosphinic acid pendant arms improves the
coordination ability of the ligands in acidic media, which
represents one of the most important properties for the
practical application in nuclear medicine. All complexes are fully
inert against proton-assisted decomplexation. Our data suggest
an importance of weakly coordinating side chains for the
acceleration of the transfer of the metal ion into the
macrocyclic cavity. Altogether, we found that the methylene-
phosphinic acid group is a potent alternative to the commonly
used acetic acid pendant arm in macrocyclic ligands, and the
phosphinic acid analogues of NOTA are excellent gallium(III)
chelators, with ideal properties for **Ga-based PET imaging
agent elaboration.

The in-cage [Ga(trap-OH)] complex exhibited unexpected
behavior in solutions at pH >5. It slowly reacts with hydroxide
anions to form out-of-cage complexes where an oxygen-only
coordination environment is present. The possible structures of
these species were sugS%ested by DFT calculations, the study
being only the second™ in-depth computational treatment of
gallium(IIT) complexes of macrocyclic ligands. The calculations
showed some unexpected results. To form the out-of-cage
complexes, hydroxide anion must be coordinated together with
at least one deprotonated P-hydroxymethyl group. This
deprotonation is facilitated by a polarization effect of a small
and charged Ga®* ion once it moves out; subsequently, a
deprotonated hydroxymethyl group will coordinate. Simulta-
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neously, a proton has to be moved into the ligand cavity where
it is bound to a nitrogen atom and held in-cage by a network of
intramolecular hydrogen bonds. Such reactivity is caused by the
affinity of the hard Ga*" ion for the hard oxygen atoms. This is
the first direct observation of thermodynamically stable out-of-
cage gallium(III) complexes in aqueous solution that are
commonly assumed as kinetic intermediates during formation
and decomplexation of the complexes of macrocyclic ligands.

B EXPERIMENTAL SECTION

Materials and Methods. All reactants and solvents were
commercially available analytical grade chemicals. The 1,4,7-
triazacyclononane as a free base was purchased from CheMatech
and as a trihydrochloride was prepared via modified Richman—Atkins
cyclization.>® Characteristic NMR spectra were recorded using Varian
UNITY Inova (400 MHz) or VNMRS (300 MHz) spectrometers. 'H
and "*C NMR shifts are referenced to the +BuOH signal, and *'P
NMR shifts are referenced to 85% aqueous H;PO,. Elemental analyses
were performed using the HERAEUS Varian EL III system. Mass
spectra were recorded on a Bruker Esquire 3000 spectrometer with
ESI as an ion source and ion trap as a detector in positive or negative
mode.

1,4,7-Triazacyclononane-1,4,7-tris[methylene(phenyl)-
phosphinic acid] (TRAP-Ph) and 1,4,7-Triazacyclononane-7-
methyl-1,4-bis[methylene(phenyl)phosphinic acid]
(MeNO2PP"). 1,4,7-Triazacyclononane trihydrochloride (1.50 g, 6.29
mmol), paraformaldehyde (0.74 g 24.67 mmol), and phenyl-
phosphinic acid (13.40 g, 94.37 mmol) were mixed with 6 M aqueous
HCI (15 mL). The solution was stirred at 90 °C for 24 h and, then,
evaporated in vacuo. The crude product was purified on Dowex S0
resin (H* form, elution with water followed by $% aqueous ammonia).
The ammonia fractions were combined and evaporated in vacuo. The
resulting mixture of TRAP-Ph and MeNO2P™ was purified on silica gel
[elution with a 1:1 aqueous ammonia/EtOH mixture; Ry 0.85 (TRAP-
Ph), 0.34 (MNO2P™)]. The fractions containing pure *NO2P™
were evaporated in vacuo, yielding M*NO2P*"2NH;-8.5H,0 as a dark-
brown oil (1.2 g, 32%). The fractions containing pure TRAP-Ph were
combined and evaporated in vacuo. The target product was further
purified on Dowex 1 resin (OH™ form, elution with water followed by
6 M aqueous HCI) to remove the traces of ammonia. After
evaporation of HCI fractions containing the ligand in vacuo, the
remaining oil was dissolved in a minimal amount of water and freeze-
dried to give TRAP-Ph-2.4HCI-3.5H,0 (1.60 g, 35%).

TRAP-Ph. 'TH NMR (300 MHz, D,0/NaOD, 25 °C): § 2.72 (d,
2pu = 6.9 Hz, N-CH,-P, 6H), 2.78 (s, ring CH,, 12H), 7.42—7.45 (m,
H,, 9H), 7.59-7.63 (m, H,, 6H). *C{'"H} NMR (75.4 MHz, D,0/
NaOD): § 50.2 (s, ring CH,, 6C), 54.7 (d, Jpc = 100.1 Hz, CH,-P),
1294 (s, C,,), 131.73 (s, C,.), 132.3 (s, C,.), 136.8 (d, YJpc = 121.5 Hg,
C.-P). 3'P{'H} NMR (121.4 MHz, D,0/NaOD, 25 °C): § 26.3 (s).
MS (ESI, negative mode): m/z 612 [TRAP-Ph + Na" — 2H"*]. Anal.
Calcd (%) for C,,;H3sN;04P53.5H,0-2.4HCI: C, 43.70; H, 6.17; N,
5.66; Cl, 11.47. Found: C, 43.76; H, 5.43; N, 5.63; Cl, 11.28.

MeNO2PPP. "TH NMR (300 MHz, D,O/NaOD, 25 °C): § 2.52 (s, N-
CH,, 3H), 2.68 (s, ring CH,, 4H), 2.86—3.11 (m, ring CH,, 8H, and
N-CH,-P, 4H), 7.50-7.57 (m, H,, SH), 7.68—7.74 (m, H,, SH).
BC{'H} NMR (75.4 MHz, NaOD, 25 °C):  41.8 (s, ring CH,), 47.1
(s, ring CH,), 51.2 (s, ring CH,), 53.5 (s, CH;), 56.1 (d, 'Jpc = 105.1
Hz, CH,P), 128.5 (d, Jpc = 11.6 Hz, C..), 130.8 (d, ¥Jpc = 9.4 Hz,
C.), 1312 (s, C,.), 136.6 (d, Jpoc = 120.0 Hz, C,-P). 3'P{'"H} NMR
(1214 MHz, D,0/NaOD, 25 °C): § 29.5 (s). MS (ESI, negative
mode): m/z 450 [MNO2P™ — H*']. Anal. Caled (%) for
C,,H;yN;0,P,8.5H,0-2NH;: C, 39.49; H, 8.52; N, 10.97. Found:
C, 39.92; H, 843; N, 10.71; Cl, 11.28.

1,4,7-Triazacyclononane-1,4,7-tris(methylenephosphinic
acid) (TRAP-H). Triazacyclononane (1.0 g 7.75 mmol), paraformal-
dehyde (0.74 g, 24.67 mmol), and hypophosphorous acid (2.30 g, 34.8
mmol) were dissolved in water (20 mL) and stirred at room
temperature for 48 h. The reaction mixture was evaporated in vacuo
(bath temperature of <40 °C). The resulting oil was purified on a weak
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cationic exchanger, Amberlite 50, with water elution. Fractions
containing the pure ligand (by *'P NMR) were combined, evaporated
in vacuo as described above, and freeze-dried to give TRAP-H-H,0O
(0.93 g, 33%). 'H NMR (300 MHz, D,0, 25 °C): § 3.22 (d, o = 9.0
Hz, N-CH,-P, 6H), 3.45 (s, ring CH,, 12H), 7.14 (d, Jpyy = 543.9 He,
P-H, 3H). *C{'H} NMR (150.9 MHz, D,0, 25 °C): § 52.20 (s, ring
CH,), 5621 (d, 'Joc = 90.5 Hz, N-CH,-P). ¥P{'H} NMR (121.4
MHz, D,0, 25 °C): § 16.1 (s). 3P NMR (121.4 MHz, D,0, 25 °C): §
162 (d, YJpy = 543.9 Hz). MS (ESI, negative): m/z 362 [TRAP-H*].
Anal. Caled (%) for CoH,,N;OPyH,0: C, 28.35; H, 6.87; N, 11.02.
Found: C, 28.28; H, 6.70; N, 11.13.

1,4,7-Triazacyclononane-1,4,7-tris[methylene-
(hydroxymethyl)phosphinic acid] (TRAP-OH). Triazacyclononane
trihydrochloride (1.50 g, 6.23 mmol), paraformaldehyde (0.74 g, 24.67
mmol), and solid hypophosphorous acid (2.80 g, 42.42 mmol) were
dissolved in water (20 mL) and stirred at room temperature for 48 h.
The reaction mixture was evaporated in vacuo (bath temperature of
<40 °C). The resulting oil was dissolved in 6 M HCI (50 mL).
Paraformaldehyde (0.74 g, 24.67 mmol) was added, and the solution
was heated at 105 °C in a bath for 24 h. The reaction mixture was
evaporated in vacuo and purified on Dowex S0 resin (H* form, elution
with water). The fractions containing product were combined,
evaporated in vacuo, and freeze-dried to give TRAP-OH-0.3HCI-1.5-
H,0 (2.16 g, 70%). '"H NMR (300 MHz, D,0, 25 °C): § 3.47 (d, ¥Jpy
= 6.8 Hz, N-CH,-P, 6H), 3.62 (s, ring CH,, 12H), 3.82 (d, *Jpy = 6.0
Hz, P-CH,-OH, 6H). BC{'H} NMR (100.6 MHz, D,0O, 25 °C): §
52.46 (s, ring CH,), 54.14 (d, “Jpc = 87.42 Hz, N-CH,-P), 60.36 (d,
Yo = 113.8 Hz, O-CH,-P). *'P{'H} NMR (121.4 MHz, D,0, 25 °C):
5 34.58 (s). MS (ESI, negative): m/z 474 [TRAP-OH + Na" — 2H'].
Anal. Caled (%) for C;,H;N,0,P51.5H,0-0.3HCI: C, 29.34; H, 6.83;
N, 8.55. Found: C, 29.30; H, 6.58; N, 8.28.

Potentiometric Measurements. Potentiometry was conducted
according to the previously published procedures; for the preparation
of stock solutions and chemicals, the equipment, electrode system
calibration, titration procedures, and data treatment, see refs 10, 46b,
and 57. The Ga(NO,); stock solution was acidified with aqueous
HNO;, and the excess of acids in the stock solution was determined
independently by acid—base titration. Throughout the paper, pH
means —log[H"]. Protonation and stability constants were determined
in 0.1 M (NMe,)Cl at 25.0 °C with a pK,, of 13.81. Protonation
constants and stability constants for the complexes with metal ions
except Ga** were determined by in-cell titrations from data obtained in
the pH range of 1.6—12 (or until precipitation of metal hydroxides)
with ~40 points per full titration and four parallel titrations (¢, = 0.004
M; ¢y = 0.004 or 0.002 M). The stability constants of the gallium(III)
complexes were obtained by the out-of-cell method as described
previously [starting pH of 1.5, 15—25 points per titration, points with
precipitated Ga(OH); excluded].'®® The full sets of determined
constants (with their standard deviations given directly by the
program) are given in the Supporting Information (Tables S1.1 and
S1.2). The titration data were treated with OPIUM,*® and the
presented chemical models were chosen to have a chemical sense and
to exhibit the best fitting statistics. Stability constants of metal hydroxy
complexes were taken from ref 59.

Complexation—Decomplexation NMR Measurements. For-
mation of the Ga**~TRAP-R (R = H, Ph, or CH,0H) complexes was
followed by *'P and ""Ga NMR spectroscopy (25 °C, ¢ = cg, = 10
mM). The experiments were conducted at pH 2.8 (1 M sodium
chloroacetate buffer), pH 1.0 (0.1 M HCIl), and pH 0 (1.0 M HCI);
the solution pH was checked at the end of the complexation. The 7'Ga
and ¥P{'H} NMR signals were referenced to a 0.2 M aqueous
[Ga(OH),]” solution and 85% aqueous H;PO,, respectively, in the
insert tube. We preformed the complexes for other NMR measure-
ments in solution by mixing of the ligand and Ga*" salt stock solutions
in a 1:1 Ga:L molar ratio and increasing the pH to 2.5 with a
hydroxide solution (with heating if necessary for quantitative
formation). Proton-assisted decomplexation of the complexes (cgy, =
10 mM) in 6 M HCIO, was followed by *P{'H} NMR over a period
of 6 weeks.
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Computational Method. If not stated otherwise, all calculations
were performed with the Gaussian 03 suite.”" The geometries were
optimized using a pure DFT functional with Ahlrichs' triple-£ basis set
(BP86/TZVP/ auto).Gk63 The basis was automatically fitted to
improve performance. Stationary points were confirmed as local
minima by a frequency calculation (absence of imaginary frequencies).
Transition states were also confirmed by a frequency calculation by the
occurrence of one imaginary frequency. The conductor-like polarizable
continuum model (C-PCM) was applied to model the influence of
water (¢ = 78.39) with the following nonstandard input.***° Atomic
radii were modeled with the United Force Field (UFF) model that
uses individual spheres for all hydrogen atoms. The nosymmcav
keyword was applied to break the symmetry of the cavity. The number
of added spheres was decreased by setting O, equal to 0.8 and R,
equal to 0.5. In cases where the optimization did not converge, the
GDIIS algorithm was applied to arrive at a stationary point.**%
Energies for the hydroxide anion and water molecule were taken from
ref 49. Values reported therein were obtained at the BP/TZVP level of
theory and with application of COMSO-RS, which combines the
electrostatic advantages and computational efficiency of the dielectric
continuum  solvation model COSMO with a statistical thermody-
namics method for the local interaction of surfaces. It also takes into
account local deviations from dielectric behavior as well as hydrogen
bonding (see ref 49 and references cited therein).

To obtain more accurate energies for the four TRAP-H
diastereoisomers and the transition state of the isomerization, we
optimized their geometries at the BP86/TZVP level of theory using
the C-PCM solvent model with the alterations given above followed
by a frequency calculation with the Gaussian 03 suite. With the
obtained geometry, a single-point calculation was conducted with
Gaussian 09 using Truhlar and Zhao’s M06 functional and Ahlrichs'
def2-TZVPP basis set.” "7 The influence of the solvent water (water
& = 78.3553) was modeled with C-PCM and the alterations given
above. Because the values for the thermal correction to the Gibbs free
energy change only slightly with a different basis, they were taken from
the TZVP calculation and added to the SCF energy obtained from the
single-point calculation to yield more accurate Gibbs free energies.
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TRAP, a Powerful and Versatile Framework for Gallium-68
Radiopharmaceuticals™*
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Dedicated to Prof. em. Dr. rer. nat. habil. Ernst Anders on the occasion of his 70th birthday

The remarkable success of ®*Ga-labeled peptides in neuro-
endocrine tumor diagnostics gave a major boost to the de-
velopment of ®*Ga-labeled tracers for positron emission to-
mography (PET).'"" In contrast to common PET isotopes,
®Ga (1,=68 min; Ey, n=1.89 MeV) is not produced by
on-site cyclotrons but, similarly to *™Tc production for scin-
tigraphy, is obtained from ®Ge/®*Ga radioisotope generators
(1,(**Ge)=270.8 days). Conjugation of biologically active
molecules to bifunctional chelate ligands and subsequent
%Ga’* complexation delivers radiopharmaceuticals that
bind to pathologically overexpressed target structures with
high affinity and thus allow for non-invasive molecular
imaging in patients.

Until now, the design of ®Ga tracers mainly relied on
DOTA!M (Scheme 1), which is ideally suited for larger metal
ions (particularly lanthanides) but less so for the smaller
Ga’* ion. However, the utility of the smaller NOTA®!
system (Scheme 1) for Ga®* complexation has been shown
two decades ago.” As it has been found that it forms Ga™
complexes with higher kinetic stability and allows higher
%Ga labeling yields, conjugates of some of its bifunctional
derivatives (mainly NODAGA," Scheme 1) are increasing-
ly utilized in the development of ®Ga radiopharmaceuticals
in recent times. Inspired by these results, we report here the
synthesis, properties, and preclinical evaluation of ®Ga radi-
opharmaceuticals derived from NOTA-analogous 7ri-Azacy-
clononane-Phosphinic acids®! (abbreviated TRAP, see
Scheme 1 and Table 1) and reveals their enormous utility for
nuclear medicine and molecular imaging.
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Scheme 1. Macrocyclic chelators discussed in the text (see also Table 1).

Table 1. TRAP ligands used in this study.

Identifier Substituent R Ref.
(Scheme 1)

TRAP-H H Bal

TRAP-Ph Ph (bl

TRAP-OH CH,-OH “

TRAP-Pr CH,-CH,-COOH Bl

The ®Ga’* complexation behavior was compared for
TRAP ligands (Table 1), DOTA, and NOTA. Figure 1
shows that TRAP ligands are able to incorporate %Ga
nearly quantitatively (>95%) at much lower ligand concen-
trations (¢ ) and, due to the low pK, of phosphinic acid moi-
eties (ca. 0.7-1.5™°1), also in strongly acidic media; in the
case of TRAP-OH™ and TRAP-Pr™ even at a pH as low as
0.5. As this allows ®Ga labeling by directly using the neat
eluate (0.1m HCI) of the very popular Obninsk generator,
greatly facilitated kit production of ®Ga tracers could be
achieved. Figure 2 illustrates that particularly TRAP-Pr rap-
idly incorporates %Ga at 25°C and ¢, =3 um, whereas nei-
ther DOTA nor NOTA can be labeled under these condi-
tions. However, in line with previous reports™! we found
that unlike DOTA, NOTA can be readily labeled at room
temperature when using a fairly high ligand concentration
of ¢, =100 um (see the Supporting Information for details).

Chem. Eur. J. 2011, 17, 14718 -14722
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Figure 1. ®®Ga incorporation (%) by DOTA, NOTA, and TRAP ligands
(20-30 MBq =0.2-0.3 pmol of ®Ga at 95°C, 5min) as functions of ¢,
(top, pH 3.3) and pH (bottom, ¢, =10 um =n; =1 nmol).

In addition to its remarkable labeling properties, TRAP-
Pr is particularly suitable for innovative tracer design since
it can be derivatized easily by amide formation without af-
fecting the integrity of the complexation site.”] Integrins,
heterodimeric transmembrane adhesion receptors, are cur-
rently of particular interest for molecular imaging since they
are involved in fundamental biological processes such as cell
adhesion, migration, and proliferation. Cyclic pentapeptides
of the cyclo(RGD{K) type possess a high integrin affinity

HN" T NH,
2 H
DT o
O=(\H o

Scheme 2. TRAP(RGD);, a TRAP-based cyclo(RGDfK) trimer.
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Figure 2. ®*Ga incorporation (%) by DOTA, NOTA, and TRAP ligands
as functions of time (20-30 MBq =0.2-0.3 pmol of ®Ga at 25°C, pH 3.3),
top: ¢, =3 uM =n; =300 pmol, bottom: ¢;, =100 um =n; =10 nmol.

and have been widely employed in clinical studies address-
ing o,fp; integrin status in angiogenic, oncological, and car-
diological evaluations.”! Furthermore, multiple conjugates
(multimers) of RGD peptides exhibited enhanced affinities
due to the avidity effect, and thus appear better suited for in
vivo imaging of integrin expression.!”!

TRAP(RGD); (Scheme 2) combines multimericity with
the exceptional ®*Ga** complexation performance of TRAP

x
N H\%

0 N
Q NH H
o’ N H )\/N OH
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o
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ligands. According to current GMP standards for clinical
routine production, ®Ga labeling of TRAP(RGD); was
done on a fully automated system (see the Supporting Infor-
mation). Without the necessity of pre-purification or con-
centration of the generator eluate prior to labeling, ®Ga-
TRAP(RGD); was produced in high yields and with ex-
tremely high specific activity (SA) exceeding 4 TBqumol™!
(Table 2), thus enabling production of high specific activity

Table 2. Radiochemical yields for automated *Ga-TRAP-(RGD); pro-
duction and specific activities at injection time (i.e., decay corrected to
30 min after start of synthesis). Synthesis on GallElut* module using a
SnO,-based ®*Ge/*Ga generator (iThembalLABS) eluted with 1.0m HCI;
eluate fraction of 1.25mL (ca. 1 GBq ~10 pmol of ®Ga) with 270 mg
HEPES and 220 pL water, pH 2, reaction at 95-100°C for 5 min (see the
Supporting Information for details); radiochemical purity was always
>99.0% by radio-TLC and >99.8% by radio-HPLC.

TRAP(RGD);, Radiochemical yield Specific activity
[nmol] [%] MBq GBq pmol ™
1.00 952+1.7 701 +£12 701+£12

0.33 90.0+2.7 663 +20 2009+ 61

0.10 65.8+5.6 485+41 4848 +414

%Ga tracers also using low ®Ga activities for synthesis. As

higher specific activity is tantamount to smaller absolute

amounts of substance administered, TRAP radiopharma-

ceuticals are now coming much closer to the ‘ideal tracer’

concept: allowing the monitoring of biochemistry in vivo

without disturbing the underly-

ing biological processes and

equilibria.  Furthermore, the

probability of undesired phar-

macological effects occuring in

human application is greatly re-

duced. Another advantage for

modern preclinical small-animal /

imaging is the virtual elimina-

tion of disturbing saturation ef-

fects, which are frequently oc-

curing and caused by too low

specific activity,®! such as com- e I

petition of the unlabeled com- °

pound on receptors. °
Comparison of ®Ga-TRAP-

(RGD); with the clinically

tested *F-Galacto-RGD" (mo-

nomer; structure given in the HN

Supporting Information) in bio- HN/\*NH;

distribution studies using athy-

mic nude mice bearing M21 »ﬁ

(o, B5-positive) and M21L (very N

low o,fs;-expressing) human el H PN

melanoma xenografts on right

and left shoulders and competi-

tion assays on M21 cells re-

vealed a 7.3-fold higher o,f;-in-

tegrin affinity and 3.9-fold (CuAAC).
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higher tumor uptake of ®*Ga-TRAP(RGD); (Table 3). PET
imaging (Figure 3) shows a markedly increased uptake of
the trimer in other organs such as thyroid or intestine; how-

Table 3. Octanol-water partition coefficients, ICs,, tumor uptake (% in-
jected dose per g tumor), uptake ratios tumor/blood and tumor/muscle
90 min after injection of RGD radiotracers. ICs, values were determined
by using non-active reference compounds (""Ga/'’F-labeled) in competi-
tion assays on M21 cells against '*I-Echistatin.

Tracer logP,,, 1C5, ID/g[%] M21/ M21/
[nM]  (M21) blood muscle

%Ga-TRAP(RGD); —3.94+0.1 44 5334126 253+72 6.7+0.7

8F-Galacto-RGD —3.20% 319 1.35+0.53 6.1+33 7.6+17

[a] IC, of the Ga-free compound is 43 nm.

ever, this uptake was proven to be highly specific, as virtual-
ly complete blocking was observed upon co-injection of
5 mg of unlabeled precursor per kg body weight.

After functionalization of TRAP-Pr with propargylamine,
the synthetic performance of click chemistry (CuAAC) can
be utilized for the bioconjugation to the TRAP ligand,
which has been illustrated by the synthesis of an RGD-
‘click’-trimer (Scheme 3, see the Supporting Information for
details). Further examples for the versatility of the TRAP
ligand are a TRAP-biotin trimer to be used in avidin-biotin
targeting systems and a TRAP(RGD),(rhodamine) hetero-
multimer, which emphasizes the facile accessibility of

Scheme 3. Synthesis of a TRAP-based RGD trimer employing Cu'-catalyzed alkyne-azide cycloaddition

Chem. Eur. J. 2011, 17, 14718 -14722
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%Ga-TRAP(RGD), '8F-Galacto-RGD

Blockade

#Ga-TRAP(RGD),

Figure 3. microPET scans (MIP, 75 min p.i.) of nude mouse bearing
tumor xenografts on both shoulders (left: M21L, right: M21).

Scheme 4. TRAP(biotin); trimer (top) and TRAP(RGD),(rhodamine-
6G), aRGD dimer with additional rhodamine 6G fluorophor (bottom).
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TRAP-based tracers for the increasingly important field of
multimodal imaging (Scheme 4). These conjugates incorpo-
rated ®Ga with similar efficiency as TRAP(RGD).

We conclude that TRAP ligands are exceptionally well
suited for the development of ®Ga tracers for in vivo molec-
ular imaging with PET, as they allow highly efficient ®Ga**
complexation in a wide pH range (0.5-5) and at 10-30-fold
lower concentrations than NOTA and DOTA, the currently
most frequently used **Ga chelator systems. For the example
of the TRAP-based cyclo(RGDfK) trimer ®Ga-TRAP-
(RGD); it was shown that multimeric TRAP tracers are
easily accessible and can be ®Ga-labeled in full automation,
thereby reaching hitherto unparalleled specific activities of
several TBqumol~! without separation from excess precur-
sor. Utility of the resulting radiotracer was proven in a pre-
clinical imaging study. Further examples demonstrated the
versatility of the TRAP system in tailoring molecular imag-
ing agents and multimodal probes, all of which is justifying
high expectations for future applications of TRAP.
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A Monoreactive Bifunctional Triazacyclononane Phosphinate Chelator with

High Selectivity for Gallium-68

Jakub Simecek, ™ Ondiej Zemek,™ Petr Hermann,®

In recent years, the significance of the radioisotope %Ga (ty,=
68 min; Egi o= 1.89 MeV) for positron emission tomography
(PET) has been widely recognized, particularly in light of the
success of ®Ga-labeled somatostatin analogues, such as %Ga-
DOTATOC, in neuroendocrine tumor imaging.”’ The main ad-
vantages of %Ga are easy handling, quick and uncomplicated
labeling procedures, and cyclotron-independent on-site pro-
duction in radioisotope generators. In such devices, ®Ga is
constantly generated by the decay of ®Ge (t,=270.8 days,
EQ), similar to *™Tc production in *Mo/*™Tc generators. This
facilitates the implementation of global coverage of PET, an
imaging modality which, in view of its high sensitivity and spa-
tial resolution relative to scintigraphy, is considered an ex-
tremely valuable tool in functional molecular imaging and per-
sonalized healthcare.

Targeted %Ga radiopharmaceuticals, e.g., for peptide recep-
tor imaging, are usually bioconjugates that consist of one or
more bioactive vectors and a chelating unit for %¥Ga** binding.
As the inherent complexation properties of the chelator readily
determine the labeling efficiency and thus the specific activity
of the tracers, chelator optimization is a pivotal issue in tracer
improvement.”!

About two decades ago, 1,4,7-triazacyclononanes with phos-
phinic acid side chains were found to be good chelators for
various metal ions, including Ga*'." More recently, our re-
search groups reported a novel bifunctional triazacyclononane
triphosphinic acid chelator (TRAP), which complexes %Ga’"
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much more efficiently than the established bifunctional chela-
tor NODAGA and also constitutes an ideal framework for the
preparation of trimeric bioconjugates.”® Pursuing this ap-
proach, we devised the related structure NOPO (see
Scheme 1), which possesses only one site for bioconjugation. It

N
1,
l/ { o NH N/\P\/OH
\,
[\ 1 OH HO
r\ N NP~ &N\/
NOHN g HO ) )
A Y
HO\P) HO °
oo e
OH ( ‘OH
HO /N \
c) >/._\_0H N
| ,
o p— N\ o
a Ho-"
NOPO OH

Scheme 1. Synthesis of the NOPO chelator. Reagents and conditions:
a) H;PO,, H,C=0, 6 m HCl, RT, 24 h; b) Pd/C in H,O, H,, RT, 12 h; c) (2-carboxy-
ethyl)phosphinic acid, H,C=0, 6 m HCl, 70°C, 24 h. Overall yield: 18-30%.

is therefore ideally suited for synthetic tasks in which strictly
monoconjugation is desired, such as for conjugates of soma-
tostatin receptor agonists which internalize into cells after
binding. NOPO therefore perfectly complements the portfolio
of TRAP-like chelators in terms of synthetic strategy.

NOPO was synthesized by a multistep Moedritzer-Irani reac-
tion,” as shown in Scheme 1 (see the Supporting Information
for details). As expected, owing to the lower basicity of phos-
phinate-containing ligands relative to those featuring carboxy-
lates, the stability constant of the [Ga(NOPO)]~ complex
(logK=25.01, determined by potentiometry) is lower than that
of [Ga(NOTA)] (logKk=29.60)"" but similar to that of [Ga-
(TRAP)I*~ (log K=26.24).") Nevertheless, the [Ga(NOPO)]~ com-
plex was found to possess pronounced kinetic inertness
against acid-promoted decomplexation. No disintegration of
the complex was observed in 6 M HCIO, over a period of three
months at room temperature.

For proof-of-concept studies, two well-investigated peptidic
receptor ligands, cyclo(RGDfK) (“RGDfK”, targeting of a,f; in-
tegrins)'® and Nal-octreotide (“NOC”, targeting of somatostatin
receptor subtypes 2 and 5),"" were conjugated to the carbox-
ylic acid moiety of NOPO by amide formation (see also Sup-
porting Information). Because chelator conjugates of these tar-
geting groups are very well investigated, their choice allows
comparison with a sound basis of prior data. Conjugation of
NOPO is particularly convenient, as no protection of the phos-
phinate moieties is required during the reaction.

@WILEY g

ONLINE LIBRARY

1375



MED

0 _ I O, N
N/ \~P— 0 N—NH H =0
NCONC on X / HN
$ ) NSNS TSNH O H D
NN/ H N -OH
HO ) P ~/ !/
. o i 0 O
/
(o 7
OH NOPO-RGDfK &
\%/
Ho_\p/OH 0
e it
N\ o
N N '1/( :
< N, OH :
N4 N

NOPO-NOC

In line with previous studies that outlined the superior ®Ga
labeling efficiency of 1,4,7-triazacyclononane phosphinate li-
gands relative to their carboxylate analogues,®® NOPO was
shown to incorporate %Ga at very low ligand concentrations,
which is typical for TRAP-type chelators. Moreover, bioconju-
gation does not significantly change %Ga labeling perfor-
mance; Figure 1 shows that the radioactivity incorporation into
NOPO and NOPO-RGDfK is essentially identical within the mar-
gins of error. For both compounds, near-quantitative (> 95 %)
labeling can be achieved at chelator concentrations as low as

100 -

%8Ga incorporation / %

0.001 0.01 0.1 1

c/um
Figure 1. Radioactivity incorporation (%) by NOPO and NOPO-RGDfK as

functions of precursor concentration (T=95°C, t=5 min, pH 2.8).
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0.1 um. ®Ga-NOPO-RGDfK showed no loss of activity, neither
over a period of 3 h in PBS or 0.25 M EDTA at 37°C, nor in vivo.

Due to competition with %Ga** for the chelator, contamina-
tion of ®Ge/*®Ga generator eluates with various metal ions
originating from the column matrix or the eluents was recog-
nized earlier as being responsible for considerably decreased
radiochemical yields during ®Ga labeling. In view of the very
similar coordination behavior of Ga®" and Fe**, the latter ion
is considered particularly problematic. Moreover, the presence
of Zn*" in the eluate cannot be circumvented, as ®Zn is con-
stantly formed as a stable daughter of ®®Ga. To avoid potential
problems caused by these metal ion contaminants during sub-
sequent complexation, various strategies for eluate purifica-
tion, i.e., removal of non-Ga®" cations, have been devel-
oped."* However, Figure 2 shows a pronounced selectivity

100 ~
X
~
o
R
-
o
g_ 50 A
o
o
£
s+
m@

0 E T T T
@ * 10 100 1000
CMk+/p~M

Figure 2. Radioactivity incorporation (%) by NOPO as a function of concen-
tration of added metal ions (cyopo=3 um, T=95°C, t=5 min, pH 3.3); @:
none added; *: [NOPOJ/[M*"1=1 (3 um).

of NOPO for Ga®'. Almost quantitative ®Ga binding is ob-
served even in the presence of 30 um Zn’* or 10 um Fe’™ (ie.,
10 and 3.3 equiv of NOPO, respectively), which exceeds by far
the single-digit ppm concentration range in which these ions
are maximally present in generator eluates."*™"”! For NOPO, the
usual contents of Fe*" and particularly Zn** in eluates can
therefore be considered irrelevant, rendering the removal of
these ions unnecessary.

GMP-compliant production of radiopharmaceutical formula-
tions of *®Ga-NOPO-peptides was performed in a fully auto-
mated process as described before.”'® Exceptionally high spe-
cific activities can be achieved reproducibly; for example, label-
ing reactions with 100 pmol NOPO-RGDfK and 970+ 60 MBq
%Ga (=10 pmol) yielded formulations of %Ga-NOPO-RGDfK

ChemMedChem 2012, 7, 1375-1378
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with radiochemical yields of 77.24+2.1% (decay-corrected),
while specific activities (calculated for t=30 min after the start
of synthesis)'? reached 5600500 GBqumol~'. For a typical
dose used in small-animal imaging, such as 15 MBq, this results
in a total injected amount of both labeled and unlabeled
NOPO-RGDfK of ~2.7 pmol or 3.1 ng, which is impressively
low. Accordingly, a hypothetical patient dose of 185 MBq
(5 mCi) would contain only ~33 pmol or 38 ng of RGDfK conju-
gates. ®®Ga-NOPO-peptides can therefore be considered ideal
radiotracers and even meet concentration requirements far
below the microdosing approach. Due to their extremely high
specific activity without the need for a purification step,
NOPO-peptide conjugates allow convenient adjustment to an
ideal specific activity by the addition of cold reference and
thus are very useful for studies of the influence of the specific
activity of ®Ga-labeled peptides on specific tracer uptake
in vivo.

The suitability of ®Ga-NOPO-peptides for molecular imaging
was proven in preliminary PET studies. ®Ga-NOPO-RGDfK was
used for mapping of a,f3; integrin expression in a nude mouse
bearing human melanoma xenografts M21 (high o,f; expres-
sion) and M21L (low a,3; expression) on the right and left
shoulders, respectively. Figure 3 (left) shows that M21 is clearly

ID g

kidneys
o

Figure 3. PET images (MIP, 75 min p.i.) of nude mouse tumor xenografts.
Left: ®*Ga-NOPO-RGDfK (M21 human melanoma); right: ®¥Ga-NOPO-NOC
(AR42J rat pancreas carcinoma). Accumulation of activity is observed in the
urinary bladder (indicated by outline arrows) due to renal excretion.

delineated in the PET image. In accordance with previous stud-
ies, we also observed considerable uptake in the abdominal
region.”'®2% However, all of this uptake was shown to be in-
tegrin-specific, as nearly complete blocking was achieved by
co-injection of excess NOPO-RGDfK (5 mgkg™'; see Supporting
Information figure S5). PET imaging of an AR42J-xenografted
mouse using *Ga-NOPO-NOC (Figure 3, right) shows low back-
ground and high tracer uptake in the tumor, while only insig-
nificant amounts of activity remain in the kidneys. Again, spe-
cificity of binding was proven by complete extinction of tumor

ChemMedChem 2012, 7, 1375-1378
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uptake by administration of a blocking dose of 5 mgkg™
NOPO-NOC (see Supporting Information figure S6).

We conclude that our novel chelator NOPO is highly appro-
priate for the preparation of %Ga PET radiopharmaceuticals. Its
radiochemical properties, namely excellent efficiency and selec-
tivity in ®Ga®" complexation, are of outstanding value for clini-
cal daily practice. In addition, due to the eradication of unde-
sired pharmacological or saturation effects, the high specific
activity achievable for NOPO peptides is of high importance
for preclinical studies in rodents. In view of the convincing re-
sults of the proof-of-concept PET study, we assume that NOPO
has a bright future in the design of next-generation monomer-
ic ®Ga PET tracers.
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1. Materials & Methods

Instrumentation: NMR spectra were recorded using Varian Unity Inova (400 MHz), VNMRS
(300 MHz) or Bruker Avance-III (600 MHz) NMR systems. 'H and *C NMR shifts are referenced
to tert-butanol signal (internal standard; 1.25 and 30.29 ppm, respectively), *'P NMR shifts are
referenced relative to 85 % aq. H;PO4 solution as external standard (0.0 ppm) and "'Ga NMR shifts
are referenced to 0.2 M aq. [Ga(OH),]” (222 ppm) or [Ga(H,0)]*" (0 ppm) solutions as external
standards. ESI-MS spectra in positive and/or negative modes were measured on Bruker
Esquire 3000 or Varian Ion-trap 500 spectrometers. Ultrafiltration was performed using an Amicon
(Millipore) apparatus (50 mL stirred cell model 8050, CDS10 selector valve and RC800 mini-
reservoir), in combination with cellulose acetate membranes (Ultracel, filter code YCO05, cut-off
500 Da). Elemental analysis was performed using a Perkin Elmer CHN/S Elemental analyser 2400
II. The thermodynamic stability constant of the [Ga(NOPO)]" complex was determined by

potentiometry as described before.'

Starting materials: The solvents and reagents used for syntheses were commercially available.
1-Benzyl-1,4,7-triazacyclononane was purchased from Chematech (Dijon, France). (2-carboxy-
ethyl)phosphinic acid was prepared as described before.” Peptides were synthesized according to

standard Fmoc protocol on solid phase support.

HPLC, TLC: Bioconjugates were purified using preparative HPLC, consisting of a Sykam system
with two separate solvent pumps, on a YMC Cl18ec column (250 x 30 mm, 5 pm particle size) and
UV detection (220 nm and 254 nm), flow rate 20 mL/min. Analytical HPLC was performed using a
Sykam HPLC system with low-pressure gradient mixer, equipped with a Nucleosil C18-RP column
(100 x 4.6 mm, 5 pm particle size) and UV detection (220 nm), flow rate 1 mL/min. Radio-HPLC
was performed on a Sykam system using a Chromolith column (Merck, 100 x 4.6 mm) with
radioactivity and UV detection (220 nm), flow rate 2 mL/min, eluents were water and acetonitrile,
both containing 0.1 % TFA (isocratic elution with 3 % MeCN for 2 min followed by a gradient to
60 % MeCN in 6 min and isocratic elution with 95 % MeCN for 3 min). Radio-TLC was done on
silica gel 60 with 0.1 M aqueous sodium citrate as mobile phase (TLC1) and on Varian silica
impregnated chromatography paper with a 1:1 (v/v) mixture of 1 M aqueous NH,OAc and MeOH as
mobile phase (TLC2).



2. Synthesis of NOPO and its gallium(lll) complex

1,4,7-triazacyclononane-1,4-bis|methylene(hydroxymethyl)phosphinic  acid]-7-[methylene(2-
carboxyethyl)phosphinic acid] (NOPO): 1-benzyl-1,4,7-triazacyclononane (1.28 g, 5.88 mmol)
and paraformaldehyde (0.44 g, 14.7 mmol) were suspended in 50 % aq. H;PO, (6.60 mL,
60.3 mmol) and water (5 mL). Reaction mixture was stirred for 12 h at ambient temperature and then
purified on cationic exchanger (Dowex 50 in H' cycle). The column was washed with water and the
triazacyclononane-containing compounds were eluted with a 1:1 (v/v) mixture of 6 M aq. HCI and
EtOH. The eluate was evaporated and crude product was dissolved in 6 M aq. HCl (20 mL),
paraformaldehyde (0.73 g, 24.3 mmol) was added and solution was refluxed for 5h. Then the
solvent was evaporated and the residue was purified on silicagel with a 3:1:2 mixture (by volumes)
of MeCN, MeOH, and NH,OH as mobile phase. Fractions containing pure product (as monitored by
*'P NMR spectroscopy) were collected and the eluent evaporated in vacuo to give 1.20 g of a dark-
yellow solid. This was dissolved in water (5 mL), 10 % Pd/C (0.10 g) was added and the mixture
was stirred under H, atmosphere at ambient temperature for 12 h. *'P NMR reaction monitoring
showed that after this time, deprotection was quantitative. The catalyst was filtered off with a fine
glass frit, and the solvent evaporated in vacuo, resulting in 0.90 g of crude intermediate. This was
dissolved in 6 M aq. HCI, 2-(carboxyethyl)phosphinic acid (0.53 g, 3.80 mmol) was added, and the
mixture heated to 75 °C. Paraformadehyde (0.35 g, 11.7 mmol) was added in small portions during
24 h. Then, the solvent was removed in vacuo, the residue repeatedly co-evaporated with water in
order to remove HCI, and loaded on cation exchange resin (Dowex 50 in H' cycle). The resin was
eluted with water and the fractions containing the product were identified by *'P NMR. These were
collected, the eluent removed in vacuo, the residue dissolved again in water and lyophilized, yielding

0.53 g (18 %) of a microcrystalline, pale yellow solid (NOPO-0.6 H,0).

'H NMR (600 MHz, D,0), 8/ppm: 3.58 (s, ring CH,, 4H), 3.61 (s, ring CH,, 2H), 3.495 (d, “Jpy =
6.4 Hz, N-CH,—P, 2H), 3.83 (d, *Jpy = 5.8 Hz, P-CH,—OH, 4H), 3.50 (d, “Jpy = 5.5 Hz, N-CH,—P,
4H), 2.09 (m, P-CH,—CH,, 2H), 2.69 (m, P-CH,—CH,, 2H); “C{'H} NMR (150 MHz, D,0),
O/ppm: 52.29 (s, ring CH,, 2C), 52.39 (s, ring CH,, 4C), 53.82 (d, 17 = 86.6 Hz, N-CH,—P, 20),
60.20 (d, "Jpc = 112.9 Hz, P-CH,~OH, 2C), 55.38 (d, 'Jpoc = 90.4 Hz, N-CH,-P, 1C), 25.51 (d, "Jpc
= 94.7 Hz, P-CH,~CH,, 1C), 27.52 (d, "Joc = 3.5 Hz, P-CH,~CH,, 1C), 177.91 (d, *Jpc = 12.6 Hz,
C=0, 1C); *'P{'"H} NMR (121 MHz, D,0), 8/ppm: 34.7 (s, 2P), 40.3 (s, 1P). ESI-MS(+): m/z = 496
(M+H")". Elemental analysis calculated (%) for C;4H3;,N;30,0P5-0.6 H,O: C 33.22, H 6.61, N 8.30;
found C 32.31, H 6.67, N 8.22.

[Ga(NOPO)]™ solution for NMR: Solutions of NOPO and Ga(NO); (2 mL of 2 mM of each) were
mixed in NMR tube. >'P{'H} NMR (121.4 MHz, D,0), 8/ppm: 37.3 (s, P-CH,~OH, 2P), 41.6 (s, P—



(CH,),CO,H, 1P). ""Ga NMR (122 MHz, D,0), 8/ppm: 136 (s). ESI-MS(-): m/z = 560 (M—H")", 596
(M+K"—2H")". ESI-MS(+): m/z = 562 (M+H")", 584 (M+Na")", 600 (M+K")".

3. Synthesis of the NOPO peptide conjugates
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Figure S1: Structures of the protected peptides used as starting compounds for synthesis of

conjugates.

NOPO-RGDfK: NOPO-0.6 H,O (24.8 mg, 49 umol) and cyclo(RGDfK)(Pbf,sBu) (50.0 mg,
unknown TFA content, ca. 50 pmol) were dissolved in dry DMSO (0.5 mL), and DIPEA (86.0 pL,
63.8 mg, 494 umol) was added. Then HATU (57.2 mg, 150 umol) was added and the solution was
stirred for 10 min at ambient temperature. The precipitate obtained by addition of the reaction
mixture to sat. aq. NaCl solution was separated by centrifugation, the solid was dissolved in water
and subjectied to diafiltration with water (ca. 200 mL). The retentate was lyophilized, and TFA
(80 %, 1 mL) was added for removal of acid-sensititive protecting groups Pbf and /Bu. The product
was precipitated by addition into diethyl ether (10 mL), the precipitate centrifuged off and purified
by preparative HPLC (gradient: 27 % to 37 % MeCN in water, both containing 0.1 % TFA, in
30 min). Fractions containing the product were collected, the organic solvent evaporated in vacuo

and the remaining aqueous solution lyophilized to give 21 mg (40 %) of NOPO-RGD{K.

Analytical HPLC: gradient 20 % to 80 % MeCN in water, both containing 0.1 % TFA, in 24 min.
tr = 6.5 min. ESI-MS(+): m/z =1081 (M+H")", ESI-MS(-): m/z = 1079 (M-H") .

[Ga(NOPO-RGDfK)] solution: Solutions of Ga(NO;); and NOPO-RGDfK (0.1 mL of 2 mM of
each) were mixed. The complex was identified by ESI-MS(+): m/z = 1147 (M+H").

NOPO-NOC: This compound was prepared as described for NOPO-RGDfK, starting out from
NOC(Dde) (10.0 mg, unknown TFA content, ca 7.5 umol), NOPO (5.5 mg, 11.1 umol) and using
DMSO (0.5 mL), DIPEA (143 mg, 193 uL, 111 pmol) and HATU (21.1 mg, 55.5 umol).
Deprotection (removal of Dde) was done with 2 % hydrazine in DMF. Purification was done by
preparative HPLC (gradient 25 % to 45 % MeCN in water, both containing 0.1 % TFA, in 60 min),
yield 5.9 mg (51 %).



Analytical HPLC: gradient 20 % to 60 % MeCN in water, both containing 0.1 % TFA, in 16 min.
tx = 8.5 min. ESI-MS(+): m/z = 1528 (M-H,O0+H")", 774 (M-H,0+2H")*"

[Ga(NOPO-NOCQ)] solution: Solutions of Ga(NO;); and NOPO-NOC (0.1 mL of 2 mM of each)
were mixed. ESI-MS(+): m/z = 1612 (M+H")", 806 (M+2H")*".

4. Automated *®Ga labeling

%Ga-labeling was performed using a synthesis module (GallElut” by Scintomics, Fiirstenfeldbruck,
Germany) as described before, the synthetic procedures being carried out in full automation,
controlled by a computer program. Briefly, ®*Ga was obtained from a generator with SnO, matrix
(IThemba LABS, South Africa, distributed by IDB Holland) which was eluted with 1 M aq. HCIL.
NOPO-RGDfK or NOPO-NOC (0.1-1 nmol) and HEPES (0.4 mL of solution resulting from mixing
7.2 g of HEPES with 6 mL of water) were placed in a 5 mL conical reaction vial (AllTech). For
labeling, a 1.25 mL fraction of the generator eluate, containing the highest activity (between 900 and
1000 MBq) was added, resulting in pH of 1.8. The vial was heated to 100 °C for 5 min. Then, the
reaction mixture was passed through an SPE cartridge (Waters SepPak C18 classic), the cartridge
was purged with 10 mL of water in order to remove non-complexed ®*Ga’", other ions, and HEPES,
and purged with air. The product was eluted with ethanol (1 mL) into a 10 mL flask. In order to
obtain a formulation suitable for animal experiments, water (2 mL) and PBS (1 mL) were added and
the solution concentrated in vacuo until a final volume of 1 mL was reached, the solution thus
possessing suitable pH and osmolality for injection. Product purity was determined by radio-TLC

and radio-HPLC.
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Figure S2: Radio-TLC of ®*Ga-NOPO-RGDfK (TLC1).
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Figure S3: Radio-TLC of ®*Ga-NOPO-RGDfK (TLC2).
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5. Manual radiolabeling and radiolabeling in the presence of Zn*
and Fe**

A 1.25 mL fraction of the ®*Ga eluate was mixed with 800 uL of HEPES solution (7.2 g of HEPES
dissolved in 6 mL of water) resulting in pH 2.8. 90 uL of that solution was added to 10 uL of NOPO
or NOPO-RGDfK (0.01-10 uM stock solutions), which resulted in total labeling volume of 0.1 mL
(0.001-1 puM solutions containing 100 pm—0.1 nmol of a ligand). Such solution was heated to 95 °C

for 5 min and then cooled down in a water bath. ®*Ga’" incorporation was evaluated by radio-TLC.

Labeling in the presence of Fe’" or Zn*" was done at a constant ligand concentration of 3 uM and
pH 3.3. Stock solutions of ZnCl, (3.63 mM) or FeCl; (72.7 mM) were prepared in 1 M aq. HCl in
order to prevent formation of colloidal hydroxides, keeping the pH constant after mixing with the
generator eluate. A fraction of the eluate was “contaminated” with these solutions, resulting in a total
volume of 1.25 mL. Then, 930 uL of standard HEPES solution (see above) was added. The labeling
procedure and analysis were identical as described above. For example, labeling in the presence of
Fe’" in concentration of 30 uM was done as following: FeCl; stock solution (10 pL) was mixed with
1 M aq. HCI (990 pL). 100 pL of that solution was mixed with generator eluate (1.15 mL) and
HEPES solution (930 pL). 90 pL of that solution was added to a 30 uM solution of NOPO (10 pL)

(resulting in cnopo =3 UM and cge3+ =30 uM). This mixture was heated to 95 °C for 5 min, the
reaction stopped by cooling in a water bath, and the radioactivity incorporation assessed by radio-

TLC.

6. Stability studies
Stability studies in vitro were done with approximately 10 MBq of **Ga-NOPO-RGDfK solution

formulated for injection into the animals (see below). A sample was mixed with PBS or 0.25 M agq.
disodium EDTA (0.5 mL) and incubated at 37 °C for 3 h. Radio-HPLC was done at 0.5, 1,2, and 3 h
after mixing. For in vivo experiments, nude mice (see below) were administered approximately
30 MBq of ®¥Ga-NOPO-RGDfK or **Ga-NOPO-NOC and sacrificed after 30 min. Dissected organs
were frozen in liquid nitrogen, homogenized using a ball mill, and suspended PBS (0.5 mL)
containing 10 pg of the precursor. The solid and liquid phases were separated by centrifugation at
1500 rpm for 5 min. The suspension was washed with PBS and subjected to ultrafiltration (30 kDa
MWCO). Both pellet and supernatant were measured in a y-counter (1480 WIZARD™, PerkinElmer
Wallac) in order to determine the extraction efficiency. The extracts of liver, kidney, tumour, blood
and the urine sample were chromatographed on silica-impregnated chromatography paper (Varian)
using 1M aq. ammonium acetate as mobile phase. Chromatograms were analyzed by
autoradiography (using BAS-IP MS 2025 Imaging Plates by Fujifilm, a Diirr Medical CR35BIO for
readout and Aida image analyser v 4.24 program for data analysis). No decomposition of the tracer

was observed in any of the experiments.



7. Animal models and PET imaging

All animal experiments were performed in accordance with general animal welfare regulations in
Germany, and necessary permissions were obtained from the responsible authorities (approval
#55.2-1-54-2531-35-06). CD-1 nude mice (Charles River, Germany) were injected subcutaneously
with M21 and M21L cells (human melanoma) to the right and to the left shoulder, respectively, as
the tumor xenograft models for evaluation of NOPO-RGDfK. For evaluation of NOPO-NOC, the
animals were injected with AR42]J cells (rat pancreatic carcinoma) to the right shoulder. The animals
were anaesthetized with isoflurane, and ~15 MBq of **Ga-NOPO-RGDfK or **Ga-NOPO-NOC
(prepared as described above) were injected into the tail vein. Anaesthesia was interrupted between
injection and imaging. PET scans were recorded 75 min p.i. for 15 min. For blockade, 100 pg of the
respective unlabeled compounds in 100 pL PBS were injected 10 min prior to tracer administration.
The images were reconstructed using a 3D ordered subsets expectation maximum (OSEM3D)

algorithm without scanner and attenuation correction.



88Ga-NOPO-RGDfK blocking dose

Figure S5: PET images (maximum intensity projections, 75 min p.i.) of nude mouse tumor
xenografts (M21 human melanoma) using **Ga-NOPO-RGDfK (left) and with a blocking dose of
excess unlabeled (5 mg per kg body weight) (right).

88Ga-NOPO-NOC blocking dose

Figure S6: PET images (maximum intensity projections, 75 min p.i.) of nude mouse tumor
xenografts (AR42]J rat pancreas tumor) using ®*Ga-NOPO-NOC (left) and with a blocking dose of
excess unlabeled (5 mg per kg body weight) (right).
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Appendix: Spectra and Chromatograms
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Figure S7: Structure of NOPO with atom labelling scheme used in assignment of NMR spectra.
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Figure S11: 'H-""C HSQC NMR spectra of NOPO.
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Figure S12: 'H-">C HMBC NMR spectra of NOPO.
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To assess the influence of Zn?*, Cu?*, Fe*", AP, Ti", and Sn"
on incorporation of ®Ga’" into pendant-arm macrocyclic che-
lators, the %®Ga labeling of 1,4,7-triazacyclononane-1,4,7-triacet-
ic acid (NOTA), 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
acetic acid (DOTA), 1,4,7-triazacyclononane-1,4,7-tris[methyl(2-
carboxyethyl)phosphinic acid]) (TRAP), and 1,4,7-triazacyclono-
nane-1-[methyl(2-carboxyethyl)phosphinic acid]-4,7-bis-
[methyl(2-hydroxymethyl)phosphinic acid] (NOPO), as well as
their peptide conjugates, was investigated in the presence of
varying concentrations of these metal ions. The *Ga labeling
yield for carboxylate-type chelators NOTA and DOTA is de-
creased at lower metal ion contaminant concentrations com-

Introduction

%Ge/%®Ga generators have attracted high interest during the
last decade as they allow for the quick, simple and comparably
inexpensive preparation of ®Ga radiopharmaceuticals for posi-
tron emission tomography (PET)." Commercially available
%Ge/%®Ga generators are portable, lead-shielded chromato-
graphic separation columns. Typically, such columns contain
%Ge adsorbed onto a matrix of TiO,, SnO,, or a suitable organic
polymer, from which %Ga** (for radiolabeling purposes) is
eluted with hydrochloric acid of varying concentration (0.05-
1m).2 In contrast to the more frequently used PET nuclides '*F
or "'C, there is no need for an on-site cyclotron. At the same
time, more detailed good manufacturing practice (GMP) stand-
ards for production of radiopharmaceuticals in Europe call for
robust and reproducible production routines for ®®Ga radio-
pharmaceuticals.”

In clinical nuclear medicine, interest in ®Ga mainly arose due
to the remarkable success of ®Ga-labeled peptides, namely
%Ga-DOTATOC, ®*Ga-DOTATATE, and ®Ga-DOTANOC, in PET
imaging of neuroendocrine tumors.” Precursors used for ®Ga

[a] J. Simecek, Prof. Dr. H.-J. Wester, Dr. J. Notni
Pharmaceutical Radiochemistry, Technische Universitdt Miinchen
Walther-Meil3ner-Strasse 3, 85748 Garching (Germany)
E-mail: johannes.notni@tum.de
Homepage: http://www.prc.ch.tum.de
[b] Prof. Dr. P. Hermann
Department of Inorganic Chemistry
Faculty of Science, Charles University in Prague
Hlavova 2030, 12840 Prague 2 (Czech Republic)
Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cmdc.201200471.

SWILEY 8 o 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ONLINE LIBRARY

pared with phosphinate-type chelators TRAP and NOPO. The
latter are able to rapidly exchange coordinated Zn" with ®Ga**
, as confirmed by mass spectrometry and *'P NMR spectrosco-
py. ®Ga labeling of Zn" complexes of TRAP and NOPO pro-
ceeds as efficient as labeling of neat NOTA; this applies also to
the corresponding peptide conjugates of these chelators. This
behavior results in substantially improved selectivity for Ga**
and, therefore, in more robust and reliable ®Ga labeling proce-
dures. In addition, none of the investigated chelators binds
%Ge, rendering post-labeling purification protocols, for exam-
ple, solid-phase extraction, a reliable means of removal of ®Ge
contamination from ®Ga radiopharmaceuticals.

labeling are usually bioconjugates, consisting of a biomolecule
(e.g., a peptide) as the targeting group and a chelator respon-
sible for strong and irreversible binding of ®Ga.”’! Labeling is
done conveniently by chelation of ®Ga®" by the labeling pre-
cursor or, more precisely, the chelator contained therein.
Hence, radiochemical yields are determined by the inherent
ability of the chelator to complex Ga** from highly diluted sol-
utions. Currently, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
acetic acid (DOTA)® and 1,4,7-triazacyclononane-1,4-bis(acetic
acid)-7-(2-glutaric acid) (NODAGA),” a bifunctional derivative
of 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA), are the
most frequently utilized chelators in ®Ga radiopharmaceuticals
(Figure 1). Recently, our groups have shown that the chelators
1,4,7-triazacyclononane-1,4,7-trisimethyl(2-carboxyethyl)phos-
phinic acid]) (TRAP-Pn®'? and 1,4,7-triazacyclononane-1-
[methyl(2-carboxyethyl)phosphinic  acid]-4,7-bis[methyl(2-hy-
droxymethyl)phosphinic acid] (NOPO)™ possess markedly im-
proved affinity to ®Ga** and, therefore, higher ®Ga-labeling ef-
ficiency. Compared to DOTA and NOTA, quantitative transfor-
mation of ®®Ga®" into ®Ga" chelates requires a much smaller
concentration of these chelators, which is why TRAP and
NOPO-based radiopharmaceuticals can be prepared with ex-
tremely high specific activities.""'? Furthermore, ®*Ga labeling
of triazacyclononane-triphosphinates can be performed at
lower temperatures and over a broad pH range (0.5-5), which
is why meticulous adjustment of labeling pH is far less impor-
tant.

Apart from the ®Ga-binding efficiency of the chelator, there
are other factors influencing the performance of ®Ga-labeling
reactions. One of them is the presence of other metal ions in
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Figure 1. Polyazacycloalkane-based chelators used for trivalent gallium. Ab-
breviations: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA);
1,4,7-triazacyclononane-1-[methyl(2-carboxyethyl)phosphinic acid]-4,7-bis-
[methyl(2-hydroxymethyl)phosphinic acid] (NOPO); 1,4,7-triazacyclononane-
1,4,7-triacetic acid (NOTA); 1,4,7-triazacyclononane-1,4,7-trisimethyl(2-carbox-
yethyl)phosphinic acid]) (TRAP); (1,4,7-triazacyclononane-1,4-bis(acetic acid)-
7-(2-glutaric acid) (NODAGA).

the %Ge/®®Ga generator eluate. These can compete with ®Ga**
for the chelator and thus diminish the labeling yield, which is
particularly problematic in view of the low concentration of
the carrier-free ®Ga in the eluate. For example, using a typical
generator containing 1.85 GBq %Ge in equilibrium with %Ga,
approximately 1 GBq of %Ga*" can be collected in a fraction of
1 mL eluate, which is equivalent to an absolute amount of
10 pmol of %Ga** and hence a concentration of 10 nm. How-
ever, the eluate inevitably also contains Zn?" formed by %Ga
decay, as well as other metal cations that originate from the
matrix material, or are present in the eluent hydrochloric acid
in the first place. For example, the total amount of metal con-
taminants (Ga, Ge, Zn, Ti, Sn, Fe, Al and Cu) in the eluate of
a SnO,-based generator was reported to be <10 ppm (<
3 ppm Zn?*; <1 ppm for each of the other ions)."™ In fractio-
nated eluate from a generator with a TiO, matrix, concentra-
tions of Fe?*”* and Zn?* up to 50 nm were found.™

The influence of metal ions in ®Ge/®Ga generator eluates
on ®Ga labeling has always been contemplated, and consider-
able efforts have been made to remove these contaminants,
together with the long-lived, and thus problematic, radiochem-
ical impurity ®®Ge (t,,,=270 days). A simple yet quite effective
method is fractionation, which involves the separation of an
eluate fraction (typically 1-2 mL) that contains the highest ac-
tivity concentration and 70-80% of the total activity."*' This
procedure maximizes the ®Ga/®Ge ratio, although at the cost
of losing some ®Ga, and according to our experience, is suita-
ble for reduction of ®Ge contamination to an acceptable level.
Furthermore, several purification strategies have been devel-
oped and are still being improved. One approach uses strong
anionic exchange (SAX) resin.™ Addition of concentrated hy-
drochloric acid to the generator eluate results in formation of
[GaCl,]”, which is trapped on a SAX solid-phase extraction
(SPE) cartridge. After purging off all liquid with a stream of air,

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

%Ga** can be eluted with a small amount of water. A well-es-
tablished method for removal of ®Ge and other contaminants
consists of trapping all cations on strong cation exchange
(SCX) resin, where after ®®Ga** is separated from metal ion
contaminants by fractionated elution with an acetone/HCl mix-
ture."® However, not all non-Ga** ions, particularly Fe*", are
removed completely hereby,"” and the presence of acetone
during %Ga labeling was recently shown to result in ®*Ga pep-
tide radiopharmaceuticals containing considerable amounts of
radiochemical impurities."® To produce %Ga** solutions that
do not contain reagents with regulatory concern, and thus are
suitable for kit labeling, a very elegant modification of the
cation exchanger purification was recently reported by Mueller
et al., who employed slightly acidic aqueous sodium chloride
to liberate the %Ga** from the SCX cartridge.'® However, this
method mainly aims at removing %Ge; other metal cations
remain in the solution.

Curiously, although being the subject of various concerns, to
the best of our knowledge, the influence of metal ion contami-
nants on %Ga labeling has never been assessed systematically,
apart from a study by Velikyan etal. who investigated how
%Ga*" incorporation by DOTATOC is affected by the presence
of Fe**, APt and In**." Hence, in order to provide sound
data for quantitative assessment, we decided to study the in-
fluence of the most relevant metal ions contained in generator
eluates on the ®Ga*" incorporation into important macrocyclic
chelators 1-6 (Figure 1). In addition, we expanded these inves-
tigations to some chelator-peptide conjugates (NODAGA-RGD,
NOPO-RGD," and TRAP(RGD),,"**? see Figure 2) in order to
obtain data of clinical relevance.
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Figure 2. Structures of functionalized chelators (conjugates) studied. Abbre-

viations: cyclo(Arg-Gly-Asp-p-Phe-Lys) [c(RGDfK)]; poly(ethylene glycol)
(PEG).
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Results and Discussion

As it is not of importance for interpretation of the data and in-
creases readability, pH-dependent protonation states and re-
sulting variable charges of complexes are not indicated in for-
mulae. For example, [Zn(DOTA)] stands for any of the species
[Zn(H,DOTA)], [Zn(HDOTA)]~ or [Zn(DOTA)]*>"; hence describes
what is commonly referred to as a “zinc(ll)-DOTA complex”.
Notation of formal charges on simple ions refers to their aqua
complexes in aqueous solution (e.g., Zn*' abbreviates
[Zn(H,0)s]*"). When referring to metal ions in other complexes,
including poorly defined species contained in solutions, the ox-
idation state is indicated in roman numerals according to Inter-
national Union of Pure and Applied Chemistry (IUPAC) nomen-
clature (e.g., Sn").

Figure 3 shows the dependency of ®Ga*" incorporation on
the concentration of Zn?", Cu®", Fe**, AP*, sn" and Ti"V for
various macrocyclic chelators. These metal ions were chosen as
they are commonly reported as prevailing contaminants found
in the eluates of %Ge/®*Ga generators."*' A chelator concen-
tration of 3 um in the labeling solution (in our experimental

setup, 0.3 nmol in 100 uL) was chosen as optimal for these ex-
periments with respect to the influence of added metallic im-
purities, because we previously found that, for TRAP, NOTA,
and DOTA, nearly quantitative labeling is reached at this con-
centration, at 95°C and at a pH of =3, in case no prior purifi-
cation or concentration of the eluate is done.'™ Ascending
concentrations of respective metal ions (0.3 um to 30 mm)
were achieved by addition of suitable stock solutions of metal
salts in 1M aqueous hydrochloric acid to the pH-adjusted la-
beling solutions, resulting in lowered ®Ga-labeling yields, de-
pending on the chelator and contaminant. In agreement with
our previously published results,"* ®Ga’®" incorporation in the
absence of any contaminant (& in Figure 3) was found to be
near quantitative for all chelators under the chosen conditions.
For comparison, in the eluates we used, the actual amounts of
contaminants found (<0.5 ppm for AP™; low ppb for Zn**,
Fe**, sn", Ti¥, and Cu®"; inductively coupled plasma optical
emission spectrometry (ICP-OES) analysis data are available in
the Supporting Information) correspond to concentrations of
<10 pm for AP, and less than 1 pm for the other cations.
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Figure 3. Incorporation of ®Ga*" (10-20 MBq ~ 0.1-0.2 pmol; concentration: ~1-2 nm, 95°C, pH 3) by NOPO, TRAP-Pr, TRAP-H, NOTA, and DOTA as functions
of increasing concentrations of metal ions (Zn?*, Cu>*, Fe**, AP*, Sn", and Ti"). @ = no metal added. Vertical dashed lines indicate equal concentrations of
chelator and contaminant (3 pm). Hypothetical contents of contaminants of 1 ppm (by mass) in the generator eluate are equivalent to the following concen-
trations in the reaction mixture: 8.7 um (Zn**), 9.0 um (Cu?"), 10.2 um (Fe**), 21.2 um (APF), 4.8 pum (Sn"), 11.9 pm (TiY).
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Zinc

Generally, high ®Ga-labeling yields are observed even in cases
where the molar amount of added Zn?" is equal to the molar
amount of chelator (c=3 um). However, even though the
NOTA-Ga" complex exhibits a much higher thermodynamic
stability = than  the  corresponding  Zn"  complex
(log Kicanotan—109 Kznnoray = 8) %Ga labeling of NOTA is most
affected among all chelators investigated. DOTA and TRAP-H
were less influenced by the presence of Zn?*; still, ¥Ga*" in-
corporation is considerably decreased when the concentration
of Zn>* is more than ten-times higher than that of the chela-
tor.

Surprisingly, in contrast to carboxylate-based chelators NOTA
and DOTA, incorporation of ®Ga*" by the phosphinate chela-
tors TRAP-H, NOPO, and TRAP-Pr is never entirely inhibited by
the presence of Zn’", not even at concentrations of 30 mm
(Figure 3). In this respect, the performance of TRAP-Pr is most
impressive as it can still be labeled with a radiochemical yield
of approximately 70% under these conditions. This is particu-
larly remarkable in view of the actual concentration of ®Ga’",
which, in our experiments, was in the range of 1-2 nm (10-
20 MBq in 100 pL), and therefore was exceeded by the concen-
tration of Zn?" by a factor of around 10’

As TRAP-type chelators have been shown to quickly form
fairly thermodynamically stable complexes with Zn?**
(log Kiznrapy = 13-17; see Table S2 in the Supporting Informa-
tion), we concluded that at high Zn** concentrations, ®Ga*"
incorporation can only occur by transmetallation of Zn" com-
plexes. This hypothesis was proven by means of "'Ga and
*'P NMR spectroscopy, using the simple TRAP-triamide TRAP-
(CHX);® (11) as a model compound. The chemical shifts in the
3P NMR spectrum of TRAP(CHX); change due to the formation
of [Zn(TRAP(CHX),)] after addition of one equivalent of Zn’" in
the form of an aqueous solution of zinc(ll) chloride (spectra A
to B, Figure 4). Addition of 0.5 equivalents of Ga*>" in the form
of an aqueous solution gallium(lll) nitrate results in the pres-
ence of equimolar amounts of [Zn(TRAP(CHX);)] and [Ga(TRAP-
(CHX),)] (spectrum C, Figure 4), and the signal of the Zn" com-
plex disappears completely upon addition of a total of one
equivalent of Ga>* (spectrum D, Figure 4).

The ""Ga NMR chemical shift () at ~ 135 ppm found for the
[Ga(TRAP(CHX),)] complex (Figure S6 in the Supporting Infor-
mation) strongly suggests the presence of an in-cage structure,
with N;O;-coordinated Ga". The same set of experiments was
repeated with NOPO and TRAP-Pr (Figures S3 and S4 in the
Supporting Information), yielding comparable results. However,
after addition of aqueous gallium(lll) nitrate to a solution of
[Zn(NOTA)] followed by heating to 95 °C for a few seconds, for-
mation of [Ga(NOTA)] could also be observed by mass spec-
trometry (see the Supporting Information), suggesting that
®Ga labeling of [Zn(NOTA)] complexes by transmetallation
should, in principle, also be possible. Therefore, the ®®Ga-label-
ing properties of Zn" complexes of NOPO, TRAP-Pr, NOTA, as
well as their corresponding RGD conjugates, were compared in
detail.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

: L

T ‘ T T T T | T T T T |

45 40 35
8/ ppm

Figure 4. *'P{"H} NMR spectra showing transmetallation of [Zn(TRAP(CHX)s)]
with Ga®" to form [Ga(TRAP(CHX);)] at room temperature, pH 3. A) TRAP-
(CHX);; B) [Zn(TRAP(CHX)5)1; C) [Zn(TRAP(CHX),)14- 0.5 equiv of Ga**; D) [Zn-
(TRAP(CHX);)1+ 1 equiv of Ga**, resulting in complete transmetallation to
[Ga(TRAP(CHX),)]. For spectra with the full ppm range, see Figure S5 in the
Supporting Information.

Zn" complexes of NOPO and TRAP-Pr were shown to be
%Ga-labeled at 95°C with similar efficiency (Figure 5A). A radi-
oactivity incorporation of greater than 95% was reached at
precursor concentrations of 0.3 um. Upon further increase, a de-
creasing labeling efficiency can be observed, which we current-
ly cannot explain satisfactorily. In contrast, [Zn(NOTA)] incorpo-
rated only up to 50% of ®Ga®" while requiring a concentration
of at least 10 pum, and *®Ga labeling of this complex could not
be substantially improved by further enhancing its concentra-
tion in the labeling solution.

In order to further assess the practical usability of ®Ga label-
ing of zinc(ll) chelates, we investigated ®Ga®" incorporation by
chelator-conjugated peptides, as well as their corresponding
Zn" complexes, at 25°C. To achieve 90% ®Ga*" incorporation,
approximately a ten-times greater concentration of [Zn(NOPO-
RGD)] than NOPO-RGD is required (Figure 5B). By further in-
creasing the amount of [Zn(NOPO-RGD)], labeling efficiency
could be improved to reach near-quantitative yield at 100 pum.
A comparable situation was observed for TRAP(RGD); and its
Zn" complex. Interestingly, the size of the substituents on the
phosphorus atoms of TRAP-type chelators appears to have
a marked influence on the transmetallation reaction. While [Zn-
(TRAP(CHX),] incorporates ®Ga just slightly less efficiently than
[Zn(NOPO-RGD)], *®Ga labeling of [Zn(TRAP(RGD),] is already
substantially hampered. However, the latter is still much more
capable of binding %Ga than the Zn" complex of NODAGA-
RGD. In good agreement with the slower metal exchange ki-
netics observed for the NOTA system, [Zn(NODAGA-RGD)] did
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Figure 5. Incorporation of %Ga** (10-20 MBq~0.1-0.2 pmol, pH 3, n=3) as
functions of compound concentrations. A) [Zn(NOTA)], [Zn(NOPO)], and [Zn-
(TRAP-PP)] (95°C); B) NOPO-, TRAP-, and NODAGA-conjugates and their Zn"
complexes (25°C); C) NOPO-RGD and NODAGA-RGD and the respective Zn"
complexes (95 °C).
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not show any signs of replacement of Zn?" by %Ga*"; similarly,
no labeling of [Zn(NOTA)] could be observed at room tempera-
ture (data not shown).

Most notably, the %Ga-labeling efficiency of NODAGA-RGD is
easily met even by the [Zn(NOPO-RGD)] complex, and by far
exceeded by NOPO-RGD itself (Figure 5B). This was further
confirmed when the same experiment was conducted at 95°C
(Figure 5C). Here, both NOPO-RGD and its Zn" complex are
outperforming neat NODAGA-RGD. These results clearly illus-
trate the significant %Ga-labeling performance of NOPO and
further emphasize the potential of triazacyclononane-phosphi-
nates for ®Ga tracer development.

Finally, in order to assess the usability of Zn" complexes of
chelator-peptide conjugates as precursors for production of
%Ga radiopharmaceuticals, fully automated *®Ga labeling of se-
lected compounds was performed using 1 nmol of precursor (c
~0.5 um in the reaction vial). As expected, lower radiochemical
yields are observed throughout for the Zn" complexes
(Table 1). However, both [Zn(NOPO-RGD)] and [Zn(TRAP(RGD),)]
could be produced with radiochemical yields comparable to
that of neat NODAGA-RGD.

Table 1. Automated ®®Ga labeling of selected conjugates and their zinc(ll)
complexes at 95°C, pH 3./

Ligand Radiochemical yield [%]

free ligand Zn" complex
NOPO-RGD 96.4+0.2 76.7+3.6
TRAP(RGD), 9524 1.7 65.3+127
NODAGA-RGD 74.1 415,259 426+3.6

[a] Ligand concentration used: 1 nmol. Data represents the mean +SD,
n=3.

Copper

Judging from the shape of the curves in Figure 3, the influence
of Cu®" on %Ga labeling of individual chelators appears to be
quite similar to that of Zn?*. This is not surprising as both cat-
ions possess quite similar physical properties (size, charge, and
surface charge density). Nevertheless, Cu** exerts its effect on
%Ga** incorporation at concentrations approximately ten-
times lower than that of Zn**, which is why Cu?* deserves
more attention than Zn?" when considering the chemical
purity of generator eluates. As for Zn*>*, the labeling perfor-
mance of NOPO and TRAP chelators is less influenced by Cu®*
than those of DOTA and NOTA. Particularly, an equimolar con-
centration of Cu** and NOTA causes ®Ga’" incorporation by
this chelator to decrease to 18%. This illustrates the high affini-
ty of NOTA for Cu?*, and these observations are in accordance
with recent studies pointing out the suitability of NOTA and its
bifunctional derivatives, such as NODAGA, for %Cu labeling.”"
Inhibition of ®Ga** incorporation was observed to a compara-
ble extent for DOTA, albeit at an approximately three-times
higher Cu®>* concentration. An explanation can be found in
the fact that Cu" has a higher affinity for nitrogen donors, that
is, the chelator cage, due to its softer character; likewise, the
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hard phosphinate donors are less appropriate for Cu" than car-
boxylates (see also the comments on iron below).

Iron

The presence of iron in the eluate appears to be inevitable, as
even very pure hydrochloric acid (e.g., Merck Ultrapur) con-
tains small amounts of Fe*, leading to a measurable iron con-
tent in the dilute hydrochloric acid we used for elution (27.5+
0.8 ppb in the 1™ aq HCI). In addition, Fe" can be regarded as
a particularly problematic contaminant because, due to its
physical properties (charge + 3, ionic radius 65 pm, cf. 62 pm
for Ga>"),? its complexation behavior is very similar to that of
Ga". Seemingly contradictory, we found that although NOPO
and TRAP chelators possess higher affinity for ®®Ga’" (that is,
they incorporate ®Ga®" at a much lower ligand concentration
than NOTA and DOTA),"*'? the presence of 10 um of Fe*" had
little effect on the %Ga-labeling yield for phosphinates (>
90%), whereas that of the carboxylates was decreased almost
to a negligible level. A rationale for this observation is that, ac-
cording to Pearson’s hard-soft acid-base (HSAB) concept, Ga"
can be considered harder than Fe"; likewise, phosphinates are
harder donors than carboxylates, and thus prefer Ga" over Fe".
Although we have previously pointed out that the hard donor
properties of phosphinates are likely to be the main reason for
the high ®®Ga-labeling efficiency of NOPO and TRAP chelators,”
this has not been demonstrated with such consummate clarity
by any previous experiment.

Aluminum

Although AP is a hard, trivalent metal ion and, due to the
proximity of Al to Ga in the periodic table, it can be considered
a smaller analogue of Ga**, the presence of A" had no influ-
ence on labeling of all investigated chelators at concentrations
below 30 um. Since such high AP* concentrations are very un-
likely to ever occur in generator eluates, AP* contamination
can be considered irrelevant. Nevertheless, at higher AP con-
centrations, ®Ga incorporation by TRAP-H decreases, followed
by the other chelators at AP* concentrations greater than
1 mm, while NOTA labeling is influenced to the least extent.
The very hard AP cation has a smaller radius (53 pm)®? com-
pared with Ga**, and thus is least fitting the NOTA or even
larger DOTA cavity, resulting in only moderate thermodynamic
complex stabilities (logKy, =17.5 and 18.0, respectively).”
However, the low influence on %Ga labeling could also be
caused by precipitation of Al" in the form of aluminum(lll) hy-
droxide or slow kinetics of the exchange of aquo ligands on
[Al(H,0)¢*", which was reported previously.?”

Tetravalent metal ions

The significance of Sn" and TiV is somewhat obvious because,
as explained above, these metals are the main constituents of
the matrix materials commonly used in %Ge/®®Ga generators,
namely TiO, and SnO,. The main difficulty in determining the
influence of Sn" and Ti"V arises from their aqueous chemistry,
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which is quite different from that of the previously discussed
metal ions. Unlike these, moderately acidic solutions of Sn"
and Ti¥ do not contain only the aquo complexes, but rather
mixtures of mono- and oligomeric entities, bearing oxo- and
hydroxo ligands in terminal and bridging positions. Further-
more, the abundance of the different species is highly depen-
dent on pH, ionic strength of solutions, the presence of addi-
tional coordinating entities, concentration, and temperature.”
In particular, when the pH is substantially changed and/or solu-
tions are heated, colloids can form and precipitation can occur,
which markedly affects ®Ga labeling.

In our experiments, stock solutions of tin(IV) chloride or tita-
nium(lV) chloride in 1M aqueous hydrochloric acid were mixed
with the generator eluate (also 1M aq HCI), the pH was adjust-
ed with aqueous 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), and the solutions were heated during labeling.
As such, labeling might be expected to be influenced far more
by formation of colloidal species, involving co-precipitation of
%Ga, than by actual complexation of Sn** or Ti** ions by the
chelators. Eventually, we observed that the influence of tetra-
valent tin and titanium was comparable for all investigated li-
gands, albeit Ti"V species influenced the labeling efficiency to
a lesser extent than Sn". Compared with other chelators, DOTA
showed to be slightly more influenced by the presence of Sn",
whereas NOTA was less influenced by Ti".

Ge and ®Ge

Preparing a solution of Ge" proved not to be straightforward
as addition of germanium tetrachloride (a fuming liquid) to 1m
aqueous hydrochloric acid only led to precipitation. Heating of
such a mixture was not desirable since germanium tetrachlor-
ide is usually prepared by distillation from concentrated hydro-
chloric acid, which is why heating could result in partial evapo-
ration of Ge and thus a change in its concentration.

However, the ability of the chelators to coordinate dissolved
Ge was assessed using Ge". Labeling experiments were per-
formed using a solution containing ®Ge (and, therefore, %Ga
and %Zn) in 1m hydrochloric acid at 95°C, while pH was ad-
justed to 3.3 using HEPES, as for ®Ga labeling. We found that
under these conditions, none of the investigated chelators
bind %Ge (see the TLC analyses in Figure S1 of the Supporting
Information). Hence, we conclude that ®Ge contamination of
labeling solutions does not lead to ®Ge-labeled species as con-
taminants of ®Ga radiopharmaceuticals. Confirming extensive
practical experience of many radiopharmaceutical laboratories,
we conclude that ®Ge contaminants can be removed safely
and reliably from ®Ga radiopharmaceuticals by post-labeling
solid-phase extraction, for example, using reverse-phase SPE
cartridges and subsequent elution.

Overall impact of contaminants on ®Ga labeling

From the data presented in Figure 3, we learn that copper(ll) is
the most critical contaminant for all chelators, affecting label-
ing to a greater extent than zinc(ll). This is important as Cu®"
contaminants have been occasionally observed in generator el-
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uates.®? Furthermore, although its influence on labeling is
less pronounced, zinc(ll) is nevertheless of significance. In the
generator, it is accumulated in the course of ®Ga decay, and
a critical Zn?* level will eventually be reached when no elution
is performed. However, this effect should not be overestimat-
ed; after elution of any generator, it takes approximately one
week to reach a Zn/Ga molar ratio of 100:1, and even after this
time, not more than a total of 1 nmol of Zn’* is formed in
a 1 GBq generator (for plots illustrating the zinc formation, see
Figures S8-510 in the Supporting Information). To what extent
the regeneration time affects ®Ga incorporation depends very
strongly on the amount of chelator used; at a concentration of
3 UM, as used in our experiments, a regeneration time in the
range of a couple of hours does not have any effect.

Furthermore, while AP™ seems not to be of practical rele-
vance, the influence of Fe*" has to be considered mainly in
the context of differences between phosphinate and carboxyl-
ate chelators. As stated above, Fe*™ contamination markedly
impacts the ®Ga labeling of DOTA and NOTA, but affects phos-
phinate chelators to a lesser extent. Neglecting smaller irregu-
larities, this situation appears to be archetypical for all the criti-
cal ions; the ®®Ga-labeling performance of carboxylate-type
chelators is generally more influenced by the presence of Zn’*
, Cu’", and Fe*", than that of phosphinate-type ligands (see
Figure 3 and also Figure S2 in the Supporting Information).

In order to assess the overall suitability of a chelator for
%8Ga, the fact that the impact of all individual contaminants is
cumulative should be kept in mind. While the presence of
a single ion might be tolerated up to a certain level (concen-
tration), the presence of several types of ions, each in subcriti-
cal amount, might nevertheless have a strong influence on the
Ga incorporation yield. According to our results, NOTA is the
most delicate system, as it is particularly susceptible to either
Zn?", Cu®", and Fe*" (Figure 3). This observation is perfectly in
line with previous work. When using small amounts of
NODAGA-RGD in order to produce ®Ga-NODAGA-RGD with
high specific activity, a pre-elution of the generator, resulting
in a low concentration of contaminants in the next eluate used
for labeling, has been found essential for good radiochemical
yields.®” In our experience, the effect of such pre-elution is far
less pronounced for DOTA peptides.

Phosphinate chelators TRAP and NOPO are particularly toler-
ant towards metal ion contaminants. As explained above, the
presence of Zn?" does not have a significant impact, due to ef-
ficient *®Ga labeling of even their Zn" complexes, and conse-
quently Zn** does not contribute to the cumulative contami-
nation effect. Therefore, a considerably larger amount of other
contaminants, namely Cu®>* and Fe*", can be tolerated; more-
over, as stated above, susceptibility of ®Ga®* complexation to
these ions is much lower. As a result, ®*Ga labeling of triazacy-
clononane-triphosphinic acid chelators is exceptionally robust.
Even when using very small precursor amounts, radiochemical
yields are high and reproducibility of syntheses is excellent,
which allows for the reliable production of *®Ga-labeled TRAP
and NOPO peptides with extremely high specific activities.""'?
In particular, with respect to novel eluate purification methods
that remove only %Ge but, in exchange, do not require re-
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agents of regulatory concern (see above),"™ a pronounced tol-

erance of metal ion contaminants is of high practical value and
might trigger a considerable step forward in development and
implementation of %Ga labeling kits.

Conclusions

While studying the influence of Zn**, Cu®*, Fe**, AP, Ti", and
Sn" on ®Ga labeling of various chelate ligands and corre-
sponding peptide conjugates, we found that labeling efficiency
of polyazacycloalkane chelators with N-acetic acid substituents
(NOTA, DOTA) is generally more susceptible to the presence of
the aforementioned contaminants than to that of analogous
chelators bearing N-methylenephosphinic acid side arms
(TRAP, NOPO). The pronounced %Ga*" selectivity of the latter
is rooted in a combination of several chemical aspects and
mechanisms, the most remarkable of which is the ability of the
phosphinate-type chelators to swiftly exchange coordinated
Zn" with Ga". This process runs so smoothly that incorporation
of ®Ga*" by zinc(ll) complexes of phosphinate ligands occurs
at least equally as efficient as ®Ga labeling of neat carboxylate-
type chelators.

This finding is particularly remarkable in view of the popular
notion that de- or transmetallation is easily performed with
metal complexes of open-chain ligands, whereas complexes of
pendant-arm azamacrocycles are often kinetically inert. This is
due to the fact that the latter features two-step complexation
and decomplexation mechanisms®” with a substantial energy
barrier, resulting in higher activation enthalpies and therefore
slower rates of formation as well as of decomplexation, namely
dissociation or transmetallation. In the context of radiolabeling,
these aspects play a decisive role, because the extremely low
concentrations of short-lived radionuclides generally entail dra-
matically decreased reaction rates, while at the same time,
decay is limiting the timespan available for syntheses. Accord-
ingly, the possibility of ®Ga radiolabeling by transmetallation
has never been seriously considered, and metal ion contami-
nants were thought to merely consume the labeling precursor
by competitive complex formation. In this respect, the facile
transmetallation of zinc(ll) complexes of 1,4,7-triazacyclono-
nane-1,4,7-tris(phosphinates) with Ga®>" ion is a unique and
highly interesting feature of this ligand type, particularly since
the resulting Ga" complexes are, in turn, kinetically iner-
t.B2910a 1 Fyrthermore, we are now able to provide a rationale
for the observation that ®®Ga labeling of TRAP peptides is
highly reproducible,"? whereas, for example, reproducibility is
lower for NODAGA peptides,"%>” as they are markedly suscep-
tible to the presence of certain contaminants.

We conclude that an additional benefit of using triazacyclo-
nonane-triphosphinate chelators in ®®Ga radiopharmaceutical
development lies in more robust and reliable %Ga-labeling pro-
cesses. High and fluctuating concentrations of metal ion con-
taminations in the eluate, caused by varying regeneration
times of the ®Ge/®®Ga generator or originating from other
sources, impact their ®Ga-incorporation performance to
a lesser extent. In combination with their overall much higher
®Ga-labeling efficiency and the high in vivo stability of their
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Ga" complexes,"®""'? the bifunctional triazacyclononane-tri-

phosphinates TRAP and NOPO thus appear to be truly unique
Ga**t chelators with ideal properties for development of *Ga
PET imaging agents.

Experimental Section
General

The ligands and conjugates NOTA,”® DOTA,*” TRAP-Pr,® TRAP-H,”
NOPO,™ TRAP(CHX),,®@ NOPO-RGD,"” and TRAP(RGD),"* were
synthesized as described previously. NODAGA-RGD was purchased
from ABX GmbH (Radeberg, Germany). Metal chlorides were pur-
chased from Sigma-Aldrich or Merck, and were of at least 99.99 %
purity. Mass spectrometry (MS) spectra were recorded on a Varian
lon-trap 500 with electrospray ionization (ESI) in the positive or
negative mode. NMR spectra were recorded using a Varian Unity
Inova (400 MHz) or a Varian VNMRS (300 MHz) system. NMR chemi-
cal shifts are referenced relative to 85% aq H;PO, (*'P) or 0.2m aq
Ga(NOs); ("'Ga) as external standards solutions in insert tubes. Au-
tomated *®Ga labeling of NOPO-RGD, NODAGA-RGD, and their Zn"
complexes was done as described previously.!'% 3%

Manual %Ga labeling

Labeling was done using eluate from a SnO,-based ®Ge/**Ga gen-
erator (iTHEMBA Labs, Cape Town, South Africa), eluted with 1m
aq HCl (for details, see the Supporting Information). A 1250 pL frac-
tion containing the highest activity was adjusted to pH 3.3 by addi-
tion of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
in aqueous solution (930 L), prepared by dissolving HEPES (7.2 g,
30 mmol) in Merck Ultrapur water (6 mL). Aliquots of this ¥Ga**
solution (90 uL, 10-20 MBg, equivalent to ~0.1-0.2 pmol %Ga**)
were added to solutions of the respective ligand (30 um, 10 pL), re-
sulting in a ligand concentration of 3 um (0.3 nmol in total). This
mixture was heated to 95 °C for 5 min, then rapidly cooled to RT in
a water bath, and evaluated by thin-layer chromatography (TLC)
(silica-impregnated chromatography paper, Varian; mobile phase:
1M ag NH,0Ac/MeOH, 1:1). For labeling in the presence of metal
ion contaminants, the appropriate amount of a stock solution of
the respective metal chloride in 1M aq HCI (corresponding to pH
of the eluate and preventing hydroxide formation) necessary to
obtain the desired contaminant concentration was added to a frac-
tion of the eluate, reaching a final volume of 1250 uL. Labeling
and evaluation was performed in the same way.

®8Ga Labeling of zinc(ll) complexes

Zn" complexes of NOTA, TRAP-Pr, NOPO, NODAGA-RGD, TRAP-
(RGD);, NOPO-RGD and TRAP(CHX); were prepared by mixing equi-
molar amounts of chelator and ZnCl, in water. Quantitative forma-
tion of Zn" complexes was confirmed by MS (i.e., complete ex-
change of [M+H] peaks with [M+Zn] signals). For the free chela-
tors, ®Ga labeling and TLC of complexes was done as described
above. For conjugates, %Ga labeling was performed at 22-25°C
and evaluated by TLC as described above, with the exception of
8Ga-TRAP(RGD),, for which TLC was run on silica gel plates (Merck
silica gel 60, 0.2 mm, on aluminum foil) with 0.1 M aq Na;C¢H;O; as
the mobile phase.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

%Ge Labeling

%Ge was obtained by collecting the eluate from a three-year-old
SnO,-based **Ge/*®*Ga generator, which showed significant %Ge
breakthrough due to not being eluted for several months. Two
fractions of 1250 pL (1 m ag HCI) with activities of 316 and 153 kBq
were processed in parallel, each mixed with aq HEPES (930 pL, pre-
pared as described above for standard %Ga labeling). An aliquot of
this solution (90 uL) was mixed with selected ligands in water
(1 mm, 100 nmol per vial), and the solutions were heated to 95°C
for 5min, then cooled and evaluated by TLC (stationary and
mobile phases similar to those described above for the ®®Ga label-
ing experiments). ®Ge/®Ga labeling solution alone was run as
a control. Developed TLC plates were dried and subjected to auto-
radiography for 1 h using BAS-IP MS 2025 imaging plates (Fujifilm,
Japan). Readout was done on a Durr Medical CR35BIO reader, and
images were evaluated using Aida Image Analyzer software (ver-
sion 4.24). The readout procedure was repeated after three days.
For TLC autoradiograms and additional comments, see the Sup-
porting Information.
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The 1,4,7-triazacyclononane-1,4,7-tris(methylenephosphinic
acid) chelators TRAP and NOPO are complexing copper-64
with similar efficiency as 1,4,7-triazacyclononane-triacetic
acid (NOTA). The Kkinetic stability of Cu-64-labelled TRAP-
peptides is sufficient for PET imaging at early time points
(1-2 h post injection). For labelling of TRAP conjugates,
Cu-64 can be recommended as an alternative to Ga-68 to
achieve higher resolution of PET images.

Positron emission tomography (PET) is a valuable molecular
imaging modality for diagnosis of a variety of diseases and
radiotherapy control. Contrary to the recently very popular PET
nuclide ®*Ga (Eg+.max = 1.89 MeV, 1, = 68 min),’ ®*Cu has a
low B* energy (Eg+,max = 656 keV) which is comparable to that
of the gold standard, 'SF (Egimax = 633 keV), and ensures
imaging with high resolution.? In addition, its half-life of 12.7 h
is compatible with the slow pharmacokinetics of proteins, such
as antibodies or their fragments.® For binding the radiometal and
to prevent subsequent loss of activity from the tracer, **Cu(n)
has to be bound to a thermodynamically stable and kinetically
inert complex, which requires tracer molecules to be equipped
with a suitable chelating moiety. Many structures have been pro-
posed for use with ®*Cu,* for example the cyclam derivatives
TETA,” TE2A,° and CB-TE2A,” as well as bicyclic hexa-
amines, mainly derivatives of AmSar®, see Chart 1. Due to its
popularity, DOTA has been used as a bifunctional chelator for
%4Cu but reportedly shows considerable loss of **Cu from the
chelate, caused by enzymatic activity in the liver.”'® More
recently, the NOTA system, which is frequently used for the PET
nuclide **Ga, has been found to form **Cu complexes with high
stability in vivo, and corresponding bioconjugates have been
used successfully in ®*Cu-PET imaging.'® Recently, we found
that the triazacyclononane-triphosphinate chelators TRAP'' and
NOPO,'? as well as their bioconjugates, possess superior **Ga
labelling properties in comparison to DOTA and NOTA.'*'*
Consequently, we were interested whether this holds true also for
4Cu, since the latter is a desirable complementary label for
®8Ga, and compatibility with ®*Cu is thus of high significance
for the application scope of triazacyclononane-triphosphinates in
PET imaging.

Pharmazeutische Radiochemie, Technische Universitdt Miinchen,
Walther-Meifsner-Str. 3, D-85748 Garching, Germany.

E-mail: johannes.notni@tum.de

T Electronic supplementary information (ESI) available. See DOI:
10.1039/c2dt31880f

A representative selection of chelators (DOTA, NOTA,
TRAP-H, TRAP-Pr, NOPO) as well as chelator-conjugates of the
cyclic pentapeptides c(RGDfK) (NOPO-RGD,'? NODA-
GA-RGD'"® and TRAP(RGD)5, ' for structures see ESI, Fig. S1)
were labelled using a solution of **Cu®" with a pH value of 3
(obtained by dilution of ®*Cu in 0.1 M HCI with water, 1 : 100 by
volume), since such a pH was found to be optimal for **Ga label-
ling of both NOTA and TRAP chelators.'® Labelling was done at
25 °C for 5 min. Contrary to DOTA, triazacyclononane (TACN)
based ligands were fully labelled already at 1 uM concentration
(see Fig. 1 and ESI, Fig. S2t). However, at ligand concentrations
of 0.3 uM, labelling yields were poorly reproducible, particularly
using different **Cu production batches. This can be attributed to
varying amounts of impurities. According to the **Cu manufac-
turer’s data sheet, the maximum cumulative content of non-Cu>"
metal cations was ~20 pmol of Pb*", Zn*", Ni?*, and Fe*", com-
peting with ~0.2-0.3 pmol of **Cu®" per labelling. At a concen-
tration of 0.3 uM (30 pmol in total), all possibly contained metal
ions and the chelators are present in approximately equimolar
ratios, causing diminished and highly variable labelling yields.
Furthermore, at concentrations of 0.3 and 1 puM, the level of incor-
porated ®*Cu remained stable after 0.5 min, showing that no free
chelator was available after that time.

Since the half-life of ~13 h is compatible with the often quite
slow pharmacokinetics of large biomolecules, e.g. antibodies,
the feasibility of **Cu-labelling under mild conditions adequate
for such targeting vectors was also examined, using the above-
mentioned RGD peptide conjugates as model compounds. In
acetate- and HEPES-buffered solutions (5 min reaction at pH
5.6, 25 °C, and pH 5.7, 37 °C, respectively), 1 nmol of conju-
gates could be labelled with 3-4 MBq of ®*Cu in excellent
yields (99% and >95%, respectively; for details see ESIT).

Kinetic stabilities of **Cu-labelled acyclic and cyclic chelators
were assessed in a transchelation challenge under pseudo-first-
order reaction conditions (Fig. 2). In 0.1 M EDTA, ®*Cu was
quantitatively released from the open-chain ligand DEDPA'’
after 1 h, which corroborates recent work of Boros ef al.'® and
confirms that DEDPA is not a suitable chelator for ®*Cu. As
expected, all ®*Cu-labelled macrocycles show little to no loss of
%4Cu after 1 h. However, after 12 h considerable differences
become apparent, as up to 50% of transmetallation is observed.
Interestingly, the substituent on the phosphinate moieties of
TRAP has a marked influence on transchelation rate, as the frac-
tion of the intact complex after 12 h varies from 83% for
%4Cu-TRAP-OH to 49% for “*Cu-TRAP-Pr.

Fig. 3 illustrates that compared to the respective unsubstituted
chelators, the **Cu-labelled conjugates are generally more stable

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 ®Cu incorporation as a function of chelator concentration.
1.9-2.5 MBq of **Cu in 1 mM HCI (0.1 mL, pH 3), 25 °C, 5 min,
n=3.

in EDTA. Moreover, all conjugates were almost fully stable in
plasma over 12 h. A particularly pronounced gain of stability is
observed for ®*Cu-TRAP(RGD); in comparison to ®*Cu-
TRAP-Pr; conjugation of the three RGD peptide units consider-
ably increases kinetic inertness here. However, of the TACN-
based chelators investigated, the NOTA motif appears to be the
best choice for **Cu, judging from labelling and stability data;
®*Cu-NODAGA-RGD is the only compound which is fully
stable over a period of 12 h, both in EDTA and plasma.

time (h)

Fig. 2 Stability of **Cu complexes with selected chelators in 0.1 M
EDTA. Error bars are omitted for clarity. Percentages of intact ®*Cu
chelates were determined after 1, 2 and 12 h.

Table 1 shows that ®*Cu-labelled TRAP and NOPO conjugates
possess considerably lower hydrophilicity in comparison to their
®8Ga-labelled analogues. A similar trend was reported before for
%4Cu- and °®Ga-NODAGA-RGD,” and can be explained, in
terms of Pearson’s HSAB concept, with a higher polarization
effect of the hard Ga®" cation compared to the considerably
softer (borderline) Cu®". Changing the metal label therefore
cannot be considered innocent, and polarity-related alterations of
biodistribution and excretion pathways should be taken into
account when switching between **Ga and **Cu.
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Fig. 3 Stability of **Cu-labelled conjugates in 0.1 M EDTA (edta) and
human plasma (pl). Error bars are omitted for clarity. Percentages of
intact ®*Cu chelates were determined after 1, 2 and 12 h.

Table 1 Octanol-water partition coefficients (log P) of **Cu- and
%8Ga-labelled ¢(RGDfK) conjugates

Conjugate S4Cu(in) 8Ga(m)
NOPO-RGD -2.18 +0.05 —4.64 £0.12'2
TRAP(RGD); —2.40 £0.02 —3.90+0.10"3
NODAGA-RGD’* —2.76 £0.08 -3.27+£0.01

Proof-of-principle micro-PET imaging was done using a nude
mouse with an o,f; integrin-overexpressing tumour. Fig. 4
shows that 75 min post injection, quite similar results are
obtained for the non-internalising peptides °*Ga- and ®*Cu-
labelled TRAP(RGD);, thus demonstrating feasibility of label
exchange for this compound at early time points. Localization of
the tumour was still possible after 18 h, albeit uptake was
reduced. Based on preceding literature, we interpret the observed
activity uptake in the liver and intestines as being caused by
slow demetallation of **Cu-TRAP(RGD)s, followed by specific
uptake of **Cu by copper-binding proteins and sequestration in
the liver.”'

We conclude that although ®®Ga incorporation of triazacyclo-
nonane-triphosphinates TRAP and NOPO is much more efficient
compared to NOTA,"? a similar enhancement is not observed for
64Cu, which is bound by these chelators with comparable
efficiency. In addition, despite the fact that **Cu-labelled TRAP
peptides are slightly less stable than their NODAGA counter-
parts, they are nevertheless well suited for PET acquisition up to
1-2 h post injection, which is compatible with the pharmaco-
kinetics of most peptide receptor ligands. ®*Cu can therefore
be recommended as a complementary label for ®*Ga-TRAP-

5%

o%iD/g

0%

Fig. 4 PET imaging of CD-1 nude mice, bearing M21 human mela-
noma xenografts (high o,f; integrin expressing tumours, indicated by
arrows). (A) °*Ga-TRAP(RGD);, 12 MBgq, 75 min p.i.; (B) **Cu-TRAP
(RGD)3, 30 MBgq, 75 min p.i.; (C) same animal as (B), 18 h p.i.

peptides in cases where higher resolution of PET images is
desired.
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1. Materials and reagents

%4Cu was obtained from ACOM (Montecosaro Scalo, Italy) in 0.1 M HCI. Content of non-**Cu
metals according to the manufacturer: Pb <0.129 pg/mL, Ni <0.394 pg/ml, Cu < 0.165 pg/mL,
Zn <0.338 pg/mL, Fe <0.465 pg/mL. NODAGA-RGD was purchased from ABX (Radeberg,
Germany), NOTA!!, DOTA, TRAP-H!Y, TRAP-Pr'Y, NOPO"!, TRAP(RGD);!®! and NOPO-
RGD! were prepared as described in the literature. A sample of DEDPA was kindly provided
by Carlos Platas Iglesias, Universidade da Coruiia, Spain. Buffers (HEPES, sodium acetate) and
water (Ultrapur) were purchased from Merck (Darmstadt, Germany).
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Figure S1: Structures of RGD peptide conjugates.

2. %*Cu-labelling

Non-buffered solutions: For experiments at pH 3, 100 uL of **Cu in 0.1 M HCI was mixed with
9.9 mL of water. 90 uL of that solution was mixed with 10 pL of ligand solution, resulting in
ligand concentrations of 0.1, 0.3, 1, 3 and 10 uM. Activity of added **Cu was in the range of 1.9—
2.5 MBq (0.2-0.3 pmol). Labelling was done for 5 min at 25 °C, whereafter **Cu incorporation
was determined by radio-TLC (see below).



Electronic Supplementary Material (ESI) for Dalton Transactions
This journal is © The Royal Society of Chemistry 2012

Labelling in NaOAc buffer: Mixing 10 uL of 100 uM solution (1 nmol of ligand in total) of
TRAP(RGD)3;, NOPO-RGD and NODAGA-RGD with 5 pL of 1 M aq. NaOAc and additon of
7 uL of **Cu in 0.1 M HCI (~ 3 MBq) resulted in pH 5.6. The mixtures was left standing for
5 min at 25 °C and then evaluated by radio-TLC (see below).

Labelling in HEPES buffer: TRAP(RGD);, NOPO-RGD and NODAGA-RGD (10 pL of 100 uM
solution, 1 nmol) were mixed with 80 uL of aq. HEPES solution (7.2 g of HEPES + 6 mL water)
and 10 pL of **Cu (~ 4 MBq) in 0.1 M HCI was added, which resulted in pH 5.7. The mixtures
were incubated for 5 min at 37 °C and evaluated by radio-TLC (see below).

Preparation of the tracer for in vivo injection: TRAP(RGD)s (5 nmol) in water (50 uL) was
mixed with 5 pL of aq. HEPES solution and 0.1 M NaOH (40 pL). **Cu in 0.1 M HCI (50 pL,
120 MBgq, 13.2 pmol) was added (final pH ~4.4) and the solution was heated for 30 min to
95 °C. **Cu-labelled tracer was purified by solid phase extraction, using a C8 light cartridge
(Waters), preconditioned with 10 mL of ethanol and 10 mL of water. The reaction mixture was
passed over the cartridge, purged with 1 mL of water in order to remove free **Cu, and the
product eluted with 1 mL of ethanol. After addition of water (1 mL) and PBS (1 mL), the ethanol
was evaporated in vacuo and the solution simultaneously concentrated to 1 mL. Before injection,
the formulation was filtered over a 0.22 uM sterile filter.

100 - -

3 ——NOPO

z — - -NOPO-RGD

s 90 - —TRAP-Pr
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>
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Figure S2: ®*Cu incorporation as function of chelator concentration.
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2.1. Comment on metal-to-ligand ratio and incorporation efficiency

Even though the labelling with low activity of **Cu showed to be highly efficient using low
chelator amount, e.g. 0.1-1 nmol (Figure 1), the labelling efficiency showed to be highly
dependent on the metal-to-ligand (M:L) ratio. Labelling with higher activity of **Cu and similar
ligand concentration did not lead to comparable activity incorporation. Therefore, for preparation
of higher doses, e.g. for injection purposes, the strategy similar to that for routine labelling with
Ly is of choice, i.e., calculation of a well-defined, known optimal excess of chelator. On the
contrary, when labelling of e.g. 1 nmol of TRAP chelators with ®®*Ga, quantitative activity
incorporation independent on the absolute activity is observed.

For example, labelling of 0.1 nmol (c=1uM) of precursors with ~2.2MBq of *Cu
(~0.24 pmol, M:L ratio 1:417) resulted in quantitative ®*Cu incorporation at r.t. Contrary,
labelling of a ten times higher concentration of TRAP(RGD); (¢ =10 pM, 1 nmol) with **Cu
(120 MBgq, 13.2 pmol, pH 3.1 adjusted with aq. HEPES) resulted in a M:L ratio of 1:75, which
was too low to yield labelled product, even at 95 °C. However, a radiochemical yield of > 95 %
was reached by labelling 5 nmol of the precursor (M:L ratio is then 1:378). In further
experiments, adjusting the pH to 4.4 helped to reduce the reaction time to 20 min at 95 °C.
Specific activities were typically ranging around 20 GBg/umol.

3. Analysis

%Cu incorporation by chelators was evaluated by TLC (silica 60 coated alumina sheets, Merck),
using 0.1 M aq. EDTA as mobile phase. Labelled chelators/conjugates stay at the origin (Ry = 0),
whereas unbound **Cu is complexed by EDTA and moves with the front (R; = 0.9-1.0).

4. EDTA challenge and stability in human plasma

The chelators (1-2 nmol of each) were labelled with ~ 12 MBq of 4Cu, using a mixture of %Cu
in 0.1 M HCI (7 pL) and 1 M NaOAc (5 pL), pH 5.7, 5 min reaction at 95 °C. Full labelling was
confirmed by TLC. Then, each sample was diluted with PBS to reach a volume of 50 puL. 20 uL
of the solutions were added to 100 uL of 0.1 M EDTA and left standing at room temperature.
Samples for TLC analysis were withdrawn after 1, 2 and 12 h.

The stability of **Cu-labelled NOPO-RGD, TRAP(RGD); and NODAGA-RGD was tested also
in human plasma, for which purpose 20 uL of the solutions containing labelled conjugate
(prepared as described before) were transferred to 100 pL of plasma, and incubated at room
temperature. Samples for TLC analysis were taken after 1, 2 and 12 h of incubation.

5. logP determination

50 uL (~ 0.5 MBq) of PBS solution of a purified tracer was mixed with 450 uL of PBS and
500 uL of n-octanol. After 1 min of vigorous shaking, the phases were separated by
centrifugation and the activity contained in 100 puL aliquots of both water and n-octanol phases
were measured in a y-counter (1480 WIZARD™, PerkinElmer Wallac). Experiments were
repeated 8 times.
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6. Small animal PET imaging

The animal model for a3 integrin expression was described before in detail .l Briefly, CD-1
athymic nude mice were used, bearing tumor xenografts (M21 human melanoma with high o33
integrin expression) on the right shoulder.

MicroPET imaging was performed using small animal PET/CT scanner (Siemens Inveon). **Ga-
TRAP(RGD); (12 MBq, prepared as described) or **Cu- TRAP(RGD); in PBS (30 MBq) was
injected to the tail vain of a mouse anaesthetised with isoflurane. PET data was recorded for 15
min, 75 min p.i. (**Ga- and **Cu-TRAP(RGD);) and 18 h p.i. (**Cu-TRAP(RGD)j; only). Images
were reconstructed using Inveon Research Workplace software; 3D ordered-subsets expectation
maximum (OSEM3D) algorithm without scanner and attenuation correction. All animal
experiments were performed in accordance with general animal welfare regulations in Germany.
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