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te1pa is a monopicolinate cyclam previously presented as a better 64Cu chelator than dota, nota and other

chelators with an improved biodistribution and in vivo resistance to transchelation. This study aimed to

determine whether te1pa could improve the in vivo stability of 64Cu chelation concerning

radioimmunoconjugates in order to obtain better contrast in PET imaging. te1pa was activated on its

remaining acid function to obtain a N-hydroxysulfosuccinimide ester and was then conjugated to the F6

mouse IgG1a (F6 mAb), directed against CEA (carcinoembryonic antigen), leading to the F6-te1pa

immunoconjugate. F6-te1pa was compared to F6–C-dota, i.e. F6 mAb conjugated with a C-

functionalized dota which is the only chelator used nowadays in preclinical trials for 64Cu PET imaging.

Immunoconjugates were radiolabeled with 64Cu showing an equivalent conjugation rate of 1 ligand per

mAb. The study of the complexation kinetics highlighted a relatively fast process and 64Cu–F6-te1pa,

exhibiting a specific activity of 69.3 � 28.9 MBq mg�1, was proved to be inert since only 4.3% of

radioactivity was transchelated from the ligand to EDTA (50 000 equiv., overnight) used as a competitor.

All these results are comparable with C-functionalized dota. However, in vivo studies carried out in

LS174T tumor-bearing nude mice showed a limited transchelation of superoxide dismutase (SOD) into

the liver; 1.6% for 64Cu–F6-te1pa after 24 h post-injection, compared to 4.3% for 64Cu–F6–C-dota. The

uptake of 64Cu–F6-te1pa in tumors and radioactivity distribution in organs after 24 and 48 h was

satisfactory and equivalent to various standards presented in the literature. Finally, PET-phenotypic

images obtained with 64Cu–F6-te1pa at 24 h post-injection showed an excellent contrast between

tumors and the healthy tissues around, which agrees well with the results of the biodistribution. The

usefulness of te1pa for PET phenotypic imaging using 64Cu has been validated. The synthesis of

a bifunctional derivative of te1pa will be the next step of this work to keep the ligand properties intact.
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Introduction

Due to its physical properties and its increasing availability,
copper-64 (64Cu) represents one of the most promising PET
radionuclides aer 18-uorine (18F) and 68-gallium (68Ga). 64Cu
is characterized by a longer half-life (12.7 h) compared to 18F
(110 min) and 68Ga (68 min) which is particularly interesting for
dosimetry calculation, and by b+ and b� emissions (respectively
17.4% and 39.6%) that are adapted to theranostic (ability to
perform both therapy and diagnostic) applications.1 Besides,
this radionuclide is available as a full GMP (Good
Manufacturing Practice) CuCl2 solution for radiopharmaceu-
tical manufacturing and is easily obtained with biomedical
cyclotrons by solid 64-nickel (64Ni) target irradiation with
protons or deutons.2

64Cu has already been investigated using several biovectors
including peptides and macromolecules in preclinical and
clinical studies using various chelating agents for PET imaging
This journal is © The Royal Society of Chemistry 2017
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studies in oncology3–12 and with the aim to obtain diagnostic
companions.13 Copper-64 chloride may also be used as a simple
salt to study copper metabolism disorder notably in
oncology14,15 and 64Cu-ATSM has been used to visualize tumor
hypoxia.16,17 In addition, even if less available than its 64Cu
analogue, copper-67 (67Cu) is currently under investigation and
presents interesting appropriated properties for therapeutic
applications (t1/2 ¼ 62.0 h, b� 100%, Emax ¼ 0.577 MeV).
Radiopharmaceuticals based on both copper radiometals are
thus attracting the attention of several specialists in nuclear
medicine. Consequently, optimized chelation of copper radio-
nuclides is of growing interest.

Chelators suitable for Cu(II) radiopharmaceuticals are
generally constituted by N or O donor atoms,18–21 conducting to
thermodynamically stable and kinetically inert complexes in
order to avoid possible transchelation of the metal by
competing with biological ligands or bioreductants, while other
preferred properties include good water solubility and fast
metal complexation.22,23 The inertness regarding bioreductant
systems must particularly be taken in consideration due to the
low reduction potential of Cu(II)/Cu(I) (E0: 0.16 V) well adapted
to biologic modication of its oxidizing status.24 Then, each
copper-complex has its own behavior in reductive media.
Among all the chelators presented for 64/67Cu vectorization,
dota,20,25 teta,26 te2a,27 cb-te2a28–30 and nota31,32 (see Fig. 1) have
received much attention. However, none of them completely
fullls all the criteria for an in vivo application (thermodynamic
stability, kinetic inertness, fast complexation process, Cu(II) /
Cu(I) stability.) and are still limited to academic researches or
early clinical trial phases. Other chelators containing nitrogen
atoms as sarcophagines33–35 (Sar ligands, Fig. 1) have also
demonstrated their ability to form chelates of interest but still
present some real drawbacks. Thus, to our knowledge except
two studies involving teta,8,9 dota still remains one of the rare
chelators used for clinical trials for 64Cu PET imaging,6,36,37

despite its drawbacks, allowing to continue research in this
area.

With this in mind we have recently and progressively devel-
oped picolinate based copper-chelators that have proved to be
very attractive as 64Cu chelators.38–41 Picolinate ligands have
Fig. 1 Ligands discussed in this work.

This journal is © The Royal Society of Chemistry 2017
indeed already demonstrated their efficiency to form stable and
inert complexes with a large panel of cationic ions.42–51 We were
the rst to report the use of such azamacrocyclic ligands for
natCu and 64Cu complexation and radiolabeling including in
vitro and in vitro studies.38–40

We previously proved that in the case of [64Cu(te1pa)]+, the
carboxylic function of the picolinate pendant did not enter in
the coordination scheme of the metal center complex but
without any consequence on the overall properties of the
chelate. We thus concluded that this function should be ideally
used for bioconjugation of the chelate on specic biomolecules
to form promising radiopharmaceuticals.

In this work we then present the conjugation reaction of the
te1pa chelator with a F6 mouse IgG1a antibody (F6 mAb),
directed against CEA (carcinoembryonic antigen), the charac-
terization of the so obtained immunoconjugate, its radio-
labeling, in vitro and in vivo behaviors and the rst PET
phenotypic images in a colorectal human cancer bearing nude
mice. Despite the rise of advantageous bifunctional chelators as
nota (or noda-GA), a dota derivative was again selected as
comparison considering that it represents the actual clinical
reference. Additionally, a too large animal study with an
exhaustive selection of various chelators is too expensive and
ethically questionable.

The choice of the tumor model has been determined by its
high percentage human occurrence and its high and regular
expression of CEA by tumor cells.52 Moreover, CEA antigens can
be easily targeted with different mAbs or derivatives without
high nonspecic uptake on healthy tissues.

Results and discussion
Immunoconjugates synthesis

The monoclonal F6 antibody (F6 mAb) is a mouse IgG1a
directed against the CEA and more specically against the CEA
epitope Gold 1.53 The rst challenge of our study was to manage
the activation of the carboxylic function of the picolinate
moieties of the te1pa ligand to allow its bioconjugation with
this antibody. Such a reaction involving an aromatic carboxylic
function has already been performed by Cai et al.54 but is more
difficult when the function is linked to a pyridine core. The
selected reaction pathway consists in the conventional use of
EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) as
coupling agent and sulfo-NHS (N-hydroxysulfosuccinimide) to
lead to te1pa-SNHS (Scheme 1). To preserve reactivity of the so
obtained activated ester, the strategy was to place it directly in
reaction with the antibody without further purication. Reac-
tion conditions were inspired by the work of Cai et al. and
preliminary works to optimized conjugation yield while
lowering formation of aggregates from cross-reactions aer
incorporation of the mAb in the subsequent conjugation step
(see information 1 in ESI:† previous investigations done with
the easier accessible hLL2 mAb were used as reference, the F6
mAb being too difficult to obtained in large amount to allow
comparable preliminary works). The activation step was per-
formed at 4 �C during 30 minutes at pH 5 with a molar ratio of
te1pa : EDC : SNHS of 1 : 1 : 1, leading to the corresponding
RSC Adv., 2017, 7, 9272–9283 | 9273
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Scheme 1 Activation of the carboxylic function of te1pa and conju-
gation of te1pa-SNHS and p-NCS-Bn-dota with the F6mAb. (i) MES pH
5 buffer, sulfo-NHS, EDC, 30 min, ice bath; (ii) F6 mAb, carbonate
buffer (0.3 M, pH 8.6), 3 h, ice bath; (iii) F6 mAb, carbonate buffer
(0.3 M, pH 8.6), 12 h, RT.
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View Article Online
desired activated ester (Scheme 1). This molar ratio was slightly
different from those used by Cai et al. (1 : 1 : 0.8) but gave
equivalent results.

The conjugation step was performed from 0 �C to 17 �C by
addition of the activated chelator to a solution of F6 mAb at pH
8.6 during 3 hours to obtain the F6-te1pa immunoconjugate.
The reaction was performed using 700 equiv. of activated te1pa
(theoretical amount by considering a total activation yield) to
follow our previously optimized conditions. This leads to the
formation of 60% of aggregates (Table 1) eliminated before
further experiments by gel ltration (see Experimental section).
Compared to the 6 equivalents AmBaSar:cRGD peptide condi-
tions carried out by Cai et al., the chosen conditions clearly
underline the weaker reactivity of the carboxylic function of the
picolinate. However, the excess of activated te1pa had no impact
on the quality of the resulting immunoconjugate.

As already mentioned in our previous work,39 our aim was to
compare the results of te1pa with dota, a ligand widely used for
64Cu radiolabeling and especially one of the few to be used for
clinical trials. For this study, dota was selected under its
C-functionalized form: p-NCS-Bn-dota, which is a 64Cu standard
currently used for such experiments. This bifunctional
Table 1 Conjugation conditions, 64Cu radiolabeling and character-
ization of the immunoconjugates F6-te1pa and F6–C-dota

F6-te1pa p-NCS-Bn-dota

Equiv. of activated ligand 700 15
% of aggregated aer
coupling

60 5

Radiolabeled conjugate 64Cu–F6-te1pa 64Cu–F6–C-dota

Ligand per MAbs 1.05 � 0.15 1.00 � 0.20
Radiolabeling yield (%) 93.9 � 1 93.7 � 2.5
Specic activity (MBq mg�1) 69.4 � 27.6 69.3 � 28.9
Immunoreactivity (%) 85.4 � 4.6 88.1 � 4.6

9274 | RSC Adv., 2017, 7, 9272–9283
chelating agent analogue of dota presents the advantage to be
graable on biomolecules and to preserve intact the structure of
the dota ligand offering thus the best conditions required for
a good comparison. Additionally, this compound is commer-
cially available, widely used and its conjugation to mAbs
procedure is accessible in literature.

p-NCS-Bn-dota was graed to the F6mAb, following the usual
protocol used in our laboratory (see Experimental section),
leading to 5% of aggregates (Table 1 and Fig. S1 in ESI†). te1pa-
SNHS immunoconjugates have shown greater amounts of
aggregates in comparison to commercial p-NCS-Bn-dota associ-
ated to the same F6 mAb. Purication of the immunoconju-
gate(s) of interest from antibodies aggregates and from
remaining traces of non-conjugated ligands, was performed by
size exclusion HPLC. Corresponding chromatograms (immu-
noconjugate post-conjugation and post-purication) are pre-
sented in Fig. S1 (in ESI†) and clearly show that
immunoconjugates are nally isolated with less than 5%
contaminants. The overall yields of the conjugation/purication
procedures were 37% and 90%, respectively for te1pa-SNHS and
p-NCS-Bn-dota.
Immunoconjugates characterization

Number of conjugated ligands. The effective number of
ligands conjugated per mAb was accessed by radiolabeling
tests. Each immunoconjugate was radiolabeled with 64Cu to
immunoconjugate molar equivalent ratios of 1, 2 and 5 during
30 min of incubation at pH �6.5–7 (acetate solution) at 40 �C
(see in ESI Table S2†). These conditions were chosen by taking
into account that copper does not precipitate in near neutral
acetate solution and matches with the optimal complexation
pH range previously described for [Cu(te1pa)]+.38 Molar copper
to immunoconjugate ratios were chosen in function of the
number of estimated ligands graed per antibody.

Results are presented in Table 1 and show that the conju-
gation yields for F6–C-dota and for F6-te1pa are quite equiva-
lent with about 1 accessible ligand graed per mAb
(respectively values of 0.8 to 1.2 and 0.9 to 1.2). This equiva-
lence was a prerequisite for comparing rigorously these 2
immunoconjugates.

Considering the graing yield, the conjugation of te1pa is
comparable or slightly higher than those obtained by Cooper
et al. for the conjugation of Sar-CO2H to rituximab, the latter
having obtained 0.5 ligands conjugated per mAb aer a similar
activation of an aromatic carboxylate with EDC and SNHS.55

Regarding the conjugation of p-NCS-Bn-dota, our result is
signicantly lower than the one obtained by Cooper et al. of 5
ligands conjugated per mAb. This was expected since only 15 eq.
of p-NCS-Bn-dota were used to obtain the F6–C-dota while 40 eq.
were used with rituximab in Cooper et al. work.

Competition with EDTA. Given complexing properties of
te1pa, it had been previously shown that the carboxylic function
of the picolinate moiety did not enter in the coordination
scheme of the metal center. The use of this function should
then not signicantly alter the overall properties of the ligand,
including the resistance to transchelation of the graed
This journal is © The Royal Society of Chemistry 2017
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complex aer radiolabeling with copper-64. However we studied
the impact of the evolution of the carboxylic acid into an amide
aer conjugation on the antibody. This was evaluated in vitro
through a study putting in competition 64Cu–F6–C-dota and
64Cu–F6-te1pa with excess of EDTA up to 50 000 equiv. (see
Table S3 in ESI†) in 0.1 M ammonium acetate (pH 6.5–7).
Results clearly show that 64Cu–F6–C-Bn-dota and 64Cu–F6-te1pa
presented the same resistance toward competitive ligand.
Respectively, 5.2 and 4.3% of the radioactivity was transchelated
from the ligands to EDTA when 50 000 equiv. of compet-
itor were introduced in solution in regard to radio-
immunoconjugates amounts.

It has to be noted that Wu et al. showed that copper-64
complexes of C-functionalized nota (C-nota, 3p-C-ne3ta and
3p-C-nota) were more stable than C-functionalized dota (64Cu–
C-dota) when challenged with only 100 equivalents of EDTA.56

Such competition with EDTA is thus able to highlight the
differences in stability between copper-64 complexes. It should
be noted that the lack of stability of unconjugated 64Cu–C-dota
was highlighted at pH 5.5 whereas our competition study was
performed at pH 6.5–7. This difference between the two proto-
cols can partially explain the discordant results.

64Cu radiolabeling kinetic process. In view of the results
previously obtained in the competition with EDTA, it seems that
modifying the picolinate carboxylic function has no strong
impact on the in vitro stability of the complex. Nevertheless such
modication may signicantly alter the radiolabeling kinetic of
copper-64 complexation. To verify our hypothesis we compared
the copper-64 complexation rate of F6-te1pa at 40 �C and at RT
during 1 hour (see ESI, Fig. S2†). Maximum F6-te1pa radio-
labeling yield was observed aer 45 min at RT while a quanti-
tative yield was obtained in less than 1 min for the
unconjugated te1pa, in the same conditions. The radiolabeling
kinetic of 64Cu–F6-te1pa can however be increased signicantly
by heating at 40 �C so that optimum labeling yield is obtained
early at 20 min. These radiolabeling conditions are unlikely to
alter immunoconjugates and are oen used in the literature,
even for ligands that have demonstrated rapid radiolabeling at
RT when not conjugated.7,12,57
Fig. 2 Liver extract chromatograms of sacrified mice at 2 h, 24 h and
48 h post-injection of 64Cu–F6-te1pa and 64Cu–F6–C-dota. The
reference is the solution of 64Cu–F6–C-dota post-radiolabeling.
Radiolabeling

Radiolabeling yields, specic activities and immunoreactivities
of 64Cu–F6–C-dota and 64Cu–F6-te1pa have been measured and
are shown in Table 1 (measurements done aer the radio-
labeling performed for in vivo experiments; in vitro character-
ization of radioimmunoconjugates was performed previously
and required a separate radiolabeling). Specic activities are
given before the adjustment with the unconjugated F6 mAb and
are quite equivalent for both radiopharmaceuticals (69.4 � 27.6
vs. 69.3 � 28.9 MBq mg�1). It is then possible to obtain
immunoconjugates with sufficient specic activity for clinical
use despite a relatively low number of chelating agents graed
per antibody.

The protocol carried out (see Experimental section) gave
equivalent radiolabeling yields (93.7� 2.5 vs. 93.9� 1) as well as
immunoreactivity scores (88.1 � 4.6 vs. 85.4 � 4.6) respectively
This journal is © The Royal Society of Chemistry 2017
for 64Cu–F6–C-dota and 64Cu–F6-te1pa, ensuring optimal
comparison between the two radioimmunoconjugates.

For the PET-phenotypic imaging study, volumic activity was
adjusted to 50 MBq mL�1 (instead of 33.3 MBq mL�1 for the
biodistribution study) so the injected volume and activity were
enough for imaging at 24 h. The two radiolabeled antibodies
were injected in the same conditions.

In vivo studies – biodistribution and PET imaging

Metabolism study. The metabolism study aims to provide
additional response elements regarding to in vivo stability of
64Cu-te1pa and 64Cu-dota aer conjugation. Such study has
previously pointed signicant differences in terms of resis-
tances to transchelation in the liver for non-conjugated 64Cu-
te1pa and 64Cu-dota.39 The analysis by size exclusion HPLC of
hepatic proteins extracted was supplemented by the analysis of
blood plasma at 2, 24 and 48 hours PI of 64Cu–F6–C-dota and
64Cu–F6-te1pa (see Fig. 2). The combination of these analyses
allows to track the distribution of the metabolites and radio-
labeled proteins, in order to assess hepatic metabolism and
transchelation process.

Size exclusion chromatography of hepatic extracts showed
a main peak with a retention time (RT) between 35 and 37 min
at 2, 24 and 48 h PI in both mice injected with 64Cu–F6-te1pa or
64Cu–F6–C-dota; this peak could reect the presence of radio-
labeled low molecular weight molecules linked with the
metabolism of monoclonal antibody, that generates lysyl-ami-
noacid-dota-64Cu as already mentioned in the literature.58

Another peak was observed at 29 min for all the analyzed
samples. It is highly likely that this latter peak corresponds to
64Cu complexed by SOD, considering that the same retention
time was observed when injecting bovine SOD previously radi-
olabeled with copper-64 in vitro. The intensity of the 64Cu–SOD
RSC Adv., 2017, 7, 9272–9283 | 9275
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peak and its evolution during time was different depending of
the injected radioimmunoconjugate. The intensity of 64Cu-SOD
was 30 and 22% aer 2 h PI, respectively for 64Cu–F6–C-dota
and 64Cu–F6-te1pa. At 24 and 48 h PI, the peak intensity had
nearly doubled for 64Cu–F6–C-dota (52% at 24 h and 56% at 48
h) and increased only slightly for 64Cu–F6-te1pa (22% at 24 h
and 29% at 48 h). Brought to the injected dose, the amount of
64Cu transchelated to SOD into the liver was equivalent to 4.3%
vs. 1.6% at 24 h and 3.8% vs. 2.3% at 48 h respectively for 64Cu–
F6–C-dota and 64Cu–F6-te1pa.

These transchelations, although relatively limited, never-
theless prove a better stability for the te1pa derivative when
compared to dota derivate.

Regarding chromatographic analyses of the blood plasma
(Fig. 3), only one peak was observed for all analyzed samples
with a RT between 23 and 25 min. This RT matches with the
reference of 64Cu–F6–C-dota (RT of 23–24 min), showing that
radiolabeled species present in plasma correspond to radio-
immunoconjugates in their intact forms. This was conrmed by
the measurement of the immunoreactivity of plasma, which
was superior to 80% at 24 and 48 h PI. Almost all plasma activity
recorded at these times corresponds to intact radio-
immunoconjugates, or at least to species retaining their specic
recognition for CEA. Thus, even if transchelation has occurred
in liver, this process did not reect on plasma proteins, notably
on ceruloplasmin all over the 48 h studied. This discrepancy
between results obtained for liver extract and blood can be
explained by the fact that F6 mAb is from murine origins, so it
can be recycled in large part by the FcRn receptor in liver
capillaries without being metabolized.59 Therefore it can be
assumed that only a very small fraction of radio-
immunoconjugates will undergo transchelation during the in
vivo distribution and elimination follow-up period, taking into
account that the half-life of copper-64 is much shorter than the
biological half-life of the murine antibody F6.

The study of the liver extract nevertheless demonstrates that,
following conjugation, 64Cu-te1pa has an excellent stability in
comparison to 64Cu-dota regarding transchelation processes.
The conjugation pathway that was used for te1pa does not seem
to deteriorate the complexation properties of this ligand, which
conrms that the carbonyl group of the picolinate does not
participate to the coordination of copper and can be used to
functionalize the ligand.
Fig. 3 Chromatograms of serum frommice sacrificed at 2 h, 24 h and
48 h post-injection of 64Cu–F6-te1pa and 64Cu–F6–C-dota.

9276 | RSC Adv., 2017, 7, 9272–9283
Biodistribution study. The uptake of 64Cu–F6–C-dota and
64Cu–F6-te1pa in tumor and radioactivity distribution in organs
– corresponding to native radioimmunoconjugates and their
metabolites – were studied in LS174T bearing mice. The % ID
g�1 and tumor/organs ratios obtained at 2, 24 and 48 h PI of 4.5
� 0.15 MBq of 64Cu–F6-te1pa or 64Cu–F6–C-dota are shown in
Table 2 and in Fig. 4 (and in Table S4 and Fig. S3 in ESI†). Note
that the 2 h PI time was chosen to reect the early distribution
phase of radioimmunoconjugates while the 24 h and 48 h PI
time are sufficiently late, considering the physical period of
copper-64, for observing the greater tumor uptake possible. One
objective of the biodistribution study was to determine the
optimal time for making PET imaging.

At 2 h PI, the activity is mostly distributed in blood (22 � 2.6
% ID g�1 for 64Cu–F6–C-dota and 23� 3.2 % ID g�1 for 64Cu–F6-
te1pa) and in highly vascularized organs like lungs (10.4 � 1.8
and 9 � 1.8 % ID g�1). % ID g�1 in the tumor were 6.4 � 1.4 for
64Cu–F6–C-dota and 8.5 � 1.3 for 64Cu–F6-te1pa. Tumor/heart
ratios were quite low (1.1 � 0.2 and 1.4 � 0.2) making diffi-
cult to determinate if the radioactivity detected in tumor was
due to specic accumulation of the radioimmunoconjugate or
to tumor vascularization. At this early time PI, no signicant
differences were shown between the two radiolabeled anti-
bodies in all studied organs.

At 24 h PI, blood activity decreased by a factor 1.6 and 1.8
(14.1 � 1.8 and 13 � 3% ID g�1), while tumor accumulation
increased by a factor 4.5 and 2.6 (28.7 � 7.5 and 22 � 5.4 % ID
g�1) respectively for 64Cu–F6–C-dota and 64Cu–F6-te1pa, in
comparison with 2 h PI time. Moreover, a decrease of % ID g�1

was observed for kidney, small intestine, transverse intestine,
lung and heart (p < 0.04) for the two radioimmunoconjugates.
The uptake in these organs (p > 0.1) and in tumor (p¼ 0.08) was
not statistically different between 64Cu–F6-te1pa and 64Cu–F6–
C-dota.

At 48 h PI, no signicant differences were observed between
64Cu–F6–C-dota and 64Cu–F6-te1pa for all of the organs and
likewise for the tumor (27.9 � 9.3 and 29.1 � 5.9 % ID g�1; p ¼
0.8). No signicant difference was observed between 24 and 48 h
PI in all organs for the two radioimmunoconjugates. These
observations demonstrated the possibility to realize the
phenotypic-imaging at 24 h PI, in order to maximize the
number of events integrated by the PET camera. The lack of
differences between 64Cu–F6–C-dota and 64Cu–F6-te1pa is
probably due to the chosen antibody. F6 mAb is indeed a mouse
antibody that can be taken in charge by mouse FcRn in our
model.59 In these conditions, the mAb metabolism is very low,
notably in liver, which can explain the similar uptake in each
studied organs for each chosen time point.

The tumor targeting was particularly satisfying for both
radioimmunoconjugates as early as 24 h aer injection. Such
results were similar to those obtained by Bryan et al. in the same
animal model with the 64Cu-dota-cT84.66.60 Indeed, in this work
the uptake in the tumor was 32 % ID g�1 48 h PI. In terms of
tumors/organs ratios, our results were also equivalent to those
obtained by Zeglis et al. in a pretargeting approach with a whole
antibody modied with a trans cyclooctene derivative and
This journal is © The Royal Society of Chemistry 2017
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Table 2 Biodistribution of 64Cu–F6-te1pa and 64Cu–F6–C-dota in nude mice bearing LS174T tumors expressed in % ID g�1 � SD

Tissue

2 h 24 h 48 h

64Cu–F6-te1pa 64Cu–F6-C-dota 64Cu–F6-te1pa 64Cu–F6-C-dota 64Cu–F6-te1pa 64Cu–F6-C-dota

Tumor 8.46 � 1.26 6.40 � 1.37 22.01 � 5.43 28.72 � 7.54 29.05 � 5.92 27.89 � 9.27
Blood 22.96 � 3.22 21.96 � 2.62 12.94 � 3.05 41.14 � 1.83 13.94 � 1.23 11.62 � 3.46
Liver 9.27 � 1.20 8.28 � 1.18 7.41 � 1.75 8.25 � 1.38 8.03 � 1.13 6.83 � 0.87
Kidney 5.59 � 1.09 5.22 � 0.93 3.58 � 0.81 4.03 � 0.46 3.73 � 0.44 3.51 � 0.90
Small intestine 5.94 � 1.98 4.81 � 0.86 2.69 � 0.90 3.50 � 0.88 3.54 � 1.16 2.95 � 0.81
Transverse intestine 5.68 � 2.07 4.04 � 0.85 2.48 � 0.72 2.53 � 0.30 2.73 � 0.86 2.21 � 0.44
Large intestine 2.61 � 2.38 2.19 � 0.41 1.80 � 0.36 2.16 � 0.20 2.08 � 0.46 2.01 � 0.18
Lung 8.98 � 1.84 10.37 � 1.81 5.80 � 1.73 6.45 � 1.48 6.37 � 1.39 6.00 � 2.39
Muscle 0.61 � 0.09 0.58 � 0.12 0.74 � 0.18 0.79 � 0.09 0.85 � 0.14 0.78 � 0.15
Spleen 4.94 � 1.30 4.02 � 0.65 4.01 � 1.24 4.87 � 1.01 5.34 � 1.41 4.18 � 1.93
Skin 1.42 � 0.18 1.50 � 0.30 3.44 � 0.74 3.60 � 0.43 4.02 � 0.31 3.56 � 0.95
Brain 1.24 � 0.39 1.28 � 0.38 0.97 � 0.23 0.89 � 0.22 0.87 � 0.22 0.74 � 0.23
Heart 6.05 � 0.91 6.00 � 0.50 4.19 � 1.00 5.02 � 0.76 4.29 � 0.47 4.23 � 1.05
Bone 2.30 � 0.42 2.22 � 0.34 1.76 � 0.48 1.89 � 0.43 1.78 � 0.41 1.60 � 0.44
Stomach 2.11 � 0.22 1.72 � 0.40 1.98 � 0.32 2.26 � 0.26 2.26 � 0.53 2.11 � 0.50
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followed by an in vivo coupling reaction with 64Cu-nota modied
with a tetrazine.61 Compared to this work, the% ID g�1 wasmore
than 5 times higher in the tumor for 64Cu–F6-te1pa. Compared
to pretargeting techniques, the use of a whole antibody is
particularly advantageous in the framework of a theranostic
approach tomaximize targeting and therefore the dose delivered
to the tumor. The same immunoconjugate can indeed be radi-
olabeled with copper-67 to achieve a radioimmunotherapy
following PET-phenotypic imaging with copper-64.

Imaging study. PET-phenotypic images obtained with 64Cu–
F6–C-dota and 64Cu–F6-te1pa at 24 h post-injection are presented
in Fig. 5. The corresponding PET – 3D MIP projections are also
given in Fig. 6. The tumors' masses were around 70 mg for one
mouse injected with 64Cu–F6–C-dota and around 80 mg for
another injected with 64Cu–F6-te1pa. For the other two mice,
tumors did not developed normally post LS174T cells injection
but were also imaged. Regarding these two mice, tumor implants
were around a little to no visible for 64Cu–F6-te1pa and 64Cu–F6–
Fig. 4 Biodistribution of 64Cu–F6-te1pa and 64Cu–F6–C-dota in
nude mice bearing LS174T tumors expressed as a ratio tumor/tissue.

This journal is © The Royal Society of Chemistry 2017
C-dota respectively, which could be attributable to the low
tumoral mass (around 19 mg and 10 mg respectively). In other
cases, images showed an excellent contrast between tumor and
healthy tissues around, which agrees well with results of the
biodistribution study despite a higher amount of immuno-
conjugate injected (160 mg for imaging vs. 100 mg for bio-
distribution). An important signal was observed in the thorax-
abdomen region, where cardiac and hepatic accumulations of
the radioactivity were clearly recognizable. The blood activity is
also visible, especially at the level of the aorta, located alongside
Fig. 5 PET-CT images at 24 h post-injection of 64Cu–F6-te1pa
and 64Cu–F6–C-dota in nude mice bearing LS174T tumors. T ¼
tumor; L ¼ liver.

RSC Adv., 2017, 7, 9272–9283 | 9277
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Fig. 6 PET – 3D MIP projection at 24 h post-injection of 64Cu–F6-
te1pa and 64Cu–F6–C-dota in nude mice bearing LS174T tumors. T ¼
tumor; L ¼ liver; V ¼ vascular; H ¼ heart.
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the spine. Tumor/liver ratio calculated using the images was 1.65
for 64Cu–F6–C-dota and 1.55 for 64Cu–F6-te1pa.

At this stage, a comparison between the bifunctional chela-
tors is tempting. Nevertheless, there is controversy as to the
possibility of observing biodistribution discrepancies between
copper-64 radioimmunoconjugates of the same mAb labeled
through different ligands, when it comes to comparison of
macrocyclic ligands. On the one hand, Dearling et al. described
very small biodistribution differences between bifunctional
derivatives of nota, dota, teta or Sar conjugated to ch14.18
mAb.62 No signicant variations were observed between the 24 h
and 48 h time points PI, similarly to our results with 64Cu–F6-
te1pa vs. 64Cu–F6–C-dota. In the same way, Cooper et al. have
compared different macrocyclic and acyclic ligands conjugated
to rituximab.55 If no signicant difference was observed between
macrocyclic derivatives regarding accumulation of radioactivity
in the liver and kidneys at 48 h PI, they have however demon-
strated greater accumulation in liver and intestine for acyclic
ligands derivatives of diethylenetriaminepentaacetic acid
(DTPA) in comparison with macrocyclic ligands. On the other
hand, Pandya et al. have shown a lower uptake of copper-64 in
kidneys and liver when comparing 64Cu-te2a-Bn-NCS-
trastuzumab to 64Cu-dota-Bn-NCS-trastuzumab in a murine
model of breast cancer.63 In addition, Rogers et al. reported
a lower liver and kidney uptake of 64Cu-BAT-2IT-1A3, in rats,
compared to SCN-teta, CPTA and PCBA copper-64 radio-
immunoconjugates. However, this difference was not signi-
cant in the hamster.64

It appears that intrinsic differences in kinetics of macrocy-
clic or macrobicyclic 64Cu complexes have a low impact on the
biodistribution of radioimmunoconjugates based on whole
mAb. This can be explained in part by the very slow hepatic
metabolism of antibodies due to their active recycling from the
liver to the blood through the FcRn receptor in lysosomes.65

Radioactive uptake in liver resulting from transchelation is in
fact negligible compared to the intact form of the radio-
immunoconjugate which will undergo recycling. The 12.7 h
9278 | RSC Adv., 2017, 7, 9272–9283
period of copper-64 is not long enough to compare the resis-
tance to transchelation of 64Cu complexes aer conjugation to
mAbs, which in comparison have a much greater biological
half-life. These differences may be observed with copper-67
whose period is closer to the biological half-life of mAbs,
which allows to assess the metabolism pathway of copper
following the metabolism of the radioimmunoconjugate.66

On the one hand, the choice of an internalizing mAb would
be interesting to test the in vivo stability of copper-64 radio-
labeling, since it would involve a higher metabolism and also
variations of redox intracellular conditions.

In a second hand, a vector with faster metabolismmight also
allow identication of discrepancies between 64Cu-dota and
64Cu-te1pa. In some particular cases, with smaller vectors and
especially with peptides, differences in biodistribution were
indeed described, depending on the ligand used to complex
64Cu.10,12,67 Larger molecules such as mAb fragments (minibody,
F(ab0)2 etc.) are an attractive alternative to mAbs since their
biological half-lives are more adapted to the period of copper-
64. These mAb fragments are metabolized faster, which could
lead to a larger transchelation process during the time covered
by the period of copper-64. As an example, Dearling et al. have
shown signicant biodistribution differences with ch14.18-
DCH2, a 120 kDa mAb fragment, radiolabeled through different
ligands with 64Cu in a murine model of intrahepatic metas-
tasis.68 This study also highlighted the importance of copper-64
complex overall charge on the uptake of the radio-
immunoconjugate in the kidneys. This has been previously
demonstrated for non-conjugated 64Cu complexes69 and also for
radiolabeled peptides.70 Finally, it should be noted that the
conjugation pathway that was used for te1pa in this work
induces a +1modication in the vector overall charge, making it
unfavorable for the uptake in liver and kidneys.

Conclusions

The present study has proved the interest to use a te1pa chelator
conjugated to F6-mAb in order to improve complexation prop-
erties compared to C-functionalization dota derivates. In vitro
stability study has shown attractive and encouraging results.
Unfortunately, experimental conditions used were not able to
demonstrate a better in vivo stability of 64Cu-te1pa immuno-
conjugate compare to 64Cu-dota immunoconjugate. Neverthe-
less, the proof of concept for the well-founded of picolinate
ligands for copper-64 F6-mAb radiolabeling has been achieved
aer injection of 64Cu–F6-te1pa radioimmunoconjugates to
xenograed nude mice bearing LS174T tumors and the result-
ing phenotypic-PET images.

Even if conjugation of the chelator using the picolinate
carboxylic function was expected to not affect the chelating
properties of te1pa ligand, we observed a small release of copper
from the radiolabeled antibody. This relative instability of the
radiotracer could be related to the global charge of the complex
consequence of evolution from the acid to amide function
during the coupling reaction. To overcome this disadvantage,
one of the best ways is to design a C-functionalized te1pa
derivative with a conjugable arm like a phenylisothiocyanate.71–73
This journal is © The Royal Society of Chemistry 2017
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This functionalization will allow to keep the negative charge of
the picolinate at physiological pH and to obtain a neutral effect
on the overall charge aer conjugation. C-Functionalization of
te1pa is also expected to restore the almost instantaneous
complexation of copper-64 at RT, to increase the conjugation
yield and nally should ensure that the kinetic inertness of the
64Cu complex obtained aer conjugation is not impaired. Our
efforts therefore are focusing on the synthesis of C-functional-
ized and bifunctional picolinate chelators for future applications
in PET-phenotypic imaging.

Experimental section
Conjugation

Materials. Sodium phosphate monobasic anhydrous, sodium
phosphate dibasic anhydrous, sodium carbonate anhydrous and
ammonium acetate were purchased as TraceSELECT® grade
from Fluka Analytical. Sodium hydrogen carbonate Puratronic®
(Alfa Aesar), citric acid monohydrate ACS reagent (Merck KGaA)
and 2-(N-morpholino)ethanesulfonic acid (MES) Ultrol® were
purchased from VWR France. Sodium citrate tribasic dihydrate,
ethylenediaminetetraacetic acid tetrasodium salt hydrate Sig-
maUltra, ethylenediaminetetraacetic acid ACS reagent, N-
hydroxysulfosuccinimide sodium salt (sulfo-NHS) and lyophi-
lised albumine from bovine serum (BSA) were obtained from
Sigma-Aldrich.N-(3-Dimethylaminopropyl)-N0-ethylcarbodiimide
hydrochloride (EDC) was purchased from TCI Europe N.V.

Water (18.2 MU cm) was obtained from Milli-Q® Gradient
system (Millipore). S-2-(4-Isothiocyanatobenzyl)-1,4,7,10-
tetraazacyclododecane tetraacetic acid (p-NCS-Bn-dota) was
purchased from Macrocyclics USA.

Copper-64 dichloride in 0.1 M hydrochloric acid was ob-
tained from ARRONAX cyclotron (Saint-Herblain, France).
Radionuclidic purity was determined by gamma spectroscopy
using a DSPEC-JR-2.0 type 98-24B HPGE detector (AMETEK) and
purity on metals was assessed by ICP-OES with an iCAP 6500
DUO (Thermo Fisher Scientic).

F6 mAb – a mouse IgG1a directed against Gold-1 epitope of
carcinoembryonic antigen (CEA) – was kindly provided by
Immunotech (Marseille, France).

The te1pa activation reaction – to obtain a N-hydrox-
ysulfosuccinimide intermediate compound – and coupling
reactions were carried out in glass hemolysis tubes with bar
magnets. All these materials have been treated prior to use by
being dipped overnight in a 10 mM EDTA solution (pH 4.5) and
were then rinsed several times with water.

Conditioning of the F6 mAb. The F6 mAb solution was
depleted of metals by adding 1 mL of EDTA 10 mM (pH 4.5) to
10 mg of antibody (67 nmol; 9 mL; 1.1 mg mL�1) in phosphate
buffer 0.1 M (pH 7). Aer 2 h of incubation, this solution was
concentrated to 5–10 mg mL�1 (0.5–1 mL) by ultraltration at
2.000g using a Microsep 30K omega (PALL Life Sciences). EDTA
was removed using a PD-10 disposable gel ltration column (GE
Healthcare Life Science) eluted with phosphate buffer 0.1 M (pH
7) fractions of 500 mL. In these conditions, molecules with
molecular weight lower than 10 kD were eluted with a retention
volume of 5 to 10 mL and antibodies with a retention volume of
This journal is © The Royal Society of Chemistry 2017
3 to 5 mL. The fractions corresponding to the F6 mAb were
collected and concentrated to 5–10 mg mL�1 (0.5–1 mL) by
ultraltration. The F6 mAb was then transferred in carbonate
buffer 0.3 M, pH 8.6 (coupling buffer) by adjusting the volume
of F6 mAb solution to 4 mL with coupling buffer and then
performing ultraltration. This step was repeated once to
obtain a nal F6 mAb concentration of 4 mg mL�1 and pH 8.5–
9. The exact concentration was measured with a NanoDrop®
1000 UV-vis spectrophotometer (Thermo Fisher Scientic), the
pH was checked with pH strips (MColorpHast™ pH 5.0–10.0,
Merck) and the exact volume was determined by weighing
(Mettler Toledo, XS105).

te1pa activation and conjugation to F6 mAb. te1pa (41.6
mmol; 20 mg) was dissolved in 360 mL of 50 mMMES buffer (pH
5). Sulfo-NHS (41.6 mmol; 9 mg) was dissolved in 72 mL of 50 mM
MES buffer (pH 5). These two solutions were cooled in an ice
bath. Then, EDC (41.6 mmol; 8 mg) was dissolved in the cooled
sulfo-NHS solution. This latter solution (mixture of sulfo-NHS
and EDC) was added to the te1pa solution. The resulting
te1pa/sulfo-NHS/EDC molar ratio was 1 : 1 : 1. The reaction
mixture was kept in an ice bath and gently stirred during
30 min. Following this reaction, the te1pa N-hydrox-
ysulfosuccinimide intermediate (te1pa-SNHS) was not isolated;
302 mL of the reaction mixture was immediately added to 1.55
mL (41.4 nmol; 4 mg mL�1) of F6 mAb in coupling buffer
(carbonate, 0.3 M, pH 8.6). The resulting F6 mAb : te1pa-SNHS
molar ratio is 1 : 700. The reaction mixture was stirred during
3 h, initially in an ice bath then allowing the temperature to
return gradually to room temperature.

p-NCS-Bn-dota conjugation to F6 mAb. p-NCS-Bn-dota (0.505
mmol; 0.34 mg) was dissolved in 41 mL of coupling buffer
(carbonate, 0.3 M, pH 8.6). Then, this solution (15 equiv.) was
added to 1.26 mL (33.7 nmol; 4 mgmL�1) of F6 mAb in coupling
buffer. The reaction mixture was gently stirred during one night
at RT.

Purication of the immunoconjugate solutions. For both p-
NCS-Bn-dota and te1pa-SNHS (intermediate compound) the
conjugation reaction was stopped by performing a gel ltration
on a PD-10 disposable column. The immunoconjugate was
recovered in phosphate buffer 0.1 M (pH 7) and concentrated to
4–5 mg mL�1 using the previously described PD-10 elution and
ultraltration system (see conditioning of F6 mAb).

The purication, i.e. the separation of the immunoconju-
gate(s) of interest, antibodies aggregates and also remaining
traces of non-conjugated ligand, was performed by size exclu-
sion HPLC. The system is composed of a 500 mL peek tubing
loop, a Sephadex G200 column (GE Healthcare Life Science), an
Eckert&Ziegler HPLC module, Knauer K120 pumps, Knauer
degasser and smartline UV 2520 set at 227 nm and an Eck-
ert&Ziegler shielded gamma-detector. The system is controlled
using the Modular-Lab (Eckert&Ziegler) soware.

The purication was carried out by elution in isocratic mode
with phosphate buffer 0.1 M (pH 7) at a ow rate of 0.5 mL
min�1 for a run of 35 min. The UV-vis spectrophotometric was
taken into account to collect manually the fraction corre-
sponding to the peak of immunoconjugate. The latter was
concentrated by ultraltration and the exact concentration of
RSC Adv., 2017, 7, 9272–9283 | 9279
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the solution was measured by UV-vis spectrophotometry and
exact volume was determined by weighing.
Characterization of the immunoconjugates

Number of ligands conjugated per antibody. The number of
ligands conjugated per antibody and by extension the efficiency
of coupling reaction were evaluated by radiolabeling test.
Immunoconjugates were radiolabeled with copper-64 by
respecting 3 different copper-to-immunoconjugate ratios: 1, 2
and 5 (molar equivalents). The total amount of cold copper
dosed in 64CuCl2 solution was taken into account for calculating
the volumes of immunoconjugate to respect these ratios.

In an Eppendorf tube, 5 mL of 64CuCl2 solution was added to
1 M ammonium acetate (volume sufficient to obtain a nal
reaction volume of 200 mL and a pH of 6.5–7). The mixture was
vortexed before adding the calculated volume of immuno-
conjugate to obtain the appropriate ratio. This volume is vari-
able from one 64CuCl2 production to another, depending on the
contamination by cold copper.

The reaction mixture was incubated for 30 min at 40 �C.
Then, a fraction was collected to carry out the radiolabeling
yield monitoring. The solution was deposited on an ITLC-SG
plate (Agilent Technologies) and the TLC was developed using
0.1 M citrate buffer pH 5. Then, the plate was dried and put
exposing for 5 min on a storage phosphor plate followed by
development using a Cyclone® Plus (Perkin Elmer) and
Optiquant® soware to obtain a radio-chromatogram. The
chromatographic conditions used allow to separate the copper-
64 non chelated (Rf. 1.0) and the radioimmunoconjugate (Rf. 0).
For each radiolabeling, the labeling yield was multiplied by the
ratio copper-to-immunoconjugate and the results were averaged
to obtain the number of ligands conjugated per antibody.

Competition with EDTA. The resistance of 64Cu–F6–C-dota
and 64Cu–F6-te1pa to transchelation was assessed in vitro in
competition with an excess of EDTA in 0.1 M ammonium
acetate (pH 6.5–7). Immunoconjugates were radiolabeled with
copper-64 at a 2 : 3 (1.5) copper-to-immunoconjugate ratio
according to the protocol described previously. The radio-
labeling solution was divided into 4 aliquots and then supple-
mented with a volume of a 0.1 M pH 7.5 EDTA solution
corresponding to 2000, 10 000, 25 000 and 50 000 molar
equivalents of EDTA relative to the immunoconjugate. The
mixture was stirred at RT during one night. TLC controls were
performed before and aer supplementation of EDTA according
to the protocol described previously.

Radiolabeling kinetics. The radiolabeling kinetics of the
immunoconjugate were studied at RT and at 40 �C in 0.1 M
ammonium acetate (pH 6.5–7). The monitoring of the kinetics
was performed by TLC – according to the protocol described
previously – by making controls at 5, 10, 15, 20, 30, 45 and
60 min. A total of 14 identical radiolabeling reactions were
necessary, at a 1 : 1 copper : immunoconjugate ratio, each vial
being associated with a single control time. Half of the vials
were placed at 40 �C while the other half was stirred at RT.

Immunoreactivity. The immunoreactivity, that is to say the
portion of the immunoconjugate having preserved intact
9280 | RSC Adv., 2017, 7, 9272–9283
affinity for the antigen, was evaluated, aer copper-64 radio-
labeling, with tubes coated with an anti-idiotype antibody.
Plastic hemolysis tubes with high protein retention (Nunc-
Immuno Maxisorp™, VWR) were coated with 44.12.13 mAb
(Immunotech, Marseille, France): 500 mL of a 20 mg mL�1

44.12.13 in PBS were incubated in the tubes with gentle stirring
during one night. Then, a 0.5% BSA in PBS (PBS/BSA 0.5%)
solution was added and incubated for 2 hours with gentle stir-
ring to saturate the adsorption sites of the tubes.

Evaluations of immunoreactivity were made in PBS/BSA 0.5%
to promote the interaction between antigens and antibodies.

1.5 pmol of radioimmunoconjugate was introduced in the
44.12.13-coated tube. This volume was calculated taking into
account the specic activity and activity concentration of the
labeling solution. The tube was stirred for 1 hour, then the
solution was removed and introduced in a conventional tube.
The 44.12.13-coated tube was rinsed with 500 mL PBS and the
rinsing volume has been reserved. The coated tube, the tube
containing the supernatant and that containing the rinsing
liquid were counted using NaI(Tl) spectrometer (Wallac 1480-
Wizard® 3; Perkin Elmer).

The test result is obtained by calculating the percentage for
the number of CPM (counts per minute) of the 44.12.13-coated
tube compared to the total activity.
Radiolabeling

For the radiolabeling of F6-te1pa, 62 mL of 64CuCl2 solution
(volume activity: 0.98 MBq mL�1; specic activity: 25.1 GBq
mmol�1) were rst added to 162 mL of 0.2 M ammonium acetate
and mixed. Then, 100 mL of 5.5 mg mL�1 F6-te1pa solution were
added to the mixture, in slight excess (1.5 equiv.) relative to the
total amount of copper dosed in 64CuCl2. The reaction mixture
was heated at 40 �C for 25 min, then 8 mL of 10 mM EDTA
solution were added to stop the reaction and complex free
64Cu(II). Aer mixing, the radiolabeling yield was assessed by
ITLC-SG in 0.1 M (pH 5) citrate buffer, according to the previ-
ously described protocol. Finally, the specic activity of the
radiolabeled immunoconjugate was adjusted to 50 MBq mg�1

by adding 220 mL of 3 mg mL�1 F6 mAb in PBS. Volume activity
was also adjusted to 33.3 MBq mL�1 by adding 1272 mL of
phosphate buffer 0.15 M.

In the same way, radiolabeling of F6–C-dota was achieved
with 137 mL of 0.2 M ammonium acetate, 62 mL of 64CuCl2, 75 mL
of 7.3 mgmL�1 F6-NCS-Bn-dota, 8 mL of 10 mM EDTA, 220 mL of
3 mg mL�1 F6 mAb and 1322 mL of phosphate buffer 0.15 M.
In vivo studies – biodistribution and PET imaging

Materials. Anhydrous absolute ethanol was purchased from
Carlo Erba France. Aprotinin, leupeptin and Pefabloc (Penta-
pharm) – were provided by the Joint service of the UMR-892.

The other chemical products correspond to those previously
described for conjugation and radiolabeling. NUDE female
NMRI mice were obtained from Harlan CPB then hosted in our
animal facility (IRS-UN, Nantes) under standard conditions and
received a standard diet ad libitum. LS174T cells (ATCC® CL-
This journal is © The Royal Society of Chemistry 2017
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188™) were purchased from American Type Culture Collection
(Rockville, MD).

Animal model. A murine model of human colorectal cancer
was used for biodistribution studies and PET imaging. Mice,
aged 19 to 26 weeks, were injected subcutaneously with 2
million of LS174T ATCC® ™CL-188 cells, a cell line of human
colorectal carcinoma expressing carcino embryonic antigen
(ACE). The volume of the subcutaneous tumor developed by
each mouse was checked regularly.

The animal experimentation protocol was conducted in
accordance with French regulations and was approved by the
ethics committee on animal testing in the Region Pays de la
Loire (Protocol CEEA.2012.171) and by the Ministry for higher
education and research (Ministère de l'enseignement supérieur
et de la recherche – No. 00143.02).

The injection of the radioimmunoconjugate was carried out
2 to 3 weeks aer transplantation when the tumor volume was
greater than 30 mm.3 A total of 40 mice was necessary to
achieve biodistribution study (36 mice) and PET imaging study
(4 mice).

Biodistribution. The biodistribution of 64Cu–F6–C-dota and
64Cu–F6-te1pa in LS174T tumor bearing mice was studied 2, 24
and 48 h post-injection (PI). Mice were injected with 4.5 � 0.15
MBq of 64Cu–F6-te1pa or 64Cu–F6–C-dota (100 mg of radio-
immunoconjugate in 150 mL) in a tail vein. Mice were then
housed in a shielded and ventilated enclosure until sacrice
time. Following sacrice, blood and the major organs were
collected, weighted and counted. In this study, 3 gut segments
were collected in order to best reect the hepato-biliary elimi-
nation of the radioimmunoconjugates.

The number of counts in the tissue samples were decay-
corrected and calibrated, by comparison with aliquots (n ¼ 3)
of a dilution of the injected dose, which were counted at the
same time. The activity in the selected tissues and organs was
expressed as the percentage of the injected dose per gram of
organ (% ID g�1). Results were also expressed as tumor-to-organ
ratio by dividing the % ID g�1 of the tumor by the % ID g�1

contained in the organ concerned.
A total of 18 mice were sacriced for each radio-

immunoconjugate: 5 mice at 2 h, 7 mice at 24 h and 6 mice at
48 h aer injection.

Immunoreactivity. The immunoreactivity of 64Cu–F6–C-dota
and 64Cu–F6-te1pa was assessed following the radiolabeling,
according to the previously described procedure. The mice
plasma was also tested for immunoreactivity 24 and 48 h PI. The
blood of mice sacriced at a same PI time (same group) was
collected and pooled. The blood pool was centrifuged at 2000g
for 10 minutes and the plasma was recovered. The immunore-
activity test was performed by incubating a volume of plasma
corresponding to about 1.5 pmol of radioimmunoconjugate in
the 44.12.13-coated tube.

In order to accurately estimate the theoretical amount of
radioimmunoconjugate contained in plasma, 200 mL of
plasma were counted following a standard tube containing
one hundredth of the activity injected per mouse. The
number of counts measured for the plasma sample was
divided by the number of counts for the standard. Taking
This journal is © The Royal Society of Chemistry 2017
into account the theoretical activity of the standard, the
activity of the plasma sample was obtained (in Bq). The
theoretical amount of radioimmunoconjugate contained in
plasma was obtained by dividing the activity of the plasma by
the specic activity of the radioimmunoconjugate decay-
corrected.

Metabolism study. For each biodistribution time, half of the
harvested livers of mice from the same group were pooled and
treated to extract proteins, residual radioimmunoconjugate and
metabolites. For this purpose, the slightly modied method
from Bass et al. was used.74 Each liver pool was rinsed with
precooled physiological saline and homogenized on ice in
65 : 35 ethanol/0.1 M ammonium acetate added with protease
inhibitors (5 mg mL�1 aprotinin, 5 mg mL�1 leupeptin, 4 mM
AEBSF) using a PTFE – inox pellet piston and a 15 mL Falcon
tube (Fisher Scientic) as a tissue grinder. Centrifugation at
8600g and 4 �C during 30 min was conducted with a Sigma 2-
16PK (Fisher Bioblock Scientic) centrifuge. The supernatant
was separated from the pellet and both were counted. The
supernatant was ltered (0.45 mm) and 200 mL were analyzed
using the following HPLC system. Also, the plasma from blood
pool was also analyzed with the same HPLC system.

HPLC system consists on a Waters 600 controller module,
Empower pro 1154 soware, Waters 600 quaternary pump,
Waters 487 UV detector and Gilson FC203B fraction
collector. Radioactive species were separated using a gel-
ltration column (GE Healthcare Life Science Superose 12
10/300 GL) eluted isocratically with 20 mM HEPES buffer and
150 mM NaCl (pH 7.3) during 60 min, ow rate: 0.5 mL
min�1. The calibration of gel-ltration column was con-
ducted using three standards with molecular weight of 32.6
kDa, 66 kDa and 150 kDa, corresponding to molecular weight
of respectively SOD, BSA and a standard IgG. The collected
fractions were counted using a Wallac 1480-Wizard® 3
gamma counter (Perkin Elmer). No discrimination between
small size molecules with molecular weight bellow 10 kDa
can be achieved with this column (they consequently present
the same retention time of 36 min in the experimental
conditions).

PET phenotypic imaging. The day before imaging, 4 mice
were injected with 6.5 MBq (160 mg in 130 mL) of 64Cu–F6–C-dota
or 64Cu–F6-te1pa in a tail vein (n ¼ 2 per group). At 24 h PI,
animals were anaesthetized with 5% isourane and 50% O2 in
air and placed on the bed of a Inveon™ PET-CT (Siemens
Medical Solutions, Knoxville, USA) and imaged over 20 min.
Anesthesia was maintained with a mask by decreasing the
percentage of isourane to 2.5%. The images were recon-
structed using OSEM-MAP algorithm (16 subset) followed by 6
OSEM (Ordered Subset Expectation Maximization) and 6 MAP
(Maximum a posteriori) iterations, without postlter. Post-
treatment imaging was performed with Siemens Inveon
Research Workplace soware®.

Statistical analyses. In order to determine if two sets of data
were signicantly different, unpaired t-test was performed at
5% signicance level. Unless otherwise specied, all tests were
two-tailed.
RSC Adv., 2017, 7, 9272–9283 | 9281
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Gouard. They also acknowledge the Ministère de l'Enseigne-
ment Supérieur et de la Recherche, the Centre National de la
Recherche Scientique, the Institut National de la Santé et de la
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J. Mol. Sci., 2015, 16, 3932–3954.
9282 | RSC Adv., 2017, 7, 9272–9283
14 P. Panichelli, C. Villano, A. Cistaro, A. Bruno, F. Barbato,
A. Piccardo and A. Duatti, Cancer Biother. Radiopharm.,
2016, 31, 159–167.

15 H. Zhang, H. Cai, X. Lu, O. Muzik and F. Peng, Acad. Radiol.,
2011, 18, 1561–1568.

16 J. S. Lewis, R. Laforest, F. Dehdashti, P. W. Grigsby,
M. J. Welch and B. A. Siegel, J. Nucl. Med., 2008, 49, 1177–
1182.

17 I. Grassi, C. Nanni, G. Cicoria, C. Blasi, F. Bunkheila,
E. Lopci, P. M. Colletti, D. Rubello and S. Fanti, Clin. Nucl.
Med., 2014, 39, e59–63.

18 T. J. Wadas, E. H. Wong, G. R. Weisman and C. J. Anderson,
Curr. Pharm. Des., 2007, 13, 3–16.

19 T. J. Wadas, E. H. Wong, G. R. Weisman and C. J. Anderson,
Chem. Rev., 2010, 110, 2858–2902.

20 M. Shokeen and C. J. Anderson, Acc. Chem. Res., 2009, 42,
832–841.

21 C. J. Anderson, T. J. Wadas, E. H. Wong and G. R. Weisman,
Chin. J. Nucl. Med. Mol. Imaging, 2008, 52, 185–192.

22 R. E. Mewis and S. J. Archibald, Coord. Chem. Rev., 2010, 254,
1686–1712.

23 J. D. Silversides, R. Smith and S. J. Archibald, Dalton Trans.,
2011, 40, 6289–6297.

24 K. S. Woodin, K. J. Heroux, C. A. Boswell, E. H. Wong,
G. R. Weisman, W. Niu, S. A. Tomellini, C. J. Anderson,
L. N. Zakharov and A. L. Rheingold, Eur. J. Inorg. Chem.,
2005, 2005, 4829–4833.

25 G. J. Stasiuk and N. J. Long, Chem. Commun., 2013, 49, 2732–
2746.

26 K. S. Woodin, K. J. Heroux, C. A. Boswell, E. H. Wong,
G. R. Weisman, W. Niu, S. A. Tomellini, C. J. Anderson,
L. N. Zakharov and A. L. Rheingold, Eur. J. Inorg. Chem.,
2005, 2005, 4829–4833.

27 D. N. Pandya, J. Y. Kim, J. C. Park, H. Lee, P. B. Phapale,
W. Kwak, T. H. Choi, G. J. Cheon, Y.-R. Yoon and J. Yoo,
Chem. Commun., 2010, 46, 3517–3519.

28 E. H. Wong, G. R. Weisman, D. C. Hill, D. P. Reed,
M. E. Rogers, J. S. Condon, M. A. Fagan, J. C. Calabrese,
K.-C. Lam, I. A. Guzei, et al., J. Am. Chem. Soc., 2000, 122,
10561–10572.

29 R. Ferdani, D. J. Stigers, A. L. Fiamengo, L. Wei, B. T. Y. Li,
J. A. Golen, A. L. Rheingold, G. R. Weisman, E. H. Wong
and C. J. Anderson, Dalton Trans., 2012, 41, 1938–1950.

30 P. Comba, M. Kubeil, J. Pietzsch, H. Rudolf, H. Stephan and
K. Zarschler, Inorg. Chem., 2014, 53, 6698–6707.

31 A. Bevilacqua, R. I. Gelb, W. B. Hebard and L. J. Zompa,
Inorg. Chem., 1987, 26, 2699–2706.

32 P. Chaudhuri and K. Wieghardt, Prog. Inorg. Chem., 1987, 35,
329–436.

33 L. R. Gahan and J. M. Harroweld, Polyhedron, 2015, 94, 1–
51.

34 A. M. Sargeson, Coord. Chem. Rev., 1996, 151, 89–114.
35 N. Di Bartolo, A. M. Sargeson and S. V. Smith, Org. Biomol.

Chem., 2006, 4, 3350–3357.
36 C. B. Johnbeck, U. Knigge, A. Lo, A. K. Berthelsen,

J. Mortensen, P. Oturai, S. Langer, D. Elema and A. Kjaer,
J. Nucl. Med., 2016, DOI: jnumed.116.180430.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra26003a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 4
/2

9/
20

25
 4

:3
4:

41
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
37 C. Malmberg, R. S. Ripa, C. B. Johnbeck, U. Knigge,
S. W. Langer, J. Mortensen, P. Oturai, A. Lo, A. M. Hag
and A. Kjær, J. Nucl. Med., 2015, 56, 1895–1900.

38 L. M. P. Lima, D. Esteban-Gómez, R. Delgado, C. Platas-
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