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Establishment of two complementary in vitro
assays for radiocopper complexes achieving
reliable and comparable evaluation of in vivo
stability†

K. Zarschler,‡ M. Kubeil‡ and H. Stephan*

The development of novel radiopharmaceuticals for imaging and therapy requires rapid and reproducible in

vitro assays to estimate their in vivo stability and dissociation behaviour. In general, these assays should

allow an assessment of dissociation of the radiometal from the radiopharmaceuticals. In the past, a series

of chemical challenges has been widely used to estimate complex stability under non-physiological and

non-radiotracer conditions providing limited information on the potential in vivo stability. In contrast, we

herein present two independent in vitro methods to measure the stability of radiocopper complexes under

physiologically relevant conditions. To quantify and compare the dissociation behaviour of six well-

established 64Cu chelates (TETA, DOTA, NOTA, Cyclam, diamSar and EDTA), we combine a protein

challenge experiment considering the stability of the chelates in the presence of human superoxide

dismutase with a serum assay measuring the stability of the radiometal complexes against human serum.

Unlike HPLC- and TLC-based analytical techniques, we describe the stability assessments by standard gel

electrophoretic procedures, which allow a timesaving workflow as well as simultaneous processing and

comparative analysis of a variety of copper-containing chelates and conjugates thereof. [64Cu]Cu-diamSar

is the most kinetically stable ligand, whereas the acyclic chelate [64Cu]Cu-EDTA underwent an

almost complete complex dissociation. Furthermore, kinetic stability studies in human serum carried out

for [64Cu]Cu-diamSar revealed no substantial time-dependent influence under commonly used labelling

conditions. Both described assays, the protein challenge experiment as well as the serum stability assay, are

not restricted to radiocopper, but may be adopted for other radiometal containing chelates.
Introduction

The clinically most relevant copper radionuclides 64Cu and 67Cu
have attractive nuclear decay properties for nuclear medicinal
applications in the elds of imaging and therapy.1–9 In typical
radiometal-labelled radiopharmaceuticals for tumour visuali-
zation and treatment, these radiometals are complexed usually
by chelating moieties, which are further covalently attached to
oncotropic vector molecules.10–15 In order to obtain the desired
biodistribution, to achieve appropriate tumour accumulation
and to allow optimal clearance from non-target tissues, highly
stable complexation of the radiometal is a key prerequisite.
Conversely, dissociation of the radiometal complexes results in
unspecic accumulation in non-target tissues and thus in poor
target-to-background ratios, low imaging contrast between
ancer Research, Helmholtz-Zentrum
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tion (ESI) available. See DOI:

hemistry 2014
diseased and healthy tissue and exposure of healthy tissue to
potentially damaging radiation. In the last decades new
bifunctional copper-containing chelating agents (BFCAs),
showing remarkable thermodynamic stabilities, have been
developed to overcome these limitations. Valuable information
about relative in vivo kinetic stability can be indirectly gained
from metal ion exchange16,17 and cross ligand challenge exper-
iments.16,18–26 Acid-assisted dissociation studies have been also
applied.27,28 These methods are supposed to reect the stability
of BFCAs for copper(II), while not really associated with in vivo
conditions. In this context, serum stability experiments are
more suitable.29–33 Hence, the understanding of copper metab-
olism, particularly proteins which are involved, is crucial to
achieve reliable predictions of prospective in vivo stability using
in vitro assays.

In biological systems, copper homeostasis is tightly regu-
lated and copper itself functions as a structural and catalytic
cofactor for proteins in a multitude of processes such as oxygen
transport, energy generation, iron acquisition, blood clotting,
oxidative stress protection and normal cell growth.34–39 Copper
ions exist in living organisms in two oxidation states, oxidized
RSC Adv., 2014, 4, 10157–10164 | 10157
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copper(II) and reduced copper(I), and this redox activity is
utilized by a wide variety of enzymes. However, the same redox
properties cause cellular oxidative damage when the transition
metal occurs in excessive concentrations. Defence mechanisms
are designed to chelate immediately copper ions to proteins,
protecting the cells against redox-induced damages.40,41 Once
ionic copper enters the blood, it is immediately taken up by
serum proteins (albumin, a2-macroglobulin) that deliver copper
efficiently to the liver, a central organ of copper homeostasis
and the kidney.42,43 Serum albumin represents one of the most
abundant proteins of the vascular system and possesses high-
specic binding sites for copper(II).42,44–47 Albumin- and a2-
macroglobulin-bound copper is rapidly exchanged between
both serum proteins and is released therefrom directly to
specic transporter systems in the cell membrane. Before
import of copper into the cytosol mediated by Ctr1 (copper
transporter 1), an integral membrane protein highly-specic for
copper(I), albumin- and a2-macroglobulin-bound copper(II) is
reduced to copper(I) by a putative cell surface metallo-
reductase.48 Once in the cytosol of a mammalian cell, copper is
routed by small proteins known as metallochaperones to Cu-
dependent enzymes (superoxide dismutase, cytochrome c
oxidase) or incorporated into Cu-dependent proteins traversing
the secretion pathways such as caeruloplasmin.49–53 Copper/zinc
superoxide dismutase SOD1 is a homodimeric enzyme (32 kDa),
which is mostly abundant in the cells of liver and kidney as well
as erythrocytes. Its major function is the catalytic conversion of
superoxide radicals to hydrogen peroxide and oxygen protecting
the cell against oxidative damage. This disproportionation is
Fig. 1 Structures of the ligands used in this study. The well-established az
Cyclam 4, diamSar 5 as well as the acyclic chelator EDTA 6 were inves
stability assay.

10158 | RSC Adv., 2014, 4, 10157–10164
dependent on an active site embedding the metal ions Cu and
Zn.54,55 Several stability studies of 64Cu-labelled BFCA biomole-
cule conjugates have signicantly pointed to the dissociation of
64Cu in the presence of SOD.31,32

Herein we describe two independent in vitro methods for
radiocopper complexes representing a complementary combi-
nation of a protein challenge experiment and a serum stability
assay. The former approach considers the stability of radio-
pharmaceuticals in the presence of human Cu/Zn-SOD, whereas
the latter assay measures the stability of the radiometal complex
against human serum. We compared six well-established 64Cu-
labelled BFCAs (Fig. 1) in order to estimate their radiocopper
dissociation in vivo: TETA 1 (1,4,8,11-tetra(carboxymethyl)-
1,4,8,11-tetraazacyclotetradecane), DOTA 2 (1,4,7,10-tetra(carboxy-
methyl)-1,4,7,10-tetraazacyclododecane), NOTA 3 (1,4,7-tri(carboxy-
methyl)-1,4,7-triazacyclononane), Cyclam 4 (1,4,8,11-tetraazacyclo-
tetradecane), diamSar 5 (1,8-diamino-3,6,10,13,16,19-hexa-
azabicyclo[6.6.6]icosane) and EDTA 6 (2-[2-[bis(carboxymethyl)-
amino]ethyl-(carboxymethyl)amino]acetic acid).

Since the exchange of 64Cu to the respective proteins was
quantied using gel electrophoresis techniques, the presented
assays allow simultaneous analysis of multiple samples in less
than four hours. Furthermore, these techniques also allow a
stability assessment of 64Cu-labelled BFCA–protein
conjugates. For this approach, we coupled the single-domain
antibody (sdAb) 7C12 with 2-(p-isothiocyanatobenzyl)-NOTA
(SCN-Bn-NOTA) to produce a NOTA-Bn-sdAb conjugate. This
particular sdAb represents a promising vector molecule for
molecular imaging applications, since it possesses high affinity for
amacrocycles for radiocopper complexation TETA 1, DOTA 2, NOTA 3,
tigated by a superoxide dismutase challenge experiment and a serum

This journal is © The Royal Society of Chemistry 2014
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the epidermal growth factor receptor (EGFR),56 which is overex-
pressed and/or deregulated in a wide range of tumour entities.57
Fig. 2 Analysis of 64Cu incorporation into human erythrocyte super-
oxide dismutase (SOD). Colloidal Coomassie stained native poly-
acrylamide gel (a) and autoradiography (b) showing 64Cu-labelled
bands of SOD: lane 1 [64Cu]CuCl2; lane 2 [64Cu]Cu-DOTA; lane 3
[64Cu]Cu-NOTA; lane 4 [64Cu]Cu-Cyclam.
Results and discussion

To study the kinetic stability of 64Cu labelled complexes, we
established two independent in vitro methods representing a
complementary combination of a superoxide dismutase (SOD)
challenge experiment and a serum stability assay. It has been
reported that the kinetic, rather than the thermodynamic
stability plays an important role in the evaluation of 64Cu
chelates for in vivo applications. Therefore, a couple of well-
established radiocopper azamacrocycles 1–5 and EDTA 6 were
investigated to quantify the complex dissociation and trans-
chelation of 64Cu to serum proteins and SOD. Thesemacrocyclic
chelates possess different in vivo behaviours which result from a
kinetic stability dependent resistance against trans-
chelation.4,9,27,28,58–60 In order to estimate the stability of the
radiometal complexes, they were incubated in the presence of
human serum and human SOD and the level of complex
dissociation was analysed by polyacrylamide gel electrophoresis
(PAGE) followed by electronic autoradiography. To quantify the
data, we used free [64Cu]CuCl2 as 100% normalized standard
which was treated in the same way as the chelators. The linear
dependence of radioluminographic blackening intensities and
[64Cu]CuCl2 activities is shown in Fig. S1.† The described work-
ow based on standard gel electrophoretic procedures allows
simultaneous processing and comparative analysis of a multi-
tude of copper-containing chelates and conjugates thereof in
less then 4 h. In contrast, radio-HPLC (SEC) analysis of a
comparable number of samples would take more time, whereas
simultaneous analysis is impossible. Alternatively, radio-TLC
procedure is a rapid method to analyse the stability, but [64Cu]-
Cu-labelled conjugates possessing antibodies or peptides as
targeting units show oen the same retention behaviour as
[64Cu]Cu-labelled serum proteins. Quantication and identi-
cation is in these cases not possible. In fact, the PAGE allows the
same procedures for almost all potential radiopharmaceuticals
to be studied without developing time-consuming tailor-made
retention conditions for each sample.
SOD challenge experiment

Fig. 2 represents an exemplary depiction of a native poly-
acrylamide gel obtained by the described SOD challenge. In the
Coomassie stained gel, two distinct bands with different
isoelectric points are detectable, which may represent distinct
SOD isoforms or SOD with varying degrees of post-translational
processing.61,62 The autoradiographic scan shows in each lane
corresponding radioactive protein bands. The enzyme was
incubated before with radiolabelled samples 1–6 and the
reference [64Cu]CuCl2 as described in the methods section.

The different blackening intensities of the bands originate
from different amounts of 64Cu, which was demetalated and
incorporated into SOD. Non-specic binding of the radio-
labelled chelates with the enzyme as a reason for the strong
signal (rather then transchelation) can be excluded, since such
This journal is © The Royal Society of Chemistry 2014
interactions would inuence the electrophoretic mobility of the
proteins. However, the migration of SOD, which is during native
PAGE mainly depending on the molecular mass and intrinsic
charge, is identical between the reference and the different
chelates. Conversely, non-specic interactions between the
radiolabelled chelates and the enzyme would result in shied
bands, what is obviously not the case.

Quantitative determination of transchelation is related to
the reference [64Cu]CuCl2 and can be calculated using the
following equations:

Xreference ¼ integral/activity (1)

Ysample ¼ integral/activity (2)

transchelation [% of control] ¼ (Ysample/Xreference) � 100 (3)

Using the AIDA soware, the different blackening intensities
were integrated and the resulting values were divided by the
corresponding activities of the respective 64Cu complexes
(Ysample) or the [64Cu]CuCl2 reference (Xreference). The trans-
chelation rate is dened as the ratio of Ysample and Xreference.

Fig. 3 summarizes the quantitative results of incorporated
64Cu into SOD according to the investigated radiolabelled
chelates 1–6. All macrocyclic ligands showed a high resistance
against transchelation in the presence of human SOD. Respec-
tively, the diamSar 5 (0.6 � 0.1% transchelation of 64Cu to SOD)
RSC Adv., 2014, 4, 10157–10164 | 10159
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Fig. 3 64Cu-transchelation [% of control] to human erythrocyte
superoxide dismutase (SOD) for 64Cu-labelled ligands 1–6. After
radiolabelling, indicated [64Cu]Cu-chelates were incubated for 1 h at
37 �C with excess SOD and subsequently separated by native PAGE.
Following electronic autoradiography, gels were stained with colloidal
Coomassie staining solution. Quantitative analysis of average band
intensities was performed as described in the results section. Each
point represents the mean � SD of three samples.
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ligand possesses the highest stability aer 1 h incubation in the
SOD challenge experiment. While the acyclic radiolabelled
ligand EDTA 6 underwent a nearly complete transchelation
(85.4 � 13.6%) in the presence of SOD under the same
conditions.
Fig. 4 Analysis of 64Cu-incorporation into human serum proteins.
Colloidal Coomassie stained SDS-polyacrylamide gel (a) and autora-
diography (b) showing 64Cu-labelled bands of human serum proteins:
lane 1 [64Cu]CuCl2; lane 2 [64Cu]Cu-DOTA; lane 3 [64Cu]Cu-NOTA;
lane 4 [64Cu]Cu-Cyclam.
Serum stability assay

In Fig. 4 an exemplary depiction of a non-reducing SDS poly-
acrylamide gel obtained by the described serum stability assay
is shown.

A prominent protein band in the size range of approximately
65 kDa is visible in the autoradiographic scan, which corre-
sponds most likely to radioactive serum albumin. Other serum
proteins with high-affinity sites for copper(II) such as a2-macro-
globulin (�180 kDa) are not visible due to the predominantly low
abundance in human serum and the rather low in vivo applica-
tion-related activity of [64Cu]CuCl2. However, if substantially
higher activities were used for radiolabelling the 64Cu chelates,
an additional faint protein band is visible in the autoradio-
graphic scan in the size >100 kDa (data not shown). Although not
investigated in more detail here, this band may correspond to
serum caeruloplasmin, which represents a 132 kDa a2-glycopro-
tein with the potential to bind six copper ions.43,63

As explained for the SOD challenge, the different blackening
intensities of the albumin bands originate from different
amounts of radiocopper, which dissociates from the chelate
upon incubation with serum and which is subsequently bound
primarily by albumin. Since no shi in the radioactive albumin
band is detectable between the different samples and the
reference, non-specic interactions of the radiolabelled
chelates with the protein are unlikely, but cannot be excluded
completely.
10160 | RSC Adv., 2014, 4, 10157–10164
Upon incubation of NOTA-Bn-sdAb with human serum,
additional bands with the size of approximately 14 kDa and
>70 kDa are visible in the autoradiographic scan (Fig. 5). The
former represents the radiolabelled protein-NOTA conjugate,
whereas the bands with molecular weights of more than 70 kDa
could correspond to complexes of radiolabelled NOTA-Bn-sdAb
and serum circulating soluble isoforms of EGFR (sEGFR).
Several of these soluble receptor isoforms have been detected in
the sera of normal humans and cancer patients. Alternative
splicing events of EGFR mRNAs and proteolytic cleavage of full-
length transmembrane EGFR isoforms are the reasons for the
localisation of these sEGFR proteins in human serum.64 Since
the herein used sdAbs possess high affinity for the extracellular
domain of EGFR presented by human cancer cells, they almost
certainly bind soluble receptor isoforms as well.

The quantitative determination of complex stability in
human serum for 64Cu-labelled chelates was calculated with the
same method as for the SOD challenge (Fig. 6).
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Serum stability of NOTA-Bn-protein conjugate. Colloidal
Coomassie stained SDS-polyacrylamide gel (a) and autoradiography
(b) showing 64Cu-labelled bands of human serum proteins and single
domain antibody (sdAb): lane 1 [64Cu]CuCl2; lane 2 [64Cu]Cu-NOTA-
Bn-sdAb. The band corresponding to NOTA-Bn-sdAb is highlighted by
an arrow.
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It is worth noting that the serum stability assay supports the
trends of stability obtained by the SOD challenge. The sar-
cophagine ligand diamSar 5 showed only marginal 64Cu trans-
chelation to albumin (1.7 � 0.5%) aer 1 h of incubation. As
expected, radiocopper dissociates completely from 64Cu-
labelled EDTA 6 (100 � 12%) and is subsequently incorporated
by albumin illustrating impressively the decreased stability
associated with the acyclic structure. In contrast, the widely
used 64Cu-labelled azamacrocycles [64Cu]Cu-TETA (4.2 � 2.3%),
Fig. 6 64Cu-transchelation [% of control] in human serum for 64Cu-
labelled ligands 1–6 and protein conjugate. After radiolabelling, indi-
cated 64Cu-species were incubated for 1 h at 37 �C in human serum
and subsequently separated by SDS-PAGE. Following electronic
autoradiography, gels were stained with colloidal Coomassie staining
solution. Quantitative analysis of average band intensities was per-
formed as described in the results section. Each point represents the
mean � SD of three samples.

This journal is © The Royal Society of Chemistry 2014
[64Cu]Cu-DOTA (3.5 � 1.5%) and [64Cu]Cu-NOTA (2.1 � 1.1%)
remain relatively intact upon incubation in human serum for
1 h suggesting a high resistance towards albumin. However,
conjugation of NOTA to the sdAb resulted in a substantial
decrease in kinetic stability (40.7 � 2.1%). This nding
emphasizes that the adjacencies may signicantly inuence the
stability of the formed copper complex. For example, exposed
amino acid residues of the sdAb itself can compete with the
chelator, especially if the central ion is not completely shielded.
However, the developed assays offer the possibility to rapidly
gure out the most appropriated chelator system to be intro-
duced in any system of choice.

Both methods, the SOD challenge as well as the serum
stability assay, identied the macrocyclic ligand diamSar the
most stable out of the six examined 64Cu chelates. This result
conrms recent in vitro and in vivo data.60 The radiocopper
azamacrocyclic acid derivatives 1–3 show very similar kinetic
stability, whereas cyclam 4 appears to be slightly less prone to
dissociation. Among these BFCAs, cyclam forms the most stable
copper(II) complex.65,66 In vivo dissociation of 64Cu from
macrocyclic chelates such as TETA and binding to rat liver
located SOD has been described previously.31,67 Therein, the
major metabolite in liver homogenates from rats sampled 20 h
post-injection was identied to be SOD. Boswell and colleagues
performed comparative in vivo stability analysis of a series of
64Cu-labelled macrocyclic complexes including TETA and
DOTA.32 In rat liver extracts, the majority of protein-bound 64Cu
was associated with SOD, whereas in blood extracts mainly
64Cu-labelled rat albumin was detected. Since this particular
study, the amount of protein bound 64Cu was calculated from
integration of size-exclusion chromatograms, the values cannot
be compared. However, unlike with published data concerning
Fig. 7 64Cu-transchelation [% of control] in human serum for [64Cu]-
Cu-diamSar as function of time. After radiolabelling of diamSar (10
nmol), the corresponding 64Cu-complexes were incubated for
different time periods ranging from 5 min to 24 h at 37 �C in human
serum and subsequently separated by SDS-PAGE. Following electronic
autoradiography, gels were stained with colloidal Coomassie staining
solution. Quantitative analysis of average band intensities was per-
formed as described in the results section. Each point represents the
mean � SD of three samples.

RSC Adv., 2014, 4, 10157–10164 | 10161
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the high instability of 64Cu-DOTA in rat liver extracts, our results
showed no substantial release of 64Cu to SOD (1.7 � 1.3%).

Time-dependent studies were performed choosing [64Cu]Cu-
diamSar to measure the kinetic stability in human serum. Data
of kinetic stability as a function of time were obtained aer
certain incubation periods (5 min, 1 h, 2 h, 4 h and 24 h) and
were analysed in the same manner as described above, except
that the initial activity was increased to �40 MBq [64Cu]CuCl2.
The results are depicted in Fig. 7 and clearly show no signicant
increase of transchelation aer one hour. In other words, also
long term exposure of [64Cu]Cu-diamSar to human serum at
physiological temperature induces no transchelation of radio-
copper to serum proteins.
Experimental
General materials

A Direct-Q 3 UV water purication system fromMillipore (Merck
KGaA) was applied for producing deionized water. The resis-
tance of deionized water was 18.2 MU. DOTA (Cat. #C 032) and
NOTA (Cat. #C 082) were purchased from CheMatech. DiamSar
was synthesized according the literature.68 SCN-Bn-NOTA (Cat.
#B-605) was purchased from Macrocyclics. Cyclam (Cat.
#259160), TETA (Cat. #400408), superoxide dismutase from
human erythrocytes (Cat. #S9636) as well as 2-[4-(2-hydrox-
yethyl)piperazin-1-yl]ethanesulfonic acid (HEPES; Cat. #H3375)
were purchased from Sigma-Aldrich. Human serum “Off the
clot” (Cat. #S 01049.1) was obtained from Biochrom AG and 2-
(N-morpholino)ethanesulfonic acid (MES; Cat. #A1074) was
delivered by Applichem. The radiolabelling process of the
chelators was monitored by radio-TLC and evaluated using a
radioactivity thin layer analyser (Rita Star, Raytest). Radioac-
tivity was counted with ISOMED 2010 (MED Nuklear-Medi-
zintechnik Dresden GmbH). The polyacrylamide gels were
exposed to reusable imaging plates for 10min and subsequently
read by a radioluminography laser scanner BAS-1800II (Raytest).
The difference in the relative proportions of 64Cu complex and
free 64Cu provides a measure of the kinetic stability of the 64Cu
complex. The resulting images were normalized to 100% free
64Cu as reference. Each sample was investigated a minimum of
three times in independent experiments and results are repor-
ted as the mean with standard deviations (SD).
Radiochemistry

The production of 64Cu was performed at Cyclone® 18/9
(Helmholtz-Zentrum Dresden-Rossendorf) in a 64Ni(p,n)64Cu
nuclear reaction with specic activities of 150–250 GBq mmol�1

Cu diluted in HCl (10 mM).69 The general procedures for radi-
olabelling were as follow: To each ligand (10 nmol, stock solu-
tion of 1 mg mL�1 diluted in H2O) was added [64Cu]CuCl2
(10–14 MBq in 100 mL of 100 mM MES/NaOH buffer pH 5.5)
followed by 1 h incubation at 25 �C. Formation of the complexes
were analysed by radio-TLC using different stationary and
mobile phases (see Table S1†). The radiochemical purity were
higher than 99%, otherwise they were rejected. Importantly, the
10162 | RSC Adv., 2014, 4, 10157–10164
pH was adjusted to pH 7.6 using 1 M HEPES/NaOH buffer
pH 8.0 (50 mL) aer radiolabelling.

Preparation of radiolabelled protein-NOTA conjugate

Single-domain antibodies (sdAbs) were expressed and puried
as described recently.70 For conjugation reaction, a mixture of
SCN-Bn-NOTA (60 mmol, 33.6 mg) and sdAbs (0.6 mmol, 9.0 mg)
in bicarbonate buffer (50 mM NaHCO3, 150 mM NaCl, pH 8.5)
was allowed to react for 20 h at room temperature in the dark.
The reaction mixture was puried by dialysis (100 mM MES/
NaOH, 150mMNaCl, pH 5.5) using Spectra/Por Float-A-Lyzer G2
with a molecular weight cut off of 3.5–5 kDa from Spectrum
Laboratories (Cat. #G235053) to remove non-conjugated small
molecules. To NOTA-conjugated sdAbs (10 pmol, 150 mg), [64Cu]-
CuCl2 (10–14 MBq in 100 mL of 100 mM MES/NaOH buffer pH
5.5) was added followed by 1 h incubation at 25 �C. An aliquot of
the solution (5 mL) was combined with EDTA (2 nmol, pH 7.0)
and the labelling process of the NOTA-conjugated sdAbs (Rf ¼
0.2) was monitored by radio-TLC using ITLC-SA plates in
combination with a mobile phase of NaCl (0.9%) in H2O. As
reference, separate radio-TLC analysis of [64Cu]Cu-EDTA (Rf¼ 1)
was performed in the same mobile phase. Importantly, the pH
was adjusted to pH 7.6 using 1MHEPES/NaOHbuffer pH 8.0 (50
mL) aer radiolabelling.

Superoxide dismutase assay

Human erythrocyte superoxide dismutase (SOD) was recon-
stituted in H2O to a protein concentration of 1 mg mL�1 (�4 units
per mL) and stored in aliquots (10 mL, 0.3 nmol) at �20 �C. For
SOD experiments, aliquots were thawed on ice and [64Cu]Cu-
labelled ligands 1–6 (0.1 nmol, 1.5 mL) or [64Cu]CuCl2 as refer-
ence were added to SOD (0.3 nmol, 10 mg). The mixtures were
incubated for 1 h at 37 �C followed by adding 1 volume native
sample buffer (Bio-Rad Laboratories, Cat. #161-0738). The
samples were separated using non-reducing and non-dena-
turing polyacrylamide gel electrophoresis (PAGE) with acryl-
amide concentrations of 15% in the resolving and 5% in the
stacking gel. The composition of the gels is depicted in the
Table S2.† Twenty mL of each sample were loaded into each well
of the gel. The native PAGE was run at r.t. and 80 V until the dye
front reached the resolving gel and then increased up to 140–
160 V. Aer electrophoresis, the gel was washed for 1 min in
H2O and exposed for 10 min to a reusable imaging plate (Fuji-
lm). Following electronic autoradiography using a radio-
luminography laser scanner, the gel was stained with PageBlue
protein staining solution (Thermo Fisher Scientic) according
to the manufacturer's instructions. Quantitative analysis of
average band intensities was performed with the Advanced
Image Data Analysis (AIDA) program (Raytest).

Serum assay

Upon delivery, human serum “Off the clot” was split into
aliquots (10 mL) and stored at �20 �C. For serum experiments,
aliquots were thawed on ice and ltered using syringe lters
with a pore size of 0.45 mm. Aer mixing ltered serum (220 mL)
with 1 M HEPES/NaOH buffer pH 7.4 (45 mL), [64Cu]Cu-labelled
This journal is © The Royal Society of Chemistry 2014
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ligands 1–6 or [64Cu]Cu-NOTA-sdAbs (9 nmol, 135 mL, �9 MBq)
were added. Following incubation for 1 h at 37 �C, 2� Laemmli
sample buffer (400 mL, Bio-Rad Laboratories, Cat. #161-0737)
was added. Importantly, no reducing agent was added to the
Laemmli buffer and the samples were not heated. The mixtures
were separated using non-reducing SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) with acrylamide concentrations of
5% in the stacking and 10% in the resolving gel. For samples
containing [64Cu]Cu-NOTA-sdAbs, an acrylamide concentration
of 15% in the resolving gel was chosen in order to ensure
detection of radiolabelled sdAbs. The composition of the gels is
depicted in the Table S3.† Two mL of each sample were loaded
into each well of the gel. The SDS-PAGE was run at r.t. and 80 V
until the dye front reached the resolving gel and then increased
up to 140–160 V. Aer electrophoresis, the gel was washed for
1 min in H2O and exposed for 10 min to a reusable imaging
plate (Fujilm). Following electronic autoradiography using a
radioluminography laser scanner, the gel was stained with
PageBlue protein staining solution (Thermo Fisher Scientic)
according to the manufacturer's instructions. As for the SOD
challenge, quantitative analyses of average band intensities
were performed with the AIDA soware.
Kinetic studies

Time-dependent serum stability assessments were performed
aer 5 min, 1 h, 2 h and 24 h of incubation at 37 �C in human
serum by choosing [64Cu]Cu-diamSar as an example. Radio-
labelling of diamSar as well as serum stability assay was per-
formed as described above. Due to the half-life of 64Cu (12.7 h),
the initial activity for radiolabelling was set to �40 MBq [64Cu]-
CuCl2.
Conclusions

To date, the described methods represent the rst quantitative
evaluation to predict the stability of 64Cu-containing chelates
under physiologically relevant conditions using standard gel
electrophoresis techniques. The cost-efficient, rapid and easy to
handle procedure of both complementary assays make them a
favourable alternative to achieve reliable results which are
consistent with in vivo stability, and allow prediction and
interpretation of biodistribution data. Herein, we have veried
commonly used 64Cu chelates which show an enhanced resis-
tance against transchelation in the presence of excess SOD and
albumin. Remarkably, 64Cu-labelled diamSar 5 appears to
possess the highest kinetic stability of all tested chelators and
exhibits a great potential for the development of radiophar-
maceuticals based on 64Cu. However, as shown for NOTA,
conjugation with biomolecules can have a substantial effect on
the kinetic stability of the chelate. Both assays presented here,
the protein challenge experiment as well as the serum stability
assay, are transferable not only to newly designed chelators, but
also to those which contain vector molecules such as anti-
bodies, peptides or oligonucleotides. Furthermore, these
protocols are not restricted to radiocopper, but may be adopted
for other radiometal containing chelates.
This journal is © The Royal Society of Chemistry 2014
Acknowledgements

We kindly thank the group of Prof Leone Spiccia (Monash
University, Melbourne, Australia) for providing the diamSar
ligand, as well as Prof Leone Spiccia and Prof Peter Comba
(University of Heidelberg, Germany) for their encouraged ideas
and critical discussions. Furthermore, we thank Janine Partsch
for excellent technical assistance. Financial support by the
Helmholtz Virtual Institute NanoTracking (Agreement Number
VH-VI-421) is gratefully acknowledged. This study is part of a
research initiative “Technologie und Medizin – Multimodale
Bildgebung zur Aulärung des in vivo Verhaltens von poly-
meren Biomaterialien” of the Helmholtz-Portfoliothema.
Notes and references

1 C. J. Anderson and R. Ferdani, Cancer Biother. Radiopharm.,
2009, 24, 379–393.

2 P. J. Blower, J. S. Lewis and J. Zweit, Nucl. Med. Biol., 1996, 23,
957–980.
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