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Distinct aggregated proteins are correlated with numerous
neurodegenerative diseases and the development of ligands
that selectively detect these pathological hallmarks is vital.
Recently, the synthesis of thiophene-based optical ligands,
denoted bi-thiophene-vinyl-benzothiazoles (bTVBTs), that could
be utilized for selective assignment of tau pathology in brain
tissue with Alzheimer's disease (AD) pathology, was reported.
Herein, we investigate the ability of these ligands to selectively
distinguish tau deposits from aggregated amyloid-β (Aβ), the
second AD associated pathological hallmark, when replacing
the terminal thiophene moiety with other heterocyclic motifs.

The selectivity for tau pathology was reduced when introducing
specific heterocyclic motifs, verifying that specific molecular
interactions between the ligands and the aggregates are
necessary for selective detection of tau deposits. In addition,
ligands having certain heterocyclic moieties attached to the
central thiophene-vinylene building block displayed selectivity
to aggregated Aβ pathology. Our findings provide chemical
insights for the development of ligands that can distinguish
between aggregated proteinaceous species consisting of differ-
ent proteins and might also aid in creating novel agents for
clinical imaging of tau pathology in AD.

Introduction

Propagation and spread of pathogenic protein aggregates are
the pathological hallmarks of a wide range of proteopathic
neurodegenerative diseases,[1–4] including Alzheimer's disease
(AD), and a variety of small ligands, such as derivatives of
Congo red and thioflavins, that are selective for protein
aggregates having an extensive repetitive cross β-pleated sheet
conformation have been developed.[5–19] In AD, the proteina-
ceous deposits are composed of the amyloid-β (Aβ) peptide or
the tau protein, and molecular scaffolds enabling visualization
of these deposits by positron emission tomography (PET)

imaging have been utilized for clinical diagnosis of AD.[20–33]

However, different morphotypes of Aβ and tau aggregates have
been reported[34–43] and the existence of distinct aggregate
morphotypes has been suggested to explain the heterogeneous
phenotype reported for AD.[44–47] In addition, distinct folds of tau
filaments from specific tauopathies, as well as distinct aggre-
gated Aβ folds have also been revealed by cryo electron
microscopy.[48–55] Hence, a variety of ligands might be necessary
to achieve an accurate assessment of the diversity of patho-
logical protein deposits present in proteopathic neurodegener-
ative diseases.

Luminescent conjugated oligothiophenes (LCOs) have been
utilized for fluorescence imaging of protein aggregates, and in
comparison to conventional ligands, LCOs have been shown to
detect a wider range of disease-associated protein
aggregates.[56–59] In addition, LCOs having distinct chemical
compositions can also be utilized for spectral assessment of
different protein aggregates, such as Aβ or tau deposits in
AD.[56,60–65] Lately, thiophene-based ligands selective for Aβ
deposits or tau aggregates have also been identified.[66,67] The
latter was achieved by using a previously reported tau specific
ligand, PBB3,[29] as a template for generating a new class of
ligands denoted bi-thiophene-vinyl-benzothiazolium, bTVBTs
(Figure 1A).[66] Moreover, subtle changes in the chemical
composition of the bTVBTs were shown to reduce or eliminate
their capacity for selective identification of tau deposits.

Herein, we have continued to explore the necessity for
certain chemical determinants for achieving thiophene-based
tau specific ligands based on the bTVBT scaffold. When
replacing the terminal thiophene moiety with distinct hetero-
cyclic motifs, some ligands stained both Aβ and tau aggregates
in human brain tissue sections with AD pathology, whereas
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other ligands maintained their selectivity for tau deposits. In
addition, when replacing both the terminal thiophene moiety,
as well as the terminal benzothiazolium moiety, ligands that
displayed selectivity towards aggregated Aβ pathology were
afforded. Hence, the selectivity towards Aβ and tau aggregates
could be switched by chemical reprograming of the ligands. We
foresee that our findings will aid in developing ligands that
selectively detect specific aggregated proteinaceous species

consisting of different proteins and for designing novel agents
for clinical imaging of tau pathology in AD.

Figure 1. Chemical structure and photophysical properties of thiophene-vinyl-benzothiazole (TVBT) based ligands. A) General chemical structure of previously
reported bi-thiophene-vinyl-benzothiazoles (bTVBTs) ligands selective for tau pathology in human AD brain tissue sections. B) General chemical structure for
the design of novel TVBT based ligands. C� L) Chemical structure, absorption- and emission spectra of distinct TVBT based ligands. The absorption- and
emission spectra were recorded for 30 μM ligand in phosphate buffered saline (PBS, 10 mM phosphate, 140 mM NaCl, 2.7 mM KCl, pH 7.4).
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Results and Discussion

Synthesis and optical characterization of thiophene-vinyl-
benzothiazolium (TVBT) based ligands

As a starting molecule, we used the previously reported bTVBT
scaffold[66] (Figure 1A). By replacing the terminal thiophene
moiety of this molecular scaffold with other heterocyclic motifs,
including methyl pyridine-3-carboxylate, 1,2-dimeth-
oxybenzene, methyl selenophene-2-carboxylate, 2,1,3-benzo-
thiadiazole, 1,3-benzothiazole, 1,3-benzodioxole, 3-methyl-1H-
indazole and 1H-pyrrolo[2,3-c]pyridine, or a methyl ester, a
small library of thiophene-vinyl-benzothiazolium (TVBT) based
ligands was achieved (Figure 1B–L). Firstly, a selection of
dimeric building blocks was generated by Suzuki–Miyaura
cross-coupling reactions (compounds 2a–2g) or N-arylation
with slight modifications of the Buchwald method (compounds
2 i–2 j) (Scheme 1). Secondly, the TVBT ligands were assembled

by a condensation reaction of 3-ethyl-2-methylbenzothiazolium
iodide and the respective dimeric building blocks or the
thiophene monomer 2h (Scheme 1), rendering ten TVBT based
ligands, denoted HS-273 (Figure 1C), HS-205 (Figure 1D), HS-253
(Figure 1E), HS-212 (Figure 1F), HS-207 (Figure 1G), HS-258 (Fig-
ure 1H), HS-259 (Figure 1I), HS-208 (Figure 1J), HS-332 (Fig-
ure 1K) and HS-336 (Figure 1L), respectively. All the ligands
were isolated as the E-isomer.

When dissolved in DMSO (3 mM ligand) and further diluted
in phosphate buffered saline (PBS, 10 mM phosphate, 140 mM
NaCl, 2.7 mM KCl, pH 7.4) to a final concentration of 30 μM, all
ligands displayed dominant absorption maxima between
395 nm to 465 nm (Figure 1). In addition, an additional
maximum (around 300 nm) was observed for all ligands except
HS-273 (Figure 1C) and HS-253 (Figure 1E). This absorption in
the UV-region was most pronounced for HS-212 (Figure 1F). The
ligands also showed distinct emission characteristics ranging
from 550 nm to 800 nm (Figure 1). HS-273 (Figure 1C) exhibited

Scheme 1. Synthesis of thiophene-vinyl-benzothiazolium based ligands. Top: General procedures for Suzuki-Miyaura coupling to generate compounds 2a–2g
(left) and N-arylation to generate compounds 2 i and 2 j (right). Middle: Chemical structures of the dimer building blocks that were generated by the Suzuki-
Miyaura coupling or the N-arylation reactions, as well as the thiophene monomer 2h. Bottom: General procedure for the synthesis of thiophene-vinyl-
benzothiazolium based ligands from the building blocks 2a–2 j through condensation reaction.
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the most blue-shifted emission maximum, 500 nm, whereas HS-
205 (Figure 1D) and HS-258 (Figure 1H) presented emission
maxima around 700 nm. Overall, the optical characterization
verified that each structural modification rendered distinct
photophysical characteristics for the respective ligand.

Staining of human AD brain tissue sections with TVBTs

To test the novel ligands’ selectivity for AD tau pathology, the
ligands were applied on human AD brain tissue sections. When
using 100 nM ligand in PBS, the ligands could be divided into
two groups according to the observed staining patterns. The
first group of ligands, HS-208, HS-258, HS-259 and HS-336,
displayed staining of both Aβ deposits, such as cerebral amyloid
angiopathy (CAA) lesions and Aβ cored plaques, and tau
aggregates, such as neurofibrillary tangles (NFTs), neuropil
threads and dystrophic neurites (Figure 2). In addition, all these
TVBTs showed distinct emission profiles when bound to Aβ or
tau deposits, respectively. Overall, the emission spectrum was
blue-shifted for the respective ligand bound to Aβ aggregates,
and the largest spectral shift was observed for HS-258, λmax

(Aβ)=574 nm and λmax (tau)=601 nm, and HS-259, λmax (Aβ)=
619 nm and λmax (tau)=645 nm (Figure 2). Thus, by replacing
the terminal thiophene moiety of bTVBTs with 1,3-benzodioxole
(HS-208), 1,3-benzothiazole (HS-258), 1,2-dimethoxybenzene
(HS-259) or 3-methyl-1H-indazole (HS-336), ligands that lacked
selectivity for AD tau pathology was afforded. However, all
these ligands could be applied for spectral assignment of
aggregated Aβ or tau pathology since these ligands displayed
different emission profiles when bound to the respective
aggregated species. The staining of aggregated Aβ pathologies
was also confirmed by co-staining with the previously reported
LCOs,[63] HS-84 and HS-169, as well as immunohistochemistry
(6E10 antibody) (Supporting Information (SI), Figure S1–S4). HS-
208, HS-258, HS-259 and HS-336 stained the majority of LCO
and 6E10 positive CAA lesions (SI, Figure S1 and S2), whereas
only a subset of LCO and 6E10 positive Aβ cored and diffuse
plaques was stained by these TVBTs (SI, Figure S3 and S4).
Hence, the staining of some aggregated Aβ species that were
identified by immunohistochemistry, as well as the LCOs HS-84
and HS-169, was lacking for this group of TVBTs ligands.

Similar to the previously reported bTVBTs,[66] the second
group of ligands HS-205, HS-207, HS-212, HS-253, HS-273 and

Figure 2. Spectral images and emission spectra of human AD brain tissue sections stained with HS-208, HS-258, HS-259 and HS-336. Images showing staining
of different aggregated Aβ (white arrows) and tau (white arrowheads) pathologies (including cerebral amyloid angiopathy (CAA), Aβ cored plaques,
neurofibrillary tangles (NFTs), neuropil threads and dystrophic neurites). Autofluorescent lipofuscin granules are highlighted by green arrowheads. The
staining was performed with 100 nM ligand in PBS. The spectral images and emission spectra were recorded with excitation at 561 nm (HS-208), 514 nm (HS-
258 and HS-259) and 535 nm (HS-336). Scale bars represent 20 μm.

Wiley VCH Montag, 30.10.2023

2341 / 322015 [S. 73/83] 1

Eur. J. Org. Chem. 2023, 26, e202300583 (4 of 14) © 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejoc.202300583

 10990690, 2023, 41, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202300583 by L
inkoping U

niversitet, W
iley O

nline L
ibrary on [14/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



HS-332 showed selective staining of tau pathology in human
AD brain tissue sections (Figure 3). The aggregated tau
pathologies, such as NFTs, neuropil threads and dystrophic
neurites, were clearly observed due to bright fluorescence from
the ligands, whereas staining of aggregated Aβ pathologies,
CAA, cored and diffuse Aβ plaques, was lacking. Hence,
removing (HS-273) or replacing the terminal thiophene moiety
of bTVBTs, with 2,1,3-benzothiadiazole (HS-205 and HS-212),
methyl pyridine-3-carboxylate (HS-207), methyl selenophene-2-

carboxylate (HS-253) or 1H-pyrrolo[2,3- c]pyridine (HS-332), did
not influence the ligands’ selectivity for aggregated AD tau.

When comparing some fundamental chemical and physical
characteristics of the terminal heterocyclic ring with the ligands’
selectivity towards aggregated tau pathologies, certain relation-
ships could be identified. HS-253, which has a similar terminal
5-membered ring as bTVBT2, also displayed selectivity towards
tau aggregates. In addition, these 5-membered rings, methyl
thiophene-2-carboxylate (bTVBT2) and methyl selenophene-2-

Figure 3. Spectral images and emission spectra of human AD brain tissue sections stained with HS-205, HS-207, HS-212, HS-253, HS-273 and HS-332. Images
showing staining of different aggregated tau pathologies (white arrowheads), including neurofibrillary tangles (NFTs), dystrophic neurites and neuropil
threads. Autofluorescent lipofuscin granules and cerebral amyloid angiopathy (CAA) lesions are highlighted by green arrowheads and green arrows,
respectively. The staining was performed with 100 nM ligand in PBS. The spectral images and emission spectra were recorded with excitation at 530 nm (HS-
205), 514 nm (HS-207), 520 nm (HS-212), 561 nm (HS-253) and 535 nm (HS-273 and HS-332), Scale bars represent 20 μm.
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carboxylate (HS-253), have calculated logP values below 2: 1.80
+ /� 0.24 and 1.47+ /� 0.82, respectively (SI, Table S1). In
contrast, ligands having terminal 6-membered rings, HS-207
and HS-259, showed a variation in selectivity towards tau
deposits. HS-207, with the nitrogen containing heterocyclic
moiety, was selective for aggregated tau pathologies, whereas
HS-259, with the benzene moiety lacking nitrogen showed
staining of both Aβ and tau aggregates. Thus, a terminal
nitrogen containing 6-membered ring seems to be preferable
for achieving selectivity towards tau aggregates, and a similar
observation has also been observed for the tau PET tracer PI-
2620 as there was a strong impact of the N-atom position in the
tricyclic core on tau-binding.[68,69] Likewise, the structure of
several other reported tau selective PET-tracers also includes
nitrogen containing heterocyclic moieties.[29–33] Methyl pyridine-
3-carboxylate (HS-207) also displays a lower calculated logP
value, 0.88+ /� 0.22, than 1,2-dimethoxybenzene (HS-259), log
P 1.96+ /� 0.23 (SI, Table S1), and a similar trend was also
observed for the ligands with fused 5- and 6-membered rings
(HS-205, HS-208, HS-212, HS-258, HS-332 and HS-336), since the
terminal heterocyclic moiety of the tau selectivity ligands
showed lower calculated logP values compared to the terminal
heterocyclic moiety of the ligands displaying staining of both
Aβ and tau aggregates (SI, Table S1).

Synthesis and characterization of thiophene-vinyl (TV) based
ligands

As the chemical nature of the terminal heterocyclic moiety of
the TVBTs had a major impact on the ligands’ selectivity
towards aggregated tau pathology, we next replaced the
benzothiazolium moiety of HS-332 and HS-336 with two other
heterocyclic moieties, benzothiazole and quinoxaline. HS-332
and HS-336 were selected since these ligands have a similar
chemical composition and showed differential staining of Aβ
and tau deposits (Figures 2 and 3). The thiophene-vinyl (TV)
based ligands, HS-335 and HS-338, were afforded by N-arylation
with slight modifications of the Buchwald method of the
respective compound, 7 and 8, to the previously reported
compound 9.[66] Likewise, monomers 7 and 8 were coupled by
the same arylation reaction to compound 6, which was
generated by a condensation reaction of 2-methylquinoxaline
and compound 3, rendering the ligands HS-334 and HS-337
(Scheme 2). When dissolved in DMSO (3 mM ligand) and further
diluted in PBS to a final concentration of 30 μM, HS-334, HS-335
and HS-338 showed absorption maxima around 400 nm, where-
as HS-337 presented a red-shifted maximum at 430 nm (Fig-
ure 4A). Upon excitation at the respective absorption maxima,
HS-334 and HS-337 showed emission profiles with maxima at
580 nm or 600 nm, respectively, whereas blue-shifted emission
spectra were observed for HS-335 (λmax=548 nm) and HS-338
(λmax=558 nm).

When the TV-based ligands, diluted to 100 nM in PBS, were
applied for histological staining of human AD brain tissue, all

Scheme 2. Synthesis of thiophene-vinyl based ligands. Top: Synthesis of compound 6. Middle: General procedure for N-arylation to generate ligands HS-334
and HS-337. Bottom: General procedure for N-arylation to generate ligands HS-335 and HS-338.
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ligands displayed bright emission from aggregated Aβ deposits,
such as CAA lesions, cored and diffuse Aβ deposits, whereas
only weak or no fluorescence was observed from aggregated
tau pathology (Figure 4B). Ligands having the benzothiazolium

moiety replaced with benzothiazole, HS-335 and HS-338,
showed bright emission with a maximum around 505 nm when
bound to CAA lesions and the emission maxima for the ligands
bound to cored and diffuse Aβ plaques were slightly blue-

Figure 4. Characterization of the thiophene-vinyl (TV) based ligands HS-334, HS-335, HS-337 and HS-338. A) Chemical structures and photophysical
characteristics of HS-334, HS-335, HS-337 and HS-338. The absorption- and emission spectra were recorded for 30 μM ligand in PBS. B) Images and spectra
showing staining of different aggregated Aβ pathologies, including cerebral amyloid angiopathy (CAA) lesions (red arrows), cored (green arrows) and diffuse
(blue arrows) Aβ plaques, The staining was performed with 100 nM ligand in PBS. The spectral images and emission spectra were recorded with excitation at
405 nm for all ligands. Scale bar represents 20 μm.
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shifted, and a shoulder could also be observed at shorter
wavelengths (470 nm) (Figure 4B). Likewise, the ligands, HS-334
and HS-337, having the benzothiazolium moiety replaced with
quinoxaline, displayed intense fluorescence with an emission
maximum around 495 nm when bound to cored and diffuse
aggregated Aβ species, while stained CAA lesions displayed
slightly red-shifted emission maxima (510 nm) (Figure 4B). In
addition, all TV-based ligands stained the vast majority of
immunopositive aggregates when co-stained with the 6E10
antibody (SI Figure S5). Hence, in contrast to the first group of
TVBTs, HS-208, HS-258, HS-259 and HS-336 (SI, Figure S1–S4),
the TV-based ligands almost perfectly overlapped with the
antibody staining. In fact, in addition to the staining of CAA,
cored and diffuse aggregated Aβ species (Figure 4), small
granular and fibrillar immunopositive aggregated Aβ deposits
in the white matter could also be detected by intense
fluorescence from HS-334 and HS-335 (SI, Figure S6). In contrast,
the 3-methyl-1H-indazole containing analogues, HS-337 and
HS-338, displayed weak or very faint fluorescence bound to
these small, aggregated Aβ species in the white matter
(Figure S6). The sparse or absent staining of tau deposits was
also confirmed with immunohistochemistry (SI, Figure S7).
Hence, in contrast to the corresponding benzothiazolium
containing analogues, HS-332 and HS-336, the TV-based ligands
having benzothiazolium replaced by benzothiazole or quinoxa-
line displayed a selectivity towards aggregated Aβ pathologies
in human AD brain tissue sections, suggesting that removal of
the positively charged group, the benzothiazolium moiety,
converts a tau selective ligand to a ligand selective for Aβ
aggregates. However, in an earlier study,[66] the uncharged
analogue to bTVBT2, denoted bTVBT1, having the benzothiazo-
lium moiety replaced with benzothiazole, also displayed
selectivity towards aggregated tau pathologies. Thus, a molec-
ular interplay between the two heterocyclic moieties linked to
the TV molecular scaffold seems to determine the ligand's
selectivity for Aβ or tau aggregates in human AD brain tissue
sections. To address this matter further, an analogue to bTVBT1
and bTVBT2, having the benzothiazolium/benthiazole replaced
by a quinoxaline (Figure 5A) was synthesized. This ligand, HS-
339, was afforded through Suzuki-Miyaura cross-coupling
reaction between compound 6 and 5-meth-
oxycarbonylthiophene-2-boronic acid (Scheme 3). In compari-
son to the two other quinoxaline-based ligands, HS-334 and
HS-337, HS-339 displayed a blue-shifted absorption with a
maximum around 360 nm and a slightly red-shifted emission
(λmax=610 nm) when diluted in PBS (Figure 5B). When applied

for histological staining of human AD brain tissue, HS-339
(100 nM in PBS) showed staining of both aggregated Aβ and
tau pathologies (Figure 5C–D). The typical Aβ pathologies; CAA
lesions, cored and diffuse Aβ plaques, were readily identified by
distinct fluorescence from HS-339. Stained CAA lesions dis-
played an emission maximum at 495 nm, whereas the emission
maxima for HS-339 bound to cored and diffuse Aβ plaques
were slightly blue-shifted (λmax=475 nm) and a second maxima
around 510 nm could also be observed (Figure 5C). Hence, HS-
339 most likely binds in different fashion to these aggregated
Aβ species. The ligand also stained typical aggregated tau
pathologies, such as NFTs, dystrophic neurites and neuropil
threads (Figure 5D), and when bound to these aggregated
species, fluorescence with an emission maximum around
505 nm was detected (Figure 5C). Thus, like the first group of
ligands described above (Figure 2), HS-339 showed distinct
emission profiles when bound to Aβ or tau deposits.

Binding modes of HS-332, HS-334and HS-335

To verify the differential staining of aggregated Aβ and tau
pathologies with HS-332 (Figure 3), HS-334 and HS-335 (Fig-
ure 4), a dual staining protocol combining these ligands was
employed on human AD brain tissue sections. When analyzing
sections concurrently stained with 100 nM of HS-332 and
100 nM of HS-334 or HS-335 in PBS, bright blue fluorescence
corresponding to HS-334 or HS-335 was observed from Aβ
aggregates, whereas aggregated tau pathology displayed
characteristic red emission related to HS-332 (Figure 6A). Hence,
with a combination of chemically related ligands, a dual
staining protocol allowing distinct optical assignment of
aggregated Aβ and tau pathologies was afforded.

To gain some microscopic understanding of the ligand-
protein interactions underlying the observed images, unbiased
molecular dynamics (MD) simulations were performed. These
simulations rests on our previous work carried out for ligands p-
FTAA[70,71] and bTVBT4[72] where periodic models of single Aβ
and tau fibrils were developed. In the present work, we selected
ligand HS-332 based on the TVBT scaffold and ligands HS-334
and HS-335 based on the TV scaffold due to their sharing of the
pyrrolopyridine moiety and thus making structural changes
minimal and systematic. To describe the molecular dynamics of
thiophene-based ligands to the level of accuracy needed in our
work, it has shown imperative to derive ligand-specific force
fields.[73–75] To reduce the labour-intensive work of force-field

Scheme 3. Synthesis of the ligand HS-339. General procedures for Suzuki-Miyaura coupling to generate HS-339.
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fitting, we have developed a semi-automatized scheme based
on the use of Jupyter notebooks[76] and the quantum chemical
VeloxChem software.[77] For ligands HS-332, HS-334, and HS-335,
the most critical parameters are the force constants governing
the dihedral rotations between the TV scaffold and the side
groups and we have fitted those to kJ/mol level of accuracy
against quantum chemical data based on density functional
theory in conjunction with the B3LYP exchange-correlation
functional (see SI for details). The rotational barriers for the
vinylene–side group bonds are as large as 30–40 kJ/mol for all
three ligands, effectively preventing rotations at room temper-
ature. In contrast, the rotational barriers for the thiophene-side
group bonds are easily overcome during the dynamics, but the
potential barriers are quite different for, on the one hand, HS-

332 and, on the other hand, HS-334 and HS-335. For HS-332,
potential minima are found around 25 and 150 degrees (with
reflection symmetry) and a barrier of about 20 kJ/mol exists in
between the two. For HS-334 and HS-335, the rotational barriers
between the corresponding two minima are as small as 4 kJ/
mol. Therefore, the dihedral angle distributions are distinctly
different with a predominant cis-conformation for HS-332 in
water-the dihedral angle is here defined with respect to the
sulphur of the thiophene and the carbon of the pyridine as
depicted in figure S8. For HS-334 and HS-335, on the other
hand, the distributions are rather uniformly spread across cis-
and trans-conformations (SI, Figure S12).

The ligand concentrations were kept unrealistically high as
to effectively explore the protein fibril surfaces on a timescale

Figure 5. Characterization of the thiophene-vinyl (TV) based ligand HS-339. A) Chemical structure of HS-339. B) Photophysical characteristics of HS-339. The
absorption- and emission spectra were recorded for 30 μM ligand in PBS. C) Representative emission spectra from different HS-339 stained aggregated Aβ and
tau pathologies in AD brain tissue sections, including cerebral amyloid angiopathy (CAA) lesions, cored and diffuse Aβ plaques, neurofibrillary tangles (NFTs)
and dystrophic neurites. D) Images showing staining of different aggregated Aβ pathologies (top panel), including CAA lesions (red arrows), cored (green
arrows) and diffuse (blue arrows) Aβ plaques, as well as different aggregated tau pathologies (bottom panel), including NFTs (orange arrows), dystrophic
neurites (purple arrows) and neuropil threads (white arrows) in AD brain tissue sections. Autofluorescent lipofuscin granules in green are highlighted with
white arrowheads. The staining was performed with 100 nM ligand in PBS. The spectral images and the emission spectra were recorded with excitation at
405 nm. Scale bar represents 20 μm.
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that is reachable in the fully atomistic MD simulations (a few
hundred nanoseconds). This high concentration resulted in

frequent ligand interactions and aggregation through pp-
stacking, both in solution and on the surfaces of the proteins. In

Figure 6. Images of human AD brain tissue sections simultaneously stained with HS-332 and HS-334 or HS-332 and HS-335, as well as binding modes of the
ligands. A) Overview images (left) showing staining of different aggregated Aβ (HS-334/HS-335 blue) and tau (HS-332 red) pathologies. Scale bars represent
200 μm. Zoom in images (right) showing HS-334/HS-335 stained Aβ deposits (blue arrows) and HS-332 stained tau aggregates (red arrows). Autofluorescent
lipofuscin granules are highlighted with green arrowheads. Scale bars represent 20 μm. The staining was performed with 100 nM ligand of the respective
ligand in PBS. The images were recorded using two channels with excitation at 405 nm (HS-334 and HS-335) and 535 nm (HS-332). B� D) Binding modes of
HS-332 to tau (B), HS-334 and HS-335 to Aβ (C and D). Ligand density plots are based on unbiased MD simulations with periodic fibrils solvated in water.
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the analysis, however, we made certain to include ligand
monomers only, resulting in the density plots shown in figure 6.
For HS-332, we find one clear and distinct binding mode at the
position in tau of the uncharged residues Ile 360 and His 362
and it is noted that this is the same binding site as previously
identified for ligand bTVBT4[72] that share the positively charged
TVBT scaffold with HS-332 (Figure 6B). The conformation of HS-
332 changes from being distinctly cis in aqueous solution to
becoming distinctly trans in the tau binding pocket, see the
dihedral distribution presented in figure S6. For HS-334 and HS-
335, we find several binding modes that are common to the
two ligands although with somewhat varying density distribu-
tions. The most distinct binding mode for HS-334 is at the
position in Aβ of the uncharged residues Gly 25 and Ser 26
(Figure 6C). For HS-335, the same mode is clearly observed, but
a slightly higher ligand density is attributed to the binding site
at residues Phe 20, Val 18, and Lys 16 (Figure 6D). The first two
of these residues are uncharged in the simulation and account
for the predominant site–ligand interactions but the last
positively charged lysine do also interact significantly. This is
the same binding site that was previously reported for ligand p-
FTAA,[70,71] but the binding was in that case driven by strong
Coulombic interactions between the anionic ligand and the
cationic Lys 16 residue. The remaining two Aβ binding modes
that are found for HS-334 and HS-335 were much less distinct
and therefore not further characterized.

Conclusions

In conclusion, we have developed a new set of thiophene-
vinylene-based ligands with different heterocyclic moieties
attached to the central thiophene-vinylene core. Depending on
the chemical nature of the heterocyclic moieties, the ligands
selectively targeted Aβ and/or tau pathologies in AD brain
tissue sections. In addition, by combining different ligands, dual
staining protocols allowing detection of distinct protein
aggregates in tissue sections with AD pathology were afforded.
Our findings provide useful knowledge of how minor chemical
changes of thiophene-vinylene based ligands influence their
binding properties towards different aggregated proteinaceous
pathologies in AD, as well as expand the toolbox of fluorescent
ligands that can be utilized for fluorescent assignment of
distinct protein aggregates comprised of different proteins. We
foresee that thiophene-vinylene based ligands will aid in
studying the pathological relevance of distinct protein deposits
in several protein aggregation diseases.

Experimental Section
Frozen brain tissue from a neuropathologically confirmed case of
AD was obtained from the Dementia Laboratory at the Department
of Pathology and Laboratory Medicine, Indiana University School of
Medicine, Indianapolis, USA. The studies carried out at the Indiana
University School of Medicine were reviewed and approved by the
Indiana University Institutional Review Board and informed consent
was obtained from the patient or their next of kin. The experiments

performed at Linköping University were reviewed and approved by
a national ethical committee (approval number 2020-01197).

General information

NMR spectra were recorded on a Varian 500 instrument (Varian Inc.,
Santa Clara, CA, USA) operating at 500 MHz for 1H and 126 MHz for
13C, using the residual solvent signal as reference. All reagents and
solvents were purchased from commercial sources and used as
received without further purification. TLC was carried out on Merck
pre-coated 60 F254 aluminium plates using UV-light (λ=254 nm
and 366 nm) for visualization and column chromatography was
carried out on silica gel Merck 60 (40–63 μm). Analytical high-
performance liquid chromatography/mass spectrometry (HPLC/MS)
was performed on a Waters system equipped with a Waters 1525
gradient pump, 2998 Photodiode Array Detector, 2424 Evaporative
Light Scattering Detector, SQD 2 Mass Detector and an XBridge®
C18 column (4.6×50 mm, 3.5 μm). Semi-preparative high-perform-
ance liquid chromatography/mass spectrometry (HPLC/MS) was
performed on the same Waters system, equipped with a 2767
Sample Manager and an XBridge® Prep Phenyl column
(19×250 mm, 5 μm OBDTM). Flow rate 25 mL/min. Eluent A: 95 :5
H2O/acetonitrile with NH4OAc (10 mM). Eluent B: 90 :10 acetonitrile/
H2O with NH4OAc (10 mM). Purification on automated flash column
chromatography system was accomplished by Biotage® Selekt
instrument through Biotage® Sfär silica or C18 columns. LC-QTOF-
MS analysis was conducted on an Agilent 1290 Infinity ultra-high-
performance LC system coupled to an Agilent 6550 iFunnel QTOF.
A 6-min gradient was used on an ACQUITY UPLC BEH Shield RP18
Column (130 Å, 1.7 μm, 2.1 X 100 mm), using 0.1% formic acid in
water (A) and 0.1% formic acid in acetonitrile (B) using a gradient
of A :B from 80 :20 to 5 :95.

General procedure for Suzuki-Miyaura coupling (G1)

A mixture of the desired arylhalide, the desired boronic acid, K2CO3

(3 equiv./halide, in 1,4-dioxane/methanol (8 :2, 8 mL/mmol, de-
gassed) and PEPPS-IPr (5 mol%) was heated to 80 °C until the LC–
MS indicated completion of reaction. After cooling to room
temperature pH was adjusted to 4 by 1 M HCl and the residue was
extracted with DCM (3×30 mL/mmol), washed with water
(3×30 mL/mmol) and brine (30 mL). The combined organic phase
was dried over MgSO4 and the solvent was evaporated. The crude
product was subjected to column chromatography with appropri-
ate solvent to give desired products 2a–2g. Product HS-339 was
directly subjected to preparative HPLC when completion of the
reaction.

General procedure for N-arylation reaction for compounds 2 i
and 2j (G2)

A mixture of 6-azaindole 4a or 3-methylindazole 4b (2 equiv.),
compound 3 (1 equiv.), K3PO4 (2 equiv.), N,N-Dimeth-
ylethylenediamine (0.2 equiv.) and CuI (0.3 equiv.) in toluene (3 mL)
were added to oven dried reaction vial, back filled with nitrogen
and the reaction tube was sealed with cap and heated at 110 °C in
oil bath for 24 h. After cooling to room temperature, water was
added (30 mL) and the mixture extracted with ethyl acetate
(3×20 mL). The combined organic layer was washed with water
(2×30 mL) and brine (30 mL), dried over MgSO4 and the solvent
was removed under reduced pressure. The crude product was
subjected to column chromatography yielding 2 i and 2 j.
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General procedure for condensation reaction (G3)

A few drops of pyridine were added to a cold solution of the
aromatic aldehyde (1 equiv.) and the 2-methyl-3-alkylbenzothiazo-
lium salt 5 (1 equiv.) in anhydrous MeOH. The mixture was refluxed
until completion of the reaction (monitored by TLC, eluent: DCM/
MeOH 1%). The solvent was evaporated in vacuo to provide a dark
red solid, which was crystallized from appropriate solvent. The red
solid was collected by filtration, washed with cold MeOH and dried
in vacuum to afford desired final products in good purity and yield.

General procedure for N-arylation reaction for compounds
HS-334, HS-337, HS-335and HS-338 (G4)

A mixture of heterocyclic 7 or 8 (1.5 to 2 equiv.), stilbene 6 or 9
(1 equiv.), K3PO4 (2 equiv.), N,N’-Dimethylethylenediamine
(0.2 equiv.) and CuI (0.3 equiv.) in toluene (3 mL) were added to
oven dried reaction vial, back filled with nitrogen and the reaction
tube was sealed with cap and heated at 110 °C in oil bath for 24 h.
After cooling to room temperature, water was added (30 mL) and
the mixture extracted with ethyl acetate (3×20 mL). The combined
organic layer was washed with water (2×30 mL) and brine (30 mL),
dried over MgSO4 and the solvent was removed under reduced
pressure. The crude products were either subjected to column
chromatography or treated with warm MeOH, and some cases both
to separate isomers.

Synthesis of compounds and ligands

The detailed synthesis and characterization of compounds 2a–2g,
2 i, 2 j, 6 and ligands HS-205, HS-207, HS-208, HS-212, HS253,
HS258, HS-259, HS-273, HS-332, HS-334, HS-335, HS-336, HS-337,
HS-33, and HS-339 can be found in the Supporting information.

Optical characterization of the ligands

Stock solutions of ligands (1.5 mM in DMSO) were diluted to 30 μM
in phosphate buffer saline (PBS, 10 mM phosphate, 140 mM NaCl,
2.7 mM KCl, pH 7.4). Absorption- and emission spectra of the
ligands were collected using an Infinite M1000 Pro microplate
reader (Tecan, Männedorf, Switzerland).

Histological staining of brain tissue sections

The experiments involving human brain tissue were reviewed and
approved by the Indiana University Institutional Review Board and
informed consent was obtained from the patient or their next of
kin. The experiments carried out at Linköping University were
reviewed and approved by a national ethical committee (approval
number 2020-01197). Sections of frontal cortex (10 μm) from an AD
patient were fixed in 96% EtOH for 10 min at RT, incubated 10 min
in 50% EtOH followed by 10 min in dH2O at RT and then 10 min in
PBS. The sections were incubated with 100 nM of the respective
ligand in PBS for 30 min at RT. The sections were then washed with
PBS three times and mounted with Dako mounting medium for
fluorescence (Agilent). The mounting medium was allowed to
solidify at least overnight before sealing the cover slips with nail
polish. The sections were analysed using an inverted Zeiss LSM 780
laser scanning confocal microscope (Zeiss) using the following
excitation wavelengths for spectral recording: HS-205: 530 nm; HS-
207: 514 nm; HS-208: 561 nm, HS-212: 520 nm; HS-253: 561 nm; HS-
258: 514 nm, HS-259: 514 nm; HS-273: 535 nm; HS-332: 535 nm, HS-
334: 405 nm; HS-335: 405 nm; HS-336: 535 nm, HS-337: 405 nm; HS-
338: 405 nm; HS-339: 405 nm.

Ligand double staining

Sections of frontal cortex (10 μm) from AD patient were fixed,
rehydrated and incubated in PBS as described above. The sections
were then incubated with different combination of ligands, 100 nM
HS-332 and 100 nM HS-334/HS-335, 100 nM HS-84 and 200 nM HS-
208/HS-259/HS-336, or 300 nM HS-169 and 200 nM HS-258, in PBS
for 30 min at RT. The sections were then washed with PBS three
times and mounted with Dako mounting medium for fluorescence
(Agilent). The mounting medium was allowed to solidify at least
overnight before sealing the cover slips with nail polish. The
sections were analysed using an inverted Zeiss LSM 780 laser
scanning confocal microscope (Zeiss) using the following settings:
HS-84: excitation at 490 nm and emission between 499–452 nm;
HS-169: excitation at 535 nm and emission between 597–712; HS-
208: excitation at 550 nm and emission between 565–712 nm; HS-
258: excitation at 505 nm and emission between 508–606 nm; HS-
259: excitation at 520 nm and emission between 565–712 nm; HS-
334 and HS-335: excitation at 405 nm and emission between 410–
545 nm; HS-332: excitation at 535 nm and emission between 574–
702 nm; HS-336: excitation at 535 nm and emission between 565–
712.

Ligand and antibody double staining

Frozen brain tissue sections (frontal cortex, 10 μm) from patient
diagnosed with AD were fixed in 70% EtOH for 3 min at 4 °C. They
were then incubated 2x2 min in dH2O, 10 min in PBS and 1 h in PBS
with 0.1% triton x-100 (PBS-T) and 5% normal goat serum (blocking
buffer) at RT. Anti-tau antibody GT-38 (Abcam) or anti-Aβ antibody
6E10 (Biolegend) were diluted 1 :1000 in blocking buffer and added
to the sections. After incubation over night at 4 °C, the sections
were washed 3x10 min in PBS-T and then incubated for 1 h at RT
with goat anti-mouse secondary antibody conjugated with Alexa
Fluor 488/594/647 (ThermoFisher) diluted 1 :500 in blocking buffer.
After washing in PBS, the sections were incubated with 100 nM or
200 nM of the respective ligand for 30 min at RT. The sections were
then washed with PBS three times and mounted with Dako
mounting medium for fluorescence (Agilent). The mounting
medium was allowed to solidify at least overnight before analysing
the result using an inverted Zeiss LSM 780 laser scanning confocal
microscope (Zeiss).

Supporting Information

Full experimental details including additional characterization
data and NMR spectra of new ligands, as well as supporting
figures, are given in the Supporting Information. Additional
references are cited within the Supporting Information.[78–95]
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