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ABSTRACT: In developing targeted probes for positron emission tomography (PET) based on 64Cu, stable complexation of
the radiometal is key, and a flexible handle for bioconjugation is highly advantageous. Here, we present the synthesis and
characterization of the chelator pycup and four derivatives. Pycup is a cross-bridged cyclam derivative with a pyridyl donor atom
integrated into the cross-bridge resulting in a pentadentate ligand. The pycup platform provides kinetic inertness toward 64Cu
dechelation and offers versatile bioconjugation chemistry. We varied the number and type of additional donor atoms by
alkylation of the remaining two secondary amines, providing three model ligands, pycup2A, pycup1A1Bn, and pycup2Bn, in 3−4
synthetic steps from cyclam. All model copper complexes displayed very slow decomplexation in 5 M HCl and 90 °C (t1/2: 1.5 h
for pycup1A1Bn, 2.7 h for pycup2A, 20.3 h for pycup2Bn). The single crystal crystal X-ray structure of the [Cu(pycup2Bn)]2+

complex showed that the copper was coordinated in a trigonal, bipyramidal manner. The corresponding radiochemical complexes
were at least 94% stable in rat plasma after 24 h. Biodistribution studies conducted in Balb/c mice at 2 h postinjection of 64Cu
labeled pycup2A revealed low residual activity in kidney, liver, and blood pool with predominantly renal clearance observed.
Pycup2A was readily conjugated to a fibrin-targeted peptide and labeled with 64Cu for successful PET imaging of arterial
thrombosis in a rat model, demonstrating the utility of our new chelator in vivo.
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■ INTRODUCTION

With the increased availability of cyclotrons capable of
producing radiometals, the application of copper radionuclides
for medical imaging has gained great interest.1 In recent years,
the long-lived isotope 64Cu (β+ 17.4%, Emax = 0.656 MeV, β−

39%, Emax = 0.573 MeV) has received the greatest attention for
this purpose.2 Copper-64 has near ideal emission properties for
positron emission tomography (PET); the β+ is low energy
which facilitates acquisition of high-resolution PET images.3

The longer half-life (t1/2 = 12.7 h), compared to commonly
used, but short-lived radionuclides 18F, 11C, or even 68Ga is
more applicable to developing targeted PET agents conjugated
to larger biomolecules, such as peptides, antibodies, and
antibody fragments that may require long circulation times

before achieving optimal target uptake. The longer half-life also
allows for remote production and shipment of the radionuclide
over large distances and makes this radionuclide attractive for
clinical application in PET. Several radiotracers based on 64Cu
are currently being evaluated in multicenter clinical trials.4

To utilize 64Cu for targeted imaging, stable complexation of
the metal to the targeting vector is key. Macrocyclic and cage-
like hexadentate ligand systems are among the current front
runners for stable coordination with minimal metal ion loss
even after multiple days of incubation under physiologically
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relevant conditions.3 Acyclic chelates often fall victim to rapid
decomplexation kinetics, resulting in the loss of the radiometal
ion, characterized in vivo by persistent uptake of the Cu
radionuclide in the liver and bound to plasma proteins.5−7 It is
important to note that 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA; Figure 1), often considered the
workhorse ligand for radiometal-based nuclear medicine, has
been well-documented to lack sufficient kinetic inertness for
use as a ligand for Cu(II).8,9 The ligands CB-TE2A, CB-
TE1A1P, SarAr, and PCTA (3,6,9,15-tetraazabicyclo[9.3.1]-
pentadeca-1(15),11,13-triene-3,6,9-triacetic acid; Figure 1)
have proven to be more suitable for the formation of kinetically
inert copper complexes.10−16 NOTA (1,4,7-triazacyclononane-
1,4,7-triacetic acid) can also provide an alternative in some
cases.17 While the kinetically inert complexation of 64Cu is one
requirement for a 64Cu radiopharmaceutical, the charge,
lipophilicity, and conjugation linker will each affect the behavior
of the radiolabeled bioconjugates in vivo, often in an
unpredictable manner.11,16,18,19 Therefore, it is crucial to have
an armamentarium of bifunctional chelators available. It was
our goal to develop a new bifunctional chelator which would
not only provide another alternative in the chelate tool-box, but
also overcome various shortcomings of the currently available
systems. Key requirements include: (1) facile chemical
synthesis; (2) ease of ligand modification to alter overall
charge; (3) slow decomplexation of the copper complex under
forcing conditions; (4) rapid radiolabeling; (5) high kinetic
inertness of the 64Cu complex with respect to transchelation;
and (6) bioconjugation and applicability to a target-specific
peptide.
Inspired by the variety of macrocyclic ligand scaffolds, we

designed a new ligand to have the capability to fulfill all criteria
listed above. Recently published work on new Cu(II) chelators
has shown that highly inert Cu-complexes can be obtained by

modification of CB-TE2A-type structures, either by extension
of the cross-bridge20 or integration of a donor atom into the
cross bridge.21 We also took the potent copper chelator cyclam
as a base and used the previously established synthesis of 1,8-
(2,6-pyridinedimethylene)-1,4,8,11-tetraazacyclotetradecane
(here abbreviated as pycup) by Brandes et al.22 to furnish a
ligand that incorporates a pyridyl nitrogen donor atom into the
cross-bridge. Incorporation of this donor group for the purpose
of building a more sturdy ligand is based on the well-
documented preference of Cu(II) for softer nitrogen
donors.23−25

To our knowledge, while similar ligands have been evaluated
and found to be very inert chelators for Cu(II), the pycup
structure or synthesis of potential pycup derivatives have not
been further explored for this purpose. Closely related bis-
amido-derivatives have been explored for the purpose of
formation of multinuclear complexes in organic solvents.26−28

For our purpose, we hoped that incorporation of a donor ligand
into the cross-bridge would reduce the need for additional
pendant arm donor atoms for stable coordination. The pendant
arms can then be used as handles for bioconjugation, providing
a versatile, easily synthesized chelator. To understand the
impact of the number of donor atoms on coordination, we used
the two residual secondary amines on the pycup ligand to
introduce 0, 1, or 2 acetate arms as additional donors and
charge equilibrators (pycup2A, pycup1A1Bn, and pycup2Bn,
Figure 2). The corresponding copper complexes were used to
study acid stability, labeling properties, and the inertness of the
corresponding radiochemical complexes.

64Cu-complexes have been used for the imaging of a number
of protein targeting vectors, such as somatostatin ana-
logues,29−31 bombesin derivatives,10,16,32 and RGD pepti-
des.11,17,33 We demonstrated that pycup2A could be used as
a bifunctional ligand by conjugating it to a known fibrin-

Figure 1. Structures of various chelators used for labeling with 64Cu.

Figure 2. Structures of chelates investigated in this study (from left to right): pycup2A, pycup1A1Bn, pycup2Bn, and the peptide conjugate pep(12).
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targeting peptide.34 This conjugate was radiolabeled and
subjected to the same kinetic inertness challenges as the
model compounds, followed by its evaluation as a PET probe
for thrombus imaging in a rat model.

■ EXPERIMENTAL SECTION
General Methods and Materials. 1H and 13C NMR

spectra were recorded on a Varian 500 NMR system.
Chemicals were supplied by Aldrich Chemical Co., Inc., and
were used without further purification. Solvents (HPLC grade)
were purchased from various commercial suppliers and used as
received. Cyclam was received from Alfa Aesar (Ward Hill, MA,
USA). 2,6-Bis(bromomethyl)pyridine was purchased from
Sigma Aldrich, USA. Electronic spectra were recorded between
360 and 900 nm in 10 nm intervals on a Spectra max M2
(Molecular devices), using the SoftMax Pro software.
Purification via high-performance liquid chromatography
(HPLC) of intermediates was performed using HPLC methods
A and B after injection of the filtered, crude mixture onto
preparative HPLC (Rainin, Dynamax, column: 250 mm
Phenomenex C18). Method A: mobile phase A = 50 mM
ammonium acetate in water; mobile phase B = 10% 50 mM
ammonium acetate in water, 90% MeCN; flow-rate 15 mL/
min, 0−1 min: 5% B, 1−3 min: 5−40% B, 3−15 min: 40−80%
B, 15−16 min: 80−95% B, 16−20 min: 95% B, 20−21 min:
95−5% B, 21−23 min: 5% B. Purification of the ligand−peptide
conjugate FBP12 was done using method B: Mobile phase A =
0.1% trifluoroacetic acid in H2O; mobile phase B = 0.1%
trifluoroacetic acid in MeCN, flow rate 15−18 mL/min, 0−4
min: 5% B, 4−33 min: 5−40% B, 33−37 min: 40−95% B, 37−
42 min: 95% B, 42−43 min: 95−5% B, 45−48 min: 5% B.
HPLC purity analysis (both UV and MS detection) was carried
out on an Agilent 1100 system (column: Phenomenex Luna,
C18(2) 100/2 mm) with UV detection at 220, 254, and 280
nm by using method C: A gradient of A (10 mM ammonium
acetate in water) to 95% B (50 mM ammonium acetate in
water, 90% MeCN), flow rate 0.8 mL/min. 0−1 min: 5% B, 1−
10 min: 5−95% B, 10−12 min: 95% B, 12−12.5 min: 95−5%
B, 12.5−15 min: 5% B. Determination of radiochemical yield
and purity was measured using method D using an Agilent
1100 Series HPLC unit with a Carroll/Ramsey radiation
detector with a silicon PIN photodiode (column for reaction
control and DOTA challenge: Phenomenex Luna 5u C18(2),
150 mm × 4.6 mm × 5 μm; column for plasma stability and
blood draw analysis: Polaris C18 A 150 mm × 4.6 mm × 5
μm). Mobile phase A was 0.1% trifluoroacetic acid in H2O and
mobile phase B 0.1% trifluoroacetic acid in MeCN, flow rate 0.8
mL/min. 0−1 min: 5% B, 1−10 min: 5−95% B. 10−12 min:
95% B, 12−12.5 min 95−5% B, 15 min: 5% B.
1,8-(2,6-Pyridinedimethylene)-1,4,8,11-tetraazacyclotetra-

decane (pycup). The high dilution intramolecular dialkylation
of cyclam with 2,6-bis(bromomethyl)pyridine was conducted as
previously reported in literature by Brandes et al.22 The product
(0.22 g, 0.73 mmol) was afforded in a 14% yield starting from
cyclam (1 g, 5 mmol). 1H NMR (CD3OD, 400 MHz, ppm):
7.83 (m, 1H), 7.28 (d, 2H), 4.15 (d, 2H), 3.82 (d, 2H), 3.31−
2.84 (m, 16H), 2.62 (m, 2H), 2.07 (m, 2H). 13C NMR
(CD3OD, 100 MHz, ppm): 156.8, 138.9, 121.0, 55.8, 54.3,
52.2, 48.7, 23.1. LC-ESI-MS: calcd for C17H30N5: 304.4. Found:
304.4 [M + H]+, Rt = 0.5 min (method C).
1,8-(2,6-Pyridinedimethylene)-2,4- (tert-butyldiacetato)-

1,4,8,11-tetraazacyclotetradecane (pycup2AtBu). 1,8-(2,6-
Pyridinedimethylene)-1,4,8,11-tetraazacyclotetradecane (0.102

g, 0.33 mmol) was dissolved in MeCN (10 mL). K2CO3 (10
equiv, 0.45 g, 3.3 mmol). tert-Butyl-bromoacetate (1.5 equiv,
0.098 g, 0.074 μL, 0.51 mmol) was added to the mixture, and
the reaction was stirred at room temperature overnight. The
mixture was then filtered, and the filtrate was reduced and
purified using preparative HPLC (method A). The desired
product eluted at 17.7 min. All fractions containing the pure
product were pooled, and the organic solvent was removed by
rotary evaporation. The aqueous residue was lyophilized to
afford the product (0.04 g, 0.075 mmol, yield: 22%) as a
colorless oil. Using this method, no monoalkylated product was
isolated. 1H NMR (CDCl3, 500 MHz, ppm): 8.02 (m, 1H), 7.5
(m, 2H), 4.23−2.97 (m, 24H), 2.05−1.92 (m, 4H), 1.43 (s,
18H). 13C NMR (CDCl3, 125 MHz, ppm): 165.7, 160.8,
123.23, 119.4, 84.1, 56.6, 53.9, 52.3, 27.8, 20.4, 19.8. LC-ESI-
MS: calcd for C29H50N5O4: 532.4. Found: 532.3 [M + H]+, Rt =
7.1 min (method C).

1,8-(2,6-Pyridinedimethylene)-1,4,8,11-tetraazacyclotetra-
decane-2,4-diacetic Acid (pycup2A). 1,8-(2,6-Pyridinedi-
methylene)-2,4- (tert-butyldiacetato)-1,4,8,11-tetraazacyclote-
tradecane (0.04 g, 0.075 mmol) was dissolved in a 1:1 mixture
of dichloromethane and trifluoroacetic acid (3 mL). The
reaction mixture was stirred overnight at room temperature.
The solvent was removed in vacuo, and the oily residue was
brought up a minimal amount of H2O and lyophilized to afford
the product as a white solid (0.045 g, 0.075 mmol, quantitative
yield, with product as di-TFA salt). 1H NMR (CD3OD, 500
MHz, ppm): 8.15 (s, br, 1H), 7.62 (s, br, 2H), 4.90−3.97 (m,
4H), 3.87−1.85 (m, 20H). 13C NMR (CD3OD, 125 MHz,
ppm): 171.9, 159.8, 140.7, 122.9, 55.2, 53.8, 53.2, 53.0, 52.8,
52.5, 51.6, 51.2, 50.2, 49.1, 48.2, 46.4, 44.6, 19.2. LC-ESI-MS:
calcd for C21H34N5O4: 420.3. Found: 420.3 [M + H]+, Rt = 1.1
min (method C).

1,8-(2,6-Pyridinedimethylene)-4-benzyl-1,4,8,11-tetraaza-
cyclotetradecane (pycup1Bn). 1,8-(2,6-Pyridinedimethylene)-
1,4,8,11-tetraazacyclotetradecane (0.187g, 0.61 mmol) was
dissolved in MeCN (20 mL). K2CO3 (0.18 g, 1.3 mmol) and
benzylbromide (0.068 g, 0.047 mL, 0.4 mmol) were added to
the solution, and the reaction mixture was stirred at room
temperature overnight. Subsequently, the solid components
were filtered off, and the solvent was partially removed in vacuo.
The residue was then purified using preparative HPLC
(method A). The desired product eluted at 8.6 min. All
fractions containing the pure product were pooled, and the
organic solvent was removed by rotary evaporation. The
aqueous residue was lyophilized to afford the product (0.131 g,
0.35 mmol, yield: 55%) as a yellow semisolid. 1H NMR
(CD3OD, 400 MHz, ppm): 7.74 (m, 1H), 7.36 (m, 5H), 7.20
(d, 2H), 4.03 (d, 1H), 4.02 (s, 2H), 3.98 (d, 1H), 3.45 (dd,
2H), 3.21−2.37 (m, 18H), 1.72 (m, 2H). 13C NMR (CD3OD,
100 MHz, ppm): 159.6, 157.8, 137.9, 139.3, 128.3, 127.9, 121.0,
120.2, 138.9, 121.0, 58.8, 57.9, 53.7, 52.8, 52.1, 52.0, 48.8, 24.8,
24.2. LC-ESI-MS: calcd for C24H36N5: 394.3. Found: 394.3 [M
+ H]+, Rt = 5.6 min (method C).

1,8-(2,6-Pyridinedimethylene)-2,4-dibenzyl-1,4,8,11-tet-
raazacyclotetradecane (pycup2Bn). 1,8-(2,6-Pyridinedi-
methylene)-2,4-dibenzyl-1,4,8,11-tetraazacyclotetradecane was
isolated from the reaction for the formation of 1,8-(2,6-
pyridinedimethylene)-4-benzyl-1,4,8,11-tetraazacyclotetrade-
cane as a side product but can be selectively synthesized by
alkylation with 2 equivalents of benzyl bromide. The product
was purified using preparative HPLC (method A). The desired
product eluted at 18 min. All fractions containing the pure
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product were pooled, and the organic solvent was removed by
rotary evaporation. 1H NMR (CD3OD, 400 MHz, ppm): 7.38−
7.28 (m, 13H), 4.11−3.52 (m, 12H), 2.99−2.72 (m, 16H). 13C
NMR (CD3OD, 100 MHz, ppm): 159.3, 138.2, 130.8, 128.7,
128.5, 121.1, 58.2, 53.4, 53.3, 22.3. LC-ESI-MS: calcd for
C31H42N5: 484.3. Found: 484.4 [M + H]+, Rt = 8.7 min
(method C).
1,8-(2,6-Pyridinedimethylene)-4-benzyl-8-(tert-butylaceta-

to)-1,4,8,11-tetraazacyclotetradecane (pycup1AtBuBn). 1,8-
(2,6-Pyridinedimethylene)-4-benzyl-1,4,8,11-tetraaza-cyclote-
tradecane (0.032 g, 0.081 mmol) was dissolved in a 1:3 mixture
of DMF and MeCN (4 mL) and heated to 50 °C. K2CO3 (0.1
g, 0.72 mmol) and KI (0.1 g, 0.6 mmol) were added to the
solution, followed by a portion-wise addition of tert-butyl-
bromoacetate (2.5 equiv, 0.03 mL, 0.039 g, 0.2 mmol) every 24
h (0.01 mL portions). After 72 h, no starting material was
detected by LCMS. The solution was diluted with H2O (1 mL),
and the reaction mixture was filtered and purified with
preparative HPLC (modified method A, with hold of 95% B
solvent for 7 min instead of 4). The desired product elutes with
a retention time of 17 min. The corresponding fractions were
pooled, and the MeCN portion of the solvent was removed by
rotary evaporation. The residual solvent was removed by
lyopohilization to afford the product as a light yellow semisolid
(0.013 g, 0.025 mmol, yield: 31%). 1H NMR (CD3OD, 500
MHz, ppm): 7.83 (m, 1H), 7.45−7.22 (m, 7H), 4.32−3.95 (m,
6H), 3.46−2.33 (m, 20H), 1.51 (m, 1H), 1.47 (s, 9H), 1.28 (m,
1H). 13C NMR (CD3OD, 125 MHz, ppm): 170.5, 138.6, 131.7,
129.4, 129.3, 128.7, 127.4, 121.9, 120.3, 80.9, 59.9, 57.3, 55.6,
53.9, 53.2, 53.1, 52.9, 51.9, 49.8, 49.4, 47.1, 26.3, 21.5. LC-ESI-
MS: calcd for C30H46N5O2: 508.4. Found: 508.4 [M + H]+, Rt =
6.1 min (method C).
1,8-(2,6-Pyridinedimethylene)-4-benzyl-1,4,8,11-tetraaza-

cyclotetradecane-8-acetic acid (pycup1A1Bn). 1,8-(2,6-Pyr-
idinedimethylene)-4-benzyl-8-(tert-butyl-acetato)-1,4,8,11-tet-
raazacyclotetradecane (0.003 g, 6 μmol) was dissolved in a 1:1
mixture of dichloromethane and trifluoroacetic acid (3 mL).
The reaction mixture was stirred overnight at room temper-
ature. The solvent was removed in vacuo, and the oily residue
was brought up a minimal amount of H2O and lyophilized to
afford the product as a white solid (0.002 g, 5.9 μmol,
quantitative yield, with product as the nTFA salt). 1H NMR
(CD3OD, 400 MHz, ppm): 7.91 (m, 1H), 7.65−7.21 (m, 7H),
4.81−1.72 (m, 28H). 13C NMR (CD3OD, 125 MHz, ppm):
178.1, 160.6, 160.2, 131.7, 131.1, 130.1, 129.1, 128.8, 121.8,
58.1, 54.3, 52.9, 52.5, 50.9, 21.0. LC-ESI-MS: calcd for
C26H38N5O2: 452.3. Found: 452.3 [M + H]+, Rt = 3.2 min
(method C).
pep(12). pycup2A·2TFA (0.015 g, 0.03 mmol) and PyBOP

(benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluoro-
phosphate, 0.014 g, 0.035 mmol) were dissolved in DMF
(dimethylformamide, 1 mL). DIPEA (N,N-diisopropylethyl-
amine) was added in 2 μL aliquots in order to adjust the pH of
the solution to 7. After 5 min, Pep2 (0.012 g, 0.008 mmol,
synthesized using standard solid phase methods; sequence H-
[Phe-His-Cys-Hyp-Tyr(3-Cl)-Asp-Leu-Cys-His-Ile-Gln cyclic
(2 → 8) disulfide]-1-(4-(aminomethyl)benzyl) acetamide)
was dissolved in DMF and added dropwise to the preactivated
ligand solution. Subsequently, the pH of the reaction mixture
was readjusted to 7 using additional 2 μL aliquots of DIPEA.
The reaction was then allowed to stir overnight at room
temperature. After 24 h, the crude reaction mixture was
analyzed using LCMS and was found to contain product, while

all starting materials had been consumed and only trace
amounts of ligand−peptide conjugates containing only one
chelate were observed. The product was isolated using
preparative HPLC (method B), eluting at 24.1 min. The
corresponding fractions containing pure product were
collected, and the solvent was removed in vacuo to afford the
product as a white powder (0.002 g, 0.8 μmol, 10% purified
yield). LC-ESI-MS: calcd for C113H160ClN27O21S2: 2331.1.
Found: 1165.1 [M + 2H]2+. Rt = 4.5 min (method D).

Nonradioactive Copper Complexes. The general
procedure was as follows: Ligand (0.04 mmol) was dissolved
in MeOH (1 mL). Cu(ClO4)2·6H2O (0.04 mmol) was
dissolved in MeOH (1 mL) and added dropwise to the ligand
solution. The ligand was subsequently deprotonated using 2
equiv of NaOH (1 M aqueous solution). Upon addition of the
base, a stark change of color from light to dark blue/green was
observed. Solid components of the complexation reaction were
removed using a 0.2 μm filter. The filtrate was collected and
purified using solid phase extraction (C18 sep pak). The
fractions containing the product were collected, and the solvent
was removed in vacuo to afford the desired copper complex as a
blue ([Cu(pycup2Bn)][ClO4]2) , turquoise ([Cu-
(pycup1A1Bn)]), or green powder ([Cu(pycup2Bn)][ClO4]).
All complexes were analyzed for purity using LC-MS, method
C. Na[Cu(pycup2A)] LC-ESI-MS: calcd for C21H34CuN5O4:
482.18. Found: 482.2 [M + 2H]+, Rt = 1.5 min. UV−vis: λmax =
710 nm, ε = 116 M−1 cm−1. [Cu(pycup1A1Bn)] LC-ESI-MS:
calcd for C26H36CuN5O2: 513.22. Found: 513.2 [M]+, Rt = 7.1
min. UV−vis: λmax = 680 nm, ε = 133 M−1 cm−1.
[Cu(pycup2Bn)][C lO4] 2 LC-ESI -MS: ca l cd fo r
C31H41ClCuN5: 581.23. Found: 581.2 [M + Cl−]+, Rt = 7.0
min. UV−vis: λmax = 670 nm, ε = 268 M−1 cm−1.
[Cu(FBP12)][ClO4]2 LC-ESI-MS: Found: 581.2 [M +
2H]2+, Rt = 4.5 min.

X-ray Crystallography and Structural Refinement
Details. A blue plate crystal of the macrocyclic copper(II)
complex was mounted on the Mitogen mount using paraton oil.
X-ray intensity data were measured at 100 K with a Bruker D8
Quest diffractometer (equipped with a Photon CMOS detector
and a Triumph monochromator) using Mo Kα radiation (λ =
0.71073 Å). The raw data frames were integrated with the
SAINT+ program; corrections for Lorenz and polarization
effects were applied. An empirical absorption correction based
on multiple measurements of equivalent reflections was applied
using the program SADABS. The structure was solved by the
intrinsic phasing method (SHELX 2013)35 and refined by full-
matrix least-squares on F2 with SHELXL.36 All non-hydrogen
atoms (except for disordered solvent) were refined anisotropi-
cally; hydrogens were placed in calculated positions. Benzyl
groups of the macrocycle and chloride counterions were refined
as disordered. Sheets of macrocyclic cations are separated by
layers filled with disordered solvent molecules (which were not
individually modeled, but rather collectively taken into account
using the SQUEEZE module of Platon) and chloride
counterions; the overall stoichiometry (3Cl:Cu) suggests a
singly protonated species must be present in the solvent.
Crystallographic information is available in the cif. Note: Atom
numbering in cif differs from given numbering in manuscript.

Computational Details. All calculations were conducted
using density functional theory (DFT) as implemented in the
Gaussian03W suite of ab initio quantum chemistry programs.37

Geometry optimizations and vibrational frequency calculations
were performed by using the unrestricted B3LYP exchange and
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correlation functionals and the double-ζ LANL2DZ basis set
for all atoms.38,39 Normal self-consistent field (SCF) and
geometry convergence criteria were employed, and structures
were optimized in the gas phase without the use of symmetry
constraints. Harmonic frequency analysis based on analytical
second derivatives was used to characterize the optimized
geometries as local minima.
Acid Stability of Nonradioactive Metal Complexes. A

sample of 1 mg of the copper complex was dissolved in 1 mL
(affording a ∼2 × 10−3 M solution). A portion of 1 mL of 10 M
HCl was added, and the absorption spectrum (400−900 nm) of
the corresponding solution was measured immediately (t0).
The solution was then incubated in an oil bath at 90 °C. The
absorption spectrum was remeasured at different time points,
and data were fitted with a first-order dissociation kinetics
model ([A] = [A]0e

−kt) to estimate the half-life using the Igor
Pro software package.
Radioactive Copper Complexes. The general procedure

was as follows: 64CuCl2 (0.1−0.4 mCi, in 30 μL, purchased
from University of WisconsinMadison) was diluted with 270
μL of pH 8 sodium citrate (10 mM). A sample of 10 μL of a 0.1
mM ligand solution (in HEPES pH 7.4) was added (affording a
final ligand concentration of <0.01 mM), and the reaction
mixture was heated at 70 °C for 15 min. Subsequent reaction
monitoring was done by analytical HPLC, method D. Under
these conditions, all pycup derivatives form the desired
radiochemical complex with quantitative yields. These crude
radiochemical reaction mixtures were stable over at least 48 h
(evaluated by HPLC); no decomplexation or loss of copper is
observed. Observed retention times: 64Cu(DOTA): 4.8 min;
[Cu(pycup2A)]: 6.6 min; [Cu(pycup1A1Bn)]+: 8.8 min;
[Cu(pycup2Bn)]2+: 8.9 min; free 64Cu in serum: 4.2 min.
Excess Ligand Challenge Experiment. A 100 μL aliquot

of the radiolabeled ligand or peptide conjugate (ligand
concentration <0.01 mM) was added to 100 μL of DOTA (1
mM, HEPES buffer, pH 7.4), affording a solution with over
100-fold excess DOTA. The solution was then incubated for 24
h at 37 °C or for 48 h at 70 °C. The 10 μL aliquots were
removed at specific time points and analyzed for transchelation
using HPLC, method D.
Rat Plasma Stability. A 100 μL aliquot of the radiolabeled

ligand or peptide conjugate (ligand concentration <0.01 mM)
was added to 400 μL of rat plasma (Lampire Biological
Laboratories). The solution was then incubated for 24 h at 37
°C. The 100 μL aliquots were removed at specific time points,
diluted with 200 μL HEPES buffer, and filtered using a 0.2 μm
filter. A 100 μL aliquot of this filtrate was analyzed for
transchelation using HPLC, method D.
Animal Models. All experiments were performed as

previously published, in accordance with the NIH Guide for
the Care and Use of Laboratory Animals, and were approved by
the Massachusetts General Hospital Subcommittee on
Research Animal Care.
Biodistribution of [64Cu(pycup2A)]. Three BALB/c mice

were injected with ∼5 μCi of radiochemically pure [64Cu-
(pycup2A)] through a tail vein catheter. The animals then were
sacrificed 2 h post injection, and organs were harvested and
weighed; their corresponding activity was counted using a
Packard, CobraII Auto gamma scintillation well counter. The
radioactivity in each tissue was reported as percent-injected
dose per gram (%ID/g), which was calculated by dividing the
counts of 64Cu per gram of tissue by the total counts of the
injected dose.

PET-CT and Biodistribution of FBP12. Four male Wistar
rats (350−400 g) were anesthetized with isoflurane (1−2% in
70% N2O and 30% O2), and the body temperature was kept at
37.5 °C. The right femoral vein was cannulated for probe
injection. The right femoral artery was cannulated for blood
sampling. An incision was made in the neck, and the right
common carotid artery was isolated. Intramural thrombus was
produced by crushing the right common carotid artery with
hemostat clamps for 5 min. Probes were injected within 20 min
of thrombus formation. The rat was then placed in a cradle and
positioned in a Gamma Medica Triumph Micro PET/CT/
SPECT. Each rat was injected with approximately 0.3−0.4 mL
and 300−500 μCi of the dose solution, and the animal
underwent a 90 min dynamic PET scan with the field of view
centered on the neck. The total activity injected was calculated
by subtracting the activity in the syringe before injection from
the activity remaining in the syringe after injection as measured
on a dose calibrator (Capintec CRC-25PET). After the PET
imaging, a CT image of the same anatomical region was
obtained. The CT scan was performed with a continuous
infusion of CT contrast (Isovue, Bracco Diagnostics Inc.,
Princeton NJ, USA infused at 0.3 mL/min) to delineate the
major blood vessels.
During the imaging study serial blood draws were collected

from the femoral artery at 0, 2, 5, 10, 15, 30, 60, and 120 min
postinjection into EDTA blood tubes. Blood was weighed, and
radioactivity in the blood was measured on a gamma counter
(Packard, CobraII Auto gamma) to assess clearance of total
64Cu. Animals were euthanized two hours post injection, and
the organ distribution of 64Cu was quantified ex vivo. The
thrombus (located in the right carotid artery), the contralateral
carotid artery, blood, urine, intra-abdominal organs, brain, left
rectus femoris muscle, and left femur bone were collected from
all animals. The tissues were weighed, and radioactivity in each
tissue was measured on a gamma counter, along with a weighed
aliquot of the injected dose solution. The radioactivity in each
tissue was reported as percent-injected dose per gram (%ID/g).
The right and left carotid arteries were further analyzed by
autoradiography using a multipurpose film and a Perkin-Elmer
Cyclone Plus Storage Phosphor system. Data were analyzed by
using the Student’s t-test where P-values of less than 0.05 were
considered statistically significant. Uncertainties are expressed
as the standard error of the mean.

PET Image Analysis. The PET data were dynamically
reconstructed with varying time windows. The volume of
interest (VOI) analysis of the reconstructed and coregistered
PET and CT data was performed with Amide.40 The CT image
was used as guidance to identify the VOI regions. VOI of
carotid arteries were determined guided by contrast agent
present in the blood vessel and the region of high activity from
the PET image (from the thrombus). The contralateral artery
VOI was chosen to be the same size as the VOI derived for the
thrombus in the ipsilateral artery.

■ RESULTS AND DISCUSSION

Preparation of Ligands and Complexation with Cu(II).
All intermediates and final products were characterized by using
1H, 13C NMR spectroscopy; the connectivity was confirmed
using proton−proton and proton−carbon correlation 2D NMR
(HSQC and HMBC). The synthesis of pycup derivatives differs
considerably from the synthesis of other cross-bridged
systems.41 Unlike most alternative caged or cross-bridged
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systems, synthesis of pycup is facile and does not require metal-
templating or multistep protecting group chemistries. Instead,
the pycup ligand can be furnished in one step using
intramolecular cross-bridging using 2,6-bis(bromomethyl)-
pyridine.22

A low yield of only 14% for intramolecular cyclization was
obtained which is likely due to competing intermolecular
reactions that were observed even under high dilution
conditions. Importantly, the corresponding cyclen analogue
cannot be formed under the same reaction conditions. Single or
double alkylated products such as pycup2AtBu and pycup2Bn
can be synthesized under standard conditions using 0.5−2.5
equiv of alkyl bromide (tert-butyl-bromoacetate or benzyl
bromide) as an electrophile in the presence of inorganic base
(K2CO3). The low solubility of the pycup scaffold in
acetonitrile was alleviated by the addition of DMF. Single
alkylated products were separated from the double-alkylated
products by preparative HPLC using a neutral mobile phase
and gradient method. In the case of pycup1AtBu1Bn, pycup1Bn
was alkylated under the same conditions as above, but with the
addition of KI and heating in order to increase the efficiency of
the second, less favored alkylation. The pycup1AtBu1Bn
product was isolated using preparative HPLC as described
above. In the case of pycup2AtBu and pycup1AtBu1Bn, the tert-
butyl protection group was removed using a 1:1 mixture of
DCM and TFA overnight. All derivatives were synthesized
within a maximum of four easily reproducible steps (Scheme
1).
Subsequent complexation of the ligands with Cu(ClO4)2·

6H2O at pH 5−6 (adjusted using 0.1 M NaOH or HCl)
provided the corresponding copper complexes as confirmed by
LC-MS. Immediate complex formation occurs upon adjustment
of the pH as was evident from the color change of the solution
from light blue ([Cu(H2O)6]

2+) to a turquoise or dark blue
depending on the Cu complex environment. Purification of Cu
complexes was achieved using reverse-phase chromatography
with C18 sep-pak cartridges where the separation was
monitored by observation of the color change of the eluate
from light blue (uncomplexed copper) to dark blue or
turquoise (copper complex). The complexes were loaded
onto the prerinsed cartridge in H2O and eluted using a 1:1
mixture of H2O/EtOH. Fractions containing the complexes
were analyzed using LC-MS. The solvent was evaporated to

afford the complexes as turquoise or blue microcrystalline
powders.

Solid State Crystal Structure of [Cu(pycup2Bn)]2+.
Crystals suitable of X-ray diffraction were obtained by
dissolution of the [Cu(pycup2Bn)]2+ complex in 5 M HCl
and heating at 60 °C. The single-crystal X-ray structure of the
macrocyclic complex revealed well-defined sheets of macro-
cyclic cations separated by layers filled with disordered solvent
molecules (which were not individually modeled, but rather
collectively taken into account using the SQUEEZE module of
Platon) and chloride counterions; the overall stoichiometry
(3Cl:Cu) suggests a singly protonated species must be present
in the solvent. Relevant bond lengths and angles are provided
in Table 1; the molecular structure is shown in Figure 3.

The coordination geometry of copper is typical of copper(II)
complexes with a N-donor polydentate ligand: the metal is five-
coordinate, all five nitrogen donors of the macrocycle are
bound to the central copper cation, and no additional solvent
or anion is present within the bonding distance of the metal.
Copper−nitrogen bond lengths range from 1.954(3) Å (Cu−
N1) to 2.154(2) Å (Cu−N5); these distances are common for
coordination bonds formed by copper(II) and neutral nitrogen
donors.6 The shortest Cu−N contact is between the copper
center and the pyridine nitrogen (N1), followed by the contact

Scheme 1. Synthesis Scheme of Model Ligand Systems Synthesizeda

a(a) CHCl3, Na2CO3, rt, 24 h. (b) Benzyl bromide (2.5 equiv), MeCN, rt, 18 h. (c) benzyl bromide (0.65 equiv), MeCN, rt, 18 h. (d) (i) tert-
butylbromoacetate (1.5 equiv), 50 C, 24 h. (ii) DCM/TFA (1:1), rt, 16 h.

Figure 3. Molecular structure of the cation [Cu(pycup2Bn)]2+

(thermal ellipsoids are drawn at 50% probability level). Hydrogen
atoms, counterions, and solvent molecules are omitted for clarity.
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with the adjacent tertiary amines of the pyridine bridge (N2,
N4); the longest contacts are with the benzylated cyclam
nitrogens (N3, N5); this is consistent with the relative ligand
field strength of these nitrogen donors and the overall
conformation of the bridged cyclam. The coordination
geometry of copper in the pyridine-bridged cyclam is nearly
trigonal, with the trigonal plane formed by the pyridine
nitrogen (N1) and two tertiary amines from the benzylated
fragment of cyclam (N3, N4) and the tertiary amine bridgehead
nitrogens (N2, N4) occupying apical positions (with the
corresponding bond angle, N2−Cu−N4, 161.90(15)°. The
trigonal distortion parameter τ, which ranges from 1 for ideal
trigonal bipyramidal geometry to 0 for ideal tetragonal
pyramid,42 is 0.86 for the macrocyclic cation described herein.
The cyclam macrocyclic ring is folded, although both six-
membered chelate rings adopt chair conformations. This
represents a stark contrast to the structures reported of the

strapped bis-amide complexes by Hegedus and coworkers.28 In
that case, the six-membered metallacycles cannot fold into chair
conformation due to the sp2-hybridization of the two amide-
carbons, which subsequently leads to copper adopting
octahedral coordination with an ethyl acetate coordinated as
an additional, monodentate ligand.

Computational Study of [Cu(pycup2Bn)]+2 and [Cu-
(pycup1A1H)]+. As we were only able to obtain single crystals
suitable for X-ray diffraction for the [Cu(pycup2Bn)]2+

complex, we employed density functional theory (DFT;
B3LYP/LANL2DZ) calculations to investigate the optimized
Cu(II) coordination environment when chelated by pycup
derivatives with acetate groups available for coordination. The
DFT optimized structure of [Cu(pycup2Bn)]2+ was compared
to that of the experimental single crystal X-ray structure (Figure
4 and Table 1).

Figure 4. DFT optimized structures of (A) trans-[Cu(pycup1A1H)]+, (B) cis-[Cu(pycup1A1H)]+, and (C) [Cu(pycup2Bn)]2+ . Selected atoms
have been numbered, and hydrogen atoms bonded to carbon have been omitted for clarity. Gray = carbon; blue = nitrogen, cyan = copper; red =
oxygen; white = hydrogen.

Table 1. Comparison of the Various Geometric Parameters between the Experimental X-ray Single Crystal Structure and DFT
Optimized Structure of the [Cu(pycup2Bn)]2+ Complex and Selected Optimized Structural Parameters for the Two Geometric
Isomers of [Cu(pycup1A1H)]+

parameters [r: Å; a: deg] X-ray structure DFT structure [Cu(pycup2Bn)]2+ DFT structure trans-[Cu(pycup1A1H)]+ DFT structure cis-[Cu(pycup1A1H)]+

r(Cu−N1) 1.953 2.003 2.113 1.921
r(Cu−N2) 2.053 2.115 2.362 2.258
r(Cu−N3) 2.154 2.208 2.060 2.420
r(Cu−N4) 2.053 2.115 2.314 2.312
r(Cu−N5) 2.154 2.208 2.102 2.011
r(Cu−O1) 1.970 2.037
a(N1−Cu−N2) 81.0 80.9 76.3 83.0
a(N1−Cu−N3) 124.8 124.0 92.0 85.1
a(N2−Cu−N3) 87.4 86.8 82.5 74.1
a(N2−Cu−N4) 161.9 161.8 154.7 155.5
a(N3−Cu−N5) 110.3 112.1 169.4 108.4
a(N1−Cu−N5) 124.8 124.0 98.3 165.4
a(N1−Cu−O1) 176.9 83.5
a(N2−Cu−O1) 106.1 100.8
a(N3−Cu−O1) 86.4 168.0
a(N4−Cu−O1) 99.1 97.9
a(N5−Cu−O1) 83.4 83.3
RMSD/Åa 0.1164

aNB: The mass weighted RMSD value was calculated based on the atomic positions of all heavy atoms. The two benzyl groups showed significant
distortion in the experimental structure. For these atoms, one ring position was selected and used as an input geometry and subsequently for
comparison with the DFT optimized structure.
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The comparison of the experimental and DFT calculated
structure of [Cu(pycup2Bn)]2+ revealed a weighted root-mean-
squared-displacement (RMSD) between all heavy atoms (C, N,
and Cu) of only 0.1164 Å. All other bond lengths and angles lie
within standard errors for DFT calculations with the largest
deviation in bond length of only 0.062 Å for the r(Cu−N2) and
r(Cu−N4) bonds.
The small RMSD value between the calculated and the

experimental structures confirms that the calculations faithfully
reproduce the geometric structure of this class of complexes
and provides confidence in our subsequent analysis of the
computational data.
The DFT optimized geometric isomers of [Cu-

(pycup1A1H)]+ revealed that, in the gas phase, the trans
isomer is more stable than the cis isomer with a standard free
energy difference of ΔG(trans−cis) = −83 kJ mol−1. This
energy difference is enthalpic in nature with ΔH(trans−cis) =
−85 kJ mol−1. Examination of the structures reveals that both
geometric isomers of Cu(pycup1A1H) are highly distorted with
asymmetry observed in the Cu−N bond lengths (Table 1). For
example, in trans-[Cu(pycup1A1H)]+ the N2 and N4 atoms are
both cis to the pyridine N1 atom yet the Cu−N2 and Cu−N4
bond lengths are 2.362 Å and 2.311 Å, respectively. A similar
trend is observed in the geometry of the cis-[Cu-
(pycup1A1H)]+ isomer. The calculations predict that, in the
trans-[Cu(pycup1A1H)]+ isomer, a strong Jahn−Teller dis-
tortion is observed across the macrocyclic ring involving the
two bridge-head nitrogen atoms N2 and N4.
Acid Stability. For suitable cross comparison with

previously investigated systems from literature, we subjected
the three model complexes to acid-mediated decomplexation
under strongly forcing conditions. Dissolution of the copper
complex in 5 M HCl and followed by measurement of the UV−
vis spectrum (Figure S4) between 400 and 900 nm provided
the t = 0 data points, as we had previously found that all three
complexes exhibited very slow decomplexation at room
temperature. The acidic solution was then heated at 90 °C,
and samples were removed at specific time points and
monitored by UV−vis spectroscopy.
Under these conditions, we observed a half-life of 2.7 h for

dissociation of copper from the complex with pycup2A and 1.5
h for dissociation of copper from pycup1A1Bn. The copper
complex of pycup2Bn proved to be much more kinetically inert
with a half-life of 20.3 h.
All Cu(pycup) derivatives were found to be more stable to

decomplexation than the DOTA (reproduced as a control) and
NOTA (from ref 3) complexes. The Cu(pycup) derivatives
were inferior to, but more comparable with, the highly inert
complexes [Cu(CB-TE2A)] and [Cu(SarAr)]2+ (Table 2). Our
results are comparable to what Denat and co-workers obtained
for DO2A type derivatives with an ether crossbridge.21 We
hypothesize that the protonation of the acetate arm(s) results
in initial aquation of the copper complexes of pycup2A and
pycup1A1Bn, and this results in eventual dissociation of the
metal ion. Collectively, these data indicated that integration of
the pyridyl ligand moiety into the cross-bridge was advanta-
geous for increased kinetic inertness.
Radiolabeling. Radiolabeling conditions for 64Cu can range

from a pH of 5 to above 7, depending on the ligand used. We
observed radiolabeling yielding only up to 20% product under
conditions below pH 7 for all pycup derivatives, which
prompted us to use more basic conditions above pH 7. Due
to the proton-sponge nature of the pycup ligand,22 deproto-

nation or exchange of the metal ion with the proton trapped by
the ligand at lower pH ranges becomes much more difficult. We
preformed the 64Cu(citrate) complex to avoid formation of
colloidal Cu(OH)2 at elevated pH and added the 64Cu(citrate)
complex to pycup ligand solutions in pH 7.4 HEPES buffer.
Ligand concentrations as low as 10 μM were able to provide
quantitative yields within 15 min at 70 °C, affording specific
activities of 100 mCi/μmol. We observed same radiolabeling
conditions for all derivatives synthesized. Lower temperatures
such as 60 °C provide quantitative yields within 30 min. We
hypothesize that the rigid preorganized structure of pycup is the
reason for the need to label at increased temperatures. The
cross-bridged structure can likely not invert as readily as more
flexible ligand systems such as triethylenetetramine (TETA) or
DOTA. Figure 5 shows crude radiolabeling traces obtained

using the conditions described above. Nevertheless, the
radiolabeling conditions require shorter reaction time at a
lower temperature as CB-TE2A conjugates.

DOTA Ligand Challenge and Rat Plasma Challenge of
Model Complexes. Table 3 summarizes the percentage
transchelation under different conditions at select time points.

Table 2. Half-Lives for the Dissociation of Cu(II)
Complexes in 5 M HCl and 90 °Ca

ligand t1/2

pycup2A 2.7 h
pycup1A1Bn 1.5 h
pycup2Bn 20.3 h
DOTA <3 min
NOTA <3 min3

CB-TE2A 156 h3

SarAr ∼40 h3

C3B-TE2A b
[Cu(L1)] 4.3 h

aDOTA was measured as a control, values found for previously
published ligands NOTA, CB-TE2A, SarAr, C3B-TE2A,20 and
[Cu(L1)].21 bThe authors report no decomplexation for up to 7 days.

Figure 5. Radio-HPLC traces of the crude reaction mixture after 15
min at 70 °C are shown for the radiochemical complexes
[64Cu(pycup2A)] (blue), [64Cu(pycup1A1Bn)]+ (red), and [64Cu-
(pycup2Bn)]2+ (green). One-minute offsets of the red and green trace
are used for clearer delineation of the product peaks.
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To assess the in vitro stability of the formed radiolabeled model
complexes, we conducted two different in vitro challenge
experiments. We first used over 100 equiv of DOTA to assess
transchelation with a potent copper chelator (log K for
[Cu(DOTA)]2− = 22.2)3 at 37 °C in pH 7.4. We found that
within 24 h, all complexes were stable with <7% decom-
plexation observed (Table 3). To determine the thermody-
namic equilibrium state of this transchelation reaction, we also
conducted the same experiment at 70 °C, over a time frame of
48 h. We observed a maximum transchelation to DOTA of
≤9% which persisted after 15 h incubation demonstrating that
all 64Cu(pycup) complexes investigated are at least an order of
magnitude more thermodynamically stable than [Cu(DOTA]2−

at pH 7.4.
As a second challenge experiment, we incubated the

radiolabeled complexes in rat plasma at 37 °C and quantified
the percentage of intact radiochemical complex at 30 min, 1 h,
and 24 h. We found that the model complexes were all highly
stable under these conditions even after 24 h (≥97% intact).
Biodistribution of [64Cu(pycup2A)]. We next evaluated

the biodistribution of a nonderivatized pycup derivative. We
radiolabeled pycup2A, using conditions described above. Balb/c
mice (n = 3) were injected with equivalent radioactive doses of
[64Cu(pycup2A)], sacrificed, and organs harvested 2 h post
injection. Biodistribution studies revealed only background
levels of activity were retained in the animals at 2 h p.i.
Importantly, liver accumulation of radioactivity was very low
(1.14 ± 0.21%ID/g) providing additional confirmation of the
stability of our Cu-complexes in vivo.6

We observed low levels of activity in the kidneys (2.05 ±
0.19%ID/g) and very high levels of radioactivity in the urine,
consistent with rapid renal clearance. Almost all of the activity
cleared the animals by 2 h. The biodistribution of [64Cu-
(pycup2A)] shows a favorable clearance profile and low uptake
in nontarget organs, which provides a firm basis for the
development of targeted agents using the pycup technology
(Table 4).
Bioconjugation. To demonstrate that our new ligand

system can be easily conjugated to biomolecules, we linked
pycup2A to a fibrin-binding specific peptide via amide bond
formation with a carboxylate of pycup2A. The fibrin-binding
peptide originated from a phage display screen by Kolodzjej et
al.43 and has been used in other fibrin targeted imaging
probes.34,44 Fibrin is a principal component of blood clots45

and represents a suitable imaging target for the detection of
thrombus (blood clot). Thrombus is implicated in devastating
cardiovascular diseases such as stroke, myocardial infarction,
and deep-vein thrombosis.
The fibrin-binding peptide, with two terminal amine

functional groups, was dissolved in a minimal amount of

DMF and added to the PyBOP activated ligand pycup2A. The
pH was adjusted to 7, and the reaction mixture was allowed to
stir overnight. The excess pycup2A provided essentially
exclusive formation of the desired, diamidated product. We
observed that product only formed when the pH was
maintained at 7 or slightly below, likely due to partial
protonation of the terminal amines of the peptide under
more acidic conditions. Purification of the peptide using
preparative HPLC, and an acidic mobile phase provided the
desired product in moderate yields. Successful conjugate
(structure shown in Figure 6) was confirmed by detection of
the [M + 2H]2+ ion using LC-MS. Formation of the
corresponding copper complex was performed using the same
method as described in the Experimental Section for the model
complexes.

Thrombus Imaging Using FBP12. We have been
interested in fibrin targeting for some time34,46,47 and recently
characterized several fibrin-targeted peptides conjugated with
DOTA-monoamide and labeled with 64Cu for thrombus PET
imaging.34 In that study, we found that the 64Cu(DOTA-
monoamide)-labeled peptide (termed FBP2 and analogous to
the structure in Figure 6) showed good thrombus uptake in a
rat model of acute arterial thrombosis, and that the thrombi
were readily apparent in PET images. We also found however,
that FBP2 was not fully stable in vivo and there was some
transmetalation of 64Cu from the probe to plasma proteins.
This transmetalation resulted in higher blood background and
limited the thrombus:background levels that could be achieved.
Here, we tested the hypothesis that a more inert copper chelate
should result in greater thrombus:background levels. We
evaluated the 64Cu-labeled bioconjugate FBP12 using the
same crush injury model of carotid artery thrombosis as used
previously.34

PET images with the pycup derivative FBP12 clearly
delineate the thrombus in the right carotid artery. Figure 5
shows three orthogonal PET images taken through the region
of high activity denoted by the yellow arrow. CT angiography

Table 3. Summary of Stability Data of Radiochemical 64Cu Complexes of the Investigated Ligand Systems Using Excess DOTA
Challenge and Plasma Challengea

ligand [time point, % complex stability]

challenge experiment pycup2A pycup1A1Bn pycup2Bn

2 h 12 h 24 h 2 h 12 h 24 h 2 h 12 h 24 h
>100 equiv DOTA (37 °C) 95 96 95 99 96 96 99 95 93

2 h 24 h 48 h 2 h 24 h 48 h 2 h 24 h 48 h
>100 equiv DOTA (70 °C) 97 95 95 98 95 95 97 91 91

0.5 h 12 h 24 h 0.5 h 12 h 24 h 0.5 h 12 h 24 h
rat plasma (37 °C) 98 98 98 99 99 98 97 98 97

aData are provided as % intact radiochemical complex at the corresponding time point.

Table 4. Biodistribution Data for [64Cu(pycup2A)] in Balb/c
Mice (n = 3) at 2 h Post-Injection Expressed as Percent
Injected Dose per Gram of Organ (%ID/g)

organ/tissue average (% ID/g, ±std. dev.)

blood 0.04 ± 0.01
liver 1.14 ± 0.20
heart 0.05 ± 0.01
lung 0.21 ± 0.01
spleen 0.12 ± 0.04
intestine 0.32 ± 0.07
kidney 2.05 ± 0.19
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confirmed that this region of high activity was localized to the
right common carotid artery, the site at which the thrombus
was induced. This model also results in some microthrombosis
around the surgical site.34,48 Figure 7 shows that the surgical
site is strongly enhanced by FBP12 (white arrows). It is
apparent from the sagittal (left) and axial (right) images that
the enhancement of the surgical site is superficial (white
arrow), while the carotid thrombus is deeper in the neck
(yellow arrow). The coronal (middle) and axial (right) images
also demonstrate that there is very little activity in the
contralateral artery.
The images were quantitatively analyzed by taking a volume

of interest (VOI) that covered the focal activity in the right
carotid and comparing it to the same sized VOI in the left
carotid. Time activity curves (Figure S7, Supporting Informa-
tion) showed increased initial activity in both vessels after
injection, but the signal in the left carotid clears rapidly while
signal clears more slowly from the right carotid. The ratio of
right carotid−left carotid VOI was 2.96 ± 0.42 at 90 min post
injection. We also analyzed the carotid artery segments ex vivo
using autoradiography (Figure S8, Supporting Information).
Autoradiography confirmed higher activity in the clot
containing vessel, and the ratio of activity (right carotid−left
carotid) in the autoradiography images was 1.5 ± 0.19. Ex vivo
biodistribution data (Table 5) showed higher activity in the
thrombus than in the blood, brain, heart, muscle, bone, and
contralateral artery. At 2 h post injection, most of the activity
had cleared the animal.
Although clear delineation the thrombus in the right carotid

artery (Figure 7) as well as the microthrombi induced through
injury at the surgical site was possible, the quantitative analysis
showed that pycup derivatized FBP12 showed similar efficacy
to the DOTA conjugate FBP2 reported previously. It was
anticipated that the greater kinetic inertness conferred by the
pycup chelator compared to DOTA-monoamide would result
in less transchelation of 64Cu to plasma proteins and reduced
background.

As expected, we observed about half the activity in the blood
at 2 h for FBP12 vs FBP2 (0.09 ± 0.01 vs 0.164 ± 0.016,
respectively). However, we also saw less uptake in the
thrombus for FBP12, and this limited the overall efficacy. An
analysis of blood sampled at different times post injection
indicated that the probe FBP12 underwent rapid metabolism,
and this also limited overall efficacy. A functional assay was
used to determine the fraction of active fibrin binding probe
present (Figure S5). We also performed HPLC analysis of the
plasma (Figure S6). Both analyses showed that only 50% of the
plasma activity at 15 min post injection was intact probe.
We then looked at the stability of radiolabeled FBP12

incubated with plasma (Figure S3). This in vitro assay clearly
showed that the complex underwent significant degradation in
plasma after 30−60 min. Because the model compounds were
stable in plasma, the plasma instability of FBP12 can be traced
to degradation of the peptide and not release of 64Cu.
Comparison of the HPLC traces of FBP12 in plasma with
plasma samples spiked with 64CuCl2 confirmed that the

Figure 6. Chemical structure of the pep(12) conjugate.

Figure 7. Fused PET/CT sagittal (left), coronal (middle), and transaxial (right) images (30−90 min p.i.) of a rat with a carotid artery thrombus
using FBP12. The yellow arrow denotes the location of the engineered clot with high activity; the white arrow indicates the surgical incision site
which also shows high activity due to microthrombi.

Table 5. Biodistribution and Clot-to-Organ Ratios of Probe
FBP12 in a Rat Model of Arterial Thrombus at 2 h Post-
Injection (n = 4)

organ/tissue average (% ID/g, ± std. dev.) clot:organ ratio, ± std. dev.

clot 0.38 ± 0.08 1.00 ± 0.00
contra 0.23 ± 0.04 1.67 ± 0.21
muscle 0.09 ± 0.07 6.63 ± 1.59
bone 0.07 ± 0.01 5.39 ± 0.65
brain 0.01 ± 0.00 42.48 ± 4.90
blood 0.09 ± 0.01 4.31 ± 0.65
heart 0.11 ± 0.04 4.24 ± 0.92
intestine 0.38 ± 0.11 1.14 ± 0.26
lungs 0.64 ± 0.32 0.83 ± 0.19
spleen 0.50 ± 0.07 0.76 ± 0.04
liver 2.53 ± 0.09 0.15 ± 0.02
kidney 2.75 ± 0.05 0.14 ± 0.02
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decomposition products were not equivalent to plasma protein-
bound copper.
Future work will address the root of this peptide instability

and focus on medicinal chemistry approaches to prepare more
metabolically robust peptides.
The pycup ligand and its bifunctional derivatives represent a

new class of chelators for 64Cu. While we have prepared
derivatives with pendant carboxylates and successfully con-
jugated one of these to a peptide, it is apparent that other
conjugation strategies can be employed. The stability data with
[Cu(pycup2Bn)]2+ suggest that the pentadentate pycup ligand
itself is sufficient for robust labeling and formation of an inert
complex with copper. This allows one or both of the secondary
amines on pycup to be modified with a functional group for
bioconjugation and/or chemical modification to alter overall
charge or lipophilicity. The ease of synthesis of pycup and its
derivatives, including differentiation of one of the secondary
amines, results in tremendous flexibility in using pycup
derivatives to not only chelate 64Cu but also to modify the
pharmacokinetic properties of the conjugate. Because deriva-
tization with a mixture of donor arms is easily attainable, the
pycup ligand could be linked easily to multiple targeting
moieties simultaneously, using bioorthogonal functional group
chemistry. The possibility for asymmetric derivatization of the
two secondary nitrogens also opens up additional possibilities
for the development of trifunctional derivatives. Such an
approach could establish pycup as a convenient chelator and
conjugation tool for multimodal systems. These research
endeavors as well as conjugation of pycup to other peptides
are ongoing.

■ CONCLUSION
In conclusion, we successfully developed the cross-bridged
bicyclic ligand system pycup for rapid chelation of 64Cu and
subsequent formation of a kinetically inert complex. Pycup
provides an N5 ligand donor set, which can be easily modulated
by alkylation of the two secondary amines present. The
addition of donor groups such as acetates does not impact the
radiolabeling properties of the ligand or the thermodynamic
and kinetic inertness of the corresponding copper complexes
significantly. Conjugation to a target-specific peptide and
subsequent PET imaging in vivo is easily attainable, as
exemplified by the conjugation to a fibrin-binding peptide for
the imaging of thrombus in rats. The flexible and facile
functionalization of the ligand pycup provides future oppor-
tunities for conjugation to more than one targeting vector.
Pycup is well-suited for conjugation to other commonly used
targeting vectors, providing radiochemists with a new mean for
visualization of biomolecules using 64Cu.
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