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A new array of near-infrared probes containing barbituric acid
acceptors has been developed as A8 imaging agents. These probes
displayed long-emission wavelengths and large stokes shifts, as
well as a high affinity for A8 aggregates. In vivo and ex vivo studies
demonstrated that BBTOM-3 could intensely label A8 plaques in
the brains of transgenic mice.

Alzheimer’s disease (AD) is a neurodegenerative and lethal disorder
that leads to memory impairments and cognitive defects. Amyloid
cascade hypothesis is accepted as the main nosogenesis of AD,
which suggests that A8 deposits in the brain is a good biomarker for
diagnosis of AD." However, early non-invasive detection in vivo still
presents a challenge. To address this problem, different imaging
techniques, such as single-photon emission-computed tomography
(SPECT)S’ 6, positron emission computed tomography (PET)7,
magnetic resonance imaging (MRI)8 and optical imaging9 have been
employed for this purpose.

In addition to such radiation-based imaging techniques as PET and
SPECT, optical imaging is one of the most attractive imaging
modalities in research and clinical practice that possesses the
advantages of ease of operation, rapid detection and prevention of
exposure to radiation. To obtain an acceptable penetration depth
and avoid the auto-fluorescence of biological matter, long-
using near-infrared (NIR)
1011 The probes in the NIR
spectral range targeting AB deposits in the brain have been
exploited including AOI-987, NIAD-4", CRANAD-2" and THK-
265", As the first optimal NIR fluorescent probe targeting A8
aggregates, the charged oxazine derivative AOI-987 has some
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“Key Laboratory of Radiopharmaceuticals, Ministry of Education, College of
Chemistry, Beijing Normal University, Beijing 100875, P.R. China. E-mail:
cmc@bnu.edu.cn.

>Wuhan Institute for Neuroscience and Neuroengineering, South-Central University
for Nationalities, Wuhan 430074, P. R. China.

T Electronic Supplementary Information (ESI) available: [Experimental details,

absorption and fluorescence spectra, 1H-NMR, 13C—NMR, MS and HRMS spectra

were included here]. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

Kaixiang Zhou,” Hualong Fu,’ Liang Feng,® Mengchao Cui, * Jiapei Dai” and Boli Liu®

moderate affinity. The emission maximum of the highly polarizable
bithiophene derivative NIAD-4 is not in the NIR range. The
difluoroboronate curcumin derivative CRANAD-2 is restricted by a
slow clearance rate from the normal brain. THK-265, containing two
thiobarbituric acid acceptors, has moderate affinity for A8
aggregates, narrow Stokes shift and poor BBB penetration, which

limits its further application in NIR imaging.

Recently, our group reported a series of smart A8 probes for NIR
imaging based on the pull-push architecture with electron donating
and withdrawing moieties bridged by the m-conjugated system
consisting of polyenic chains. Several electron acceptors such as
malononitrile, Meldrum’s acid, dimedone, methyl cyanoacetate and
dimethyl malonate were applied to our NIR probes (Fig 1). Among
them, DANIR-2c and MCAAD-3 with coplanar geometries displayed
sufficient affinity and excellent in vivo NIR imaging,le’ 7 while the
probes containing nonplanar acceptors (MAAD-3 and DMDAD-3)
displayed decreased binding affinity and poor brain uptake. We
reasonably believed that the coplanar geometry of a probe is crucial
for A8 binding. In addition to this, the emission maximum of these
probes upon binding to A8 plaques is under 650 nm which is not
within the “window” (650 - 900 nm). Hence, we employed the
planar barbituric acid moieties as stronger acceptors to obtain a
greater affinity and longer emission wavelength.18 Herein, we
reported the synthesis and biological evaluation of novel near-
infrared probes with barbituric acid acceptors for the detection of
AB plaques in the brains exhibiting AD.
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Fig. 1 Smart A8 probes for NIR imaging based on the pull-push architecture
with different acceptors.
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Scheme. 1 General synthetic routes of the NIR probes. (a) piperidine or
K,CO3 as base, EtOH or DMF as solvent, r.t.

As shown in Scheme 1. The final NIR probes were prepared by
Knoevenagel condensation from the appropriate aldehydes and
barbituric acid derivatives as crystals with high yield and high purity
(>95%, Fig S1). At first, the photophysical properties of the probes,
including absorption and emission spectra in different solvents,
extinction coefficients and quantum yield were determined. As
shown in Table 1 and Table S1-2 (ESIt), lengthening the polyenic
chains leads to an obvious redshift of the emission maxima and
apparent solvatochromism with increasing solvent polarity. The
emission maxima of probes with longer polyenic chains (n > 3) were
successfully pushed into the NIR “window” in PBS (721 - 829 nm). In
addition, these probes showed perfect Stokes shift (37 - 182 nm)
which is favorable for in vivo NIR imaging.

Table 1 Selected spectroscopic and binding data for the synthesized NIRFs.

Probes K (0M)* @/%" Aema (NM)° Aemz (M) Aems (nm)? Fold®
BBTOM-1 - 0.08 522 550 - -
BBTOM-2  119.9%22.3 4.64 598 630 606 3.2

+
BBTOM-3 2133.-97 i—;‘jf 781 691 729 663; 112.-3,
BBTOM-4 28.8+9.3 1.64 788 823 793 8.6
BBTOM-5 21.3+6.3 0.26 822 829 822 2.3

BBTO-1 333.1+38.7 0.05 518 502 - -

BBTO-2 165.2+23.1 5.71 602 627 - -

BBTO-3 22.1+5.6 8.16 696 720 693 12.0

BBTS-1 - 0.79 546 502 - -

BBTS-2 121.0+16.7 5.93 632 649 - -

BBTS-3 14.7 £8.4 6.77 727 727 691 7.8

“Measured in triplicate with results given as the mean + SD. ®The emission
maxima measured in dichloromethane. “The emission maxima measured in
PBS. ? The emission maxima measured in PBS upon binding to ABi4,
aggregates. “The fold increase in the fluorescence intensity upon binding to
AB1.4, aggregates. f Upon binding to AB1.40 aggregates.

To enhance the specific fluorescence signals, an ideal NIR A8 probe
should intensely change its fluorescent properties upon interacting
with A8 plaques, while having weak interaction with serum
albumin. As shown in Fig 2, Fig S8-9 (ESIt) and Table 1, probes with
longer polyenic chains (n =
intensity increase (8- to 15-fold) and significant hypsochromic shift

3) showed apparent fluorescence

(30 - 50 nm) in the presence of AB,,, aggregates or A8
aggregates, which could be explained by the fact that these probes
may be inserted into the hydrophobic pocket of A8 aggregates with
high affinityB’ 3 However, very weak fluorescence changes were
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observed in the presence of bovine serum albumin (BSA) and A8
monomers. It should be noted that upon binding to A8y,
aggregates, the emission wavelength of BBTOM-3, BBTO-3 and
BBTS-3 still fell in the NIR range (> 690 nm).
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Fig. 2 The fluorescence spectra of the BBTOM-3 in PBS and in the presence
of AB aggregates, AB monomers and BSA.
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Fig. 3 Neuropathological staining with BBTOM-3 on brain slices from Tg
mouse (C57BL6, APPswe/PSEN1, 12-months old, male) (A), the adjacent
brain section was stained by Th-S (B). Fluorescence staining were also
performed on brain tissues from AD patients (91-year old, male, temporal
lobe) (C), (68-year old, female, temporal lobe) (D), (64-year old, female,
temporal lobe) (E) and (70-year old, male, temporal lobe) (F). Arrow head
indicate neurofibrillary tangles, magnification: 10x.

then
performed on brain slices from an APPswe/PSEN1 transgenic (Tg)
mouse and AD patients (n = 4) to confirm the specific binding of

In vitro neuropathological fluorescence staining was

these NIR probes to A8 plaques. As shown in Fig 3 and Fig S10-12
(ESIT), distinctive staining of AB plaques was observed for all
probes, and the results were in accordance with the staining of
adjacent brain sections stained by Thioflavin-S (Th-S). As was
anticipated, no obvious staining was observed on the brain slices

This journal is © The Royal Society of Chemistry 20xx
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from the wild-type (WT) mouse or the healthy human (Fig S13-15 in
the ESIt). Interestingly, similar to DANIR-2¢c, BBTOM-3 could also
stain neurofibrillary tangles on the brain tissue of AD patients (Fig
3C, arrow head). The staining results indicate that these probes
have specific binding to A8 plaques. Next, competitive binding
assays were performed to quantitatively evaluate the binding
affinity of these probes to AB,.,, aggregates, [**11IMPY was used as
the radioligandlg. These probes inhibited the binding of [125I]IMPY in
a dose-dependent manner (Fig S16 in the ESIT), indicating that both
the probe and [125I]IMPY may share the same binding site on A8
aggregates. As shown in Table 1, the binding affinity of these probes
gradually increased with the extension of the polyenic chains. These
results were consistent with the NIR probes containing other
electron acceptors reported by our group, which imply that a
certain length of conjugate structure is important for fitting into the
binding pocket. Among them, BBTOM-3 displayed the highest
binding affinity (K;= 13.7 nM for A8,.,, aggregates and K;= 23.9 nM
for AB,.4y aggregates), which was higher than that of DANIR-2c (K;=
36.9 nM)" and MCAAD-3 (K;= 106 nM) and much higher than that
of MAAD-3 (K, = 354.3 nM) and DMDAD-3 (K, = 645.2 nM)™
containing nonplanar acceptors. This result indicates that the planar
barbituric acid acceptor makes a significant contribution to the
binding affinity. Due to its high binding affinity and appropriate
emission wavelength upon binding to A8 aggregates, BBTOM-3 was
selected for further evaluations.
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Fig. 4 In vivo NIR brain imaging of Tg and WT mice at different time
points before and after i.v. injection of BBTOM-3. Brain kinetic curves
of BBTOM-3 (left Y axis) and the values of F(Tg)/F(WT) at selected time
points (right Y axis).

To test the blood-brain barrier (BBB) permeability of the probe,
BBTOM-3 was intravenously (i.v.) injected into ICR mice, and the
concentration of probe in the brain homogenate was analyzed by
HPLC. Compared with THK-265 (0.04%ID/g at 2
post—injection)”, BBTOM-3 displayed approximately 20-fold higher

min
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brain uptake (0.83%ID/g at 2 min post-injection). To further assess
the potential of BBTOM-3 as an NIR probe for in vivo detection of
AB plaques, in vivo NIR imaging was performed in Tg and age-
matched WT mice (n = 3). As shown in Fig 4, higher fluorescent
signals were observed in the brains of the Tg group than in the WT
group at later time points after i.v. injection of BBTOM-3.
Subsequently ex vivo histology was conducted after in vivo imaging
to confirm the binding of BBTOM-3 to A8 plaques. A higher number
of A8 plaques in the cortex, hippocampus (Fig 5A) and cerebellum
regions (Fig 5C) of the brain sections from the Tg mouse were
observed and the presence of plaques was confirmed by co-staining
with Th-S (Fig 5B, D), while the WT mouse brain showed very weak
fluorescence signals (Fig S18 in the ESIt). Although the brain uptake
of BBTOM-3 is approximately 10 times lower than the most useful
PET amyloid probes, it could still enter the brain of Tg mice at a
sufficient level and selectively label the A8 plaques.

Fig. 5 Ex vivo histology observation of brain slices from a Tg mouse (C57BLS6,
APPsw/PSEN1, 12 months old, male) after intravenous administration of
BBTOM-3. (A, in the cortex and hippocampus region, C, in the cerebellum
region). The AB deposits were confirmed by staining with Th-S (B and D).

In summary, we successfully synthesized and evaluated an array of
novel NIR A8 plaque-specific fluorescence probes with planar
barbituric acid as the acceptor. One of the probes, BBTOM-3 was
stable towards photochemical isomerization and displayed
excellent fluorescence properties and binding affinity upon binding
to AB,.4, aggregates. Furthermore, after i.v. injection of BBTOM-3, a
significant difference in the clearance profiles was observed
between Tg and WT mice, and the specific plaque binding was
further confirmed by ex vivo histology. From these results, we can
conclude that BBTOM-3 is a novel promising NIR probe for the
detection of A8 deposition in the brain, even though further
improvement should be implemented to enhance the BBB
penetrating ability.
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