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ABSTRACT: Fluorescence imaging of tissues offer an essential means for studying biological
systems. Autofluorescence becomes a serious issue in tissue imaging under excitation at UV−
vis wavelengths where biological molecules compete with the fluorophore. To address this
critical issue, a novel class of fluorophores that can be excited at ∼900 nm under two-photon
excitation conditions and emits in the red wavelength region (≥600 nm) has been disclosed.
The new π-extended dipolar dye system shows several advantageous features including
minimal autofluorescence in tissue imaging and pronounced solvent-sensitive emission
behavior, compared with a widely used two-photon absorbing dye, acedan. As an important
application of the new dye system, one of the dyes was developed into a fluorescent probe for
amyloid-β plaques, a key biomarker of Alzheimer’s disease. The probe enabled in vivo imaging
of amyloid-β plaques in a disease-model mouse, with negligible background signal. The new
dye system has great potential for the development of other types of two-photon fluorescent
probes and tags for imaging of tissues with minimal autofluorescence.

■ INTRODUCTION

The detection and imaging of biomolecules are essential for
studying biological progresses in living systems. To this end, the
fluorescence method combined with an appropriate molecular
probe has provided a versatile tool as it enables operationally
simple, cost-effective, noninvasive, highly sensitive detection
and visualization of organisms at a subcellular level.1

Accordingly, many fluorescent probes have been developed
for the detection and imaging of various analytes.
During the last two decades, two-photon microscopy (TPM)

based on nonlinear interaction between light and matter has
emerged as an important tool for imaging of biological tissues
where light scattering becomes a serious issue under the
conventional one-photon confocal microscopy (OPM). The
probability of two-photon excitation diminishes dramatically
outside the focal point, a distinct feature from the one-photon
excitation, and the focal point is scanned throughout a tissue
region of interest to offer 3D images with an exceptionally high
resolution. Furthermore, excitation at near-infrared (NIR)
wavelengths of the first biological optical window (650−950

nm) allows for deeper penetration (down to 1000 μm) and
minimal absorption through highly scattering tissue media, with
suppressed photodamage and photobleaching to tissues.2 These
promising features of TPM have motivated chemists in search
for two-photon absorbing dyes with desirable photophysical
properties and the corresponding molecular probes for the
detection and imaging of biological analytes in tissues of living
systems.3

Acedan, 6-acetyl-2-(dimethylamino)naphthalene, and its
derivatives constitute one of important classes of nonsymmetric
donor−acceptor (D−A) type dyes with sufficient two-photon
absorption properties for bioimaging applications (Scheme 1).4

Acedan is structurally simple and thus easy to modify, making it
a typical two-photon dye in the development of various
fluorescent probes for biomolecules and organelles in recent
years.5,3e During our own journey in this endeavor,6,4b we have
recognized that, in spite of those novel features, acedan and

Received: January 18, 2015
Published: May 7, 2015

Article

pubs.acs.org/JACS

© 2015 American Chemical Society 6781 DOI: 10.1021/jacs.5b03548
J. Am. Chem. Soc. 2015, 137, 6781−6789

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b03548


related two-photon dyes pose a drawback in tissue imaging.
Acedan has the maximum absorption and emission wavelengths
in the rather shorter wavelength region (λabs = 364 nm and λem
= 484 nm in ethanol). Hence, two-photon excitation of acedan
and its analogues in the wavelength range of 740−780 nm and
collection of emission light in the green wavelength region
(around 484 nm) cause significant undesired autofluorescence
from intrinsic biomolecules in the course of tissue imaging (see
below). The intrinsic biomolecules present in the tissues such
as NADH, riboflavins, retinol, folic acid, etc. are responsible for
the autofluorescence (due to two-photon absorption and the
emission in the green region).7 Accordingly, acedan derivatives
are excited with a low-power laser and the emission is collected
at a narrow band to reduce the autofluorescence and
reabsorption of the emitted light by the biomolecules.
However, even under usual tissue imaging conditions (5−10
mW at the focal point), still notable autofluorescence is
significant when acedan is used for imaging of tissue samples
prepared under usual fixitive conditions (see below). Use of a
lower laser power for the two-photon excitation, on the other
hand, limits the light penetration to a rather shallow depth
(<300 μm).7d We reasoned that two-photon absorbing dyes
that absorb and emit light at the longer wavelengths (two-
photon excitation around 900 nm and emission above 600 nm)
would alleviate the autofluorescence caused by using dyes with
the shorter absorption and emission wavelengths, because
intrinsic biomolecules show a minium two-photon absorption
cross-section value when excited around 900 nm and also most
of them do not emit in the red wavelength region.7a In addition,
use of a longer wavelength is an effective way to enhance the
imaging depth as the serious light scattering is dramatically
reduced as the excitation wavelength increases.8,2i

Here, we wish to disclose a new dipolar dye system that
shows promising two-photon imaging properties, in particular,
greatly suppressed autofluorescence in fluorescence imaging of
tissues. Furthermore, we have applied one of the dyes to
develop a two-photon probe for in vivo imaging of amyloid-β
plaques in the brain of an Alzheimer’s disease mouse model
with a negligible background signal, addressing a common
drawback observed with existing probes.

■ RESULTS AND DISCUSSION
Novel Two-Photon Absorbing Dyes with Suppressed

Autofluorescence in Tissue Imaging. The designed dipolar
dye system, which may be classified to be π-extended acedan
analogues (1−4), consists of a tri- or a tetracyclic ring with an
additional carbon−carbon double bond inserted between the
naphthalene ring and acetyl group of acedan in such a way that

the double bond is conformationally locked in the trans form
(Scheme 1).
A few acyclic analogues of such π-extended dyes are known,9

but they are expected to show weaker emission owing to the
free rotation of the π-extended moiety, in addition to be
chemically and photochemically less stable. All the new dyes
can be readily synthesized from a common intermidiate, 6-
(dimethylamino)-3-hydroxy-2-naphthaldehyde (7) previously
reported by us (Scheme 2).10 Introduction of the enone moiety

enclosed in the new ring could be performed by the Baylis−
Hillman reaction to directly produce dyes 1−3.11 Dye 4 can be
prepared in a different route involving Cu(I)-catalyzed
cyclization of an o-formylaryl propargyl ether (8),12 which
can be generated from naphthaldehyde 7. Details of the
syntheses and characterization data of the new compounds are
given in the Experimental Section.
Dyes 1−4 indeed have the absorption and emission bands at

substantially longer wavelengths (λabs = 398−427 nm and λem =
546−617 nm in ethanol) than those of acedan (Figure 1 and

Table 1). Importantly, dyes 1 and 2 can be excited at ∼900 nm,
an optimum wavelength for tissue imaging in the first optical
window13 under two-photon excitation conditions, and emit in
the red wavelength region. Acedan can be excited at best at
around 780 nm (Figure 1a) and emits in the green region
where intrinsic biomolecules such as NADH, ribioflavins also
emit.14

Although the fluorescence intensity of the new dyes is a little
lower than that of acedan in a given solvent (Table 1,
Supporting Information Figures S1 and S3), they are expected

Scheme 1. Structures of Acedan, Acylic π-Extended
Analogues, and New Dyes 1−4

Scheme 2. Synthesis of π-Extended Acedan Derivatives 1−4a

aReagent and conditions: (a) 2-cyclohexen-1-one, DABCO, water−
1,4-dioxane (1:2, v/v), sonication, 45−50 °C, 48 h, 38%; (b) 2-
cyclopenten-1-one, DABCO, water−1,4-dioxane (1:1, v/v), sonication,
45−50 °C, 48 h, 22%; (c) 3-buten-2-one, MgI2, TMEDA, DMAP,
MeOH, 25 °C, 24 h, 28%; (d) propargyl bromide, K2CO3, DMF, 25
°C, 12 h, 100%; (e) CuI, CH3CN, 82 °C, 71%.

Figure 1. (a) Normalized UV−vis absorption and (b) normalized
fluorescence emission spectra of 1−4 and acedan. The fluorescence
emission spectra were measured under excitation at the maximum
absorption wavelength of each compound (10 μM in ethanol) at 25
°C.
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to give high-contrasting TPM images of tissues because of
reduced autofluorescence from the intrinsic fluorophores.7 The
absorption and emission wavelengths of donor−acceptor (D−
A) type dyes such as acedans and its analogues are in general
sensitive to the environment because they form the intra-
molecular charge-transfer (ICT) excited states; they emit at the
longer wavelength as the solvent polarity increases.15 Also, such
D−A type dyes usually show strong fluorescence in most
organic solvents but weak fluorescence in highly polar solvents,
in particular, in aqueous media. Such environment-sensitive
properties of dipolar dyes have been importantly exploited for
the environment-sensitive fluorescent probes.16 Interestingly,
the new dyes exhibited more pronounced emission change to
solvent polarity compared to acedan. For example, dye 1 emits
strongly in dichloromethane and acetonitrile, weakly in ethanol,
and poorly in PBS buffer, whereas acedan emits strongly in
dichloromethane and acetonitrile, moderately in ethanol, and
weakly in PBS buffer (Figure 2). Other derivatives 2−4 also

show similar emission behavior depending on the solvent
polarity except 4 that shows very weak fluorescence in protic
solvents, plausibly due to formation of the corresponding
hydrate which has smaller ICT character (Supporting
Information Figure S2).
The highly environment-sensitive nature of the new dyes is

an added value for the development of environment-sensitive
fluorescent probes. An important application of such environ-
ment-sensitive dyes can be found in fluorescence imaging of
amyloid-β plaques, a key pathological biomarker of Alzheimer’s
disease.18

To demonstrate important aspects of the new dyes in
bioimaging, we carried out ex vivo two-photon fluorescence
imaging of tissues stained with the representative dye 1, and the
results were compared with those stained with acedan. The
tissue slice samples were prepared from several mouse organs
(brain, liver, kidney, spleen, and lung) under usual fixative
conditions, which were stained by incubating with 1 and acedan
(each at 10 μM concentration), respectively, for 10 min and
then washed with PBS buffer (for details, see Experimental
Section). Samples of dye-untreated tissues were separately
prepared as control for measuring the autofluorescence
generated from the intrinsic fluorophores in tissues.
The TPM images shown in Figure 3 are not data-processed

but intact images, which highlight the importance of excitation

at the longer wavelength at ∼900 nm and emission in the red
region (≥600 nm) to suppress the autofluorescence from the
intrinsic fluorophores in tissues.
The TPM images of all of the different organs stained with

acedan show strong autofluorescence when excited at 780 nm
(Figure 3a), whereas those stained with π-extended acedan 1
show minimal autofluorescence when excited at 900 nm with

Table 1. Photophysical Properties of Compounds 1−4 and
Acedan.a

comp. λabs εb λem
c ΦF

d ΦF
e ΦF

f log Pg

1 421 13,000 609 0.42 0.32 0.12 4.08
2 427 14,300 617 0.37 0.26 0.08 3.51
3 407 11,500 592 0.47 0.34 0.14 3.77
4 398 15,500 546 0.44 0.37 0.06 3.72
Acedan 364 10,700 484 0.72 0.56 (0.52) 3.00

aAll the measurements were carried out at 25 °C with the compounds
(10 μM) dissolved in ethanol. bL mol−1 cm−1. cMeasured under
excitation at the maximum absorption wavelength in the given solvent.
d−fThe fluorescence quantum yields (dCH2Cl2,

eCH3CN,
fEtOH)

were determined using acedan as a reference dye (ΦF = 0.52 in
ethanol).17 gLog P values were calculated using ACDLab-ACDLog P
software.

Figure 2. Fluorescence emission spectra of (a) acedan and (b) 1 in
different solvents: dichloromethane, acetonitrile, ethanol, and PBS
buffer (10 mM, pH 7.4, containing 0.1% DMSO). The fluorescence
emission spectra were measured under excitation at the maximum
absorption wavelength of each compound in the given solvent (10
μM) at 25 °C.

Figure 3. TPM images of tissues of different mouse organs, acquired
with acedan and 1, respectively, at a middle depth (∼20 μm) of the
sectioned tissues (thickness ∼50 μm). (a) Images of tissues of brain,
liver, kidney, spleen, and lung from the left, stained with acedan (10
μM) and at 37 °C for 10 min, observed under excitation at 780 nm.
(b) The tissue images obtained under otherwise the same conditions
except by staining with 1 and irradiating at 900 nm. Dye-untreated
tissues were used as controls. Laser power was ∼10 mW at the focal
point in all cases. Scale bar is 50 μm. (c and d) Plots of the relative
fluorescence intensity of the tissue images between the control and the
dye-treated samples shown in (a) and (b), respectively.
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the same excitation laser power of ∼10 mW at the focal point
(Figure 3b). Typically, the laser power of ∼10 mW or higher at
the focal point is used to obtain bright tissue images under two-
photon excitation conditions. When we applied a lower laser
power of ∼6 mW at the focal point, essentially the same trend
was observed but with dim images (see Supporting Information
Figure S10). The image data show that, in the case of acedan-
incubated tissue images, there is slight differences in the
intensity between the dye-treated and untreated ones when
observed by naked eyes: Only the relative fluorescence intensity
plots show small differences in the intensity, which, after data
processing, are represented as the images in literature. Such
processed data images may not properly represent the dye
emission, because the control-subtracted intensity has a similar
level of magnitude to that of the error bars. The relative
fluorescence intensity plots of the respective images point out
an important feature of such a π-extended dye system for tissue
imaging, in addition to demonstrating that the significant
autofluorescence results when a dye with shorter excitation/
emission wavelengths is used (Figure 3c, 3d).
Comparison of the autofluorescence depending on the

emission window, that is, below 560 nm (blue and green)
versus above 560 nm (yellow and red), from the control tissues
image data (dye-untreated) again shows that in both windows
the excitation at 780 nm causes much higher autofluorescence
than the exciation at 900 nm (Supporting Information Figure
S11). As the red dye (π-extended acedan 1) and the green dye
(acedan) show comparable brightness in the different organ
tissues (Supporting Information Figure S12), the tissue imaging
data obtained with π-extended dye 1 thus show much lower
autofluorescence than those obtained with acedan.
Autofluorescence from the intrinsic biomolecules under two-

photon excitation conditions is well established. Efforts to
suppress autofluorescence by different experimental setups have
been made,19 but the known methods are not straightforward.
The autofluorescence is inevitable in most cases, and indeed it
is used to investigate biological proceses including NAD/
NADH redox process.20 Disclosed here is that the strong
autofluorescence observable by two-photon imaging at the
shorter wavelength region of the biological optical window
(780 nm) for tissue samples prepared under usual fixitive
conditions can be greatly overcome by using a dye that can be
excited and emit at the longer wavelength region (λex ∼900 nm;
λem ≥600 nm). Then, what makes such a big difference?
Although the two-photon absorption cross-section values of
riboflavins and NADH, major contributors to the intrinsic
autofluorescence, are much smaller (<1 GM) than those of
dyes used here,7 their biological concentrations are expected to
be significantly higher than those of the dyes used here. If we
count on the fact that dye’s cell permeability/retention
percentage is not complete, the relative concentrations of the
intrinsic fluorophors with respect to those of dyes would be
more than the value that can be estimated based on the probe
concentration used. As a result, the intrinsic biomolecules seem
to absorb and emit significant fluorescence, particularly when
excited at the short NIR wavelength of 780 nm or so. It should
be also noted that the intrinsic biomolecules except riboflavins
exhibit decreasing two-photon absorbing behavior as the
wavelength increases and reaches a minium around 900 nm
(riboflavin shows a rather slow decrease).7a Surely, we should
count on the reabsorption/emission process: acedan emits in
the green region, which light can be best absorbed by
riboflavins; in contrast, the dye 1 emits in the red region, a

wavelength region where most of intrinsic fluorophores in
tissues barely absorb. All these factors are conceivable for the
contrasting imaging results observed here.
We have briefly checked whether dye 1 is localized in a

specific organelle in cells by colocalization experiments using
commercial reference dyes for lysosomes and mitochondria,
respectively, that emit in the green region (λem = 488 nm). The
results show that dye 1 does not exhibit specific localization in
these organelles and also in nuclei, but mostly distributes to
cytosol (Supporting Information Figure S13).
The new dyes 1−4 have good solubility both in most organic

solvents and in the aqueous buffer solution suitable for sensing
purposes (Supporting Information Figure S5), in addition to
having good cell-permeability; hence, use of them for the
development of two-photon fluorescent probes or tags for
analytes of biological interest is highly anticipated in the future.

In Vivo Two-Photon Imaging of Amyloid-β Plaques.
One of important research areas of the environment-sensitive
π-extended dipolar dyes can be found in vivo imaging of
amyloid-β (Aβ) plaques. Aβ plaques have been considered as a
key biomarker for Alzheimer’s disease (AD), the most common
neurodegenerative disease.18 Aβ40 or Aβ42 monomers, which
are produced from the amyloid precursor protein (APP) by
secretase activities, aggregates to form amyloid plaques that
exhibit a cross-β sheet structure.21 The cross-β sheet structure
provides a hydrophobic environment inside and a hydrophilic
environment outside. Most of existing probes for imaging of Aβ
plaques are thus based on dyes that show environment-sensitive
emission behavior.22

As our dipolar dyes show pronounced environment-sensitive
emission behavior from that of acedan as well as little
autofluorescence in tissue imaging, their application to in vivo
imaging of Aβ plaques is of great interest. To this end, we have
synthesized compound 5 (Scheme 3), a cyclic analogue of the

recently reported Aβ probe 6 that allowed imaging of Aβ
plaques in near-infrared (NIR) wavelength region by OPM.22d

Our probe 5 is expected to be photochemically more stable in
general and also emit stronger fluorescence than the acyclic
analogue 6, as the former has less free-rotating bonds than the
latter. Indeed, compound 5 allowed us to image Aβ plaques
under two-photon excitation conditions with negligible back-
ground signal as well as minimum photobleaching even after a
long irradiation period at a much higher laser power.
The π-extended acedan 5 exhibited the longest maximum

absorption and emission wavelengths among the new dipolar
dyes, owing to the additional conjugation and enhanced ICT:
λabs = 512 nm, ε = 16 700 L mol−1 cm−1, λem = 679 nm, ΦF =
5% in EtOH; ΦF = 9% in CH3CN and 14% in CH2Cl2.
(Supporting Information Figure S7). A desirable probe for
imaging of Aβ plaques should show strong fluorescence upon
binding to Aβ plaques, whereas it should emit negligiable
fluorescence in the presence of serum albumin. Thus, we
compared the fluorescence intensity of probe 5 in aqueous
media in the presence or absence of Aβ42 aggregates and

Scheme 3. Structure of Aβ Probe 5 and Its Acyclic Analogue
6

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b03548
J. Am. Chem. Soc. 2015, 137, 6781−6789

6784

http://dx.doi.org/10.1021/jacs.5b03548


bovine serum albumin (BSA), respectively, in pH 7.4 PBS
buffer as well as in artificial cerebrospinal fluid (aCSF, see the
composition in Experimental Section). Gratifyingly, probe 5
showed large fluorescence enhancement (41- to 60-fold) upon
binding with Aβ42 aggregates and with negligible interference
from BSA (Figure 4), in contrast to the acyclic analogue 6 and

other Aβ imaging dyes that showed significant interference
from BSA.22d The dissociation constant of compound 5 with
Aβ42 aggregates was determined to be Kd = 44.6 ± 4.2 nM (for
details, see the Supporting Information), a comparable value to
that observed with 6 (Kd = 26.9 nM).
Given that probe 5 is biocompatible and responds to Aβ42

aggregates in the fluorescence turn-on type mode and, in
particular, with negligible background signal, we have
investigated its application to in vivo imaging of Aβ plaques
in a live AD mouse model. A prerequisite for in vivo imaging of
Aβ plagues is that the probe should pass the blood−brain
barrier (BBB), which property is governed by several factors
including the molecular size, charge density, and lipophilicity.
The lipophilicity of compound 5 was calculated to be log P =
3.5, which is close to the optimal value range considered for the
BBB permeation (2.0−3.5).22d Thus, we expected that
compound 5, along with the favorable three factors mentioned,
might penetrate the BBB.
Probe 5 was intraperitoneally injected into the 5XFAD

mouse (10 mg kg−1, one time injection). After 24 h, open-skull
craniotomy surgery was performed (see Experimental Section)
and fluorescence images of the brain were obtained under two-
photon excitation at 1000 nm (Figure 5). Clear and bright red
fluorescence images of Aβ plaques were obtained owing to little
autofluorescence outside the plaques, showing very promising
features of the dye system for in vivo imaging. In addition, the in
vivo imaging data confirms that probe 5 readily penetrates BBB.
The 3D images obtained down to 300 μm depth show that Aβ
plaques are spreading out to the cortex region23 (Figure 5c side
view). Owing to our instrument’s limitations, we were not able
to look into the deeper region; however, it is clear that two-
photon excitation at 1000 nm would allow deeper tissue
imaging with proper instrumentation.24 Specific Aβ plaques of
various sizes and in different shapes can be clearly visualized at
different depths. Co-staining experiments with MeO-X04, a
well-known Aβ plaque staining fluorescent probe,25 showed
well-merged fluorescence images, confirming that probe 5
efficiently images Aβ plaques (Figure 6). In addition,

reasonable photostability by two-photon laser irradiation in
living stage and low cytotoxicity are additional assets of probe 5
(Supporting Information Figures S14 and S15).

■ CONCLUSION
In summary, we have demonstrated that two-photon absorbing
dyes that can be excited at the longer wavelength region of the
first biological optical window greatly suppress autofluores-
cence in tissue imaging. Specifically, we have disclosed a new
type of π-extended dyes, which provides negligible autofluor-

Figure 4. Fluorescence changes of probe 5 (10 μM) in the presence or
absence of Aβ42 aggregates (20 μM) and BSA (20 μg mL−1) in PBS
buffer (10 mM, pH 7.4, containing 1% DMSO) or in artificial
cerebrospinal fluid (aCSF, containing 1% DMSO), measured at 25 °C
after mixing for 1 h under excitation at 500 nm.

Figure 5. (a) In vivo TPM images of Aβ plaques in the frontal cortex
of a 5XFAD mouse after ip injection of 5 (10 mg kg−1), 20× magnified
at the depth of 50 μm (scale bar: 20 μm). (b) Magnified images (60×)
of the square area in (a) (scale bar: 10 μm). (c) 3D images: the images
were acquired with 20× magnification along the z-direction at the
depth of up to 300 μm from the surface of the cortex, under excitation
at 1000 nm with approximately 50 mW laser power at the focal point.

Figure 6. In vivo TPM images of Aβ plaques in the frontal cortex of
5XFAD mouse costained with 5 and MeO-X04 (10 mg kg−1 for each
dye). The images were observed under excitation at (a) 1000 nm and
(b) 780 nm, at the depth of 50 μm. (c) Merged image. Laser power
was approximately 50 mW at the focal point. Scale bar is 30 μm.
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escence in tissue imaging under two-photon excitation at 900
nm wavelength. Considering they are readily accessible in few
steps, have compact molecular sizes and good solubility in
buffer media, the new dyes are highly promising for in vivo
applications. Also sufficient two-photon absorption properties
of two of the dyes appeal their use in bioimaging by two-
photon microscopy. In addition, the new dyes showed more
pronounced environment-sensitive emission behavior com-
pared with acedan, a widely used two-photon absorbing dye in
two-photon fluorescent probes, which property was exploited in
the development of a novel two-photon imaging probe for Aβ
plaques. The new probe excitable at 1000 nm under two-
photon excitation conditions was photochemically stable,
biocompatible, and readily penetrated the blood−brain barrier,
allowing in vivo fluorescence imaging of Aβ plaques in a live
mouse model of Alzheimer’s disease. The results show clear
fluorescence images of the plaques spreading out to the cortex
region, with negligible background signal. The new dye system
is thus highly promising for the development of two-photon
probes for bioimaging purposes, which is under active
investigation. Also, the two-photon probe for Aβ plaques offers
us a valuable tool for in vivo monitoring of Aβ plaques in
Alzheimer’s disease animal models.

■ EXPERIMENTAL SECTION
General Information. The chemical reagents were purchased

from Aldrich or TCI. Commercially available reagents were used
without further purification. Anhydrous solvents for organic synthesis
were prepared by passing through a solvent purification tower. All
reactions were performed under argon atmosphere unless otherwise
stated. Thin-layer chromatography (TLC) was performed on pre-
coated silica gel 60F-254 glass plates. 1H and 13C NMR spectra were
measured with a Bruker AVANCE III 300 MHz and AVANCE III 600
MHz FT-NMR spectrometer. Coupling constants (J value) are
reported in hertz. The chemical shifts (δ) are shown in ppm,
multiplicities are indicated by s (singlet), d (doublet), t (triplet), dd
(doublet of doublets), and m (multiplet). Spectra are referenced to
residual chloroform (7.26 ppm, 1H, 77.16 ppm, 13C). UV/vis
absorption spectra were obtained using a HP 8453 UV/vis
spectrophotometer. Fluorescence emission spectra were recorded on
a Photon Technical International Fluorescence System with a 1 cm
standard quartz cell. High-resolution mass spectra was recorded on a
JEOL JMS-700 spectrometer at the Korea Basic Science Center,
Kyungpook National University and the values are reported in units of
mass to charge (m/z). Log P values were calculated using ACDLab-
ACDLogP program, which is available at http://www.acdlabs.com/
resources/freeware.
Synthesis. 6-(Dimethylamino)-3-hydroxy-2-naphthaldehyde (7).

Compound 7 was synthesized according to the procedures previously
reported by us.10

8-(Dimethylamino)-2,3,4,4a-tetrahydro-1H-benzo[b]xanthen-1-
one (1). A solution of compound 7 (110 mg, 0.50 mmol), 2-
cyclohexen-1-one (97 μL, 1.0 mmol), and 1,4-diazabicyclo[2.2.2]-
octane (DABCO, 28 mg, 0.25 mmol) in H2O/1,4-dioxane (3.0 mL,
1:2, v/v) was taken in a capped vial and stirred at 45−50 °C under
sonication for 48 h. The solvent was evaporated under reduced
pressure to give the crude product as dark red residue. The residue was
purified by flash silica gel column chromatography (eluent: EtOAc/
hexane = 1/9) to give compound 1 as a orange solid (56 mg, 38%;
40% of compound 7 was recovered). 1H NMR (CDCl3, 300 MHz, 297
K): δ 7.61−7.54 (m, 3H), 6.99−6.95 (m, 2H), 6.69 (d, J = 2.1 Hz,
1H), 5.04−4.97 (m, 1H), 3.07 (s, 6H), 2.64−2.35 (m, 3H), 2.14−1.95
(m, 2H), 1.81−1.66 (m, 1H). 13C NMR (CDCl3, 75 MHz, 298 K): δ
197.4, 153.2, 149.9, 137.9, 132.1, 130.7, 130.3, 129.6, 122.7, 119.2,
114.4, 109.1, 104.8, 74.8, 40.5 (2 carbons), 38.8, 29.9, 18.1. HRMS: m/
z calcd for C19H19NO2, 293.3597; found, 293.1417.

7-(Dimethylamino)-3,3a-dihydrobenzo[g]cyclopenta[b]-
chromen-1(2H)-one (2). A solution of compound 7 (20 mg, 0.094
mmol), 2-cyclohexen-1-one (48 μL, 0.56 mmol), and 1,4-
diazabicyclo[2.2.2]octane (DABCO, 11 mg, 0.095 mmol) in H2O/
1,4-dioxane (1.8 mL, 1:1, v/v) was taken in a capped vial and stirred at
45−50 °C under sonication for 48 h. The reaction mixture was
partitioned between EtOAc and H2O, and then the organic layer was
separated. The aqueous layer was further extracted twice with EtOAc,
and the combined organic extracts were washed with brine, dried over
anhydrous Na2SO4. The solvent evaporated under reduced pressure,
and the crude product was purified by flash silica gel column
chromatography (eluent: EtOAc/hexane = 5/95 to 1/9) to give
compound 2 as a yellow solid (5.7 mg, 22%; 70% of compound 7 was
recovered). 1H NMR (CDCl3, 300 MHz, 296 K): δ 7.60 (d, J = 9.0
Hz, 1H), 7.57 (s, 1H), 7.37 (d, J = 2.1 Hz, 1H), 7.02 (s, 1H), 6.98 (dd,
J = 9.0 2.4 Hz, 1H), 6.69 (d, J = 2.4 Hz, 1H), 5.31−5.25 (m, 1H), 3.08
(s, 6H), 2.76−2.56 (m, 2H), 2.44−2.31 (m, 1H), 2.22−2.11 (m, 1H);.
13C NMR (CDCl3, 75 MHz, 297 K): δ 201.4, 152.8, 150.0, 138.0,
132.0, 131.2, 129.6, 128.5, 122.7, 118.8, 114.5, 109.8, 104.8, 76.1, 40.5
(2 carbons), 37.1, 28.2. HRMS: m/z calcd for C18H17NO2, 279.3331;
found, 279.1260.

1-(8-(Dimethylamino)-2H-benzo[g]chromen-3-yl)ethanone (3).
To a solution of compound 7 (200 mg, 0.70 mmol) and 3-buten-2-
one (170 μL, 2.1 mmol) in MeOH (5.0 mL) at 25 °C under argon was
added a solution of MgI2 (20 mg, 0.070 mmol) and tetramethylethy-
lenediamine (TMEDA, 11 μL, 0.070 mmol) in MeOH (1.0 mL),
followed by dropwise addition of a solution of 4-dimethylaminopyr-
idine (DMAP, 8.6 mg, 0.070 mmol) in MeOH (0.50 mL). The
resulting mixture was stirred at 25 °C under argon for 24 h, and then
the reaction was quenched by addition of saturated aqueous NH4Cl
solution (2.0 mL). The reaction mixture was extracted with
dichloromethane (2 × 20 mL) and dried over anhydrous Na2SO4.
The solvent evaporated under reduced pressure, and the crude product
was purified by flash silica gel column chromatography (eluent:
EtOAc/hexane = 1/9) to give compound 3 as a yellow solid (70 mg,
28%; 37% of compound 7 was recovered). 1H NMR (CDCl3, 300
MHz, 297 K): δ 7.59 (d, J = 9.0 Hz, 1H), 7.48 (s, 1H), 7.44 (s, 1H),
6.98−6.94 (m, 2H), 6.69 (d, J = 2.4 Hz, 1H), 5.02 (d, J = 1.2 Hz, 2H),
3.07, (s, 6H), 2.42 (s, 3H). 13C NMR (CDCl3, 75 MHz, 298 K): δ
195.9, 152.8, 149.9, 138.2, 134.6, 131.0, 129.5, 129.5, 122.5, 117.9,
114.3, 109.3, 104.8, 64.5, 40.5 (2 carbons), 25.0. HRMS: m/z calcd for
C17H17NO2, 267.3224; found, 267.1257.

6-(Dimethylamino)-3-(prop-2-ynyloxy)-2-naphthaldehyde (8).
To a solution of compound 7 (200 mg, 0.93 mmol) and K2CO3
(390 mg, 2.8 mmol) in DMF (6.5 mL) at 25 °C was added propargyl
bromide (80 wt % solution in PhCH3, 0.20 mL, 1.4 mmol). The
resulting mixture was stirred at 25 °C for 12 h. The reaction mixture
was partitioned between EtOAc and H2O, and then the organic layer
was separated. The aqueous layer was further extracted twice with
EtOAc, and the combined organic extracts were washed with brine,
dried over anhydrous Na2SO4, and concentrated to give a crude
product 7, which was used for the next step without further
purification.

8-(Dimethylamino)-2H-benzo[g]chromene-3-carbaldehyde (4).12

A solution of compound 8 (37 mg, 0.15 mmol) and CuI (57 mg, 0.30
mmol) in CH3CN (3.7 mL) was stirred at 82 °C for 48 h. The solvent
was evaporated under reduced pressure, and the crude product was
purified by flash silica gel column chromatography (eluent: EtOAc/
hexane = 5/95) to give compound 4 as a orange solid (70 mg, 71%).
1H NMR (CDCl3, 300 MHz, 298 K): δ 10.39 (s, 1H), 8.11 (s, 1H),
7.69 (d, J = 9.3 Hz, 1H), 7.05−6.98 (m, 2H), 6.78 (d, J = 2.1 Hz, 1H),
5.96−5.90 (m, 1H), 4.91 (dd, J = 3.9, 1.8 Hz, 2H), 3.13 (s, 6H). 13C
NMR (CDCl3, 75 MHz, 298 K): δ 189.5, 153.6, 150.8, 135.1, 132.1,
130.2, 121.2, 121.1, 120.6, 119.3, 114.3, 113.8, 98.9, 65.2, 40.4 (2
carbons). HRMS: m/z calcd for C16H15NO2, 253.2958; found,
253.1100.

2-{[(8-Dimethylamino)-2H-benzo[g]chromen-3-yl]methylene}-
malononitrile (5). To a solution of compound 4 (220 mg, 0.93
mmol), malononitrile (62 mg, 0.93 mmol), and CuI (53 mg, 0.28
mmol) in CH3CN (6.0 mL) was added Et3N (0.10 mL, 0.090 mmol).
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The resulting mixture was stirred at 75 °C for 4 h. The solvent was
evaporated under reduced pressure, and the crude product was
purified by flash silica gel column chromatography (eluent: dichloro-
methane) to give compound 5 as a red solid (200 mg, 70%). 1H NMR
(CDCl3, 600 MHz, 293 K): δ 7.61 (d, J = 9.0 Hz, 1H), 7.51 (s, 1H),
7.27 (s, 1H), 7.23 (s, 1H), 6.99 (dd, J = 9.3, 2.7 Hz, 1H), 6.97 (s, 1H),
6.69 (d, J = 2.4 Hz, 1H), 5.39 (s, 2H), 3.14 (s, 6H). 13C NMR (CDCl3,
150 MHz, 293 K): δ 155.5, 152.4, 150.7, 142.5, 139.5, 131.4, 130.4,
126.8, 122.7, 117.9, 114.9, 114.5, 113.7, 109.3, 104.5, 64.5, 40.3 (2
carbons). HRMS: m/z calcd for C19H15ON3, 301.1215; found,
301.1215.
In Vitro Assay of π-Extended Acedan Derivative 5. Amyloid-β

(Aβ) plaques were prepared as known procedure.26 Briefly, Aβ42
(Sigma-Aldrich, A9810, MW = 4514.04, 1 mg) was dissolved in PBS
buffer (10 mM, pH 7.4) to a final concentration of 100 μM. This
solution was incubated in e-tube shaker (60 rpm, F1 mode of SLRM-
2M, MyLab Corp.) at 25 °C for 3 days, and used for in vitro assay
directly. Incubation of aggregated Aβ with compound 5 was carried
out with the same incubating condition for 1 h. Bovine serum albumin
(BSA, Promega, R396D) was prepared using a 10 mg mL−1 stock
solution in PBS buffer (10 mM, pH 7.4). The composition of artificial
cerebrospinal fluid (aCSF) was NaCl (124 mM), KCl (3 mM),
NaH2PO4 (1.25 mM), MgCl2 (1 mM), NaHCO3 (36 mM), D-glucose
(10 mM), CaCl2 (2 mM), 95% O2, and 5% CO2 (by bubbler).
Preparation of the ex Vivo Mouse Tissue Samples. C57BL6

type mouse (5 weeks, male, SAMTAKO Corp.) was used for this
experiment. Basically, experiment was done on light protected
conditions: dark-room and aluminum foil. The mouse was dissected
to five organs: brain, liver, kidney, spleen, and lung. These organs were
washed several times with phosphate buffered saline (PBS) buffer.
After washes, each organ was frozen using dry ice for 5 min. After that,
frozen organs were crushed with a hammer. Tissue slice samples were
made by section machine (Cryostat machine, Leica, CM3000 model)
at 50 μm thicknesses. For organ fixation on this section machine, we
used OCT compound (optimal cutting temperature compound: 10%
w/w poly(vinyl alcohol), 25% w/w polyethylene glycol, and 85.5% w/
w inactive species). Tissue slice samples were placed on the specimen
block (Paul Marienfeld GmbH & Co.). These specimen blocks were
immersed on 4% paraformaldehyde for 10 min. After tissue fixation,
specimen blocks were washed several times with PBS buffer. After
washes, tissues were fixed again using mount solution (Gel Mount,
BIOMEDA). After preparation of the staining solution of acedan (10
μM in PBS buffer containing 1% DMSO) and 1 (10 μM in PBS buffer
containing 1% DMSO), the prepared tissue sample slides were dipped
into the staining solution at 37 °C for 10 min, then washed three times
with PBS and mounted. Two-photon microscopy (TPM) imaging
experiments were done after mount solution became hard.
Ex Vivo Two-Photon Microscopy Imaging of Mouse Tissues

Stained with Dyes. We used TPM based on a developed upright
microscope (BX51, Olympus) for advanced performance of deep
tissue imaging. TPM had 20× objective lens (XLUMPlanFLN,
Olympus) with 1.0 numerical aperture (NA). The objective lens
focused the excitation beam into tissue samples. The excitation focus
scanned in the x−y plane of the sample by the resonant scanner (GSI
Lumonics, 8 kHz resonant frequency) and galvanometric scanner
(6215H, Cambridge Technology), and in the z-axis by an objective
translator (P-725.4CL, PI) through the two dichroic mirrors
(1025DCSP, 680DCSP, Hamamatsu). The emission light from the
sample was collected back by the objective lens and was reflected on
dichroic mirror (680DCLP, Chroma) toward photomultiplier tubes
(PMTs, H7421-40, Hamamatsu). Signals from the PMTs were
collected by a frame grabber (Alta, Bitflow) and images were displayed
in real time. Data were processed using Matlab and Amira tools. The
excitation laser was tuned to 780 and 900 nm for acedan and
compound 1 fluorescence signals, respectively. Power of the excitation
laser was approximately 10 mW at the focal point. The imaging field-
of-view was 250 μm × 250 μm consisting of 512 × 512 pixels, and the
imaging speed was 0.1 frames s−1.
Animals. Thirteen month-old Alzheimer’s disease animal model

mice, 5XFAD mice (The Jackson Laboratory, Bar Harbor, ME; stock

no. 006554, Tg6799), were used for two-photon in vivo imaging. The
mice have Swedish, Florida, and London human APP 695 mutation
and M146L and L286 V human presenilin-1 mutation.27 Therefore,
Aβ plaques, one of the major pathological hallmarks of AD, are
aggressively expressed from 3 months of age. In 13 months, the age
which we used, massive Aβ plaque loads exist in the brain of 5XFAD
mice and the phenotypes of AD are clearly shown. All animal
treatments and experiments were performed and approved by the
Ethics Review Committee for Animal Experimentation in Seoul
National University.

Craniotomy Surgery. Open-skull craniotomy surgery was
performed to visualize Aβ plaques in vivo with compound 5 and
MeO-X04, as described.26,28 Shortly, Zoletil 50 (Virbac; intramuscular
injection, 0.03 mL) was used to anesthetize and the mouse was fixed
on the customized stereotactic heating plate (Live Cell Instruments,
Seoul, Korea; 37 °C). After removing the scalp and the periosteum,
the region (1 mm from bregma, 1 mm from sagittal suture; diameter, 3
mm) of the skull was drilled with a microdrill. Then, the bone was
removed laboriously. A 3 mm-round coverslip was attached to the
region with Loctite 454. Lastly, emerged portions of the skull were
covered with dental acryl. The anti-inflammatory drug mixture
(dexamethasone (0.2 mg kg−1) and carprofen (5 mg kg−1)) was
treated just before and after the surgery, respectively.

In Vivo Two-Photon Microscopic Imaging of Alzheimer’s
Disease Mouse Brain. The two-photon confocal microscope was
purchased from Carl Zeiss Microscopy GmbH (Oberkochen,
Germany; model no. LSM 7 MP two-photon laser scanning
microscope system). To visualize Aβ plaques, compound 5 (10 mg
kg−1; 10% of the stock (30 mg mL−1 in DMSO), 45% of propylene
glycol, 45% of PBS) or MeO-X04 (10 mg kg−1; 10% of the stock (50
mg mL−1 in DMSO), 45% of propylene glycol, 45% of PBS) was
intraperitoneally injected into a mouse 24 h before imaging.29 For the
imaging of MeO-X04 and 5, excitation wavelengths at 780 nm and at
1000 nm were used, respectively. To obtain the 3D images, z-stack
imaging was performed at intervals of 1 μm and up to 300 μm. Image
processing was carried out by Volocity software (PerkinElmer, Inc.,
MA).

Cell Viability Assay. Cell viability was assessed by measuring
ability of a compound to metabolize 3-(4,5-dimethyldiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to formazan in SHSY5Y cell
line.30 Cells (100 μL well−1) were seeded at a density of about 5 × 103

cells per well into 96-well plates and incubated until 70−80%
confluency. The cells were treated with 1, 5, 10, 20, and 50 μM of
compounds 1 and 5, respectively, and incubated for 1 h, and then the
cells were washed with PBS buffer. Twenty-five microliters of MTT
solution (5 mg mL−1) was added to each well, and cells were
maintained for 2 h at 37 °C. Media was removed and the formazan
crystals trapped in cells were dissolved in sterile DMSO (100 μL) by
incubating at 37 °C for 2 h. The absorbance at 570 nm was measured
in a plate reader.
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