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ABSTRACT: Herein we report a new series of bifunctional chelators (BFCs) with high affinity for amyloid aggregates, strong
binding affinity towards Cu(Il) and favorable lipophilicity for potential blood-brain barrier (BBB) penetration. The alkyl carboxylate
pendant arms offer up to three orders of magnitude higher binding affinity towards Cu(II) vs. the parent chelating fragment, and can
generate fairly stable Cu complexes, including **Cu-radiolabeled compounds. Among the five compounds tested, the Cu-YW-7 and
#4Cu-YW-10 complexes exhibit strong and specific staining of amyloid plaques in ex vivo autoradiography studies. Importantly, these
compounds have promising partition coefficient (Log D) values of 0.91-1.26 and show moderate brain uptake in biodistribution
studies using CD-1 mice. Overall, these BFCs could serve as lead compounds for the development of positron emission tomography

(PET) imaging agents for AD diagnosis.

INTRODUCTION

Alzheimer’s Disease (AD) is a progressive neurodegenerative
disease and the most prevalent form of dementia. The progres-
sion of AD leads to synaptic failure and neuronal death, result-
ing in cognitive decline in memory, learning skill, and lan-
guage.'? The brains of AD patients are characterized by the dep-
osition of senile plaques composed of the aggregates of amyloid
B (AP). AP peptide is derived from the AP precursor protein
(APP), and the main peptide alloforms are 42 and 40 amino ac-
ids long.*”

To date, there is no cure for AD, the current treatments only
alleviate the symptoms and are not able to modify the patholog-
ical progression of AD.® Early diagnosis of AD could contribute
to a better preparation of intervention and care plan, making it
possible for the maintenance of mild cognitive impairment and
to improve the life quality. Molecular imaging modality such as
positron emission tomography (PET) allows for non-invasive
assessment of the AP burden in patients. Pittsburg compound B
(!C-PiB) is the most extensively studied amyloid PET imaging
agent, but its clinical usage is greatly limited by short half-life
(20 minutes) of ''C.° In comparison, 'F is a more suitable radi-
oisotope with a longer half-life of 109.8 minutes. To date, three
compounds have been approved by the US Food and Drug Ad-
ministration (FDA) for amyloid imaging: the benzothiazole de-
rivative '8F-Flutemetamol (Vizamyl), the stilbene derivatives
18F_Florbetaben (Neuraceq) and '*F-Florbetapir (Amyvid).!%-13

However, the relative short half-lives and the necessity of cova-
lent incorporation of the ''C and '8F radionuclides have limited
the widespread clinical usage of these imaging probes.!* By
comparison, the radionuclide *Cu has an optimal half-life of
12.7 hours, and its well established coordination chemistry al-
lows for easy conjugation with the biologically relevant mole-
cules.!' Thus, Cu PET imaging agents contain amyloid tar-
geting fragments could assist in early diagnosis of AD and
greatly facilitating the development of therapeutics for AD.>!%
27

For PET imaging purposes, a chelator that forms highly stable
%4Cu complexes is critical for minimizing off-target tissue up-
take. 1,4,7-triazacyclononane (TACN) based ligands have been
extensively studied as copper chelating agents, including radio-
tracers for molecular imaging.?® Chelators that contain 1,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA) ligands have
shown stable **Cu-complexes formation in vivo. The acetic acid
arms of the TACN backbone were proposed to enhance com-
plexation with the metal ion by forming a hexadentate ligand
that is known to form the **Cu complexes that are stable in vitro
and in vivo.”

Nevertheless, the presence of several free carboxylic acid
groups in these chelators limits the blood-brain barrier (BBB)
permeability, which is usually the biggest limiting factor for im-
aging agents applied for the central nervous system (CNS).3%3!
Thus, herein we employ the strategy of using the ester deriva-
tive of the carboxylate pendant arm attached to the TACN back-
bone, in order to increase the lipophilicity of the bifunctional
chelators (BFcs) and facilitate brain uptake. The additional O
donor atoms from the ester arm lead to formation of metal com-
plexes with greater stability in vivo. Inspired by the imaging
probes mentioned above, our purpose is to design ester-based
%Cu PET imaging agents that target the AP species and provide
diagnostic information for AD.
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Figure 1. Structures of the ligands investigated herein. The
metal-binding and Ap-interacting fragments are shown in blue
and red, respectively.

EXPERIMENTAL SECTION
General methods.

All reagents were purchased from commercial sources and used
as received unless stated otherwise.l-methyl-1,4,7-triazacy-
clononane (MeHatacn) was synthesized according to reported
procedures.? All solutions and buffers were prepared using
metal-free Millipore water that was treated with Chelex over-
night and filtered through a 0.22 pum nylon filter. 'H (300 MHz)
NMR spectra were recorded on a Varian Mercury-300 spec-
trometer or a VARIAN UNITY Inova 400 spectrometer. *C
(126 MHz) NMR spectra were recorded on a VARIAN VXR
500 with UNITY INOVA Console spectrometer. Chemical
shifts are reported in parts per million and referenced to residual
solvent resonance peaks. UV—visible spectra were recorded on
a Varian Cary 50 Bio spectrophotometer and are reported as
Amax, nm (g, M™! cm™). All fluorescence measurements were
performed using a SpectraMax M2e plate reader (Molecular
Devices). EPR spectra were recorded on a Bruker 10" EMXPlus
X-band Continuous Wave EPR spectrometer at 77 K. EPR
spectra simulation and analysis were performed using Bruker
WINEPR SimFonia program, version 1.25. ESI-MS experi-
ments were performed by the Mass Spectrometry Lab at UTUC
using a Waters Q-TOF Ultima ESI mass spectrometer with an
electron spray ionization source.

Synthesis of BFCs.

YW-7. To a suspension of YW-6 (100 mg, 0.24 mmol) and so-
dium carbonate (28 mg, 0.26 mmol) in MeCN (15 ml), tert-bu-
tyl bromoacetate (52 mg, 0.26 mmol) in MeCN (5 ml) was
added. The reaction mixture was stirred at room temperature for
12 h. The solvent was removed to give an orange-yellow resi-
due that was purified by Combi-Flash (reverse-phase) using
MeCN/H20/TFA (40:60:0.1) to yield a yellow solution, which
was then neutralized with NaHCO3, extracted with dichloro-
methane and dried to give a yellow solid (118 mg, yield
93%).'H NMR (400 MHz, CDCl3) & 7.98 (d, J = 8.1 Hz, 1H),
7.83 (d,J=7.9 Hz, 1H), 7.56 (s, 1H), 7.48 — 7.38 (m, 2H), 7.32
(t, J=8.1 Hz, 1H), 3.92 (d, ] = 26.6 Hz, 5SH), 3.25 (s, 6H), 2.98
(s, 4H), 2.82 (s, 3H), 2.68 (d, J = 21.8 Hz, 4H), 1.39 (s, 9H). 1*C
NMR (126 MHz, CDCl3) & 171.49, 168.34, 154.39, 148.54,
135.00, 126.48, 125.03, 123.87, 122.93, 121.73, 110.06, 56.55,
29.95, 28.41. HR-ESI-MS: Calcd for [M+H]', 527.2647;
Found, 527.2680.

YW-8. To a suspension of YW-6 (20 mg, 0.05 mmol) and so-
dium carbonate (6 mg, 0.05 mmol) in MeCN (5 ml), iso-propyl
bromoacetate (10 mg, 0.05 mmol) in MeCN (5 ml) was added.
The reaction mixture was stirred at room temperature for 24 h.
The solvent was removed to give a yellow residue that was pu-
rified by Combi-Flash (reverse-phase) using MeCN/H.O/TFA
(45:55:0.1) to yield a yellow solution, which was then neutral-
ized with NaHCO:s, extracted with dichloromethane and dried
to give a yellow solid (16 mg, yield 64%). "H NMR (300 MHz,
CDCl5) 6 8.01 (d,J=9.3 Hz, 1H), 7.87 (d, J=9.2 Hz, 1H), 7.61
(s, 1H), 7.53 — 7.42 (m, 2H), 7.41 — 7.31 (m, 1H), 4.98 (p, J =
6.2 Hz, 1H), 4.02 (s, SH), 3.39 (s, 4H), 3.06 (s, 4H), 2.90 (s,
3H),2.73 (s, 4H), 1.21 (d, J = 6.3 Hz, 5H). *C NMR (126 MHz,
CDCls) 6 171.91, 168.53, 134.97, 126.44, 124.95, 123.53,

122.88, 121.71, 110.01, 68.29, 58.41, 57.27, 56.48, 29.95,
22.18. HR-ESI-MS: Calcd for [M+H]", 513.2491; Found,
513.3100.

YW-9. To a suspension of YW-6 (36 mg, 0.09 mmol) and so-
dium carbonate (9 mg, 0.09 mmol) in MeCN (10 ml), ethyl bro-
moacetate (52 mg, 0.26 mmol) in MeCN (5 ml) was added. The
reaction mixture was stirred at room temperature for 12 h. The
solvent was removed to give an orange-yellow residue that was
purified by Combi-Flash (reverse-phase) using
MeCN/H20/TFA (50:50:0.1) to yield a yellow solution, which
was then neutralized with NaHCOs3, extracted with dichloro-
methane and dried to give a yellow solid (14 mg, yield 33%).
"H NMR (300 MHz, CDCI3) & 8.00 (d, J = 8.6 Hz, 1H), 7.86 (d,
J=8.6 Hz, 1H), 7.57 (s, 1H), 7.50 — 7.42 (m, 1H), 7.40 (d,J =
2.0 Hz, 1H), 7.37 = 7.30 (m, 1H), 4.12 (q, J = 7.1 Hz, 2H), 4.00
(s, 3H), 3.92 (s, 2H), 3.13 — 2.73 (m, 12H), 2.66 (s, 3H), 1.38 —
1.14 (m, 6H). '*C NMR (126 MHz, CDCl3) & 172.17, 154.38,
148.61, 134.99, 130.50, 127.29, 126.47, 125.02, 122.91,
121.73, 110.10, 63.04, 60.75, 60.21, 56.53, 52.95, 29.95, 14.48.
HR-ESI-MS: Caled for [M+H]", 499.2334; Found, 499.2919.

YW-10. To a suspension of YW-6 (25 mg, 0.06 mmol) and so-
dium carbonate (28 mg, 0.26 mmol) in MeCN (15 ml), tert-bu-
tyl bromoacetate (52 mg, 0.26 mmol) in MeCN (5 ml) was
added. The reaction mixture was stirred at room temperature for
16 h. The solvent was removed to give an orange-yellow resi-
due that was purified by Combi-Flash (reverse-phase) using
MeCN/H:O/TFA (45:55:0.1) to yield a yellow solution, which
was then neutralized with NaHCO3, extracted with dichloro-
methane and dried to give a yellow solid (15 mg, yield 51%).'H
NMR (300 MHz, CDCls) 6 8.00 (d, J =9.2 Hz, 1H), 7.86 (d, J
= 8.5 Hz, 1H), 7.57 (s, 1H), 7.51 — 7.41 (m, 1H), 7.35 (dd, ] =
16.8, 8.3 Hz, 2H), 3.99 (s, 3H), 3.92 (s, 2H), 3.66 (s, 3H), 3.11
—2.73 (m, 12H), 2.64 (s, 3H). *C NMR (126 MHz, CDCl3) §
172.95, 168.72, 151.65, 148.8, 126.38, 124.84, 122.84, 121.68,
120.88, 110.03, 60.78, 58.47, 56.43, 55.87, 53.68, 46.68, 29.95.
HR-ESI-MS: Calcd for [M+H]", 485.2178; Found, 485.2794.

YW-14. The ester YW-7 (50 mg, 95 mmol) was dissolved in 10
mL of 6 M HCI and stirred at room temperature for 24 h. The
solvent was removed to get a yellow residue, which was dis-
solved in diethyl ether and filtered. Removal of the solvent gave
a light-yellow powder, which was dried under vacuum to obtain
the product (11 mg, yield 25%). 'H NMR (499 MHz, CDs;OD)
58.47 (s, 1H), 8.13 (dd, 1 =29.6, 8.1 Hz, 2H), 7.97 (s, 1H), 7.67
(dt, J=48.7,7.3 Hz, 2H), 4.09 (s, 4H), 4.01 (s, 2H), 3.63 — 3.29
(m, 12H), 3.08 (s, 3H). 3*C NMR (126 MHz, CDs0OD) § 172.59,
153.19, 149.21, 129.33, 127.82, 123.47, 111.71, 56.65, 54.76,
50.68. HR-ESI-MS: Calcd for [M+H]', 471.2021; Found,
471.2058.

Acidity and Stability Constants Determination. UV-Vis pH
titrations were employed for the determination of acidity con-
stants of BFCs and stability constants with Cu(II). For acidity
constants, solutions of ligands YW-6 to YW-10 (20 uM, 0.1 M
NaCl, pH 3) were titrated with small aliquots of 0.1 M NaOH,
and YW-14 (20 puM, 0.1 M NaCl, pH 1.2) was titrated with
small aliquots of 1 M NaOH at room temperature under a steady
moist flow of Na. At least 30 UV-vis spectra were collected in
the pH 1.2-11 range. DMSO stocks (10 mM) were diluted in
MeOH-water mixture in which MeOH did not exceed 1% (v:v).
Similarly, stability constants were determined by titrating solu-
tions of YW-7 to YW-10 and 0.9 equivalent of Cu(ClO4)2.6H2.0
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(18 uM) with small aliquots of 0.2 M NaOH at room tempera-
ture. Solution of YW-14 and 0.9 equivalent of Cu(ClO4)2.6H.0
(18 uM) was titrated with small aliquots of 1 M NaOH. At least
30 UV-vis spectra were collected in the pH 1.2-11 range. The
acidity and stability constants were calculated using the Hyp-
Spec computer program (Protonic Software, UK).** Speciation
plots of the compounds and their metal complexes were calcu-
lated using the program HySS2009 (Protonic Software, UK).>*

Histological Staining of 5xFAD Mouse Brain Sections.
Eleven-month-old 5XxFAD mouse brain sections were blocked
with bovine serum albumin (2% BSA in PBS, pH 7.4, 10 min)
and covered with a PBS solution of BFC for 30 min, then with
Congo Red (2 pM) solution for 30 min. The sections were
treated with BSA again (4 min) to remove any compound non-
specifically bound to the tissue. Finally, the sections were
washed with PBS (3 x 2 min), DI water (2 min), and mounted
with non-fluorescent mounting media. For antibody staining,
six-month-old 5XxFAD mouse brain sections were incubated
with the AF594-conjugated anti-Af antibody (AF594-HJ3.4
antibody)*>*¢ solution (1 pg/ml) at room temperature for 1 h.
The stained brain sections were imaged using a Zeiss LSM 7010
confocal fluorescent microscope and Invitrogen EVOS FL Auto
2 Imaging System (Thermo Fisher, USA).

Job’s plots for solution stoichiometry determination. To de-
termine the ligand:Cu stoichiometry for BFC, a stock solution
(500 pM) of and CuClz-H20 (500 pM) were prepared in DMSO
and spectra were measured using a Cary Bio UV-Vis instru-
ment. Each ligand has the same metal binding motif, therefore
each ligand is assumed to bind to Cu(Il) in a similar manner.
Solutions containing different ratios of ligand and Cu ions were
recorded from 0 to 100 mol % Cu (total concentration = 25 uM).
Appropriate amounts of the stock solutions were dissolved into
500 pL of PBS pH 7.4 buffer and allowed to equilibrate for 5
minutes before recording the spectra.

Radiolabeling. **Cu was produced by a (p,n) reaction on en-
riched ®Ni on a CS-15 biomedical cyclotron (Cyclotron Corpo-
ration, Berkeley, CA) at Mallinckrodt Institute of Radiology,
Washington University School of Medicine, and purified with
an automated system using standard procedures.’”*® The BFCs
were stored as DMSO stocks. The compounds were diluted to
get a concentration of 1 mM. 20 puL of the BFC solution was
added to 100 pL of 0.1 M NH4OAc (pH 5.5), following by the
addition of 7.4 MBq (200 pCi) of *Cu stock solution. Various
conditions (temperatures, pH and reaction times) were at-
tempted to optimize the labeling efficiency. For YW-7, YW-
10, and YW-14, the reaction mixture was incubated at 45 °C for
1 h. For YW-8 and YW-9, the mixture was incubated at 80 °C
for 2 h. Radiolabeled compounds were analyzed by HPLC, with
water (0.1% TFA) and acetonitrile (0.1% TFA) as the mobile
phases and with a gradient of 0-100% acetonitrile over 12
minutes with a flow rate of 1 mL/min. No further purification
was needed if *Cu-labeled complexes were obtained in high ra-
diochemical yield (>95%).

Lipophilicity Studies. Ten replicate Eppendorf tubes of 1:1
(v/v) n-octanol and PBS 1X were prepared (500 pL each). The
#4Cu-labeled complexes (0.37 MBq, 10 puCi) were added to each
tube, vortexed and incubated on a thermomixer with 1000 rpm
for 1 h. After 1 h, the solution was kept without shaking for 30
minutes to allow for the separation of the two layers. Aliquots

(100 pL) from the aqueous and the n-octanol layers were re-
moved and counted separately in an automated gamma counter.
The partition coefficients were calculated using the ratio of (ac-
tivity detected in n-octanol)/(activity detected in aqueous layer)
to get the Jog Do values. The overall average was recorded as
the final log Doc: value for each compound. High log Doc: (1-2.5)
is desired as it indicates the ability of labeled products in cross-
ing the BBB and reaching therapeutic concentrations in the
brain.

Biodistribution Studies. All animal experiments were per-
formed in compliance 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. Initial biodistribution studies
were conducted in wild type CD-1 female mice (Charles River
Laboratories) of age 5-7 weeks. The injection dose was pre-
pared by diluting into a 90 % saline solution. The mice were
injected via the tail vein with 0.22-0.37 MBq (6-10 pCi) of each
compound per animal in 100 pL saline solution. After each time
point (2, 60, and 240 min), mice were anesthetized with 1 -2 %
isoflurane and euthanized by cervical dislocation Brain, blood,
kidney, liver and other organs of interest were harvested and
amount of radioactivity in each organ was counted on a gamma
counter containing a Nal crystal. The data were corrected for
radioactive decay and percent injected dose per gram (%ID/g)
of tissue was calculated. All samples were calibrated against a
known standard. Quantitative data were processed by Prism 8
(GraphPad Software, v 6.03, La Jolla, CA) and expressed as
Mean + SD. Statistical analysis performed using one-way anal-
ysis of variance and Student’s t test. Differences at the 95% con-
fidence level (p < 0.05) were considered statistically significant.

Ex vivo Autoradiography Studies. Brain sections of 11-
month-old 5xFAD transgenic mice and aged-matched WT mice
were obtained as described previously and immersed into a
cryo-protectant solution. These sections were sorted and care-
fully removed using phosphate buffer in saline (PBS) to a 12-
well plate. Each section was washed with 100% PBS three
times, and ~0.925 MBq (25 pCi) of **Cu-labeled BFC in 2.5 mL
PBS was added to completely cover the brain section and incu-
bate for 1 h at room temperature in a shielded bunker. Blocking
solution using blocking agent was added to evaluate the specific
binding of radiolabeled compounds.® After the incubation,
brain sections (WT, 5xFAD, 5xFAD with blocking) were
washed using 1:1 (v/v) ethanol and PBS twice and PBS once
for 10 minutes of each washing cycle. Brain sections were re-
moved, mounted onto microscopic slides and briefly air-dried.
The imaging slides were then mounted onto phosphor imaging
screen plate (GE Healthcare Life Sciences), and were exposed
overnight in -20 °C. The plates were scanned using a phosphor
imager plate scanner (Storm 840) and the resulting images were
processed using ImageJ (v1.48, public domain) software.

RESULTS AND DISCUSSION

Design and syntheses of Bifunctional Chelators. The Bifunc-
tional chelators (BFCs) discussed herein are constructed by
linking the AB-binding 2-phenyl-benzothiazole and o-vanillin
fragments with the metal-chelating TACN ligand via Mannich
reaction with paraformaldehyde (Scheme 1). The amyloid tar-
geting motif was generated by the condensation of 2-aminothi-
ophenyl with vanillin, followed by oxidation with atmospheric
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oxygen (Scheme S1). This heterocyclic fragment is derived
from Thioflavin T (ThT), a well-known amyloid-binding fluo-
rescent dye that shows high binding affinity toward AP spe-
cies,* and that has been utilized as the amyloid targeting motif
in multifunctional compounds for PET imaging and treatment
OfAD.20-22,41—43

To further enhance the metal chelation ability of BFCs, the pen-
dant carboxylate arms were added to the TACN backbone by
reacting YW-6 with a series of alkyl-bromoacetates, generating
final products YW-7 to YW-10 that contain tert-butyl, iso-pro-
pyl, ethyl, and methyl ester groups, respectively. Hydrolysis of
YW-7 in presence of concentrated hydrochloric acid generates
YW-14, which is a carboxylic acid and has the lowest molecu-
lar weight (<500 Da) among the BFCs, which is a factor for
penetration of BBB according to Lipinski’s rules.*

Absorption spectra were acquired to determine the maximum
UV-Vis absorbance wavelength (Aabs) of the ligands and their
Cu(Il) complexes in PBS (pH=7.4) buffer (Figure S1, S2).
Based on the UV-Vis absorbance spectra, excitation wave-
lengths (Aex) of 328-332 nm (for ligands) and 349 nm (for Cu(II)
complexes) were used to examine the fluorescent properties
(Figure S3, S4). Results indicate a ~20 nm Stokes shift upon
chelation with Cu(Il), and the fluorescence intensity decreased
due to quenching effect by Cu(II).
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Scheme 1: Syntheses of BFCs.

Fluorescence Imaging of Amyloid Plaques in SxXFAD Mouse
Brain Sections. Ex vivo mouse brain section staining was per-
formed to evaluate each BFC’s affinity toward A species.
Brain sections were collected from 11-month-old 5XFAD mice.
An appreciable amount of fluorescence staining was observed
upon incubation of the brain sections for 30 min with 50 pM
solutions of our BFCs (Figures 2, left panel). The specific stain-
ing of amyloid plaques was confirmed by staining with Congo
Red, another commonly used amyloid-binding fluorescent dye
(Figure 2, middle panel). The fluorescent properties of BFCs
indicate they exhibit labeling signal in the DAPI channel, which
does not interfere with the Congo Red signal in the Texas Red
channel. The labeling ability of Cu(Il) complexes was also
probed using same age mouse brain sections. Compared with
BFCs, the colocalization of Cu(Il) complexes signal with

Congo Red signal is improved as indicated by Pearson’s coef-
ficients, especially for YW-7, YW-10, and YW-14 (Figure 3).
Other BFCs and their Cu(Il) complexes also show moderate
staining of amyloid aggregates (Figure S20). Overall, these ex
vivo amyloid binding studies suggest that these BFCs show spe-
cific binding toward Af species (see below).

Ligand Conc. (uM)  Ligand to Congo Red ratio
YW-7 50 25:1
YW-10 50 25:1
YW-14 50 25:1

YW-7

CR

Merge R=0.68

Merge R=0.69 I

Merge R=0.77 I

Figure 2. Fluorescence microscopy images of 5xFAD brain
sections incubated with compounds YW-7, YW-10, and YW-
14 (left panels), Congo Red (middle panels), and merged im-
ages (right panels). Magnification: 20x. Scale bar: 125 um.

[ — [ —

Complex to CR

Cu(II) complex Conc. (uM) ratio
Cu-YW-7 50 25:1
Cu-YW-10 50 25:1
Cu-YW-14 50 25:1
Cu-YW-7 Merge R=0.73

Merge R=0.75
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‘Merge R=0.77

Figure 3. Fluorescence microscopy images of 5xFAD brain
sections incubated with Cu(I) complexes of YW-7, YW-10,
and YW-14 (left panels), Congo Red (middle panels), and
merged images (right panels). Magnification: 20x. Scale bar:
125 pm.

Fluorescent dye labeled HJ3.4 antibody was utilized to confirm
BFCs and their Cu(Il) complexes’ specific staining of AP
plaques (Figure 4). This AF594-conjugated HJ3.4 antibody
(AF594-HJ3.4) has shown binding to a range of AP species in
previous published results.?>33364547 [n this study, younger
mouse brain sections (6-month-old) were used to evaluate BFCs
binding affinities, a heavy load of AP plaques signal was ob-
served upon treatment with conditions described in the experi-
mental section. AF594-HJ3.4 antibody exhibits larger staining
spots for the amyloid aggregates compared with Congo red, our
compounds and corresponding Cu(II) complexes still show fa-
vorable colocalization with antibody signals as suggested by the
calculated Pearson’s coefficients (Figure 4).

HI3.4 Merge R=0.60 I

HJ3.4 Merge R=0.54

h

YW-7

Merge R=0.42

Merge RO.77I

HJ3.4
HJ3.4

Merge R=0.65 I

Cu-YW-14 HJ3.4

Merge R=0.56

Figure 4. Fluorescence microscopy images of 5XxFAD brain
sections incubated with YW-7, YW-10, and YW-14 as well as
their Cu(II) complexes (left panels), AF594-HJ3.4 (middle pan-
els), and merged images (right panels). Magnification: 20x.
Scale bar: 125 pm.

Acidity Constants of BFCs and Stability Constants of Cu(II)
Complexes. Since all BFCs contain several acidic and basic
functional groups, their acidity constants (pKa, log of the acid
ionization constant) were determined by UV-Vis spectrophoto-
metric titrations. For YW-7, UV-Vis titrations from pH 2.8 to
11.0 reveal several changes in the spectrum (Figure 5a), such as
the disappearance of the band at 325 nm and the increase of the
band at 367 nm with an isosbestic point at 341 nm. The best fit
to the data was obtained with four pKa values: 3.09(8), 6.23(6),
8.08(3) and 8.81(1) (Table 1). Based on previously reported
acidity constants for phenols and amines,?** we assigned the
three lower pKa values to the deprotonation of the amine groups
of TACN backbone, and the highest pKa value to the phenol
deprotonation in ligand. Ester containing-ligands in the series
show similar values to those obtained for YW-7 (Table 1).
YW-14, which contains the carboxylic acid instead of ester, was
probed from pH 1.75 to 11.0 and the best fit was obtained with
five pKa values: 1.37(1), 4.53(1), 6.18(8), 8.43(7) and 9.87(3).
(Table S1). The lowest pKa value can be assigned to the depro-
tonation of the carboxylic acid group.
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Figure 5. (a)Variable pH (pH 2.8—11.0) UV-Vis spectra of
YW-7 ([L] =20 uM, 25 °C, I = 0.1 M NaCl) and (b) species
distribution plot.

Table 1. Acidity constants (pKa’s) of YW-6 to YW-10 determined by spectrophotometric titrations (errors are for the last digit).

Reaction YW-6 YW-7 YW-8 YW-9 YW-10
[HaL]** = [HsL]>* + H' (pKa1) 4.15(5) 3.09(8) 3.14(5) 2.60(5) 3.40(1)
[HsL]* = [HoL]* + H' (pKa2) 6.60(4) 6.23(6) 5.49(5) 5.00(3) 6.26(9)
[HoL]* = [HL] + H* (pKus) 7.93(3) 8.08(3) 8.50(4) 8.30(2) 8.32(8)
[HL]=[L] + H* (pKas) 9.90(1) 8.81(1) 10.19(2) 9.49(1) 10.43(4)
Table 2. Stability constants (logK) of the Cu(II) complexes of YW-6 to YW-14.
Reaction YW-6 YW-7 YW-8 YW-9 YW-10 YW-14
M2* + HL = [MHL]?* 6.60(1) 5.24(8) 4.55(4) 5.26(2) 4.59(2) 4.55(2)
M2+ L = [ML]* 16.10(1) 19.50(4) 18.47(2) 18.88(2) 17.36(1) 20.92(1)

values for YW-7 and YW-14 are both 10.8 at pH 7.4, compara-

In order to quantify the metal chelation ability of the BFCs, we
performed spectrophotometric titrations of ligands in presence
of Cu(Il) ion. To ensure full chelation of the ligand with Cu(Il),
0.9 equivalent of Cu(ClO4)2.6H20 was added. As shown in Fig-
ure 6a the band at 325 nm disappears and the band at 352 nm
rises when pH value increases, generating an isosbestic point at
333 nm. The pK.’s values of the ligands and the deprotonation
of metal-bound water molecules were included in the calcula-
tion.

The calculated stability constants shown in Table 2 indicate that
the Cu(Il) complex of YW-7 exhibits a stability constant that is
~3 orders of magnitude larger than that of Cu-YW-6 (Table 2),
which is expected given the presence of an additional metal-
chelating acetate arm. In addition, Cu-Y'W-7 has the highest log
K value (~19.5) among the four different alkyl ester arm BFCs.
Interestingly, the log K value of Cu-YW-7 is only ca. one order
of magnitude lower that the log K value of ~20.9 for Cu-YW14,
suggesting that having a BFC with an ester arm instead of a car-
boxylic acid arm does not dramatically lower the stability con-
stant for the corresponding Cu(Il) complex. This is important
for our . The steric hindrance of bulky tert-butyl group could be
affecting the chelation of acetate arm to Cu(II) center.

Species distribution plot of YW-7 and Cu(Il) system was ob-
tained based on the calculated stability constants (Figure 6b),
and the concentration of free Cu®" with YW-7 is negligible
above pH 4.5, the main species at physiological condition is
Cu-YW-7. The concentrations of unchelated Cu®* (pM
=—log[Munchelated]) at a specific pH value and total ion concen-
tration can be calculated from the solution speciation diagrams
(Table 3). These pM values could be used as a direct estimate
of the ligand-metal affinity and a comparison for metal affinity
among difference ligands.*>*** In this work, the calculated pCu

ble to that of the strong chelating agent DTPA (diethylenetri-
aminepentaacetic acid), which is 10.7 at pH 7.4, indicating that
our BFCs have high Cu(II) binding affinity.

()

Wavelength (nm)

(b)

Figure 6. (a) Variable pH (pH 3—11) UV-Vis spectra of YW-7
and Cu(II) system ([L] =20 uM, [Cu*']= 18 uM, 25 °C, 1=0.1
M NaCl) and (b) species distribution plot.
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Table 3. Calculated pM (—log[M]tee; M = Cu?*) values for a
solution containing a 1:1 Metal/Ligand Mixture ([M* ]t = [Lig-
and]wot = 50 pM)

YW6 YW7 YW8 YW9 YWI0 YWI14 DTPA*

pH6.6 7.8 10.0 8.6 9.3 8.2 9.9 9.7

pH74 87 10.8 9.5 10.1 9.4 10.8 10.7
*Diethylenetriaminepentaacetic acid (DTPA), ref 43.

EPR spectra of Cu(II) complexes. To further characterize the
Cu(II) complexes of BFCs, their X-band EPR spectra were rec-
orded in frozen glasses at 77 K. The Cu(II) complexes were pre-
pared right before the EPR experiment by reacting the BFC with
0.8 equivalent of CuClz. The EPR spectrum of the Cu-YW-7 in
a 1:1 (v/v) PBS/glycerol glass solution reveals a pseudoaxial
EPR pattern with three different g values: g« =2.252, gy =2.05,
and g; = 2.00, Ax (Cu)=180G (Figure 7). The EPR spectrum of
Cu-YW-14 was also obtained in the same way and exhibits a
similar EPR pattern as YW-7’s with gx = 2.240, gy = 2.085, and
g.=2.030, Ax(Cu)=168G (Figure S22).

A different solvent system was also applied to study the Cu(II)
complexes in a non-aqueous environment using 1:3 (v/v) ace-
tonitrile/butyronitrile glass solution, and both complexes show
similar patterns to those in aqueous solution (Figure S23, S24).
EPR spectra of Cu(Il) complexes of YW-8, YW-9, and YW-10
were also collected in 1:3 (v/v) acetonitrile/butyronitrile glass
solution (Figure S25, S26, S27).

2450 2750 3050 3350 3650
Field (G)

Figure 7. Experimental and Simulated EPR spectra of the Cu-
YW-7 complex in a 1:1 PBS/glycerol glass at 77 K. The fol-
lowing parameters were used for the simulation: g, = 2.252, gy
=2.075, and gx =2.045, Ax (Cu)= 165 G.

Radiolabeling and Log Do value determination. The radio-
labeling of compounds YW-7 to YW-14 was performed using
4CuCl> and employing the conditions described in the experi-
mental section. The novel chelators were readily labeled with
%Cu under mild conditions. Quality control assays were con-
ducted using HPLC and/or TLC, and HPLC retention times
were observed in the range of 9.1~9.5 minutes for the *Cu-ra-
diolabeled complexes (Figures S28). All radiochemical purities
were >95% within minutes at 45 °C, with specific activities of
100 Ci/mmol or greater. Therefore, all radiolabeled complexes
were used directly without further purification.

One important aspect of developing an imaging agent for AD is
that it should be able to effectively cross the BBB. To determine
the hydrophobicity of the radiolabeled compounds, the oc-
tanol/PBS partition coefficient values log Do were determined
for the *Cu complexes of YW-7 to YW-14 (Table 4). The de-
creasing of esters’ log Do values was observed with less bulky
alkyl groups. Gratifyingly, the obtained log Do values for the
84Cu-radiolabeled complexes YW-7 to YW-10 are in the range
of 0.91 — 1.26, which suggests their potential ability to cross the
BBB.* Interestingly, the ®*Cu complex of YW-14, which does
not contain the alkyl ester group, has a positive log Doc: value
of 1.15 + 0.02 and is very likely to cross the BBB. The carbox-
ylic acid group is normally not favorable for molecules de-
signed to pass BBB due to its hydrophilicity and hydrogen bond
forming property. We propose the chelation of carboxylic acid
group in YW-14 with the Cu(II) center generates a neutral com-
plex and therefore is beneficial for BBB penetration. We are
aware that compounds with slightly higher log Do values (ide-
ally larger than 1) would be desirable, thus we chose YW-7,
YW-8, YW-9, YW-10, and YW-14 for the further characteri-
zation including autoradiography and biodistribution studies.

Table 4. Properties of ligands YW-7 to YW-14, measured log
Do values for the corresponding **Cu-radiolabeled complexes.

Ligand Molecular Weights (g-mol™) log Doc:

YW-7 527.0 1.26 £ 0.02
YW-8 512.7 1.07 £0.05
YW-9 498.6 1.01 £0.05
YW-10 484.6 0.91+£0.02
YW-14 470.6 1.15+0.02

Autoradiography studies. Ex vivo autoradiography studies us-
ing brain sections of SXFAD mice were conducted to determine
the specific binding of the **Cu-labeled BFCs to the amyloid
plaques. The brain sections were stained, washed, and imaged
as described in the experimental section. By comparing with the
wild type (WT) brain sections that show a limited background
intensity (Figure 8, first row), an increased autoradiography in-
tensity was observed upon treatment of the 5XFAD mouse brain
sections with the **Cu-labeled complexes of YW-7 to YW-14
(Figure 8, third row). The specific binding to amyloid plaques
of the radiolabeled BFC was further confirmed by blocking the
brain sections with the non-radioactive blocking agent B: (Fig-
ure S29), which led to a remarkable decreased autoradiography
intensity (Figure 8, second row). Except for YW-7 that exhibits
a slight degree of non-specific binding, the other BFCs all
showed a significantly more intense signal for the 5XxFAD
mouse sections than the WT mouse sections. The ratios of av-
erage radioactivity of transgenic sections over WT sections are
shown in Figure 9. Notably, *Cu-YW-10 exhibits a 7.5 inten-
sity ratio of AD mouse section staining to WT sections. Due to
the low signal intensity of %Cu-YW-14, more radioactivity (35
uCi) was applied in additional experiments and the difference
between WT sections and AD sections is more obvious (Figure
S30), although *Cu-YW-14 exhibits the least specific amyloid-
binding ability among all BFCs, likely due to the likely cationic
nature of this complex. Overall, these autoradiography results
strongly suggest that the %“Cu-labeled BFCs YW-7 to YW-14
exhibit the ability to detect AP species ex vivo.
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YW-14
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Figure 8. Autoradiography images of brain sections of WT and
5xFAD mice, in the absence and presence with a known Af
specific blocking agent.
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Figure 9. Average radioactivity of the brain sections in the au-
toradiography images. The numbers in the bar graph are the in-
tensity ratios of 5XFAD to WT in each group.

Biodistribution Studies. Encouraged by the promising in vitro
results, in vivo biodistribution experiments were then performed
to investigate the pharmacokinetics of Cu-YW-7 to **Cu-
YW-14 complexes using CD-1 mice. The retention and accu-
mulation of the %*Cu-radiolabeled complexes in selected organs
was evaluated at 2, 60, and 240 minutes after tracer administra-
tion (Table 5). Excitingly, appreciable brain uptake was ob-
served for all BFCs at 2 min post injection, followed by a rapid
washout from the brains of these WT mice (Figure 10). Among
all BFCs tested, %Cu-YW-10 showed the highest brain uptake
0f 0.46 £ 0.21 %ID/g at 2 min post injection, which dropped to
0.14 £ 0.00 %ID/g at 60 min. *Cu-YW-7 also exhibits good
brain uptake of 0.35 £+ 0.01 %ID/g at 2 min post injection (Table
5). The brain to blood ratio results suggest the complex reten-
tion in brain slightly increases with time, possibly due to their
favorable lipophilicity (Figure 11). The small difference be-
tween the esters and acid performance might result from the hy-
drolysis of the ester groups, generating a stable “*Cu complex
with an carboxylic acid arm, that is “*Cu-YW-14. Overall, these
biodistribution studies suggest that the **Cu-radiolabeled BFCs
have moderate brain uptake, and thus could serve as PET imag-
ing agents for detection of AP aggregates in vivo. Importantly,
the rapid clearance from the brain of WT mice suggest that these
radiolabeled BFCs do not release **Cu ions in the brain to an
appreciable extent, and thus should not lead to a significant
background PET signal in age-matched WT controls.

Table 5. Overall biodistribution results of **Cu-labeled YW-7, YW-8, YW-9, YW-10, and YW-14, for the three time points evalu-

ated (2, 60, and 240 min; % injected dose per gram, Mean = SEM).

YW-7 2 min YW-71h YW-74h YW-8 2 min YW-8 1 h YW-84h
blood 782 4+ 226 039 4 0.03 0.16 4 003 458 4 163 0.16 4 004 0.07 4+ 0.01
lung 496 4+ 112 177 4+ 098 076 4+ 018 348 L+ 052 047 4+ 0.11 034 + 0.04
liver 3348 4+ 2254 508 4+ 113 256 4+ 067 4448 4 347 421 4 221 083 4+ 0.13
kidney 1013 + 675 281 4 076 152 4 067 993 4+ 169 142 4+ 044 059 4 012
muscle 075 + 040 0.10 + 001 005 4+ 001 084 4 006 005 + 002 003 + 000
brain 035 4+ 001 004 4+ 001 003 4+ 001 023 4 006 002 4+ 0.01 0.01 4+ 0.00
bone 1.18 4+ 036 015 4 0.02 0.14 4 008 098 4 005 0.13 4+ 006 0.04 4 0.02
tail 884 4+ 1015 334 + 270 259 4+ 343 733 4 622 199 4+ 249  0.16 + 0.04
YW-9 2 min YW-9 1 h YW-9 4 h YW-10 2 min YW-10 1 h YW-104 h
blood 508 4+ 0.79 0.17 + 0.03 0.07 + 0.01 1157 4+ 240 127 + 0.07 098 + 0.08
lung 505 4+ 055 047 + 002 041 L 008 687 + 162 38 <+ 025 519 + 0.9
liver 8461 + 749 411 4 064 084 4 007 3982 4+ 559 2181 + 136 1561 = 281
kidney 1631 + 342 195 4+ 057 060 + 008 31.04 + 504 1418 + 338 749 =+ 154
muscle 1.02 £ 016 0.06 + 000 002 L 001 183 + 056 056 + 016 039 = 0.06
brain 032 1 002 002 1 000 001 + 000 046 + 021 0.14 = 0.00 0.18 + 0.02
bone 154 + 012 010 4+ 002 006 + 000 217 + 075 075 + 003 0.83 + 0.15
tail 333 4 084 1.00 + 027 005 + 0.08 494 L+ 472 1.57 + 0.06 0.89 + 0.20
YW-14 2 min YW-14 1 h YW-14 4 h

blood 559 4+ 086 0.10 + 0.04 006 + 0.02

lung 418 4+ 052 021 4+ 003 025 4 0.16

liver 5190 4+ 235 174 4+ 049 044 4 0.15

kidney 1174 + 116 128 & 1.03 039 % 0.16



muscle 095 1+ 024 004 4 001 003 . 002
brain 023 1+ 005 002 4 002 002 5 0.00
bone 108 &+ 026 006 5 002 006 5 002
tail 385 4 151 590 4 541 260 L 2.11

plaques than the **Cu complex of the carboxylic acid arm BFC,

07 the t-butyl and methyl ester derivatives YW-7 and YW-10, re-

os spectively, showing the highest specificity. The **Cu-radio-
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Figure 10. Brain uptake (%ID/g) results from the in vivo bio-
distribution study in CD-1 mice, at 2 and 60 min post injection.
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Figure 11. Brain to blood ratio results from the in vivo bio-

distribution study in CD-1 mice, at 2, 60, and 240 min post

injection.

CONCLUSIONS

In summary, we have successfully synthesized five BFCs YW-
7 to YW-14 via linking the amyloid-targeting 2-phenyl benzo-
thiazole fragment with a strong metal chelator TACN, and the
resulting BFCs could be radiolabeled with ®*Cu for PET imag-
ing purposes. Spectrophotometric titrations were used to obtain
stability constants (log K’s) for the Cu(II) complexes, and re-
sults show that adding a carboxylic acid or ester arm to the
TACN fragment increases the log K for the corresponding
Cu(Il) complexes by 3-4 orders of magnitude vs the parent
TACN derivative. Importantly, the BFCs thus exhibit appropri-
ate lipophilicity and Cu-chelating ability to be potentially used
in in vivo applications. The evaluation of the amyloid binding
affinity for these BFCs and their *Cu complexes was probed by
ex vivo AD mouse brain section fluorescence imaging and au-
toradiography studies, which show that the %*Cu complexes of
the ester arm BFCs bind more specifically to the amyloid

labeled BFCs also exhibit favorable log D.c: values around 1,
suggesting they should be BBB permeable. Finally, the in vivo
biodistribution studies using the **Cu-BFC complexes reveal
that they exhibit moderate brain uptake in CD-1 mice. Overall,
we consider that these benzothiazole-TACN BFCs can serve as
lead compounds to develop **Cu PET imaging agents that
should benefit in AD diagnosis.
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