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Novel D-rn—A—-n—D probes were investigated for the detection of
Ap plaques and NFTs. The probes displayed remarkable optical
properties, and DADNIR-2 possessed high affinity towards Tau
and Ap aggregates (K4 = 0.41 nM and 1.04 nM, respectively) with
certain selectivity. DADNIR-2 could penetrate the BBB and label Ap
plaques in vivo.

Alzheimer’s disease (AD) is a progressive neurodegenerative
disease, which causes cognitive deficits that worsen over
years."” Extracellular B-amyloid (AB) plaques and intraneuronal
neurofibrillary tangles (NFTs) have been both wildly accepted as
important pathological hallmarks of AD.>* According to an
amyloid cascade hypothesis, Ap is an important biomarker for
the early diagnosis of AD and anti-Af drug development because
it appeared in the initial stage and gradually caused the death of
neurons.””’ Intraneuronal NFTs as another biomarker, which is
composed of abnormal hyperphosphorylated Tau aggregates in
neurons, were found to have a more significant correlation with

389 Thus, these two
10-12

the degree of cognitive impairment than Af.
biomarkers have drawn extensive attention recently.

Exquisite sensitivity, high resolution, real time imaging and low-
cost near-infrared fluorescence (NIRF) imaging has been a remark-
able technology in recent years, which allows deep penetration and
avoids auto-fluorescence from bio-tissues.**** However, due to the
strong shielding effect of human cranium, NIR light is hardly
detectable, but for small animals, NIRF imaging is a rapid, simple
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and effective tool for diagnosis and drug screening in animal
models. At the molecular level, the spatial configuration of AB
and Tau proteins shared a common misfolded cross-p structure to
form a hydrophobic cavum, which played a pivotal role in small
ligand recognition."”>'® A hydrophobic groove formed between
Val18 and Phe20 was the prime site when probes interacted with
AR fibrils, and the probes have a propensity to enter the groove
along the fibril axis."” Thus, flat and slim molecules tended to
display high affinity to AB. The reported NIR probes, as exemplified
by CRANAD-2,'® DANIR 2¢,"® DANIR 3b,*° BAP-1*' and YHY2,*
possess favorable affinity to Ap fibrils benefitted from their specific
structures. In the Tau filaments, the core combined two identical
proto-filaments through a cross-f/B-helix structure, which define
the parallel B-sheet structure of aggregation.'> In this context,
recent studies proposed that it is beneficial for NFT selectivity
when the core length of the probes is 13 to 19 A.?* Derived from the
existing AP probes, most of the reported Tau probes were designed
with longer backbone length, including extended benzothiazole
analogs PBBs>® and boron dipyrromethane derivatives TAU 1 and
TAU 2.

At present, most of the NIR probes were based on the D-n-A or
D-n-A-n-D structure, architected by an electron rich donor (D) and
an electron deficient acceptor (A) and bridged by a conjugated n
system. This structure displays an excellent rigid planarity and
capability of electronic transmission, beneficially pushing the emis-
sion wavelength into the NIR region. In consideration of the back-
bone length and planarity, novel probes with a D-n-A-n-D structure
were designed, synthesized and evaluated. These probes were
supposed to meet favorable core length for the selectivity of NFTs
while possessed excellent rigid planar structures to benefit for
optical properties and interaction with the B-sheet structure. Accord-
ing to previous studies, the N,N-dimethylamino group is an ideal
electron-donor, and plays an important role in recognizing the
B-sheet structure. Meanwhile, the low molecular weight and planar
configuration of the dicyano acceptor possessed penetrable blood-
brain barrier (BBB). Previous reports demonstrated that the
improvement of optical properties and the optimization of the
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Scheme 1 Design of the novel D-n—A-n—D probes.

binding ability could be achieved by lengthening the polyenic
chains,'*?*** and it is an efficient method to extend the backbone
length. Herein, the probes with a N,N-dimethylamino donor, a
cyano acceptor and different lengths of polyenic chains as
n-bridges were employed. Besides, a set of compounds with a
methoxy group as the electron-donor moiety were also designed
and evaluated to explore the influence of different functional groups.

The final probes (DADNIR 1-6), illustrated in Scheme 1, were
successfully obtained via typical Knoevenagel condensation from
3-hexenedinitrile and para substituted aldehydes, using minor
modified procedures from the literature.>® After the reaction,
due to poor solubility, the pure products could be easily sepa-
rated from the reaction solution by filtration or recrystallization
in acceptable yields. The para substituted aldehydes 3 and 6 with
an extended t¢rans carbon-carbon double bond were prepared
through the Witting reaction from commercially available trans-
cinnamaldehydes in yields of 39% and 32%, respectively.””

The major sensing mechanism of the D-n-A-n-D structures
could be explained by intramolecular charge transfer (ICT).***°
Benefitted from the conjugated rigid planar structure and conducive
electronic attraction of the cyano group, DADNIRs possessed a
favorable capability of undergoing electronic transmission. The
prominent red shift of wavelengths (Table S1, ESIt) was observed
with an expanded n-bridge, and pushed these probes into the NIR
region in PBS. It should be noticed the emission maxima of
DADNIR-1 with a shorter m-bridge between the donor and the
acceptor (Zem = 650 nm), basically equated with DANIR 2¢ (Zer, =
665 nm) and DANIR 3b (4, = 682 nm) in PBS, which verified that
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the D-n-A-n-D scaffold is better than the D-n-A structure to push
the probes into the NIR region. However, compared with DADNIR
1-3, DADNIR 4-6 displayed a significant reduction of emission
maxima, indicating that the electron-donating ability of the methoxy
group is much weaker than that of the N,N-dimethylamino group.
In addition, large Stokes shifts (70-200 nm) were observed, which
were beneficial for bio-imaging. To address the photo-stability of
DADNIR-2 against bleaching, we measured the photodegradation of
DADNIR-2 with constant illumination over 30 min, as shown in the
Fig. S4 (ESIt), DADNIR-2 displayed weak photobleaching in this
experiment.

Then we tested these DADNIRs upon interaction with an
aggregated recombinant Tau fragment (k18), AP, 4, aggregates
and bovine serum albumin (BSA, as a model of non-specific binding
in blood). As shown in Table 1, except for DADNIR-3 and DADNIR-6
with total seven conjugated double bonds (n = 2), other probes
displayed significant fluorescence enhancement with AB;_4, aggre-
gates (19-93 fold). As for the interaction with Tau aggregates,
DADNIR-2, DADNIR4 and DADNIR-5 exhibited obvious fluores-
cence enhancement, especially DADNIR-2 possessed a strong
increase (48-fold) (Fig. 1A and B and Table 1). Besides, a consider-
able hypsochromic shift of emission maxima was observed upon
interaction with the Ap and Tau aggregates in PBS (33-104 nm), and
there is not much difference between Tau and Af. These phenom-
ena indicate that DADNIRs entered the hydrophobic 16-KLVFFA-21
channel of the AP aggregates and the 306-VQIVYK-311 channel of
the Tau aggregates, causing the destabilization of micro environ-
mental polarity, and this is in accord with the significant solvent
dependency of ICT molecules.”® Meanwhile, hydrophobic inter-
action is considered to be the driving force for binding to the AB
and Tau aggregates, the two phenyl rings in DADNIRs may form n-nt
stacking with the repeated aromatic residues in the hydrophobic
channel, and the dicyano groups in the middle of DADNIRs may
form hydrogen bonding interaction with the tyrosine residues in the
Tau aggregates. For direct comparison, we measured the fluores-
cence enhancement of the reported AP specific probe BAP-1 and
Tau specific probes TAU 1 and TAU 2 under identical conditions.
The fluorescence enhancements of BAP-1 (65-fold) with AB;_4,
aggregates, TAU 1 (9.4-fold) and TAU 2 (4.5-fold) with the Tau

Table 1 The calculated partition coefficient (clogP), core length, emission maxima (lem), Saturation binding constants (Kg4), and the maximum

fluorescence fold increase of DADNIRs, TAU 1, TAU 2 and BAP-1

Jem? (nm) Fold Ky (nM)

Probes clogP* Length” (A) Jem® (Nm) AB Tau AB Tau AB Tau

DADNIR-1 5.04 13.39 650 546 546 93 2 16.89 =+ 0.47 n.d.

DADNIR-2 5.92 17.91 690 642 651 70 48 1.04 =+ 0.03 0.41 £ 0.20
DADNIR-3 6.67 22.47 828 650 650 1 1 n.d. n.d.

DADNIR-4 4.25 13.39 540 470 465 82 2 1.13 + 0.03 n.d.

DADNIR-5 5.55 17.91 610 577 550 19 17 116.56 + 7.14 153.20 + 18.09
DADNIR-6 6.64 22.47 668 600 600 1 1 n.d. n.d.

TAU 1 3.73 13.97 705/ 733 775 16 9, 6.4/ 2.86 + 0.54 324.93 + 75.24
TAU 2 4.32 13.87 6877/ 679 720 83 5,9.3" 1.19 + 0.23 161.10 + 41.72
BAP-1 3.24 11.47 6487¢ 675 675 65 9 30.2? +3.37 189.25 + 31.87

441

“ Calculated using the online ALOGPS 2.1 program. ” Calculated using the SYBYL-X 2.0 program. ® Emission maxima measured in PBS
(10% ethanol).  Emission maxima measured by interaction with protein aggregates in PBS (10% ethanol). ¢ Measured in triplicate with results
given as the mean + SD./ Reference value. £ Measured in CHCl;. n.d., not determined.
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Fig. 1 Excitation spectra (A) and emission spectra (B) of DADNIR-2 (50 nM)
in the presence of proteins (10 pg mL™Y). Saturation binding curve of
DADNIR-2 with AB;_4> aggregates (C) and Tau (k18) aggregates (D).

aggregates were consistent with the reported values. However, a
significant fluorescence enhancement was observed for TAU 1
(16-fold) and TAU 2 (83-fold) upon interaction with AR, 4, aggre-
gates, which indicated that these probes also bind to A fibrils.

Next, in vitro fluorescence saturation binding assay was
conducted to estimate the binding affinities of the probes to
the AP and Tau aggregates quantitatively (Table 1). BAP-1,
TAU 1 and TAU 2 were also measured under the same assay
conditions for comparison. The K4 value of BAP-1 for AB,_4, was
measured to be 30.26 nM (Table 1), which is consistent with the
reported value. While TAU 1 and TAU 2, analogues of BAP-1,
displayed moderate affinities towards the Tau aggregates with
K4 values of 324.93 nM and 161.10 nM, respectively. However,
in agreement with the fluorescence enhancement results,
TAU 1 and TAU 2 displayed remarkable binding affinity to
the AP, 4, aggregates with K4 values of 2.86 nM and 1.19 nM,
respectively, even more significant than BAP-1. In accord with
the fluorescence enhancement results, DADNIR-2 exhibited
high affinities to AB;_4, fibrils (Fig. 1C) and Tau aggregates
(Fig. 1D), with Ky values of 1.04 nM and 0.41 nM, and showed
certain selectivity (2.54) towards Tau over AP. However,
DADNIR-5 with the same core length but a methoxy electron
donor, displayed decreased binding affinity for both aggregates
(116.56 nM and 153.20 nM for AP and Tau proteins, respec-
tively). In addition, DADNIR-1 (K4 = 16.89 nM) and DADNIR-4
(Kq =1.13 nM) displayed high affinity to AB,_,, aggregates while
no apparent interaction with the Tau protein. These results
indeed support the viewpoint that shorter distance is beneficial
for AP binding, and the selectivity (Tau over AB) could be
achieved by extending the molecular length. However, the core
length should be distributed in a suitable range (15-19 A),
which can explain that DADNIR-3 and DADNIR-6 (22.47 A)
displayed very few interactions with the Tau aggregates.

In vitro neuropathological staining was conducted in brain
tissues to evaluate the binding ability and selectivity of these
probes. Numerous fluorescence spots were labeled by DADNIR-2
on the brain section from transgenic (Tg) mice (C57BL6, APPsw/
PSEN1, AD model with AB deposition) (Fig. 2A), while no specific
labeling was found on wild-type (WT) control mice (C57BL6)

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 In vitro fluorescence images of DADNIR-2. (A) Tg mice (C57BLS6,
APPsw/PSEN1, 22 month old, male), 5x. (C) Tg mice (C57BL6, rTg4510, 7
month old, female), 4x. Counter staining using ThS (B, 5x) and AT8 (F, 4x).
The details of Tg mice stained by AT8 (E, 20x) and DADNIR-2 (D, 20x).
(G) AD patient (temporal lobe, 64 year-old, female), 20x. (H) AD patient
(temporal lobe, 91 year-old, male), 20x. () AD patient (entorhinal cortex,
85 year-old, male), 20x. (J) AD patient (hippocampus, 95 year-old, female),
20x. Immunofluorescence imaging of DADNIR-2 (K, 20x) and AT8 (L, 20x)
on the brain section of AD patients. (M) Merged image of K and L, 20x. RFP
and a Txred filter was used for DADNIR-2, and a GFP filter for ThS and AT8.

(Fig. S12A, ESIt). These glaring spots were confirmed to be Af
plaques by Thioflavin S (ThS) staining (Fig. 2B). Compared with
ThS, DADNIR-2 displayed a much higher signal-to-noise ratio
with an almost invisible background. In addition, the circular
fluorescent plaques in Fig. 2G and H illustrated that DADNIR-2
can clearly stain the AP plaques of AD patients. As expected,
many bright spots of Tg mice (C57BL6, rTg4510, Tau model)
(Fig. 2C) were observed, and confirmed by immunofluores-
cence staining (Fig. 2F). In Fig. 21 and J, flame like structures
with a well-defined border revealed that DADNIR-2 distinctly
stained the NFTs on the brain section of AD patients. The
merged image (Fig. 2M, in yellow) of immunofluorescence
showed the co-localization of DADNIR-2 and a p-tau antibody
(ATS8), which demonstrated that the NFTs were specifically
labeled by DADNIR-2. DADNIR-1 (Fig. S13, ESIf), DADNIR-4
(Fig. S15, ESIt) and DADNIR-5 (Fig. S16, ESIt) displayed weak
staining of AP plaques on the AD patients’ brain sections,
and the contrast was unsatisfactory. In addition, DADNIR-3
(Fig. S14, ESIt) and DADNIR-6 (Fig. S17, ESIt) displayed nega-
tive results on the staining sections. In accord with the binding
results, BAP-1, TAU 1 and TAU 2 clearly displayed very positive
AP plaques staining on the AD brain sections (Fig. S18, ESIt).

The cytotoxicity study of DADNIR-2 was performed by MTT
assay using a human neuronal cell line (SH-SY5Y) at different
concentrations. Meanwhile, the phototoxicity test was finished
under the same conditions. As shown in Fig. S19 (ESIf),
DADNIR-2 showed no marked toxicity to the neuronal cell line
at 1 pM. To evaluate the ability to penetrate the BBB of DADNIR-2,
we tested this parameter using the HPLC based method on
normal ICR mice.”” The brain samples were treated by the
procedures reported previously, and were analyzed by HPLC.
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Fig. 3 Ex vivo fluorescence images of (A) Tg mouse (C57BL6, APPsw/
PSEN1, 24-month old, male), and (D) WT mouse (C57BL6, 24-month old,
male) of DADNIR-2 using a TexasRed filter, 10x. (B and E) Counterstained
by ThS using a GFP filter, 10x. (C and F) The merged images showing the
co-localization of DADNIR-2 and ThS, 10x.

The BBB penetrability for DADNIR-2 at 2 min was calculated to be
2.14 £+ 0.12% ID per g, which is in a moderate level, and the HPLC
profile demonstrated that DADNIR-2 was biologically stable in the
brain. In addition, the ex vivo biodistribution was implemented in
ICR mice of different time points. As shown in Fig. S20 (ESIt), the
probes possessed a moderate BBB penetrability and cleared quickly
from the brain in normal mice. However, the scalp had a strong
auto-fluorescence, and the fluorescence of the brain was shielded.
In addition, DADNIR-2 was mainly accumulated in the liver and
metabolized through the kidneys (Fig. S20C, ESIY).

In order to further verify the potential use of DADNIR-2 in vivo,
ex vivo fluorescence staining was performed on a Tg mouse and an
age-matched WT mouse. As shown in Fig. 3A, DADNIR-2 specifically
labeled AB plaques in the brain of the Tg mouse. Compared with
the control mouse (Fig. 3D), there were many bright spots on the
sections of the Tg mouse, and the stained AP plaques were
confirmed by ThS (Fig. 3B). The merged image (Fig. 3C) showed
the co-localization of DADNIR-2 and ThS in white patches. The
ex vivo fluorescence staining demonstrated that DADNIR-2 pene-
trates the BBB and is specifically bound to AB plaques in the brain.

In summatry, two sets of fluorescent probes with a D-t-A-n-D
structure were designed, synthesized and evaluated as NIRF imaging
probes for the detection of AD biomarkers. The emission maxima of
these probes were dominated by the length of a conjugated m system
and the electron donating ability of substituents. And the selectivity
for NFTs could be achieved by controlling the backbone length of the
probes. Among these probes, DADNIR-2 displayed high binding
affinity toward Tau and AP aggregates as well as certain selectivity
for Tau proteins. As expected, DADNIR-2 clearly stained NFTs on the
brain sections of Tg mice and AD patients, and the result was verified
by immunofluorescence counterstaining. Besides, A plaques in AD
patients and Tg mice were also efficiently stained by DADNIR-2, and
displayed a high signal-to-noise ratio. In addition, DADNIR-2 pos-
sessed favorable photostability and phototoxicity. Finally, the BBB
penetrability of DADNIR-2 in normal mice was at a moderate level of
2.14% ID per g, meanwhile the specific labeling of AB plaques was
also confirmed by ex vivo fluorescence staining. Thus DADNIR-2 may
serve as a potential NIRF probe for the detection of biomarkers in AD.
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