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Abstract

Chromophores with zwitterionic excited-state intramolecular proton transfer (ESIPT) have been
shown to have larger Stock shifts and red-shifted emission wavelengths compared to the
conventional mt-delocalized ESIPT molecules. However, there is still a dearth of design strategies
to expand the current library of zwitterionic ESIPT compounds. Herein, we report a novel
zwitterionic excited-state intramolecular proton transfer system enabled by addition of
triazamacrocycle (TACN) fragments on a dicyanomethylene-4H-pyran (DCM) scaffold. The
solvent-dependent steady-state photophysical studies and pKa measurements strongly support

that the ESIPT process is more efficient with two TACN groups attached to the DCM scaffold and



not affected by polar protic solvents. Impressively, compound DCM-OH-2-DT emits with a near-
infrared (NIR) emission wavelength at 740 nm along with an uncommonly large Stokes shift of ~
280 nm. Moreover, DCM-OH-2-DT shows high affinity towards soluble amyloid B (AB) oligomers
in vitro and in 5xFAD mouse brain sections, and we have successfully applied DCM-OH-2-DT for
the NIR fluorescence in vivo imaging of AP aggregates and demonstrated its potential use as an
early diagnostic agent for AD. Overall, this study can provide a general molecular design strategy
for developing new zwitterionic ESIPT compounds with NIR emission for further in vivo imaging

applications.
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Introduction

A unique four-level photochemical process that generates an intramolecular tautomer
from the initial excited state upon proton transfer is called an excited-state intramolecular proton
transfer (ESIPT). Ever since then the first report of ESIPT by Well et al. in the 1950s,! this
photochemical process has been applied to a wide range of applications and has shown
significant impact in various areas, including physiology, pharmacology, environmental science,
chemical and bioimaging probes, as well as organic electronics and organic lasers.? 3
Conventionally, the majority of ESIPT molecules, such as derivatives of 2-(2’-
hydroxyphenyl)benzothiazole (HBT), 2-(2’-hydroxyphenyl)benzimidazole (HBI), utilize n-
delocalization for proton transfer at their excited states and exhibit an enol-to-keto
phototautomerization process (Scheme 1A).* > Emerging evidence showed that besides the
generation of the keto tautomer, a charge redistribution from the ESIPT process could lead to a
zwitterionic form in the excited state.®® For example, the zwitterionic excited states have been
shown to exist for the following scaffolds: pyrrole-containing oligoarenes that involve a strap
strategy with N-H:--N-based hydrogen bonding (Scheme 1B);® a 3-thiolflavone platform with an
excited-state intramolecular thiol S-H:--O proton transfer (Scheme 1C);” and a traditional HBT
platform but with two fluorene groups attached (Scheme 1D).2 Interestingly, extremely large
Stokes shifts and significant red-shifted emission wavelengths were observed from the
zwitterionic ESIPT molecules, even when compared to the conventional m-delocalized ESIPT
molecules.” ® These large Stokes shifts and redshifts of the emission wavelengths are especially
attractive features for chemical and biosensing and imaging applications. However, the dearth of
strategies to develop such unique zwitterionic ESIPT molecules limit further exploration of their
potential applications.

Protein misfolding and aggregation are highly associated with the progression of
Alzheimer’s Disease (AD), which is the most prevalent neurodegenerative disease.’® 1! One
hallmark of AD, the amyloid plaques, are formed from the aggregation of the beta-amyloid (AB)
peptide.'> 13 During the aggregation process, a variety of intermediate AB species exist, such as
smaller soluble oligomers. These oligomers are found to be relevant in both the physiology and

the pathology of AD.'* Importantly, soluble AB oligomers dominate at the early stage of the



disorder; therefore, they could serve as a biomarker for early diagnosis of AD. However, due to
the lack of an atomic structure for these oligomeric species, there is still great challenge to
develop imaging agents targeting the soluble AB oligomers.'”- 18 Great efforts had been made in
the past few decades to distinguish the different aggregation stages of the amyloid proteins.*?
For example, several oligomer-specific fluorescent probes,?%2> probes based on restriction of the
molecular rotation,?® 27 and probes exhibiting FRET?® were developed for AB oligomer detection.
However, some of these probes have limited in vivo applications. Moreover, a ruthenium
polypyridyl complex has also been designed and developed by Marti et al. for AB oligomer
detection via photoluminescence anisotropy.?® Recently, our group demonstrated that
incorporating amphiphilic properties into small molecule design might increase their selectivity
towards AB oligomers and hence will be beneficial for AB oligomer detection.3® 3! Even though
different strategies have been applied, in vivo imaging agents targeting AP oligomers are still
highly needed, in order to expand the current toolbox of early diagnostic agents for AD.3% 33
Herein, we report a novel zwitterionic excited-state intramolecular proton transfer
system enabled by triazamacrocycle (TACN) on a dicyanomethylene-4H-pyran (DCM) scaffold.
From the solvent-dependent steady-state photophysical studies, density functional theory (DFT)
calculations, and time-dependent DFT (TD-DFT) studies, we demonstrate that the zwitterionic
ESIPT of DCM-OH-2-DT is more efficient than that of DCM-OH-2-MT, and this process is not
affected by polar protic solvents. Moreover, the imaging applications of the developed
compounds are further explored in an transgenic AD mouse model. With the hydrophilic TACN
group(s) attached, the developed amphiphilic compounds were shown to be able to interact with
the AB oligomers. In vitro binding affinity measurements and fluorescence brain section imaging
studies indicate that the compounds have high affinity towards AB oligomers in vitro and can
bind to the native AP aggregates on the transgenic AD mouse brain sections. Excitingly, we also
demonstrate that compound DCM-OH-2-DT can readily penetrate the blood-brain barrier (BBB)
and bind to native AP species. In real-time in vivo imaging studies, DCM-OH-2-DT showed
significantly higher near-infrared (NIR) fluorescence intensity in the 5xFAD mice vs. wild-type

(WT) controls. Lastly, we also show that the amphiphilic compounds can bind Cu(ll) ions,



indicating their potential future use in ®*Cu positron emission tomography (PET) imaging of AB

species in AD.
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Scheme 1. Examples of ESIPT molecules.

Results and discussion
Zwitterionic Excited-State Intramolecular Proton Transfer Enabled by Azamacrocycles

It was reported by Yamaguchi and coworkers that an alkyl amino embed in an alkyl strap
on the pyrrole-containing oligoarenes scaffold could facility the ESIPT process to generate
zwitterionic ESIPT molecules.® 3* The hydrogen bonding interactions between the amino group
and the pyrrole N-H proton, as well as the boryl groups serving as electron acceptors in the -
conjugated system, are the two critical components for their design. Even though it was reported
that the ESIPT process was efficient in polar protic solvent, the applications in chemical/bio
imaging of these developed zwitterionic ESIPT molecules are not explored, partially due to the
difficulties for further chemical modifications. Therefore, we are motivated to explore the
imaging applications for the unique zwitterionic ESIPT photochemical process via rational
molecular engineering. Inspired by the previous strategy, we postulate that a labile hydrogen

bond donor (e.g., phenol O-H proton), a D—mt—A structure as the conjugated system to stabilize



the charge separated excited state, and an appropriate hydrogen bond acceptor are necessary
to generate zwitterionic ESIPT molecules (Scheme 2a). Therefore, our molecular design focus on
the following components: 1) a typical D-m—A structure is constructed by utilizing
dicyanomethylene as the electron acceptor and phenol as the electron donor, which are linked
via two C=C double bonds, 2) 2,4-dimethyl-1,4,7-triazacyclononane (Me;HTACN) is chosen as a
hydrogen bond acceptor and is installed ortho to the phenol group. Moreover, zero, one or two
Me,TACN groups are installed to compare and validate the ESIPT process. With this molecular
design, three compounds were designed and synthesized: DCM-OH-2, DCM-OH-2-MT, and DCM-
OH-2-DT (Scheme 2b). The synthetic details and spectroscopy characterizations (*H, 3C NMR,

HPLC and HR-ESI) can be found in the Supporting Information.3>
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Scheme 2. a) Molecular design of the zwitterionic ESIPT molecule enabled by azamacrocycles. b) Chemical structure

of DCM-OH-2, DCM-OH-2-MT and DCM-OH-2-DT.

When measuring the absorbance of the compounds in EtOH, there is no significant
difference between the three compounds. They showed the maximum absorption at about 470
nm (Figure Sla). On the other hand, the emission bands were totally different for these
compounds. Notably, for DCM-OH-2, the maximum emission locates at 625 nm. For DCM-OH-2-
MT, two emission peaks at 615 nm and 740 nm were observed; and interestingly, only one
emission peak locates at 740 nm for DCM-OH-2-DT (Figure 1a). Normally, two emission peaks

from a locally excited (LE) state and an ESIPT state, are observed for the compounds that can go
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through the ESIPT process.3® Since two emission peaks were observed for DCM-OH-2-MT, one is
similar to the DCM-0OH-2 and another is the same as the DCM-OH-2-DT’s peak, we believe with
the TACN groups attached, DCM compounds would go through the ESPIT process to generate
new zwitterionic species at the excited state like we originally proposed (Scheme 1). To further
elucidate the differences on emission behaviors of these compounds, several experiments were
performed. Firstly, the fluorescence excitation spectra for DCM-OH-2-MT were similar to its
absorption spectra regardless of the 615 nm or 740 nm emission peak (Figure S1b). This indicates
that the two emission peaks originate from the identical ground state. Secondly, the emission
spectra of the compounds in several solvents with different polarities were recorded (Figure 1b).
For DCM-OH-2, the maximum emission increases as the polarity of the solvent increases. Since
DCM-0OH-2 is built on the D—ni—A scaffold, this solvation effects indicate the compounds would
go through the intramolecular charge transfer (ICT) process at the excited state, which is a
common feature for chromophores with donor-acceptor structures.3” While for DCM-OH-2-MT,
the two emission peaks vary dramatically in different solvents. In general, the compound emits
with the longer emission in the solvent with lower polarity, such as toluene and THF. In polar
protic solvent, such as MeOH and EtOH, the shorter emission appears as a shoulder peak, which
is probably due to the intermolecular hydrogen bonding interactions with the protic solvent.
Interestingly, for DCM-OH-2-DT, the emission wavelength is unaffected either by the polarity of
the solvent or by the protic/aprotic properties of the solvent. This demonstrates that the ESIPT
is more efficient for DCM-OH-2-DT compared to DCM-OH-2-MT.

The macrocycle TACN groups are close in proximity to the phenol group and can serve as
proton sponge/hydrogen bond acceptors. As the formation of an intramolecular hydrogen bond
is a prerequisite and can greatly affect the ESIPT process, we therefore investigated the effects
of TACN groups on the hydrogen bond formation. From spectrophotometric titrations, we
measured the acidity constant (pKa values) for the developed DCM compounds (Table S1 and
Figure S2 and S3). Multiple pKa values were obtained for each compound, and the largest value
was assigned to the phenol O-H due to the significant spectral changes (Figure 1c and 1d). With
one TACN group attached, the pKa value decreased from 11.73 to 10.19 for DCM-OH-2-MT.

Moreover, the pKa value was further decreased to 9.35 for DCM-OH-2-DT. This data indicates



that the acidity of the phenol proton increases in the presence of the TACN groups, which
indirectly suggests the hydrogen bonding interactions between the phenol and TCAN groups. This
intramolecular hydrogen bonding interactions in DCM-OH-2-DT are stronger than in DCM-OH-2-
MT. It is also worth noting that the hydrogen bonding interactions between phenol and alkyl
amino group at the ortho position was observed in the solid state for some metal chelators, such
as carbohydrate-containing compounds.®® Collectively, the data suggest that with two
macrocycles attached, the ESIPT is more efficient and not affected by the polarity of solvent. This
property is necessary and beneficial for their potential applications in physiological relevant

aqueous conditions.
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Figure 1. a) Emission spectra of the compounds (10 uM) in EtOH. b) Emission spectra of the compounds (10 uM) in
different solvents: DCM-OH-2 (left), DCM-OH-2-MT (middle), and DCM-OH-2-DT (right). c) Variable pH (pH 3-11.0)
UV-vis spectra of DCM-0OH-2s compounds ([DCM-OH-2-MT] = 20 uM, [DCM-OH-2-DT] =30 uM 25 °C, 1 = 0.1 M NacCl)
and the corresponding species distribution plots. d) Calculated pKa values of the phenol groups for DCM-OH-2, DCM-
OH-2-MT, and DCM-OH-2-DT obtained from the spectrophotometric titrations.

A series of density functional theory (DFT), and time-dependent DFT (TD-DFT) studies
were performed to understand the electronic properties of the developed compounds. The
optimized geometries for the frontier molecular orbitals were obtained using the B3LYP hybrid
density functional along with the 6-31G+(d) basis set (Figure 2). The frontier molecular orbital

analysis for the So — S1 vertical excitations suggest that this transition corresponds to the HOMO

8



— LUMO transition. The HOMO and LUMO in DCM-OH-2 comprises the © and ©* molecular
orbitals, whereas that of DCM-OH-2-MT and DCM-OH-2-DT are inherently the o (non-bonding
orbital) of TACN substituent and n* orbital of the parent DCM-OH-2. The HOMO — LUMO
transition energies in DCM-OH-2, DCM-0OH-2-MT, and DCM-OH-2-DT are calculated to be +2.76
eV, +2.65 eV, and +2.51 eV, respectively (Figure S4). The progressive decrease in excitation
energies is consistent with the observed experimental results. More detailed computational
studies to probe the ESIPT process, from the S; state to the protonated forms of DCM-0OH-2,
DCM-OH-2-MT, and DCM-OH-2-DT are underway.
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Figure 2. Depiction of the DFT-calculated (B3LYP/6-311G+) HOMOs and LUMOs of the three DCM-OH-2 compounds,

shown as 0.05 isocontour plots.

In vitro Interactions Between the Amphiphilic DCM-RBFs and Amyloid B Aggregates

Inspired by the unique photophysical properties of these compounds, we aim to apply
them for bioimaging studies. Our molecular design resembles some extended rotor-based
fluorophores (RBFs), in which the electron donor and electron acceptor are linked via conjugated

C=C double instead of C-C single bond. It was demonstrated that extended RBFs are capable of



detecting amyloid-oligomeric species formed during protein aggregation.?®* Moreover, some
DCM derivatives were applied for A aggregates detection in AD mouse model, while most of
them are only reported for AB fibrils detection.?* 442 Furthermore, with the hydrophilic TACN
groups attached, the developed amphiphilic DCM compounds might have enhanced
affinity/selectivity towards less aggregated oligomers.3% 3! Therefore, we are encouraged to
investigate the emission and binding properties of the newly developed DCM compounds on AB
targeting, and their usage as in vivo early diagnostic agents.

To investigate the interactions between the compounds and AB aggregates, two types of
AP aggregates (insoluble AB fibrils and soluble AB oligomers) were first prepared via synthetic A
monomers.** When compound DCM-OH-2 was incubated with AP aggregates in phosphate
buffered saline (PBS), there is a significant fluorescence turn-on effect along with a shift in
maximum emission wavelength from 680 nm to 620 nm (Figure 3a), indicating the binding
mechanism of RBFs and the increased hydrophobicity at the binding pocket for DCM-OH-2. This
dramatic blue shift in the emission wavelength makes DCM-OH-2 less ideal for in vivo imaging
application since the emission wavelength is out of the NIR window (>650 nm). Due to the
increased hydrophobicity at the binding site, a hypochromic shift is commonly observed for a
variety of AP targeting probes and makes their in vivo applications limited.** Interestingly, DCM-
OH-2-DT not only exhibited fluorescence enhancement, but also showed unchanged maximum
emission wavelength at about 730 nm in the presence of AB aggregates (Figure 3a). However,
DCM-OH-2-MT exhibited two emission peaks, one peak located at 620 nm could be attributed to
LE (which was observe with DCM-0OH-2) and the other peak at 730 nm (similar to DCM-OH-2-DT)
could be originated from the ESIPT emission (Figure 3a). These emission differences further
confirmed that with two TACN groups attached, the ESIPT process is not affected by the polarity
of the surrounding environment (binding pockets of the protein of interest (POIl)). At the same
time, we are also aware that the amphiphilic DCM compounds might bind to a different site
compared to DCM-OH-2 given the extra hydrophilic interactions from the TACN groups.
Nevertheless, the long emission wavelength and turn-on effects make DCM-OH-2-DT a good
candidate for further in vivo imaging studies. Before moving forward, we also systematically

investigated the effects of number of double bonds on AB targeting abilities. We synthesized and
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characterized DCM-OH-1s and DCM-0OH-3s, which has one and three double bonds, respectively
(Scheme S2 and S3). Interestingly, DCM-OH-1-MT and DCM-OH-1-DT showed fluorescence
enhancement in the presence of AB aggregates, while their maximum emission locate at the edge
of NIR window (~650 nm, Figure S4). DCM-OH-3-MT and DCM-OH-3-DT didn’t exhibit

fluorescence turn-on effects in the NIR region (Figure S5).
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Figure 3. a) Fluorescence turn-on effects with AB4, oligomers and fibrils. Left: DCM-OH-2, middle: DCM-OH-2-MT,
and right: DCM-OH-2-DT. Black: compound only; Brown: compound + AB4; oligomers; Red: compound + APy, fibrils;
[compound] = 5 uM; [ABa2 oligomers] = 25 pM; [ABa; fibrils] = 25 uM. b) Binding constant measurements of DCM-
OH-2 (left), DCM-OH-2-DT (right) with A4, fibrils (top), and oligomers (bottom). The Ky curves were fitted in
GraphPad Prism with one site-specific binding model. Equation: Y = Bmax*X/ (Kd +X). c) Summarized K, values for
the DCM-based compounds (see other fitting curves in Sl). N.D.: not determined. All measurements were conducted

in PBS (10 mm, pH 7.4).

Furthermore, the binding affinities were obtained via fluorescence saturation assays for
the developed compounds (Figure 3b, 3c, Figure S6 and S7). Excitingly, compounds with two
double bonds (DCM-0H-2s) showed higher affinities comparing to compounds with one double
bond (DCM-0OH-1s), and DCM-OH-2 showed extremely higher affinities towards both AP fibrils
(about 80 nM) and AP oligomers (about 120 nM). For DCM-OH-2-MT, the affinity towards AP
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oligomers (about 230 nM) is about three time higher than its affinity towards AP fibrils (about
780 nM). This data supports and matches with our previously finding that incorporating
amphiphilicity into small molecules might enhance their selectivity towards AP oligomers. We
observed that DCM-OH-2-DT though still favor AB oligomers over AB fibrils, it showed a slightly
lower affinity towards AB oligomers (about 430 nM) compared to DCM-OH-2-MT, and we
postulate that this could be due to the increased steric hindrance. Form our structure-activity
studies, we demonstrated that the idea binding pockets suit best for the DCM compounds with
two doubles, and the length of conjugation was calculated to be about 12.07 A for DCM-OH-2s,
which might help to future design of the m-conjugated donor-acceptors molecules. Taken
together, the low Kyvalue of DCM-OH-2-DT and extremely long emission support the binding and

targeting abilities towards AB oligomers, which is essential for further in vivo studies.

Early Detection of Low-Viscosity Misfolded Oligomers In Vitro with Amphiphilic DCM-RBFs
Since the DCM-0H-2s have the desired emission and AR binding properties, the following
studies mainly focus on the DCM-0OH-2-based compounds. It was demonstrated that RBFs with
high viscosity sensitivity only emit strong fluorescence in a high viscous environment such as
insoluble aggregates, while RBFs with low viscosity sensitivity can maintain strong fluorescence
in misfolded oligomers with low viscosity.3® Therefore, we evaluated the viscosity sensitivity of
the DCM-based RBFs and investigated their performances in monitoring AP aggregation in vitro.
Firstly, the fluorescence intensities of these RBFs were obtained in a series of mixtures of
ethylene glycol and glycerol. Based on the Foster-Hoffmann equation log(l) = xlog(n) +C, the slope
(x value) for each DCM RBFs was generated via a linear fitting.*> The larger the x value is, the
higher viscosity sensitivity the compound has. DCM-OH-2s compounds showed much lower x
values comparing to Thioflavin T (ThT) (Figure 4a and 4b), a well-known RBF for well-aggregated
amyloid fibrillar structures.*® 4 Compound DCM-OH-2-DT exhibited the lowest viscosity
sensitivity and is less sensitive to viscosity change compared to the asymmetric DCM-OH-2-MT,
which is probably due to its higher energy barrier for the twisted-intramolecular charge transfer
(TICT) process. DCM-OH-2 and DCM-0OH-2-DT were then applied to monitor the aggregation of

ABa, peptide since they have lower x values. In this experiment, ThT showed minimal
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fluorescence enhancement from 0-10 h, mainly because ThT cannot detect less aggregated
oligomers that are formed rapidly from the monomeric peptide. In contrast, DCM-OH-2 and
DCM-OH-2-DT showed more significant fluorescence increasement at the early stage of the
aggregation process (Figure 4c). Further fluorescence enhancement was observed till 40 h
indicating the formation of well aggregated A fibrils. Taken together, we believe the developed
DCM-based RBFs with low viscosity sensitivity have the potential to be used as early diagnostic

agents detecting oligomeric AP aggregates.
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Figure 4. a) Viscosity sensitivity measurement of compound DCM-OH-2, DCM-OH-2-MT and DCM-OH-2-DT in
ethylene glycol and glycerol mixture. Liner fitting based on equation: log(l) = xlog(n) +C. b) Summarized Viscosity

sensitivity values obtained from the slope (x) of the liner fitting. c) Detection of AB4; aggregation by ThT, DCM-OH-2
and DCM-OH-2-DT. * From Ref *.

Detection of Native AB Aggregates with Amphiphilic DCM-RBFs
After demonstrating the in vitro interactions between the DCM-based RBFs with AR
aggregates, we then investigated their interactions with native AB aggregates on 5xFAD mouse

brain sections. 5xFAD mouse is commonly used as AD mouse model, that will generate and
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accumulate various AP aggregates in the brain.*® Individual brain slices with 40 um thickness
sectioned from 9-month-old AD brains were applied for the staining experiment. ThS, which is
widely used to label ex vivo AP aggregates on mouse brain section, was applied in the
colocalization experiments (Figure 5a).*° Compound DCM-OH-2 colocalized with ThS extremely
well in the core regions of the aggregates, which represent the more condensed and heavily
aggregates fibrillar species.® Interestingly, for compounds DCM-OH-2-MT and DCM-OH-2-DT,
they bind to the peripheral region of the aggregates and surround the signals from ThS. The
peripheral regions of AR aggregates on the brain sections were shown to be less aggregated
oligomeric AB species.?® From these labeling results, compared to ThS and DCM-OH-2,
amphiphilic compoundsDCM-OH-2-MT and DCM-OH-2-DT were shown to prefer and are also
able to interact with native oligomeric ABs. To serve as imaging agents for in vivo studies, these
compounds should also be able to cross BBB readily. The lipophilicity of the compounds was
measured via partition coefficient measurements and these compounds showed LogD value
between 0.9 to 1.7 (Table S2), indicating their potentials to cross BBB.>! Indeed, when 5xFAD
mice were treated with DCM-OH-2-DT for 10 days, we observed the brain accumulation of the
compound bound to AP aggregates, which is further confirmed by the post-colocalization
experiments with ThS (Figure 5b). These results strongly suggest that the compound can

successfully cross the BBB and bind to the native AB species.
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DCM-OH-2

DCM-OH-2-MT

DCM-OH-2-DT

Figure 5. a) Fluorescence microscopy images of 9-month-old 5xFAD mice brain sections co-incubated with the DCM-
based compounds (left), ThS (middle) and merged images (right, along with the Parson’s correlation coefficients R).
Concentrations: [compound] = 10 uM, [ThS] = 2.5 uM; scale bar: 125 um. b) Brain sections were collected from 12-
month-old AD treated with the DCM-OH-2-DT for 10 days at 1 mg/Kg. Fluorescence microscopy images of the brain
sections stained with ThS. Conditions: [ThS] =5 puM, scale bar: 125 um.

Real-time In vivo Imaging with Amphiphilic DCM-RBFs

With the promising results, we are motivated to explore the in vivo imaging capabilities
of the developed compounds. The cytotoxicity of the DCM compounds towards different neuro
cells, mouse neuroblastoma (N2A) and human neuroblastoma (SH-SY5Y) cells, was first validated.
In general, DCM derivates behaves similarly and induced no obvious cytotoxicity to both cells
(Figure S8 and S9). DCM-0OH-2 is slightly more toxic than the others, possibly due to its poor
solubility in the cell media. This also emphasizes the importance of the hydrophilic TACN groups,
which help to increase the hydrophilicity of the compounds; and therefore, improve their cellular
and in vivo performance. Based on all the above studies, DCM-OH-2-DT was chosen as the best
candidate for the real-time in vivo fluorescence imaging studies. 7-month-old AD mice and age-

matched wild-type (WT) mice were injected with the compound at 5 mg/Kg. NIR fluorescence
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intensity from the brain region were collected and analyzed over the course of time. The signal
from DCM-OH-2-DT increase to the maximum about 15 min after the injection, followed by a
slow clearance of the compound. When comparing the signal intensity with WT mice, excitingly,
DCM-OH-2-DT exhibited significantly higher fluorescence signal in AD mice at 5-, 15-, 30-min post
injection (Figure 6a and 6b). These imaging results further support the potentials in vivo
application of the developed compounds. Additionally, DCM-OH-2-DT being able to differentiate
the AD mice vs WT at a relative early age (7-month-old) also suggests the potential application

as an early diagnostic agent for AD.
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Figure 6. a) Representative images of 5xFAD mice and control mice at different time points before and after injection
of the compound DCM-OH-2-DT (5mg/Kg). b) Quantitative analysis of fluorescence signals in the brain region from
transgenic 5xFAD mice and control mice (n = 3) at preinjection and 5, 15, 30, 60 mins after injection. The signals were
significantly higher in 7-mo-old 5xFAD mice than in the age-matched control mice. P values were calculated by

Student’s t test.

Cu Chelating Abilities of the Amphiphilic DCM-RBFs

Macrocyclic TACN serves as a common ligand framework to chelate Cu and is widely used
in ®*Cu-based PET imaging for various diseases. Our group demonstrated that phenol with
Me,TACN or other TACN derivatives are able to chelate ®*Cu efficiently and strongly.?>
However, the Cu chelating abilities of phenol with two TACN groups attached have never been
investigated. Job’s plots were first performed to analyze the stoichiometry of the Cu(ll)-ligand in
solution. For DCM-OH-1-MT and DCM-OH-1-DT, the breaks in the plots occur in between 0.33
and 0.5 Cu mole fraction indicating a mixture of 1:1 and 2:1 ligand to Cu complexes in solution

while for DCM-OH-2-DT, the major 1:1 ligand to Cu complexes were observed (Figure S10). We
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postulate that the electron donating ability of the phenol groups affected by the numbers of
double can lead to the stoichiometry difference of the Cu(ll)-ligand in solution. Furthermore,
spectrophotometric titrations were performed on the Cu(ll) complexes to determine the
corresponding stability constants (Figure S11 and S12). Interestingly, DCM compounds with one
double bond showed higher affinities (Log K) towards Cu, about ~ 1 or 2 orders of magnitude
larger than that of DCM compounds with two double bonds (Table 1). Moreover, DCM-based
compounds with two TACN groups attached also showed higher stabilities constant than the MT-
based compounds, which is probably due to the extra chelating abilities of the TACN group (Table
1). Finally, the concentrations of free Cu(ll) (pM = —log[Munchelated]) at a specific pH value can be
calculated from the speciation plots. The calculated pCu values with 1:1 ligand to Cu ratio for the
DCM compounds at pH 6.6 and pH 7.4 are also comparable to the strong Cu chelating agent DTPA
(Table S3).>> Overall, we demonstrated that the amphiphilic DCM compounds can chelate Cu

strongly and have the potential to be used as 8Cu chelating agents for PET imaging of AD.

Table 1. Summarized stability constants (Log K) for the ligand-Cu(ll) complexes

DCM-OH-1-MT  DCM-OH-1-DT  DCM-OH-2-MT  DCM-OH-2-DT

M2 + HL* = [MHL]>* 4.86(2) 6.39(7) 5.32(3) 5.29(5)

M2+ L = [ML]* 14.13(1) 16.57(3) 13.14(2) 13.62(3)

[ML(H,0)]1** = [ML(OH)]* + H* 4.62(3) 6.72(3)
Conclusions

In summary, we have developed a new zwitterionic ESIPT system enabled by
triazamacrocycle (TACN) groups attached to the DCM scaffold. Interestingly, with two TACN
groups attached, the zwitterionic ESIPT process is extremely efficient, even in physiological
relevant aqueous media. The imaging applications of the developed compounds were further
investigated in the context of AD. We successfully demonstrated that compound DCM-OH-2-DT
binds to AP oligomers in vitro and to the native AP aggregates in vivo. Utilizing the long emission
(740 nm) from the zwitterionic excited-state, DCM-OH-2-DT exhibited significant higher

fluorescence intensity in the AD mice vs. age-matched WT mice in real-time in vivo imaging
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studies. We also showed that DCM-OH-2-DT is a strong chelator for Cu and has the potential to
be labeled with ®4Cu, to serve as a potential 4Cu PET imaging agent for AD. We believe the dual-
imaging capabilities of the compound will benefit both preclinical and clinical studies for AD.
Finally, our molecular design could be a generalizable strategy for developing zwitterionic ESIPT
molecules with different photophysical properties and applications. Further tuning of the
photophysical properties of this molecules includes the substitution of the electron acceptor
(dicyanomethylene) or the electron donor (phenol group) with other strong electron
withdrawing groups or hydrogen bond donors (such as aniline with the labile N-H proton).’® In
addition, to expand the functionality of these molecules, the phenol group could be readily
capped with a variety of triggers that could be reactive only in presence of specific analytes, to
generate various reactivity-based imaging agents.>” °8 Further studies regarding the effect of the
number of nitrogen atoms on the macrocycle and the substituents on the amino group are

currently ongoing in our group.
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