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ABSTRACT: Positron emission tomography (PET), which uses
positron-emitting radionuclides to visualize and measure processes in
the human body, is a useful noninvasive diagnostic tool for Alzheimer’s
disease (AD). The development of longer-lived radiolabeled com-
pounds is essential for further expansion of the use of PET imaging in
healthcare, and diagnostic agents employing longer-lived radionuclides
such as 64Cu (t1/2 = 12.7 h, β+ = 17%, β− = 39%, electron capture EC =
43%, and Emax = 0.656 MeV) can accomplish this task. One limitation
of 64Cu PET agents for neuroimaging applications is their limited
lipophilicity due to the presence of several anionic groups needed to
ensure strong Cu chelation. Herein, we evaluate a series of neutral
chelators containing the 1,4,7-triazacyclononane or 2,11-diaza[3.3]-
(2,6)pyridinophane macrocycles that have pyridyl-containing arms
incorporating Aβ-peptide-interacting fragments. The crystal structures of the corresponding Cu complexes confirm that the pyridyl
N atoms are involved in binding to Cu. Radiolabeling and autoradiography studies show that the compounds efficiently chelate 64Cu,
and the resulting complexes exhibit specific binding to the amyloid plaques in the AD mouse brain sections versus wild-type controls.

■ INTRODUCTION

Alzheimer’s disease (AD) is the most common neuro-
degenerative disease. For example, in the United States more
than 5 million Americans are living with AD, and this number
is expected to reach 16 million by 2050.1 Positron emission
tomography (PET) is a functional imaging technique that can
be used for the diagnosis of AD.2,3 To date, 11C- and 18F-
radiolabeled imaging agents have been tested for PET studies
in AD patients, such as Pittsburgh compound B, Florbetapir,
and Florbetaben.2,4−10 However, the use of these agents is
limited because of their short physical half-lives (t1/2 = 20.4
and 109.8 min for 11C and 18F, respectively) and complicated
syntheses.
Therefore, the development of radioimaging agents

containing longer-lived radionuclides is important because it
would lead to the successful application of diagnostic imaging
agents that exhibit improved imaging contrast at longer time
points. 64Cu (t1/2 = 12.7 h) has become a useful radionuclide
in the development of radiopharmaceuticals for imaging
purposes.11−17 The half-life of 64Cu is excellent because it is
long enough to allow for imaging at late time points but not so
long that it takes weeks to completely decay. In addition, such
a half-life will also allow for the imaging agents to be shipped
and used in remote areas. Moreover, radiolabeling with 64Cu is
always the last step in the synthesis of 64Cu PET imaging
agents, thus simplifying their development.18

One key limitation of 64Cu PET imaging agents is that they
could release 64Cu ions in the human body, especially if some
ligands have moderate Cu affinity. Also, some enzymes can
reduce the chelated Cu2+ into Cu+, which leads to the further
release of 64Cu ions. Consequently, decreasing the free 64Cu
level requires ligands to have significantly high metal-binding
affinity, limited ligand-exchange kinetics, and also relatively low
CuII/I reduction potentials. In our previous report, a series of
64Cu PET imaging multifunctional chelators (MFCs) were
obtained by linking the macrocyclic chelators 1,4,7-triazacy-
clononane (TACN) and 2,11-diaza[3.3]-(2,6)pyridinophane
(N4) with Aβ-interacting fragments.19−24 The developed
MFCs could specifically label the amyloid species and strongly
chelate 64Cu and thus could act as potential PET imaging
agents for AD. To further increase the metal-binding affinity,
larger multidentate ligands were taken into consideration, such
as 1,4,7,10-tetraazacyclododecane (cyclen) and 1,4,8,11-
tetraazacyclotetradecane (cyclam).25−33 In a complementary
approach, we decided to investigate chelators based on smaller
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azamacrocycles or azamacrocycles also containing pyridyl
groups.22,24

Because previous studies have shown that the metal-binding
affinity can be dramatically increased with attachment of the
pyridine group to the TACN ligand, herein we introduce a
series of ligands designed by employing the strategy of
incorporating an Aβ-binding fragment derived from Thioflavin
T into the metal-chelating groups TACN and N4 (Figure 1).

The resulting Aβ-binding framework includes a pyridine ring
that can bind to the metal ions to improve the metal-binding
affinity of the compounds. The crystal structures of the
corresponding Cu complexes confirmed that the pyridine N
atoms are involved in Cu binding. Radiolabeling and
autoradiography studies show that the compounds efficiently
chelate 64Cu, and the resulting complexes exhibit specific
binding to the amyloid plaques in AD mouse brain sections
versus wild-type (WT) controls.

■ RESULTS AND DISCUSSION
Design and Synthesis of Bifunctional Chelators and

Their Cu Complexes. The chelators were designed through
the incorporation strategy by merging chemical structures of
the Aβ-binding moiety with a metal-chelating ligand.34−37

Furthermore, we have also introduced a second Aβ-binding
fragment into the chelator structure to likely increase the Aβ-
binding affinity and their lipophilicity, as demonstrated
recently,38 while potentially also slightly increasing their
metal-binding ability. The synthetic route to these chelators
starts with oxidative cyclization of 2-aminothiophenol and 6-
methylnicotinaldehyde to generate the 2-(2′-methylpyridyl)-
benzothiazole intermediate in 82% yield, followed by its N-
bromosuccinimide (NBS) bromination at the benzylic position
and further conjugation with the TACN- and N4-derived
ligands (Scheme 1). The latter ligands were synthesized
according to reported procedures.24,39

The Cu2+ complexes of HYR-7, HYR-8, bis-HYR-7, and
bis-HYR-8 were synthesized by mixing equimolar amounts of
CuCl2 with the corresponding ligand in dichloromethane
(DCM) or in an aqueous solution. The stability of the
resulting Cu complexes was evaluated by monitoring their d−d
absorption band by UV−vis, which revealed that these
complexes are stable for more than 5 days at room temperature
(RT; Figure S5). However, these Cu complexes decompose
within minutes in 2.5 M HCl at RT, corresponding to half-lives
of <1 min under these conditions and suggesting that these Cu
complexes are less kinetically stable than those supported by
similar chelators bearing anionic pyridylcarboxylate
arms.37,40−44 For generation of the 64Cu-radiolabeled com-

plexes, the chelators were reacted with 64CuCl2 in 0.1 M
NH4OAc (pH 5.5). Importantly, complete 64Cu chelation by
these ligands was confirmed by radio-high-performance liquid
chromatography (HPLC; Figure 2), with no free 64Cu being
observed and thus further supporting their use in radio-
chemistry studies. 64Cu complexes were generated with a
radiochemical yield of >95% and used without further
purification (see below).

X-ray Structures of Cu Complexes. The Cu-HYR-7
complex was synthesized, and single crystals were obtained by
the slow evaporation of a dichloromethane/ether solution. In
Cu-HYR-7, the Cu center exhibits a N4Cl square-pyramidal
coordination environment, with three N atoms from the
TACN macrocycle, one pyridine N atom, and one Cl atom
(Figure 3a). The Cu-HYR-8 complex was also obtained by the
slow evaporation of an acetonitrile/ether solution under N2. In
the crystal structure, the Cu center shows a N5 square-
pyramidal coordination structure, with four N atoms from the
N4 macrocycle and one pyridine N atom (Figure 3b) and
similar to Cu complexes supported by related TACN-
methylpyridyl or TACN-methylthiazolyl ligands.37,40−44 Most
importantly, these crystal structures offer solid evidence that
the N atom on the pyridine group does interact with the Cu
center, and thus the structure incorporation strategy is practical
for the design of stronger chelating ligands.

Electron Paramagnetic Resonance (EPR) Spectra of
Cu Complexes. To further characterize the Cu-chelator
complexes, their X-band EPR spectra were recorded in frozen
glasses at 77 K. The EPR spectrum of the Cu-HYR-7
mononuclear complex in a 1:3 (v/v) acetonitrile (MeCN)/
propyl cyanide (PrCN) frozen solution reveals a pseudoaxial
EPR pattern with three different g values: gx = 2.059, gy =
2.050, and gz = 2.220 (Figure 4). Similarly, the EPR spectrum
of the Cu-HYR-8 mononuclear complex in 1:3 (v/v) MeCN/
PrCN reveals a pseudoaxial EPR pattern with two different g
values: gx = gy = 2.090 and gz = 2.270 (Figure S6). For Cu-bis-
HYR-7, its EPR spectrum exhibits a pseudoaxial EPR pattern
with three different g values: gx = 2.059, gy = 2.058, and gz =
2.236 (Figure S7), suggesting that the complex remains
mononuclear in solution, while the EPR spectrum of Cu-bis-
HYR-8 cannot be simulated, likely because of the presence of
two different conformations in solution for this Cu complex
(Figure S8). Overall, all of these EPR spectra suggest these Cu
complexes adopt a 5-coordinate N/O coordination environ-
ment in a likely square-pyramidal geometry.24,45,46

5xFAD Mouse Brain Section Staining of Metal
Complexes. Fluorescence imaging studies of 5xFAD mouse
brain sections were performed to evaluate the Aβ-binding
ability of the developed compounds and Cu complexes. Brain
sections from 11-month-old 5xFAD mice were treated with
HYR-7, HYR-8, bis-HYR-7, and bis-HYR-8, respectively
(Figure S9). Interestingly, results reveal significant fluorescent
staining of the amyloid plaques, as confirmed by costaining
with the CF594-conjugated HJ3.4 antibody (CF594-HJ3.4),
which binds to a wide range of Aβ species.2−4,11,47,48 Then,
fluorescence staining using the corresponding Cu complexes
was also performed because the actual PET imaging agents
would be the 64Cu-radiolabeled complexes. All Cu(II)
complexes stained well the Aβ plaques, as confirmed by
CF594-HJ3.4 antibody immunostaining, suggesting that the
Cu(II) complexes could be used for the detection of Aβ
species (Figure 5).

Figure 1. Structure incorporation strategy, with the red oval
representing the Aβ-binding fragment and the blue circle representing
the metal chelation moiety.
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Autoradiography Studies of 64Cu Complexes. Ex vivo
autoradiography studies using brain sections of transgenic
5xFAD and age-matched WT mice were also performed to

determine the specific binding to the amyloid plaques for the
64Cu-HYR-7, 64Cu-HYR-8, 64Cu-bis-HYR-7, and 64Cu-bis-
HYR-8 complexes. There is a great contrast between the
intensity of WT (Figure 6a, first row) and 5xFAD (Figure 6a,
third row) for all radiolabeled complexes, especially for 64Cu-
HYR-7 with a quantified value of 6.3 (Figure 6b). Moreover,
the specific binding of the 64Cu-labeled complexes to amyloid
plaques was confirmed by blocking with the nonradioactive
blocking agent B1 (Figure S10), which led to a markedly
decreased autoradiography intensity (Figure 6a, second row).
In addition, one crucial factor for PET imaging agents of AD is
that they need to efficiently cross the blood−brain barrier
(BBB). log D values between 0.9 and 2.5 have been reported to
be optimal for promising BBB permeability.49 The 64Cu-HYR-
7 and 64Cu-HYR-8 complexes show relatively low log D values
because of their dicationic nature. However, with the
introduction of a second hydrophobic fragment, the 64Cu-
bis-HYR-7 and 64Cu-bis-HYR-8 complexes exhibit higher log

Scheme 1. Synthetic Routes and Structures of the Developed Chelatorsa

aThe metal-binding parts and Aβ-interacting fragments are shown in blue and red, respectively.

Figure 2. Radio-HPLC chromatographic profiles from 64Cu radio-
labeling. The retention times were 8:34, 8:34, 9:16, and 9:33 min for
64Cu-HYR-7, 64Cu-HYR-8, 64Cu-bis-HYR-7, and 64Cu-bis-HYR-8,
respectively. Free 64Cu would elute at a retention time of ∼2 min.
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D values, suggesting that they have the potential to cross the
BBB (Figure 6c). As a result, the latter two complexes were
selected to be used in in vivo biodistribution studies. Finally,
we tested the stability of the radiolabeled complexes 64Cu-bis-
HYR-7 and 64Cu-bis-HYR-8 upon incubation with human
serum at 37 °C for up to 24 h (Figure 7). Excitingly, both 64Cu
complexes are >85% intact after 20 h of incubation with
human serum, further supporting that the Cu complexes
should be kinetically stable in vivo.
Biodistribution Studies. After promising in vitro results

were obtained, in vivo biodistribution experiments were
performed to investigate the pharmacokinetics of 64Cu-

radiolabeled complexes using normal CD-1 mice to evaluate
the potential of the Cu complexes to cross the BBB; if their
BBB permeabilities were high, then further radioimaging
studies would be performed in AD mice. The retention and
accumulation of the 64Cu-radiolabeled complexes in selected
organs were evaluated at 2, 60, and 240 min postinjection
(Figure 8). Interestingly, 64Cu-bis-HYR-7 showed higher brain
uptake at 2 min, with an appreciable accumulation of the
radioactivity of ∼0.4% ID/g even after 4 h (Figure 8c,e). By
comparison, 64Cu-bis-HYR-8 exhibited a lower brain uptake of
∼0.2% ID/g at 2 min, yet an increased brain accumulation of
∼0.4% ID/g was observed after 4 h (Figure 8d,f). These results
suggest that 64Cu-bis-HYR-8 may take a longer time to reach
the brain, possibly given its larger molecular weight and a
slower passive diffusion through the BBB. Overall, the brain
uptake of these developed 64Cu complexes is slightly lower
than those of the complexes we reported previously22,38,50,51 or
the 64Cu-GTSM52,53 or 64Cu-ATSM14 derivatives reported by
Blower et al. and Donnelly et al., respectively, probably because
of the neutral nature of these chelators that cannot balance the
positive charge of the Cu2+ ion and thus limits the BBB
permeability of the Cu complexes. However, the surprising
increase over time in brain uptake and somewhat limited rapid
liver and kidney clearance observed for 64Cu-bis-HYR-8,
which is different from what was observed for “free” 64Cu
acetate,52,53 suggests that the bis-HYR-8 ligand framework,
upon further derivatization, may support Cu complexes that
are kinetically stable in vivo.54

Taken together, these studies provide evidence that the Aβ-
binding complexes 64Cu-bis-HYR-7 and 64Cu-bis-HYR-8
show promise for specific Aβ binding and detection in vivo,
yet further structure modification is necessary to increase their
kinetic stability and BBB permeability for imaging applications.
Such structural modifications could include the introduction of

Figure 3. ORTEP plots of the cations: (a) Cu-HYR-7 at the 50%
probability level. Perchlorate anions and H atoms are omitted for
clarity. Selected bond lengths (Å): Cu1−N1 2.2189(13), Cu1−N2
2.0871(14), Cu1−N3 2.0396(13), Cu1−N4 2.0313(13), Cu1−Cl1
2.2483(4). (b) Cu-HYR-8 at the 50% probability level. Selected bond
lengths (Å): Cu1−N1 2.2881(18), Cu1−N2 1.9347(18), Cu1−N3
2.1706(18), Cu1−N4 2.1146(19), Cu1−N5 1.9773(18).

Figure 4. EPR spectra of the Cu-HYR-7 mononuclear complex in 1
M 1:3 MeCN/PrCN at 77 K. The following parameters were used for
the simulations: gx = 2.059, gy = 2.050, gz = 2.220, and Az(Cu) = 159
G.

Figure 5. Fluorescence microscopy images of 5xFAD mice brain
sections incubated with metal-chelating Cu complexes. The
fluorescence signals from compounds and the CF594-HJ3.4 antibody
were monitored under blue and red channels, respectively. Scale bar:
125 μm. R is Pearson’s correlation coefficient.
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carboxylate or phenolate arms linked to the N atom(s) of the
N4 or TACN ligand. The resulting hexadentate ligand should
strongly chelate Cu ions to generate 6-coordinate, neutral Cu2+

complexes, which are expected to be more hydrophobic and
thus exhibit increased BBB permeability.

■ CONCLUSIONS
In conclusion, a series of TACN- and N4-based chelators with
methylpyridylbenzothiazolyl arms were designed and synthe-
sized by incorporating Aβ interacting fragments into the metal-

binding chelating ligands. These ligands are resembling the
previously reported TACN-methylpydidyl,37,41,42 and TACN-
methylthiazolyl lignds,43,44 all of which exhibit appreciable Cu-
binding properties to be potentially used for 64Cu chelation for
PET imaging applications. This incorporation strategy is
expected to increase the metal-binding affinity of the Aβ-
interacting aryl-benzothiazolyl fragment, without the loss of Aβ
specificity. Although the Log D values and BBB permeability of
the investigated Cu complexes are less than optimal, this
strategy could lead to improved Cu-chelating and Aβ-binding
compounds for 64Cu PET imaging in AD. While the
introduction of a second Aβ-interacting fragment increases
the lipophilicity of the corresponding 64Cu-labeled complexes,
it is not likely to significantly increase their Cu-chelating
affinity, as shown for the related TACN-methylthiazolyl
systems.37,40−43 One potential solution could be the
introduction of carboxylate or phenolate arms linked to the
N atom(s) of the N4 or TACN ligand, an approach similar to
the successful development of the related TACN picolinate or
TACN methylthiazolylcarboxylate ligands.37,40−44 The result-
ing hexadentate ligand should strongly chelate Cu ions to form
6-coordinate, neutral Cu2+ complexes, which are expected to
be more hydrophobic and thus exhibit increased BBB
permeability.38

Overall, the employed approach based on the incorporation
strategy could potentially be applied to other 64Cu-based
diagnostic PET imaging applications in neurodegenerative
diseases.

■ EXPERIMENTAL SECTION
General Methods. All reagents were purchased from commercial

sources and used as received unless stated otherwise. 1,4-Dimethyl-
1,4,7-triazacyclononane (HMe2TACN), 1-methyl-1,4,7-triazacyclono-
nane (H2MeTACN), N-methyl-2,11-diaza[3.3](2,6)pyridinophane
(HMeN4), and 2,11-diaza[3.3](2,6)pyridinophane (H2N4) were
synthesized according to reported procedures.22,24 Solvents were
purified prior to use by passing through a column of activated alumina
using an MBraun SPS. All solutions and buffers were prepared using
metal-free Millipore water that was treated with Chelex overnight and
filtered through a 0.22 μm nylon filter. 1H (500 MHz) NMR spectra
were recorded on a Bruker 500 spectrometer (500 MHz). Chemical
shifts are reported in parts per million downfield from tetramethylsi-
lane. UV−vis spectra were recorded on a Varian Cary 50 Bio
spectrophotometer and are reported as λmax, nm (ε, M−1 cm−1). All
fluorescence measurements were performed using a SpectraMax M2e
plate reader (Molecular Devices). A ThermoScientific Orion Star
A211 pH meter and ThermoScientific Orion 9110DJWP double
junction Micro pH electrode with a Ag/AgCl double junction internal
reference (the probe itself was filled with KCl) were used for pH
measurements. The pH electrode was calibrated daily with standard
solutions of pH 1, 7, and, 10. Electrospray ionization mass
spectrometry (ESI-MS) experiments were performed by the Mass
Spectrometry Lab at UIUC using a Waters Q-TOF Ultima ESI mass
spectrometer with an electron spray ionization source. HYR-7, HYR-
8, bis-HYR-7, and bis-HYR-8 were dissolved in dimethyl sulfoxide to
prepare 10.0 mM stock solutions. The formation of 1:1 Cu/ligand
complexes was also confirmed by high-resolution ESI-MS analysis,
which revealed the formation of [(L)Cu(formate)]+ ions in MS
because formic acid was used in the MS sample preparation.

log D Measurements. The compound in octanol (0.5 mL) was
subjected to partitioning with octanol-saturated phosphate-buffered
saline (PBS; 0.5 mL). The resulting mixture was stirred vigorously for
5 min and centrifuged at 2000 rpm for 5 min. The octanol layer was
separated from the PBS layer, and its fluorescence spectrum was
recorded (excited at 305 nm). The above PBS layer was partitioned
with PBS-saturated octanol (0.5 mL); the octanol layer was separated

Figure 6. (a) Autoradiography images of the brain sections from WT
and 5xFAD mice after the treatment of 64Cu complexes in the absence
or presence of a blocking agent. (b) Average intensities of the brain
sections in the autoradiography images. The numbers in the bar graph
are the intensity ratios of 5xFAD to WT in each group. (c) Partition
coefficient (log Doct) of the corresponding 64Cu complexes in
octanol/PBS (pH 7.4).

Figure 7. Stability of 64Cu-bis-HYR-7 and 64Cu-bis-HYR-8 upon
incubation in the presence of human serum at 37 °C for up to 20 h.
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Figure 8. Biodistribution studies of (a) 64Cu-bis-HYR-7 and (b) 64Cu-bis-HYR-8 in the organs of CD-1 mice at 2, 60, and 240 min postinjection
(% injected dose per gram, % ID/g). Brain uptake for (c) 64Cu-bis-HYR-7 and (d) 64Cu-bis-HYR-8. Calculated brain-to-blood ratios from
biodistribution studies for (e) 64Cu-bis-HYR-7 and (f) 64Cu-bis-HYR-8. The analyzed data were expressed as mean ± standard deviation (n = 3).
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after 5 min of vigorous stirring and 5 min of centrifugation at 2000
rpm, and its spectrum was recorded. The log D value was calculated
by the fluorescence intensity ratio at 400 nm for the above two
octanol extractions. Concentration: 40 μM in a mixture of octanol
(0.5 mL) and PBS (0.5 mL).
X-ray Crystallography. The intensity data were collected on a

Bruker D8 Venture Kappa diffractometer equipped with a Photon II
CPAD detector. An Iμs microfocus Mo source (λ = 0.71073 Å)
coupled with a multilayer mirror monochromator provided the
incident beam. The sample was mounted on a 0.3 mm nylon loop
with the minimal amount of Paratone-N oil. Data were collected at
100 K using a cold stream of N2(g) provided by an Oxford
Cryostream 700 LT device. Preliminary unit cell constants were
determined with a set of 24 narrow-frame scans. Data were collected
as a series of φ and/or ω scans with a typical scan width of 0.5° and
counting times of 10−30 s/frame at a crystal-to-detector distance of
∼3.7 cm. The collection, cell refinement, and integration of the
intensity data were carried out with APEX3 software.55 The final cell
constants were determined by the global refinement of reflections
from the complete data set. A multiscan absorption correction was
performed with SADABS.56 The structure was phased with intrinsic
methods using SHELXT57 and refined with the full-matrix least-
squares program SHELXL.58

EPR. An EPR tube was charged with a solution of Cu-HYR-7, Cu-
HYR-8, Cu-bis-HYR-7, or Cu-bis-HYR-8 in 1:3 MeCN/PrCN, and
then it was frozen in liquid nitrogen. Typical experimental conditions:
frequency ≈ 9.418698 GHz, power = 0.6325 mW, modulation
frequency = 100 kHz, modulation amplitude = 5 G, and time constant
= 327 ms. EPR spectral simulation and analysis were performed using
the Bruker WINEPR SimFonia program, version 1.25.
Histological Staining of 5xFAD Mice Brain Sections. Eight-

month-old 5xFAD transgenic mice brain sections were blocked with
bovine serum albumin (2% BSA in PBS, pH 7.4, 10 min) and covered
with a PBS solution of compound and Congo Red (5 μM) for 60 min.
The sections were treated with BSA again (4 min) to remove any
compound nonspecifically bound to the tissue. Finally, the sections
were washed with PBS (3 × 2 min), deionized water (2 min), and
mounted with nonfluorescent mounting media. For antibody staining,
the brain sections were incubated with a CF594-conjugated anti-Aβ
antibody (CF594-6E10 antibody) solution (1:1000 dilution in a
blocking solution) at RT for 1 h instead of Congo Red. The brain
sections were then washed with PBS (3 × 2 min) and mounted with
mounting media. The stained brain sections were imaged using a
Zeiss LSM 7010 confocal fluorescent microscope.
Radiolabeling. 64Cu was produced by a (p, n) reaction on

enriched 64Ni on a TR-19 biomedical cyclotron (Advanced Cyclotron
Systems Inc., British Columbia, Canada) at Mallinckrodt Institute of
Radiology, Washington University School of Medicine, and purified
with an automated system using standard procedures. A 0.5−1 μL
aliquot of 64CuCl2 in 0.01 M HCl was added to 10 μL of 0.1 M
ammonium acetate (NH4OAc) of pH 5.5. Labeling of the chelators
with 64Cu was achieved by adding 20 μL of 1 mM compounds to 7.4
MBq (200 μCi) of 64CuCl2 in 100 μL of 0.1 M NH4OAc of pH 5.5.
The resultant solution (pH 5.0−5.5) was allowed to react for 20−60
min at 45 °C with agitation (1000 rpm) on a thermomixer. A 10 μL
aliquot of radiolabeled products was assayed by reversed-phase HPLC
(Shimadzu 10Avp system). Eluting samples were detected at 250 and
280 nm with a flow rate of 1.0 mL/min. The mobile phase consisted
of a buffer system with 0.1% trifluoroacetic acid (TFA)/H2O (A)
versus 0.1% TFA/MeCN (B) that proceeded from 0% solvent B to
100% solvent B from 0 to 10 min. 64Cu-labeled complexes were
obtained in a high radiochemical yield of greater than 95% and
therefore used without further purification.
Lipophilicity Studies of 64Cu-Labeled Complexes. A 5 μL

aliquot of 64Cu-labeled complexes (0.37 MBq, 10 μCi) was added to a
two-phase system consisting of an organic n-octanol and aqueous
buffer PBS of pH 7.4 (500 μL/each). The mixture was vortexed at
1000 rpm for 1 h to allow distribution of the radiolabeled compound
between the two phases and then given 30 min without agitation for
the layers to separate. Aliquots (100 μL) were withdrawn from

aqueous and n-octanol layers, and the amount of radioactivity was
counted in an automated γ counter. The distribution coefficient was
quantified using the following equation of log Doct = log([M]oct/
[M]aq). The experiment was conducted in triplicates of triplicates, and
the average of the different measurements was recorded as the final
log Doct value for each compound.

Ex Vivo Autoradiography Studies. Brain sections of 10-month-
old 5xFAD transgenic mice and aged-matched WT mice were
immersed in a cryoprotectant solution. These sections were sorted
and carefully removed using PBS with a 1% Tween-20 solution,
followed by three 10 min rinses in an ice-cold PBS buffer. The
sections were placed in a 12-well plate (a single brain slice per well),
and ∼0.37 MBq (10 μCi) of 64Cu-labeled chelator in a 2 mL total
volume of PBS was added to completely cover the brain section and
incubated for 1 h at RT in a shielded bunker. For blocking
experiments, the 5xFAD brain sections were incubated with 10 times
nonradiolabeled compound 2-(4-hydroxyphenyl)benzothiazole for 10
min and then with 64Cu-labeled chelator. Nonspecific binding was
measured as the amount of binding remaining on sections incubated
in the additional presence of a blocking agent. After incubation, brain
sections were washed three times in ice-cold PBS, mounted on
microscope glass slides, and then dried using a cool stream of air.
Once the tissue sections were dry, they were mounted on a
phosphorimaging screen plate (GE Healthcare Life Sciences) and
exposed overnight at −20 °C. The imaging plates were read using a
Typhoon FLA 9500 biomolecular imager (GE Healthcare Life
Sciences). Image analysis was accomplished using ImageJ (version
1.48, public domain) software.

Biodistribution Studies. All animals were handled in accordance
with the Guidelines for Care and Use of Research Animals established
by the Division of Comparative Medicine and the Animal Studies
Committee of Washington University School of Medicine. Animal
studies were performed using healthy CD-1 female mice (Charles
River Laboratories) of age 5−7 weeks weighing 25.8 ± 2.1 g. The
injection dose was prepared by diluting radiotracers into a 90% saline
solution. Mice were injected intravenously into the tail vein with
approximately 0.22−0.37 MBq (6−10 μCi) in 100 μL of a saline
solution per animal of one of the 64Cu-labeled compounds Cu-bis-
HYR-7 or Cu-bis-HYR-8. At different time points (2, 60, and 240
min), mice (n = 3 for each group) were sacrificed and tissues of
interest (blood, lung, liver, kidney, muscle, brain, bone, and tail) were
removed and weighed. Their radioactivity levels were measured with a
γ counter and corrected for decay. Radioactivity uptake in the brain
and normal tissues was expressed as a percentage of the injected
radioactive dose per gram of tissue (% ID/g). All samples were
calibrated against a known standard. Prism 8 (version 6.03; GraphPad
Software, La Jolla, CA) was used for statistical analysis. Quantitative
data were expressed as mean ± standard deviation, analyzed, and
compared using one-way analysis of variance and Student’s t test.
Differences at the 95% confidence level (p < 0.05) were considered
statistically significant.
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