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Neutral Metal-Chelating Compounds with High 84Cu Affinity for
PET Imaging Applications in Alzheimer’s Disease
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/0w X 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 compounds is essential for further expanding the use of PET imaging in healthcare, and diagnostic agents
employing longer-lived radionuclides such as 5*Cu (ti2 = 12.7 h, B* = 17%, B~ = 39%, EC = 43%, Emax = 0.656 MeV) are capable
of accomplishing this. One limitation of **Cu PET agents is that they could release free radioactive Cu ions from the metal
complexes, which decreases the signal to noise ratio and accuracy of imaging. Herein, a series of 1,4,7-triazacyclononane
(TACN) and 2,11-diaza[3.3]-(2,6)pyridinophane (N4)-based metal-chelating compounds with pyridine arms were designed
and synthesized by incorporating AB-interacting fragments into metal-binding ligands, which allows for excellent Cu
chelation without diminishing their AB-binding affinity. The crystal structures of the corresponding Cu complexes confirmed
the pyridine N atoms are involved in binding to Cu. Radiolabeling and autoradiopraphy studies show that the compounds
efficiently chelate ®*Cu, and the resulting complexes exhibit specific binding to the amyloid plaques in the AD mouse brain
sections vs. WT controls.

life will also allow for the imaging agents to be shipped and used
Introduction in remote areas. Moreover, the radiolabeling with ¢4Cu is always
the last step in the synthesis of the ®Cu PET imaging agents,
thus simplifying their development.2®
One key limitation of 8Cu PET imaging agents is that they
could release %4Cu ions in the human body, especially if some
ligands have moderate Cu affinity. Also, some enzymes can
reduce the chelated Cu?* into Cu*, which leads to further
releasing of 4Cu ions. Consequently, decreasing the free ®Cu
level requires ligands to have significantly high metal-binding
affinity, limited ligand exchange kinetics, and also relatively low
Cu''' reduction potentials. In our previous report, a series of
64Cu-PET imaging multifunctional compounds (MFCs) were
obtained by linking macrocyclic chelators and AB-interacting
fragments together.21-2> To further increase the metal-binding
affinity, larger multidentate ligands were taken into
consideration, such as cross-bridged 1,4,7,10-
tetraazacyclododecane (Cyclen) and 1,4,8,11-
tetraazacyclotetradecane (Cyclam).26-22 However, these ligands
are too large and they tend to reduce the AB-binding affinity of
the corresponding multifunctional compounds.

Alzheimer’'s  disease (AD) is the most common
neurodegenerative 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.! Positron
emission tomography (PET) is a functional imaging technique
which can be used for the diagnosis of AD.% 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.2 410 However, the use of these
agents is limited due to their short physical half-lives (t1/.=20.4
min and 109.8 min for 11C and 8F, respectively) and complicated
syntheses.

Therefore, the development of radioimaging agents
containing longer-lived radionuclides is important, as it would
lead to a longer-time diagnostic imaging agent with a better
contrast. %4Cu (t12 = 12.7 h) has become a useful radionuclide in
the development of radiopharmaceuticals for imaging
purposes.'’-1° The half-life of ®4Cu 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-
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Fig. 1 Structure incorporation strategy with the red oval representing
the AB binding fragment and the blue circle representing the metal
chelation moiety.

Herein, we introduce a series of metal-chelating compounds
(MCCs) designed by employing the strategy of incorporating the
AB-binding fragment into the metal-chelating moiety (Fig. 1),
and by utilizing simple synthetic steps to generate MCCs with
high affinities for both 4Cu- and AB species.

Results and discussion
Design and Synthesis of Metal-Chelating Compounds

Metal-chelating compounds (MCCs) were designed through the
incorporation strategy by merging chemical structures of AR
binding moiety with a metal-chelating ligand.3%-33 The synthetic
route of MCCs starts with oxidative cyclization of 2-
aminothiophenol and 6-methylnicotinaldehyde, followed by N-
bromosuccinimide (NBS) bromination for further conjugation
with the multidentate ligands (Scheme 1). The MCCs were then
chelated with %4CuCl, in 0.1 M NH40Ac (pH 5.5) and the %Cu-
complexes were used without further purification
(radiochemical yield > 95%).

Scheme 1 Synthetic routes and structures of the MCCs. The metal-binding
parts and AB-interacting fragments are shown in blue and red, respectively.
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Acidity Constants of the MCCs

Since all the compounds contain several basic functional
groups, their acidity constants (pKa) were determined by UV-vis
spectrophotometric titrations. For HYR-7, titrations from pH 1.0
to 11.0 reveal several changes in the spectra (Fig. 2). The best
fit to the data was obtained with four pKa values: 1.06(9),
2.68(7), 5.45(3) and 8.82(2). Based on previously reported
acidity constants for amine-pyridine systems,33-37 we assigned
the lowest pKa value to the protonation of the pyridine group,
and the other three higher values correspond to macrocyclic
amino groups, as is usually observed for TACN derivatives. For
bis-HYR-7 (Fig. S7), the multivalent version of HYR-7, its lowest
pKa can be assigned to the protonation of the pyridine group
and two higher ones are from the TACN ligand. For HYR-8, UV-
vis titrations from pH 1.0 to 11.0 reveal changes in the spectra
(Fig. S6) that are also best fit with three pKa values: 2.17(6),
4.66(5) and 9.46(2). The lowest pKa value can be assigned to the
protonation of the pyridine group on the AB binding fragment.
In addition, the higher two pKa values are assigned to the amine
groups, similar to HYR-7. For bis-HYR-8 (Fig. S8), the multivalent
version of HYR-8, its lowest pKa can be assigned to the
protonation of the pyridine group and two higher ones are from
the N4 ligand.

HYR-7 Species Distribution

0.75
HYR-7 1

0.50

Absorbance
% formation relative to L

250 300 350 400 450 500

wavelength (nm) 1 3 5 7 9 1
pH

Fig. 2 Variable pH (pH 1-11) titration curve of compound HYR-7 ([MCC]
=20 uM, 25 °C, | = 0.1 M NaCl) and species distribution plot.

Table 1 Acidity constants (pKa’s) of HYR-7, HYR-8, bis-HYR-7 and bis-
HYR-8 determined by spectrophotometric titrations (errors are for the
last digit)

reaction HYR-7 HYR-8
[HaL]3* = [HsL]** + H* (pKa1) 1.06(9) -

[HsL]2* = [HaL]* + H* (pKa2) 2.68(7) 2.17(6)

[HaL]* = [HL] + H* (pKa3) 5.45(3) 4.66(5)

[HL] = [L]- + H* (pKa4) 8.82(2) 9.46(2)
reaction bis-HYR-7 bis-HYR-8

[HsL]2* = [HaL]* + H* (pKa1) 1.4(3) 1.54(6)

[HaL]* = [HL] + H* (pKa2) 3.5(2) 5.45(1)
[HL] = [L] + H*(pKa3) 10.1(1) 8.833(8)

Characterization of Metal complexes

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Please do not adjust margins

Journal Name

Spectrophotometric titrations were performed to determine
the stability constants and solution speciation of Cu?* with
MCCs. The pKa values of the ligands were included in the
calculations, and the calculated values show that HYR-7 exhibits
larger binding constants (logK’s) with Cu2?* than HYR-8, likely
because the TACN ligand is more conformationally flexible than
the more rigid N4 ligand and can adopt a favourable geometry
for tighter CuZ* binding. Based on the obtained binding
constants, solution speciation diagrams were calculated for Cu2*
with HYR-7 and HYR-8, showing that the 1:1 Cu:MCC complex is
the predominant species formed. In addition, Fig. 3 shows that
the concentration of free Cu?* with HYR-7 is negligible even at
very low pH. While adding a second pyridyl-benzothiazole arm
to HYR-7 does not seem to increase the Cu complex stability
constant for bis-HYR-7, bis-HYR-8 does show a higher logK for
its Cu complex, suggesting that for the N4 ligand the adopted
conformation allows for both pyridine N’s to potentially interact
with the Cu centre.

For a better comparison of the CuZ* binding affinities for
these compounds, pCu (-log [Culfee) values were calculated at
two pH values (Table 3). Interestingly, the pCu values of the
MCCs are higher than the standard strong chelators such as
diethylenetriaminepentacetic (DTPA).38  During the
titration experiments, the spectral changes observed were

acid

immediate, suggesting a fast Cu chelation. This is important for
efficient 84Cu radiolabeling, which requires fast complexation.
Further stability tests were performed by adding Cu complexes
to a solution of 2.5 M HCI (Fig. S13). Even under pH~0 condition,
there is no sign of any decomposition in their UV-vis spectra.
Overall, these results strongly suggest that all four compounds
should be suitable to be used as %*Cu chelating agents.
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Fig. 3 Variable pH (pH 1-11) UV spectra of HYR-7 and Cu?* system ([HYR-
7] = [Cu?*] = 20 uM, 25 °C, | = 0.1 M NaCl) and species distribution plot.

Table 2 Stability constants (log K) of the Cu?* complexes of HYR-7, HYR-
8, bis-HYR-7 and bis-HYR-8 (errors are for the last digit)

reaction HYR-7 HYR-8
Cu?* + HL = [CuHL]** 5.1(7) 9.47(3)
Cu?* + L~ = [CuL]* 19.4(3) 16.34(1)
reaction bis-HYR-7 bis-HYR-8
Cu2* + HL = [CuHL]?* 5.0(9) 5.1(7)
Cu2* + L~ = [CuL]* 19.2(9) 18.7(4)

This journal is © The Royal Society of Chemistry 20xx
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Table 3 Calculated pCu (-log [Culree) values for a solution containing a
1:1 metal/ligand mixture ([Cu?*]tot = [MCCliot = 20 uM)

pH HYR-7 HYR-8 bis-HYR-7 bis-HYR-8 DTPA
6.6 111 10.6 10.3 10.7 9.7
7.4 115 10.7 10.8 11.2 10.7

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 (Fig. 4a). The Cu-HYR-8 complex was also
obtained by the slow evaporation of an acetonitrile/ether
solution under N,. In the crystal, the Cu center shows a N5
square pyramidal coordination structure, with four N atoms
from the N4 macrocycle, one pyridine N atom (Fig. 4b).

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.

(b)

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

To further characterize the Cu-MCC 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)
MeCN/PrCN frozen solution reveals a pseudoaxial EPR pattern
with three different g values: g« = 2.059, g, = 2.050, and g, =
2.220 (Fig. 5). 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 = g, =
2.090, and g, = 2.270 (Fig. S14). For Cu-bis-HYR-7, its EPR
spectrum exhibits a pseudoaxial EPR pattern with three
different g values: gx = 2.059, g, = 2.058, and g, = 2.236 (Fig.
S15), suggesting that the complex remains mononuclear in
solution, while the EPR spectrum of Cu-bis-HYR-8 cannot be
simulated well, likely due to presence of two different
conformations for this Cu complex (Fig. S16).

HYR.7 gy = 2.059
gy =2.050
0 =2.220, Az(Cu) = 159 G
sim
exp
2400 2800 3200 3600 4000
Field (G)

Fig. 5 EPR spectra of the Cu-HYR-7 mononuclear complex in 1:3 1 M
MeCN/PrCN at 77 K. The following parameters were used for the
simulations: gx= 2.059, g,= 2.050, g.= 2.220, A,(Cu) = 159 G.

5xFAD Mouse Brain Section Staining of Metal Complexes

After
appreciable Cu?* affinity, fluorescence imaging studies of 5xFAD

showing that all metal-binding compounds have
mouse brain sections were performed to evaluate the AR
binding ability of the MCCs. Brain sections from 11-month old
5xFAD mice were treated with HYR-7, HYR-8, bis-HYR-7, and
bis-HYR-8, respectively (Fig. S17). Interestingly, results reveal
significant fluorescent staining of the amyloid plaques, as
confirmed by co-staining with the CF594-conjugated HJ3.4
antibody (CF594-HJ3.4) that binds to a wide range of AB
species.2% 11 39, 40 Then, fluorescence staining using the
corresponding Cu complexes was also performed, since the
actual PET imaging agents would be the radiolabeled %*Cu

4| J. Name., 2012, 00, 1-3

complexes. All Cu(ll) complexes stained well the AB plaques, as
confirmed by CF594-HJ3.4 antibody immunostaining,
suggesting that the Cu(ll) complexes could be used for the
detection of AR species (Fig. 6).

Cu complexes CF594-HJ3.4 merge

Cu-HYR-7

Cu-HYR-8

Cu-bis-HYR-8 Cu-bis-HYR-7

Fig. 6 Fluorescence microscopy images of 5xFAD mice brain sections
incubated with metal-chelating Cu complexes. The fluorescence signals
from compounds and CF594-HJ3.4 antibody were monitored under blue
and red channels, respectively. Scale bar: 125 um. R is the Pearson’s
correlation coefficient.

Autoradiography Studies of 4Cu-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, %4Cu-bis-HYR-7 and
64Cu-bis-HYR-8 complexes. There is a great contrast between
the intensity of WT (Fig. 7a, first row) and 5xFAD (Fig. 7a, third
row) for all radiolabeled complexes, especially for 64Cu-HYR-7
with a quantified value of 6.3 (Fig. 7b). Moreover, the specific
binding of the %4Cu-labeled complexes to amyloid plagques was
confirmed by blocking with the nonradioactive blocking agent
B1 (Fig. S18), which led to a markedly decreased
autoradiography intensity (Fig. 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.4! The 64Cu-HYR-7 and 54Cu-HYR-8
complexes show relatively low log D values because of their
dicationic nature. However, with the introduction of the second
hydrophobic fragment, the ¢4Cu-bis-HYR-7 and 64Cu-bis-HYR-8
complexes exhibit higher log D values, suggesting that they have

This journal is © The Royal Society of Chemistry 20xx



the potential to cross the BBB (Fig. 7c). As a result, the latter two
complexes were selected to be used in the in vivo

biodistribution studies.

54Cu-HYR-8 $4Cu-bis-HYR-7 %*Cu-bis-HYR-8

64Cu-HYR-7

(a)

5xFAD
WT

w/blocking

5xFAD

(b)
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g .
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o
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© HYR7 HYR8 bisHYR7 bisHYRS
c
64Cu complexes MW (g-mol?) log Doct
64Cu-HYR-7 446.4 0.32+0.02
64Cu-HYR-8 542.5 0.35+0.01
64Cu-bis-HYR-7 655.7 0.99 £0.02
64Cu-bis-HYR-8 752.8 0.98 £0.03

Fig. 7 (a) Autoradiography images of the brain sections from WT and
5xFAD mice after treatment of ®Cu 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 corresponding ®*Cu complexes in octanol/PBS
(pH 7.4).

Biodistribution Studies

After the collection of promising in vitro results, in vivo
biodistribution experiments were performed to investigate the
pharmacokinetics of 4Cu-radiolabeled complexes using normal
CD-1 mice. The retention and accumulation of the 64Cu-
radiolabeled complexes in selected organs were evaluated at 2,
60, and 240 min post-injection. Interestingly, $*Cu-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
(Fig. 8c, 8e). However, 4Cu-bis-HYR-8 showed lower brain
uptake at 2 min of ~0.2 %ID/g and increased accumulation in
brain even after 4 h of ~0.4 %ID/g (Fig. 8d, 8f), indicating that

This journal is © The Royal Society of Chemistry 20xx

the latter complex takes a longer time to reach the brain. Also,
this difference could be due to the higher stability constant of
the Cu-bis-HYR-7 complex than that of Cu-bis-HYR-8, suggesting
that the N4 ligand in HYR-8 is too bulky for tighter Cu binding.

Taken together, these studies strongly suggest that 64Cu-bis-
HYR-7 system with specific AB binding ability is promising for AB
detection in vivo, but further structure modification is necessary
to increase its BBB permeability for further application.
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Brain-to-blood ratio of **Cu-bis-HYR-7  Brain-to-blood ratio of Cu-bis-HYR-8
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Fig. 8 Biodistribution studies of a) ®*Cu-bis-HYR-7 and b) 5*Cu-bis-HYR-8
In the organs of CD-1 mice at 2, 60, and 240 min post-injection (%
injected dose per gram, %ID per g). Brain uptake for c) 5*Cu-bis-HYR-7
and d) ®Cu-bis-HYR-8. Calculated brain-to-blood ratios from the
biodistribution studies for e) ®*Cu-bis-HYR-7 and f) ®*Cu-bis-HYR-8.

Conclusions

In conclusion, a series 1,4,7-triazacyclononane (TACN) and 2,11-
diaza[3.3]-(2,6)pyridinophane (N4)-based metal-binding
compounds with pyridine arms were designed and synthesized
by incorporating AP interacting fragments into metal-binding
chelating ligands. The incorporation strategy increases the
metal-binding affinity of the AB-interacting fragment, without
the loss of AB 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
AB-binding compounds for *Cu PET imaging in AD. One solution
could be the introduction of carboxylate arms onto the N atoms
of the TACN ligand. The resulting hexadentate ligand shaould
form 6-coordinate, neutral Cu2* complexes, which are expected
to be more hydrophobic and thus exhibit increased BBB
permeability.42

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