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ABSTRACT: The deposition of β-amyloid (Aβ) plaques in
the parenchymal and cortical brain is accepted as the main
pathological hallmark of Alzheimer’s disease (AD); however,
early detection of AD still presents a challenge. With the
assistance of molecular imaging techniques, imaging agents
specifically targeting Aβ plaques in the brain may lead to the
early diagnosis of AD. Herein, we report the design, synthesis,
and evaluation of a series of smart near-infrared fluorescence
(NIRF) imaging probes with donor−acceptor architecture
bridged by a conjugated π-electron chain for Aβ plaques. The
chemical structure of these NIRF probes is completely different from Congo Red and Thioflavin-T. Probes with a longer
conjugated π system (carbon−carbon double bond) displayed maximum emission in PBS (>650 nm), which falls in the best
range for NIRF probes. These probes were proved to have affinity to Aβ plaques in fluorescent staining of brain sections from an
AD patient and double transgenic mice, as well as in an in vitro binding assay using Aβ1−42 aggregates. One probe with high
affinity (Ki = 37 nM, Kd = 27 nM) was selected for in vivo imaging. It can penetrate the blood−brain barrier of nude mice
efficiently and is quickly washed out of the normal brain. Moreover, after intravenous injection of this probe, 22-month-old
APPswe/PSEN1 mice exhibited a higher relative signal than control mice over the same period of time, and ex vivo fluorescent
observations confirmed the existence of Aβ plaques. In summary, this probe meets most of the requirements for a NIRF contrast
agent for the detection of Aβ plaques both in vitro and in vivo.

■ INTRODUCTION

Alzheimer’s disease (AD), a neurodegenerative disease, is the
most common cause of dementia among older people.
Currently, there are no available treatments that stop or
reverse the progression of the disease, and only a few medicines
can alleviate the symptoms. Moreover, the clinical diagnosis of
AD is primarily from the patient history, collateral history from
relatives, and neurological and neuropsychological observations,
so doctors can only make a diagnosis of possible or probable
AD. A confirmatory diagnosis can only be made after autopsy
by examining brain tissues to confirm the existence of β-
amyloid (Aβ) plaques and neurofibrillary tangles (NFTs).1,2

According to the amyloid cascade hypothesis, Aβ deposition in
the brain is thought to be the fundamental cause of AD and
appears to be good diagnostic and predictive biomarker for this
disease. Detection of Aβ in vivo will be important for the early
differential diagnosis of dementia, predicting the progression of
AD, as well as monitoring the effectiveness of novel anti-Aβ
drugs for AD.3−6 Over the past decades, there have been
numerous advances in the development of radiolabeled Aβ
imaging probes for positron emission tomography (PET) and
single photon emission computed tomography (SPECT) based
on the structures of Congo Red (CR) and Thioflavin T

(ThT).7−10 To date, [11C]PIB is the most extensively studied
PET imaging probe for Aβ plaques in humans,11−13 while
[18F]AV-45 is the first Aβ imaging probe approved by the FDA
(Figure 1);14−17 however, the major disadvantages of the
classical nuclear imaging modalities include high cost, exposure
to radioactivity, and a time-consuming data acquisition process.
Compared with nuclear imaging modalities, the optical

imaging modality possesses many advantages, as it enables safe
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Figure 1. Chemical structures of the common Aβ-specific dyes, Congo
Red and Thioflavin-T, and Aβ imaging probe [11C]PIB and [18F]AV-
45.
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detection without radiation exposure and real-time imaging
without a time-consuming data acquisition process and requires
readily available instruments at moderate cost without
expensive equipment and a combination of highly skilled
personnel.18−21 However, the emission wavelength of the
fluorescent probes developed for optical imaging is usually less
than 550 nm, which will interfere with autofluorescence from
biological matter in vivo and limit their in vivo usage. To obtain
an acceptable penetration depth and high sensitivity, NIRF
imaging has emerged as an attractive tool for optical imaging. A
number of commercially available NIR fluorophores have been
developed and employed for in vivo imaging, including
Indocyanine Green dyes (ICG), Cyanine dyes (Cy), IRdye
dyes, Alexa Fluor dyes, and SRfluor Dyes.21 Due to the large
molecular weight and intrinsic charge of these NIR
fluorophores, they are usually used to label biologically active
peptides for targets other than the brain. Thus, a small, compact
NIR fluorophore (emission wavelength >650 nm) that could
rapidly penetrate the intact blood−brain barrier (BBB) is
required for the development of Aβ NIRF probes. To date,
there have been few reports regarding the development of
NIRF probes for the detection of Aβ plaques, and most of them
are highly conjugated molecules based on the donor−acceptor
or donor−acceptor−donor architecture bridged by a con-
jugated π-electron chain (Figure 2). In 2005, an oxazine

derivative, AOI-987, was reported as an efficient NIRF probe
for Aβ imaging;22 however, AOI-987 displayed moderate
affinity (Kd = 220 nM) to Aβ aggregates and is a charged
molecule, which may reduce brain penetrability. Swager et al.
reported a highly polarizable bithiophene derivative, NIAD-4,
which displayed high affinity to Aβ aggregates (Ki = 10 nM).23

In vivo imaging data from transgenic mice demonstrated that
NIAD-4 could readily cross the BBB and label Aβ plaques
specifically. However, the emission wavelength is only 603 nm,
out of the NIR range. On the basis of the donor−acceptor−
donor architecture, Ran et al. reported a curcumin-derivatized
NIRF probe,24 CRANAD-2, with difluoroboronate moiety.
CRANAD-2 displayed high affinity to Aβ aggregates (Kd = 38.7
nM) and, upon binding to Aβ plaques, it displayed significant
optical property changes. In vivo optical imaging studies
indicated that CRANAD-2 exhibited a significantly higher
relative signal in the brain of Tg2576 mice than that of control
mice after intravenous injection; however, the clearance rate of
CRANAD-2 from the brain is very slow, which is unfavorable
for in vivo imaging. More recently, we reported a series of
boron dipyrromethane (BODIPY) derivatives as NIRF probes
for Aβ (BODIPY-725 and BAP-126). Although they displayed
high affinity to Aβ aggregates, their poor in vivo brain
penetration and narrow Stokes shift lowered their practical
application in vivo (Figure 2).

In an attempt to develop more practical NIRF imaging
probes with a compact structure for in vivo detection of Aβ
plaques, the donor−acceptor architecture bridged by a
conjugated π-electron chain was selected as the backbone
structure, and the design rationale for our NIRF probes
(DANIRs) was based on three findings. First, the donor−
acceptor substituted polymethine molecule is representative of
an important class of organic nonlinear optical (NLO)
chromophores.27 Conjugation of double bonds could further
induce a redshift in both absorption and emission spectra, and
all fluorophores that have high absorption in the visible part of
the spectrum possess several conjugated double bonds. By
simple modification of the length of conjugated double bonds
between the donor and acceptor groups, we could adjust the
emission wavelength of DANIRs to the NIR range. Beyond the
anticipated redshift, the binding affinity of the probes to Aβ
plaques could be explored by this chemical modification.
Second, the N,N′-dimethylamino group is well-known as the
best absorption redshift pushing group for para-substituted
aromatic rings,28 and always acts as an important substituent for
Aβ binding, as reported previously.7,29 Thus, the N,N′-
dimethylamino group was selected as the electron donor, and
the dicyanomethylene group was selected as the electron
acceptor. Finally, only one benzene ring was incorporated into
the smart DANIR probes to reduce the lipophilicity and
molecular weight of the probe significantly. In general,
lipophilicity and molecular weight are considered to be
important factors for BBB permeability. As a general rule, log
P values between 2 and 3.5 are considered optimal, as higher
log P values usually result in higher nonspecific binding and
lead to a slow washout rate from the brain.30 More importantly,
the chemical structure of these DANIR probes is completely
different from CR and ThT, which may provide useful
information on the interaction between small molecules and
Aβ fibers. Here we report the synthesis, characteristics, and
biological evaluations of these donor−acceptor molecules as
smart NIRF imaging probes for Aβ plaques in AD.

■ RESULTS AND DISCUSSION
The synthesis of DANIR probes is shown in Scheme 1.
Aldehyde 1c was prepared through the Wittig reaction from 1b

by following the reported procedure.31 The final DANIR
probes (2a−c) were prepared by condensation of the
appropriate aldehydes with malononitrile in ethanol. The
reaction could be completed within 10 min with high yield
(69−92%), and the products (E isomer) were separated out as
crystals without further purification. The straightforward
synthesis of these probes is very favorable.
First, the fluorescent properties, including excitation and

emission wavelengths of DANIRs in PBS (0.2 M, pH = 7.4),
were evaluated. As anticipated, with the increase of the
conjugated double bonds, the HOMO−LUMO energy gap
becomes smaller, resulting in a significant redshift on the

Figure 2. NIRF probes reported previously for the detection of Aβ
plaques based on donor−acceptor and donor−acceptor−donor
backbones.

Scheme 1. Synthetic Route for 2a−ca

aNMR (1H and 13C) and HRMS data for 2a−c are shown in Figures
S1−3 in Supporting Information.
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emission wavelength. As shown in Table 1, the emission
wavelengths for 2a, 2b, and 2c were 487, 577, and 665 nm,
respectively. The emission of 2c was >650 nm in PBS, which
falls in the best range for NIRF probes.
A useful NIRF Aβ-binding probe should significantly change

its fluorescence properties upon binding to Aβ aggregates,
while having weak interactions with serum albumin. Thus, we
compared the fluorescent properties of all free probes in
aqueous solution to their fluorescence properties in the
presence of Aβ1−42 aggregates and bovine serum albumin
(BSA). As shown in Figure 3, a significant fluorescence

intensity increase (12.0-fold) in the emission spectra of 2c was
observed upon association with Aβ1−42 aggregates. This
intensity increase was also accompanied by a blueshift in the
emission spectra of 40 nm. The blueshift of fluorescence
emission maxima and the increase of fluorescence intensity
could possibly show that 2c binds to the hydrophobic pockets
of aggregated amyloid fibrils and the mobility of 2c is restricted.
No significant change in fluorescence was observed during
incubation with BSA, suggesting that there is little or no
interaction between 2c and BSA. In comparison with 2c, probes
2a and 2b with shorter conjugated double bonds displayed
weak interactions with both Aβ1−42 aggregates and BSA
(Figures S7 and S8 in Supporting Information).
In vitro neuropathological fluorescent staining of Aβ plaques

in slices of brain tissue from a double Tg (APPswe/PSEN1)
mouse and AD patient was carried out to evaluate the affinity of
these NIRF probes. As shown in Figure 4D and 4G, specific
staining of plaques was observed in the brain slices of the Tg
mouse with 2b and 2c. The presence and distribution of Aβ
plaques was consistent with the results of staining adjacent
slices using Thioflavin-S (Ths) (a common dye for staining Aβ
plaques) (Figure 4E,H), while no such plaque staining was
found when using 2a (Figure 4A), which further confirmed that
2a may have low affinity to Aβ plaques. Furthermore, intense
labeling of plaques was observed in the brain slices of an AD
patient (Figure 4C,F) with 2b and 2c. More interestingly, 2c
could also stain NFTs intensely in the entorhinal cortex region

of the AD patient (Figure 4I), which indicates that 2c has
affinity to tangles.
To quantitatively evaluate the binding affinities of these

probes to Aβ1−42 aggregates, an in vitro inhibition binding assay
and saturation binding assay were carried out according to
conventional methods. In the inhibition assay, these probes
(2a−c) inhibited the binding of [125I]IMPY in a dose-
dependent manner (Figure S9A in Supporting Information).
In the results shown in Table 2, probe 2a displayed very poor
affinity (Ki > 10000 nM), while 2b and 2c showed moderate to
high affinity to Aβ1−42 aggregates as a result of the extension of
conjugated double bonds (Ki = 518.8 and 36.9 nM,
respectively), and these results were consistent with the

Table 1. Molecular Weight, Fluorescence Profile, Log P Values, and Fold Increase of the DANIR Probes upon Interaction with
Aβ1−42 Aggregates

probe MW abs (nm)a ε (M−1 cm−1)a λex (nm)b λem (nm)b Φ (%)a,c fold increase log Pd

2a 197.24 433 76335 452 487 0 1.5 2.19
2b 223.27 489 128640 539 577 0.66 2.9 2.79
2c 249.31 519 50119 597 665 4.09 12.0 3.37

aAbsorbance (abs) and molar extinction coefficient (ε) measured in CH2Cl2 (Figures S4−6 in Supporting Information). bMaximum excitation
wavelength (λex) and maximum emission wavelength (λem) measured in PBS. cFluorescence quantum yield determined using a calibrated integrating
sphere. dLog P values were calculated using online the ALOGPS 2.1 program.

Figure 3. Fluorescence intensity of 2c upon interaction with Aβ1−42
aggregates (left) and BSA (right).

Figure 4. Neuropathological fluorescence staining of 2a−c on brain
slices from a double Tg mouse (C57BL6, APPsw/PSEN1, 12-month-
old, male) (A, D, and G, cortex region, magnification: 5×) and AD
patient (93-year-old, female) (C and F for 2b and 2c in the cortex
region, I for 2c in the entorhinal cortex, magnification: 10×). Adjacent
slices from the Tg mouse were stained with ThS (B, E, and H,
magnification: 5×). Green image for GFP filter set, red image for Tx-
red filter set, and purple image for Cy5 filter set.

Table 2. Inhibition Constants (Ki, nM) and Dissociation
Constant (Kd, nM) of 2a−c to Aβ1−42 Aggregates

probe Ki (nM)a Kd (nM)a

2a >10000 1950 ± 189
2b 518.8 ± 29.3 35.8 ± 2.5
2c 36.9 ± 6.8 26.9 ± 3.0

aMeasured in triplicate with results given as the mean ± SD.
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fluorescence intensity increase of these probes upon association
with Aβ1−42 aggregates and fluorescent staining experiments. In
the saturation assay, the same phenomenon was also observed.
The affinity gradually increased with the extension of
conjugated double bonds with Kd values of 1950, 35.8, and
26.9 nM for 2a, 2b, and 2c, respectively (Figure S9B−D in
Supporting Information). The binding data of these probes
indicated that the length of the conjugated double-bond bridge
is crucial for Aβ binding. Several studies indicated that the
conjugation and coplanar geometry of the ligand is very
important for Aβ binding.7 For this type of DANIR probe, the
benzene plane and the dicyanomethylene plane are approx-
imately coplanar in the extended conjugated π system.
More importantly, unlike other reported Aβ binding ligands

with at least two aromatic rings, probe 2c has only one benzene
ring. It maintained high affinity to Aβ aggregates, which will
provide new insight into the interactions between small
molecules and Aβ fibers and will reduce the lipophilicity and
molecular weight of the probe significantly. Probe 2c with a
molecular weight of 249 Da is likely to be among the simplest
Aβ binding structures.
All synthesized compounds were found to have calculated log

P values between 2.0 and 3.5 (Table 1), suggesting that they
possess desirable properties for biocompatibility and can
potentially cross the BBB efficiently. In addition, reasonable
stability in blood and low cytotoxicity are two other important
properties of a good NIR probe. In vitro stability studies
indicated that 2c has high in vitro stability in mouse serum, and
more than 95% of the intact probe was identified after 60 min
of incubation with mouse plasma at 37 °C (Figure S10 in
Supporting Information). A cytotoxicity study of 2c was
performed by MTT assays with or without exposure to light
using a human neuronal cell line (SH-SY5Y) at different
concentrations. As shown in Figure 5, probe 2c did not show

marked toxicity to this human neuronal cell line at 10 μM. Due
to the high affinity of 2c to Aβ aggregates, its emission falling in
the range for NIR, high stability in mouse serum, and low
cytotoxicity to human neuronal cells, probe 2c was selected for
further in vivo evaluations.
Although the unique advantage of optical imaging is the

possibility of producing substantial differences in the photo-
physical/optical properties between the bound and unbound
forms of the probe, the fast washout of the unbound probe in
the target organs will provide an enhanced signal-to-noise ratio.
In vivo NIR imaging of normal nude mice (SS111-BALB/ca, 6-

week-old, female) was carried out to evaluate the brain kinetics,
absorption, distribution, and excretion of 2c in normal mice
(injected dose: 0.4 mg/kg, 20% DMSO, 80% propylene glycol,
50 μL). As shown in Figure S11 in Supporting Information, 2c
could penetrate the BBB efficiently and was quickly washed out
of the normal brain. After 60 min postinjection, almost all the
probes had been eliminated from the brain, which are highly
desirable properties for Aβ NIRF imaging probes. In addition,
2c was excreted by the intestines, where fluorescence signals
were mainly accumulated (Figure S12 in Supporting
Information). In addition, a direct comparison of the brain
kinetics between 2c and the BODIPY-based derivative BAP-1
was performed by ex vivo imaging of the brains of normal mice,
as shown in Figure S13 in Supporting Information, and 2c
(brain2 min/brain30 min ratio: 5.66) cleared much faster than
BAP-1 (brain2 min/brain30 min ratio: 1.82).
Finally, 22-month-old female double Tg mice (C57BL6,

APPsw/PSEN1) and age-matched wild-type mice (C57BL6)
were used to assess the potential of 2c for specific amyloid
plaque imaging in vivo using NIRF imaging. As shown in Figure
6, the fluorescence signal diminished considerably more slowly

in the 22-month-old Tg mice than in the wild-type control.
Fluorescence intensities in the brain regions of the Tg mice
were higher than in the control mice 30 min after iv injection of
2c. More imaging details are shown in Figure S14 in Supporting
Information. Brain kinetic curves were obtained by semi-
quantitative analysis of the images, which was performed by
selecting a region of interest (ROI) in the brain (Figure 7).
There was a significant difference in the clearance profile after
the administration of 2c between Tg and wild-type control

Figure 5. Cell viability after incubation of 2c at different
concentrations with a human neuronal cell line (SH-SY5Y) by MTT
assay, at 37 °C for 24 h with or without exposure to light (each sample
was tested using three replicates, and the results are reported as the
mean ± standard deviation).

Figure 6. NIRF images of Tg mice and control mice at different time
points before and after iv injection of 2c (0.4 mg/kg).

Figure 7. The relative fluorescence signal [F(t)/F(pre)] in the brain
regions of Tg mice and control mice after iv injection of 2c (n = 3, 0.4
mg/kg). The [F(t)/F(pre)] of Tg mice was significantly higher than
that of the control mice (p < 0.05).
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mice (p < 0.05), and the higher fluorescence signal in the brain
of Tg mouse may have resulted from the binding of 2c with Aβ
plaques.
To further confirm the binding of 2c to Aβ plaques in vivo,

ex vivo histology was carried out in Tg mice and wild-type
control mice. Thirty minutes after iv injection of 2c, a higher
number of Aβ plaques were observed in the brain slices from
Tg mice (Figure 8A); however, no plaques were found in the

age-matched control mice (Figure 8C). In addition, the Aβ
plaques were further confirmed by staining the same section
with ThS (Figure 8B,D). These results further confirmed our in
vivo NIRF imaging data that 2c could penetrate the BBB and
label Aβ plaques specifically in vivo.

■ CONCLUSION
We successfully designed and synthesized a series of novel
smart NIRF probes with donor−acceptor architecture for in
vivo detection of Aβ plaques. One probe, 2c, with a longer
conjugated double bond system, displayed maximum emission
in PBS (665 nm). Upon binding to Aβ1−42 aggregates, 2c
displayed a significant fluorescence intensity increase and a
blueshift (625 nm) in the emission spectra, which is very close
to the best range for NIR imaging. In binding experiments in
vitro, 2c showed high affinity for Aβ1−42 aggregates (Ki = 37
nM, Kd = 27 nM). On NIRF imaging, there was a significant
difference in the clearance profile after the administration of 2c
between Tg and wild-type control mice, and the specific
binding of 2c to Aβ plaques was further confirmed by ex vivo
histology. In summary, this smart probe meets most of the
requirements for a NIRF contrast agent for the detection of Aβ
plaques both in vitro and in vivo.

■ EXPERIMENTAL SECTION
General Information. All reagents used in the synthesis were

commercial products and were used without further purification unless
otherwise indicated. The 1H NMR spectra were obtained at 400 MHz
on JEOL JNM-AL400 NMR spectrometers in CDCl3 solutions at
room temperature (rt) with tetramethylsilane (TMS) as an internal
standard. Chemical shifts were reported as δ values with respect to
residual solvents. The 13C NMR spectra were obtained at 100 MHz on
a Bruker spectrometer in CDCl3 at rt. Multiplicity is defined by s
(singlet), d (doublet), t (triplet), m (multiplet). Reactions were
monitored by TLC (TLC Silica gel 60 F254, Merck). HPLC was

performed with a Shimadzu system (a LC-20AT pump with a SPD-
20A UV detector, λ = 254 nm) using a Venusil MP C18 column
(Agela Technologies, 10 μm, 4.6 mm × 250 mm) eluted with a binary
gradient system at a 1.0 mL/min flow rate. Mobile phase A was water
while mobile phase B was acetonitrile. Fluorescence studies were
carried out with an RF-5301PC fluorescence spectrophotometer
(Shimadzu, Kyoto, Japan). Quantum yields of all samples were
recorded on a Fluoromax 4 with a calibrated intergrating sphere
system (Horiba Jobin Yvon, France). The absorbance spectrum of the
solution was measured using a UV-2450 spectrophotometer
(Shimadzu, Kyoto, Japan). Fluorescent observation was performed
using a BZ-9000 (Keyence, Itasca, IL) and an Axio Oberver Z1 (Zeiss,
Germany) equipped with GFP and Cy5 filter sets. The purity of the
synthesized key compounds was determined using analytical HPLC
and was found to be more than 95%. Normal nude mice (SS111-
BALB/ca, 6-week-old, male) were used for in vivo imaging
experiments. Double transgenic mice (C57BL6, APPsw/PSEN1, 22-
month-old, female), used as an Alzheimer’s model, were purchased
from the Institute of Laboratory Animal Sciences, Chinese Academy of
Medical Sciences. All protocols requiring the use of mice were
approved by the animal care committee of Kyoto University and
Beijing Normal University. Postmortem brain tissues from an autopsy
confirmed case of AD (93-year-old, female) were obtained from the
Graduate School of Medicine, Kyoto University. Experiments were
performed according to the regulations of the ethics committee of
Kyoto University.

Chemistry. 2-(4-(Dimethylamino)benzylidene)malononitrile
(2a). To a solution of 300 mg of 4-(dimethylamino)benzaldehyde
(2 mmol) and 132 mg of malononitrile (2 mmol) in ethanol was
added 200 μL of piperdine, the reaction mixture was stirred at rt for 10
min, a yellow crystal was formed, and the crystal was filtered and
washed by hexane, yield: 92.0%. 1H NMR (400 MHz, CDCl3) δ 7.82
(d, J = 9.0 Hz, 2H), 7.47 (s, 1H), 6.69 (d, J = 9.1 Hz, 2H), 3.14 (s,
6H). 13C NMR (125 MHz, CDCl3): δ 157.98, 154.19, 133.73, 119.19,
115.96, 114.89, 111.54, 71.65, 40.02. HRMS(EI): m/z calcd for
C12H11N3 197.0953; found 197.0948. Anal. Calcd: C 73.07, H 5.62, N
21.30; Found: C 73.02, H 5.68, N 21.25.

(E)-2-(3-(4-(Dimethylamino)phenyl)allylidene)malononitrile (2b).
The same reaction as described above for preparing 2a was employed,
and a dark red crystal of 2b was obtained (90.0% yield). 1H NMR (400
MHz, CDCl3) δ 7.48 (m, 3H), 7.17 (d, J = 14.8 Hz, 1H), 7.02 (dd, J =
14.8, 11.7 Hz, 1H), 6.68 (d, J = 9.0 Hz, 2H), 3.10 (s, 6H). 13C NMR
(125 MHz, CDCl3): δ 160.44, 153.02, 151.53, 131.57, 121.76, 117.16,
114.98, 113.07, 111.89, 40.04. HRMS(EI): m/z calcd for C14H13N3
223.1109; found 223.1115. Anal. Calcd: C 75.31, H 5.87, N 18.82;
Found: C 75.08, H 5.94, N 18.76.

2-((2E,4E)-5-(4-(Dimethylamino)phenyl)penta-2,4-dien-1-
ylidene)malononitrile (2c). The same reaction as described above for
preparing 2a was employed, and a dark purple crystal of 2c was
obtained (69.0% yield). 1H NMR (400 MHz, CDCl3) δ 7.42 (m, 3H),
7.06 (dd, J = 14.4, 11.2 Hz, 1H), 6.97 (d, J = 14.8 Hz, 1H), 6.80 (dd, J
= 15.2, 11.2 Hz, 1H), 6.72 (d, J = 14.6 Hz, 1H), 6.68 (d, J = 9.2 Hz,
2H), 3.06 (s, 6H). 13C NMR (125 MHz, CDCl3): δ 159.52, 152.10,
151.88, 146.40, 130.00, 123.36, 123.09, 121.99, 114.73, 112.72, 111.94,
40.06. HRMS(EI): m/z calcd for C16H15N3 249.1266; found 249.1259
(M + H+). Anal. Calcd: C 77.08, H 6.06, N 16.85; Found: C 76.95, H
6.04, N 16.73.

Fluorescence Studies upon Binding to Aβ1−42 Aggregates
and BSA. A solution of 100 μL of aggregated Aβ1−42 fibrils (20 μg in
the final assay mixture) or BSA (20 μg in the final assay mixture) was
added to the mixture containing NIR probes (100 μL, 1 μM in EtOH)
and 800 μL of PBS (0.2 M, pH = 7.4) in a final volume of 1 mL. The
mixture was incubated for 30 min at rt, the solution was transferred to
a quartz sampling cell, and the fluorescent parameters (fluorescence
excitation/emission wavelength and intensity) were measured by a RF-
5301PC fluorescence spectrophotometer (Shimadzu).

In Vitro Fluorescent Staining of Aβ Plaques in Transgenic
Mouse Brain Sections and Human Brain Materials. Paraffin-
embedded brain tissue from double transgenic mice (C57BL6,
APPsw/PSEN1, 12 months old, male) and an AD human (93-year-

Figure 8. Ex vivo fluorescence observation (Cy5 filter set) of brain
slices from a Tg mouse (A) and wild-type control mouse (C) after
injection of 2c. The Aβ plaques were further confirmed by staining the
same sections with ThS (GFP filter set, B, D).
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old, female) were used for in vitro fluorescent staining. The brain
sections were deparaffinized with 2 × 20 min washes in xylene, 2 × 5
min washes in 100% ethanol, 5 min washes in 90% ethanol/H2O, 5
min washes in 80% ethanol/H2O, a 5 min wash in 60% ethanol/H2O,
and running tap water for 10 min and then incubated in PBS (0.2 M,
pH = 7.4) for 30 min. Next, they were incubated with a 10% ethanol
solution (1 μM) of NIR probes (2a−c) for 5 min. The location of
plaques was confirmed by staining adjacent sections with ThS
(0.125%). Finally, the sections were washed with 40% ethanol and
PBS (0.2 M, pH = 7.4) for 10 min. Fluorescent observation was
performed using a BZ-9000 (Keyence) equipped with GFP and Cy5
filter sets.
In Vitro Inhibition Binding Studies Using Aβ1−42 Aggregates.

The trifluoroacetic acid salt forms of peptides Aβ1−42 were purchased
from Osaka Peptide Institute (Osaka, Japan). Aggregation of peptides
was carried out by gently dissolving the peptide [0.25 mg/mL for
Aβ1−42] in a buffer solution (pH = 7.4) containing 10 mM potassium
dihydrogen phosphate and 1 mM EDTA. The solutions were
incubated at 37 °C for 42 h with gentle and constant shaking.
Inhibition experiments were carried out in 12 × 75 mm borosilicate
glass tubes according to the procedures described previously with
some modifications. Briefly, 100 μL of aggregated Aβ fibrils (60 nM in
the final assay mixture) was added to a mixture containing 100 μL of
radioligands ([125I]IMPY) at an appropriate concentration, 10 μL of
inhibitors (10−5 to 10−10 M in ethanol), and 790 μL of PBS (0.2 M,
pH = 7.4) in a final volume of 1 mL. Nonspecific binding was defined
in the presence of 1 μM IMPY. The mixture was incubated for 2 h at
37 °C with constant shaking, and then the bound and free radioactive
fractions were separated by vacuum filtration through borosilicate glass
fiber filters (Whatman GF/B) using a M-24 cell harvester (Brandel,
Gaithersburg, MD). The radioactivity from filters containing the
bound 125I ligand was measured in a γ-counter (Wallac/Wizard 1470,
PerkinElmer, Waltham, MA) with 70% efficiency. Under the assay
conditions, the specifically bound fraction accounted for about 10% of
total radioactivity. The half maximal inhibitory concentration (IC50)
was determined using GraphPad Prism 4.0, and the inhibition constant
(Ki) was calculated using the Cheng−Prusoff equation:32 Ki = IC50/(1
+ [L]/Kd).
In Vitro Saturation Binding Studies Using Aβ1−42 Aggre-

gates. A solution of 100 μL of aggregated Aβ1−42 fibrils (10 μg in the
final assay mixture) was added to the mixture containing 100 μL of
NIR probes (10−5.5 to 10−10 nM in EtOH) and 800 μL of PBS (0.2 M,
pH = 7.4) in a final volume of 1 mL. Nonspecific binding was defined
without NIR probes. The mixture was incubated for 30 min at rt, the
solution was transferred to a black 96-well plate, and the fluorescent
intensity was measured by an Infinite F200 Multifunction microplate
reader (Tecan, Austria). The results of saturation experiments were
calculated using GraphPad Prism 4.0.
In Vitro Stability Studies of 2c in Mouse Serum. The in vitro

stability of 2c in mouse serum was determined by incubating 2c (50
μL, 10% ethanol solution, 10 μM) with 300 μL of mouse serum at 37
°C for 30 and 60 min. Proteins were precipitated by adding 500 μL of
acetonitrile after centrifugation at 5000 rpm for 5 min at 4 °C. The
supernatant was collected. Approximately 0.1 mL of the supernatant
solution was analyzed using HPLC (UV detector, λ = 254 nm).
Cytotoxicity Studies. This assay measures the viability of living

cells (SH-SY5Y, human neuronal cell line) via the cleavage of MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] to
purple formazan crystals by the cell mitochondrial dehydrogenases.
SH-SY5Y cells were seeded into a 24-well plate and incubated at 37 °C
in a humidified atmosphere with 5% CO2. Then the cells were treated
with at different concentrations of 2c (0, 0.1, 1, and 10 μM) for 1 h
incubation and then exposed to a laser of an Ivis Spectrum imaging
system (excitation: 605 nm, exposure time: 1s) or not. After further
incubation for 24 h, MTT solution (3 mg/mL) was added, and the
cells were incubated for another 20 min. The absorbance of each well
was measured at 570 nm (Infinite M200PRO, Tecan).
In Vivo Near-Infrared Imaging of 2c on Nude Mouse. In vivo

NIR imaging was performed on a Xenogen IVIS 200 Imaging station
(Xenogen, Alameda, CA). Images were acquired and analyzed using

Living Image software. A normal nude mouse was iv injected with 2c
(0.4 mg/kg, 20% DMSO, 80% propylene glycol, 50 μL). Fluorescence
signals were recorded at different time points after iv injection of 2c.
For the measurement, a filter set (ex. at 605 nm and em. at 680 nm)
was used, and optical images were acquired using an exposure time of
1 s. During the imaging process, the mice were kept on the imaging
stage under anesthesia with 2.5% isoflurane gas in an oxygen flow (1.5
L/min).

In Vivo Near-Infrared Imaging of 2c on Tg Mouse and Wild-
Type Mouse. Double transgenic mouse (n = 3, C57BL6, APPsw/
PSEN1, 22-month-old, female) and an age-matched control mouse (n
= 3, C57BL6, 22-months-old, female) were shaved before background
imaging and were iv injected with 2c (0.4 mg/kg, 20% DMSO, 80%
propylene glycol, 50 μL). Fluorescence signals from the brain were
recorded at different time points after iv injection of 2c. For the
measurement, a filter set (ex. at 605 nm and em. at 680 nm) was used,
and optical images were acquired using an exposure time of 1 s. During
the imaging process, the mice were kept on the imaging stage under
anesthesia with 2.5% isoflurane gas in an oxygen flow (1.5 L/min).
Imaging data was analyzed by Living Image software, and an ROI was
drawn around the brain region. Intensity of brain fluorescence was
calculated from the photon counts. The data were analyzed by
normalizing the fluorescence intensity to the background fluorescence
of each mouse [i.e., F(t)/F(pre)], where F(t) is the fluorescence
intensity of the time point of interest and F(pre) is the background
fluorescence signal. P values were calculated by Student’s t test.

Ex Vivo Fluorescent Staining of 2c to Aβ Plaques in
Transgenic Mouse Brain. One week after in vivo imaging, the
double transgenic mouse (C57BL6, APPsw/PSEN1, 22-month-old,
female) and an age-matched control mouse (C57BL6, 22-month-old,
female) were iv injected with 2c (0.4 mg/kg, 20% DMSO, 80%
propylene glycol, 50 μL) and sacrificed at 30 min after injection. The
brains were excised, embedded in optimum cutting temperature
compound (OCT), and frozen in powdered dry ice immediately.
Frozen sections of 20 μm were cut, and fluorescent observation was
performed by Axio Oberver Z1 (Zeiss) equipped with a Cy5 filter set.
In addition, the Aβ plaques were further confirmed by the staining of
the same section with ThS (0.125%) using a GFP filter set.
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