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a b s t r a c t

A boronic acid-based fluorescent probe was developed for diagnosis of amyloid-b (Ab) plaques from
Alzheimer’s disease (AD). Probe 4c, which included boronic acid as a functional group, exhibited a signif-
icant increase (64.37-fold, FAb/F0) in fluorescence intensity as a response to Ab aggregates, with a blue
shift (105 nm) in the maximum emission wavelength. We found that boronic acid as a functional group
improved the binding affinity (KD value = 0.79 ± 0.05 lM for 4c) for Ab aggregates and confirmed that 4c
selectively stained Ab plaques in brain sections from APP/PS1 mice. Ex vivo fluorescence imaging using
mice (normal and APP/PS1) also revealed that 4c was able to penetrate the blood–brain barrier (BBB)
and to stain Ab plaques in the brain. From these results, we believe that 4c will be useful as a fluorescent
probe in preclinical research related to AD. Furthermore, we believe that our results with boronic acid
also provide valuable information for the development of a probe for Ab plaques.

� 2016 Published by Elsevier Ltd.

Alzheimer’s disease (AD) is a progressive neurodegenerative
disease characterized by cognitive decline, irreversible memory
loss, disorientation, and language impairment.1,2 One of the patho-
logical hallmarks is the presence of amyloid-b (Ab) plaques in the
brains of AD patients. Ab plaques are central in the molecular
pathogenesis and form oligomers, fibrils, and plaques. Biomarkers
to monitor Ab aggregation are important for further detailed stud-
ies of the disease mechanisms and drug development. Ab is mis-
folded into a cross b-sheet structure and thereby binds to dyes,
such as Congo red and Thioflavin T.3,4

A number of imaging techniques, such as magnetic resonance
imaging (MRI)5, positron emission tomography (PET),6,7 and sin-
gle-photon emission computed tomography (SPECT),8 have been
developed for the specific imaging of Ab plaques. Although imaging
techniques employing these probes have produced promising
results in vitro, ex vivo, and in vivo, using these imaging methods
with probes carries the disadvantages of poor spatial and temporal
resolution, low sensitivity, exposure to radioactivity, and short-
lived isotopes.9 Additionally, the handling of these probes requires
stringent safety regulations due to their radioactivity.

Fluorescent probes have attracted interest in the labelling and
imaging of Ab plaques because these probes are relatively safe,
low cost and user friendly and have real-time and multiplexing
capabilities. Appropriate fluorescent probes for Ab plaques should
have the following properties: (a) specificity for Ab plaques, (b)
sufficient binding affinity to Ab peptides, (c) an emission wave-
length above 650 nm to minimize background fluorescence from
brain tissue, (d) appropriate lipophilicity (logP value between 1
and 3) to rapidly cross the blood–brain barrier (BBB), (e) a signifi-
cant change in fluorescence upon binding to Ab plaques, and (f)
straightforward synthesis.10 Although fluorescent probes are unfa-
vorable for in vivo imaging on humans and animals except mice
due to their limited penetration depth, they are a useful tool for
preclinical evaluation.11 Therefore, fluorescent probes, such as
Congo red, NIAD-4, BODIPY 7, and CRANAD-2, have been continu-
ously developed for the detection of Ab plaques and have subse-
quently been reported.12–15

Recently, we developed and reported fluorescent chalcone-
mimic probes for the detection of Ab plaques that rapidly bind to
Ab plaques upon intravenous injection in mice.16 Using chalcone-
mimic probes, we found that their clearance from the brain occurs
much more quickly than expected because of their relatively low
binding affinity to Ab plaques.
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Here, we describe the discovery and further optimization of
chalcone-mimic probes. In this process, we developed boronic
acid-based probes and found that boronic acid was effective at
binding to Ab plaques. In recent years, boronic acid compounds
have attracted much attention. Many of these compounds have
been used in the fields of medicinal chemistry, such as fluorescent
reporter17, enzyme inhibition, cancer therapy, and antibody mimic
development.18 As a Lewis acid, boronic acid can form a covalent
bond with Lewis bases, such as alcohol, amine, thiol.19 We envi-
sioned that the boronic acid analogue might form stronger bonds
with amino acid residues of Ab plaques to enhance its affinity.
These compounds have also been used in research related to

AD.20 In this study, we report the optical and biological properties
of fluorescent probes with boronic acid for the diagnosis of Ab pla-
ques from AD.

Probe synthesis is outlined in Scheme 1. The formation of back-
bone 3 was synthesized by the Suzuki coupling reaction of 4-
(dimethylamino) phenylboronic acid with compound 2. Probes
(4a, 4b, 4c, and 4d) were successfully prepared by the condensa-
tion of 3 and aldehyde derivatives in the presence of NaOH
(53.4%, 48.4%, 37.9%, and 32.6% yields, respectively). The X-ray
crystal structure of 4d is depicted in Figure S5.

First, we evaluated the fluorescent properties, including the
excitation and emission wavelengths, of the synthesized probes

4a, R = 4-N(CH3)2
4b, R = 4-N(CH2CH3)2
4c, R = 4-B(OH)2
4d, R = 3-B(OH)2
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Scheme 1. Reaction scheme for synthesis of the optical probes. Reagents and conditions: (i) DMF (dimethylformamide), NBS (N-bromosuccinimide), room temperature, 24 h;
(ii) DME (1,2-dimethoxyethane), 2.0 M aqueous Na2CO3, Pd(PPh3)4, 4-(dimethylamino) phenylboronic acid; and (iii) DMF, NaOH, aldehyde derivatives, room temperature, 8 h.
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Figure 1. Emission spectra of probes upon responses with and without Ab aggregates.
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