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A multifunctional reactive fluorescent probe DTB was constructed
for biosensing, aggregation inhibition, and toxicity alleviation of
p-amyloid. The synergistic effect of hydrophobic interaction and
covalent interaction makes DTB have more stable binding and
better selectivity to Ap. The detoxification effect of DTB on Af
aggregates was also verified in live nerve cells and microglia cells.
Furthermore, DTB exhibits an excellent staining of Ap plaques.

Alzheimer’s disease (AD), as a typical neurodegenerative dis-
ease, is afflicting an increasing population. The possibility of
AD increases with aging, and it poses a serious threat to human
health. The plaques formed by misfolding and deposition of
B-amyloid (Ap) in the brain are directly linked with the destruction
of memory and motor neuron function." ABs are composed of
39-43 amino acids and have various aggregate forms depending
on the degree of aggregation.” As a therapeutic target of AD, the
current research on AP mainly focuses on the detection and
imaging of AB,* as well as inhibition and degradation of aggre-
gates to alleviate the toxicity of AB.*

A variety of probes have been designed and synthesized for
sensing AB, such as peptides,” small molecules,® nano-
materials,” polymers,® etc. Organic small-molecule fluorescent
probes are quite advantageous in detecting AP aggregation and
elucidating its biological functions due to its defined structure
and certain structure-activity relationship.® Various fluorescent
probes and their derivatives have been continuously develo-
ped.® Although these fluorescent probes possessed recognition
ability for AR aggregation, these probes performed mainly by
noncovalent interactions (n-m stacking, H-bonding, electro-
static interactions and hydrophobic interactions), which are
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unstable and sensitive to interference. Therefore, the design of
a probe with the ability of effective visualization and inhibi-
tion of AP aggregation by covalent bonding still is highly
challenging."’

Bithiophene has a conjugated structure with relative flexibility.
The addition of electron-donating and electron-withdrawing
groups on both sides could produce a fluorophore that responds
to rigid environments."' When such probes bind to amyloid
protein through electrostatic and hydrophobic interactions, the
rigidity of the molecular structure is enhanced. Therefore, the
energy attenuation resulting from non-radiative transition is
reduced and the quantum yield is greatly increased. Covalent
bonding will lock the probe with the target, resulting in further
restriction of the free rotation of the probe.®

The spontaneous amino-yne click reaction has been widely
used in hydrogel preparation,'® surface immobilization,"* macro-
molecule synthesis'* and stimuli-responsive drug delivery' since
it was first reported in 2017.'® It was speculated that the reaction
prefers organic solvents over aqueous solution. Therefore, we
believed that the addition of the ethynyl group on the bithiophene
would allow the probe to specifically and covalently bond to AB
aggregates, which provides a necessary hydrophobic environment
for the reaction. The covalent binding of the probe may interfere
with the delicate folding and formation of AP aggregation, produ-
cing effective inhibition of AP aggregation.

Herein, we developed a fluorescent “turn on” probe (DTB) that
can visualize and inhibit the aggregation of Ap (Fig. 1). The DTB
was designed by installing an N,N-diethylphenylamine group as
an electron-donating group and a carbonyl activated ethynyl
group as a covalent binding group into each of the 5’ positions
of the 2,2'-bithiophene molecules, respectively. Due to the free
rotation of all intramolecular single bonds, the energy of the
excited state of DTB dissipated in a non-radiative form, leading to
extremely low fluorescence. The diethylaminophenyl bithiophene
would selectively bind to the hydrophobic part of the AP aggre-
gates, and the carbonyl-activated ethynyl group can react with the
nearby amino group in the Ap aggregates through a catalyst-free
amino-yne click reaction to form a stable covalent bond."?
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Fig. 1 Schematic illustration of the interaction of DTB and Ap.

Both the hydrophobic binding and formation of the covalent
bond would reduce the free rotation of the probe and lead to an
enormous increase of the fluorescence intensity. Furthermore,
DTB can inhibit the formation of AP aggregates and showed a
significant detoxification ability. Therefore, we constructed a
multifunctional fluorescent “turn on” small molecule probe,
which provides a new approach for biosensing, imaging, diag-
nosis, and therapy of AD.

The synthetic route and characterization of DTB were shown
in Fig. S1-S4 (ESIt). The absorption peak of DTB is at 440 nm
and no obvious emission was detected in PBS solution (Fig. 2a),
which indicates that DTB has an extremely low fluorescence
background. The optimized excited state geometry (theoretical
calculation by TDDFT, Fig. S5, ESIf) was almost a planar
structure (three aromatic rings are in the same plane), thus
the free rotating of the single bonds would break the planar
structure and result in extremely low fluorescence. The ethynyl
group in DTB can react with the amino group spontaneously in
THF but not in PBS solution (Fig. S6-S8, ESIT). This property lay
the foundation for the selective reaction between DTB and Af
or its aggregates but not any amines in the biological environ-
ment. Namely, spontaneous amino-yne click reaction may
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Fig. 2 (a) UV-Vis absorption and fluorescence spectra of DTB. (b) Fluores-
cence spectra of DTB incubated with different concentrations of Ap.
The inset is the photographs under a portable UV lamp of these samples.
() Intensity changes of DTB after incubation with AB. The inset shows the
linear correlation between intensity and concentration of Ap. (d) Selectivity of
DTB towards AB. (e) Fluorescence spectra over time after addition of DTB to
AB/ThT solution that was preincubated for 12 h. (f) Fluorescence spectra of
DTB after incubating with different concentrations of preformed Ap aggre-
gates. The inset is the linear relationship between the fluorescence intensity
and AP aggregate concentration.
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occur effectively only in the hydrophobic region of AB or AB
aggregates.

Then, the fluorescence response of DTB for AR was investi-
gated. In the absence of AP, the probe (1.0 uM) showed an
extremely low background fluorescence. As we expected, the
fluorescence intensity of DTB significantly enhanced with the
increase of AP concentration (Fig. 2b). The fluorescence
response maintained a good linear relationship in the range
of 0-28 uM AP and reached a plateau when A reached 35 uM
(Fig. 2¢). Due to the hydrophobic binding and covalent reaction
restricting the free rotation of the single bond in DTB, the
fluorescence intensity of DTB increased greatly. The fold
change of fluorescence is surprisingly ~1084 times. A limit
of detection as low as 19 nM was achieved (LOD = 3S/g), which
is lower than that of previously reported fluorescent probes,
such as 50 nM'” and 51.9 nM.'® In addition, the absolute
quantum yield increased from 2.8% to 37.2% after incubation
with AB. The fluorescence changes can be easily observed under
a UV lamp (inset photo in Fig. 2b). Meanwhile, the fluorescence
of DTB with A increased rapidly within 30 min, confirming a
quick response of the probe (Fig. S9, ESIt). The selectivity of the
probe towards AP was studied by using common proteins and
typical amino acids. Proteins with different isoelectric points (pI) or
molecular weights were selected to rule out the effect of electro-
static interaction or molecular weight. As shown in Fig. 2d, the
fluorescence response of DTB was neglectable except for Ap, which
confirmed the high specificity of DTB for Ap sensing.

Next, the interaction between DTB and AP aggregates was
investigated. The classic AP aggregates indicator Thioflavin T
(ThT) was used to indicate the formation of aggregates. The AP
was preincubated for 12 h to form AP aggregates and confirmed
by the increase of the fluorescence of ThT at 486 nm (Fig. 510,
ESIY). Interestingly, when DTB was added, the fluorescence of
ThT decreased significantly. In the meantime, the fluorescence
of DTB at 550 nm appeared and the intensity of DTB gradually
increased while the ThT intensity gradually decreased (Fig. 2e
and Fig. S11, ESIf). This result suggested a much stronger
binding between DTB and AP than ThT, which made DTB a
potential disruptor for Ap aggregation. As shown in Fig. 2f, the
fluorescence intensity of DTB increased proportionally with the
concentration of AP aggregates in the range of 0-50 pM. And
the fold change of fluorescence reached ~728 times at 50 pM.
These results suggested that DTB can also bind to AP aggre-
gates through hydrophobic and covalent bonds, significantly
enhancing the fluorescence of DTB.

Furthermore, to verify the covalent interaction between DTB
and AP, molecular docking of DTB with A} monomers and A
aggregates was performed. The results indicated that Lys-16 or
Lys-28 was the possible reacting lysine residue of DTB (Fig. S12,
ESIT). Therefore, the KLVFFAE (AB16-22) fragment was selected
as a simplified model of AB for 'H NMR analysis, which was the
hydrophobic core of AB. As shown in Fig. 3a, after the reaction
of KLVFFAE with DTB at room temperature, new peaks
appeared at ¢ 3.07 ppm when compared with the methylene
protons on lysine (K16) (0 = 2.69 ppm). Moreover, these peaks
remained unchanged when the temperature increased, which

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) 'H NMR spectra of DTB, KLVFFAE, and the DTB/KLVFFAE
complex at 298, 313, 323 K. (b) HR-MS spectrum of DTB/KLVFFAE. The
CD spectra of the AR monomer (c) and Ap aggregates (d) with or without
DTB. (e) SDS-PAGE gel electrophoresis of AR incubated with DTB at
different molar ratios. (f—i) TEM images of AB monomer (f), Ap aggregate
(9), AB monomer/DTB (h) and AB aggregate/DTB (i) incubated for 12 h.

indicated that the amino group on lysine reacted with the ethynyl
group on DTB to form a strong covalent bond.® Additionally,
HR-MS was obtained for confirmation (Fig. 3b). The molecular ion
peak at 1218.5726 (m/z) belonging to the covalent reaction product
(caled 1218.5733) of DTB and KLVFFAE peptide was detected.

The formation of a B-sheet structure is a characteristic of Ap
aggregation to form fibers, and this secondary conformation
change can be detected by CD spectrometry. As shown in
Fig. 3c, the AR monomer presents a random coil state with or
without DTB. After forming the AP aggregate, a positive peak
around 198 nm and a negative band around 217 nm appeared,
indicating a typical B-sheet structure (Fig. 3d).® The CD spec-
trum of the AP aggregate with DTB only shows a negative band
at 198 nm, which indicates that DTB can destroy the B-sheet
structure of the AP aggregates, namely inhibiting its aggrega-
tion. To further confirm the inhibition effect of DTB on A
aggregation, SDS-PAGE was performed. As shown in Fig. 3e and
Fig. S13 (ESIT), the bands of Ap aggregates appeared from 7.8 to
20.1 kDa. When A was incubated with DTB at different molar
ratios of 1:1, 1:5, and 1:10, the bands of AP aggregates from
7.8 to 20.1 became weaker gradually. This result confirmed that
the conversion of A monomers to aggregates was inhibited
by DTB.

For further evaluation, TEM imaging of the AP aggregates with
or without DTB was conducted to directly observe the morpholo-
gical changes. After 12 h of preincubation, AP exhibited a typical
morphology of aggregation and formed AP fibrils (Fig. 3g). No
fibrils were observed from the AB monomer (Fig. 3f) or AP
monomer/DTB (5:1, Fig. 3h). As we expected, there were also
no fibrils in the AP aggregate/DTB group (5: 1, Fig. 3i). Moreover,
even when the incubation time extended to 120 h, DTB still
showed an excellent inhibitory effect on the formation of AP
aggregates (Fig. S14, ESIt). These results indicated that DTB can
not only inhibit the formation of fibrous AB aggregates but also
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disassemble and disperse the formed AP aggregates, effectively
curbing the possibility of AP further aggregation.

As a common model for in vitro study of neurological
diseases, PC-12 cells were used to study the detoxification effect
of the probe on AB aggregates.'® The cytotoxicity of DTB for PC-
12 cells was confirmed as neglectable (Fig. S15, ESIf). The
incubation with 30 uM AP results in only 20% left in PC-12
cells (Fig. 4b), implying high cytotoxicity of AB.”® In the
presence of both Af and DTB, the cell viability was kept at
90% after 48 h, which indicates a significant detoxification
effect of DTB for AB. PI staining also supports the detoxification
effect (Fig. S16, ESIt). Red fluorescence of PI was only observed
in cells treated with AB. With DTB and A, only a few cells were
stained by PI. This difference can be easily observed in Fig. 4c.
These results showed that DTB had a significant detoxification
effect on the cytotoxicity of Ap.

The capability of DTB to prevent PC-12 cells from toxic
attack by AP aggregates was further evaluated by ThT imaging.
As shown in Fig. S17 (ESIf), clear green fluorescence was
measured from the group incubated with Ap and ThT, which
showed significant AR adhesion on PC-12 cells after 12 h of
incubation. In contrast, very weak orange fluorescence was
observed, indicating very little AR adhesion after the treatment
of the cells with AB/DTB for 6 h. Even at 12 h, the Ap adhesions
remained negligible. When DTB is covalently bound to A, the
formation of AB/DTB locks those free AP, creating steric hin-
drance and preventing AP aggregation, thereby reducing A
adhesion on PC-12 cells.
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Fig. 4 (a) The CLSM images of BV-2 after being incubated with AB/ThT or
AB/DTB for 24 h. The scale bar is 40 um. (b) Cell viability of PC-12 cells after
treatment with A or AB/DTB. (c) Quantification of PI fluorescence inten-
sity (in Fig. S15, ESIY) of PC-12 cells treated with AB. (d) Quantitative analysis
of the TNF-a level of BV-2 cells after different stimuli by ELISA. (e)
Colocalization imaging of BV-2 cells treated with AB/DTB and Dil. The
scale bar is 20 pum. (f) Histological staining of the brain slices in the
hippocampus region from AD-model (APP/PS1 transgenic) mice using
ThS and DTB. (g) The intensity profiles of the linear regions of interest
(white line) cross the brain slices.
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Although the DTB reduced the cytotoxicity of A on PC-12
cells, the AB/DTB complex is a new “misfolding” product. Its
timely and effective removal is also worth investigating.*® The
elimination of AP involved microglia.> The mouse microglial
BV-2 cells were selected as the model cell line in the phagocy-
tosis study. It is worth noticing that the cytotoxicity of Ap
aggregates will cause the microglia to secrete TNF-o, and
ultimately make the microglia lose the ability to phagocytose
AB.** The cytotoxicity of DTB to BV-2 was negligible according
to the MTT assay (Fig. S18, ESIT). In addition, the cytotoxicity of
AB and AB/DTB towards microglia cells was also investigated.
As shown in Fig. S19 (ESIf), AP aggregates did not cause
obvious toxicity to BV-2 cells, which was different from PC-12
cells. Moreover, the formation of an AB/DTB complex also
enhanced the cell viability of BV-2 cells. The phagocytosis of
the AB/DTB complex by BV-2 cells was significantly higher than
AB (stained with ThT) after incubation for 24 h (Fig. 4a).
Quantification of TNF-o levels by ELISA was consistent with
fluorescence imaging (Fig. 4d). The secretion of TNF-o was high
when BV-2 cells were exposed to A, while sharply reduced in
the presence of DTB. Colocalization imaging of AB/DTB and Dil
(a cell membrane dye) shows that the AB/DTB is mainly located
on the cell membrane (Fig. 4e). This was consistent with
previous reports that AP preferentially started to aggregate at
the region where membrane protrusions frequently occur.”?
These results indicate that the DTB prevents microglia cells
from losing the ability of phagocytosis by avoiding the upregu-
lation of TNF-o.

To evaluate the applicability of DTB for A recognition, brain
slices from AD-model (APP/PS1 transgenic) mice and wild-type
mice were used to perform in vitro fluorescent staining of Af.
Thioflavin-S (ThS) as a gold standard probe was used for AB
marking. As expected, A in the brain slices of the AD-model
mice was successfully observed by DTB (Fig. 4f), while almost
no fluorescence was observed in the wild-type mice brain slices
(Fig. S20, ESIt). The co-staining of DTB with ThS confirmed the
great selectivity of DTB to A (Fig. 4g).

In conclusion, the fluorescent probe DTB was successfully
developed for the effective visualization and inhibition of
B-amyloid aggregation via the amino-yne click reaction. DTB
presented extremely low background fluorescence due to the
free rotation of all intramolecular single bonds. An enormous
fluorescence increase was observed after DTB binding with AP
aggregates. DTB not only bound to AR monomers to prevent the
formation of aggregates but also destroyed AP aggregates,
alleviated the neurotoxicity of AP aggregates, and efficiently
restored the Ap-clearing ability of microglia. Furthermore, this
probe exhibited an excellent staining of Ap plaques. Therefore,
this work provides insight into the design of fluorescent probes
for AB-targeted biosensing, imaging, and therapy.
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