NEW DYE FOR AMYLOID STAINING
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A novel O,N,0-coordinated organofluoroboron probe for
amyloid detection: insight from experiment and theory

This work reports on a newly synthesized BF-based
organoboron dye exhibiting good optical properties,
including fluorescence reaching the NIR-I region, two-photon
absorption in the NIR-Il region, a broad excitation range
and high increment of emission intensity upon binding to
amyloids.
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This work presents the results of photophysical studies for a newly
synthesized BF-based organoboron dye of D—A-D topology. The
one- and two-photon properties of the dye are compared with the
D-A parent compound and commercially available amyloid marker:
methoxy-X04. We demonstrate that the new dye exhibits better
optical properties upon binding to amyloids than methoxy-X04,
including emission above 600 nm, higher values of 2PA cross
section, broader excitation range and higher increment of emission
intensity upon binding to amyloids. All these data demonstrate that
the new probe is an interesting scaffold for application in two-
photon microscopy and amyloid staining.

Fluorescent probes exhibiting red and near infra-red (NIR)
excitation and emission are in high demand due to their
potential in bioimaging. The irradiation wavelengths corres-
ponding to biological windows (>700 nm) provide deeper
penetration into the sample, improve contrast and safeguard
lower phototoxicity.”” A viable route to use irradiation wave-
lengths matching biological windows is two-photon microscopy
(2PM), as this technique relies on the simultaneous absorption
of two photons. In the case of degenerate two-photon absorp-
tion (2PA) process photon energies are equal so in 2PM the
excitation occurs at two times longer wavelengths in com-
parison to a one-photon absorption process.’ The design of
fluorophores, which might serve as potential novel two-photon
probes, is by far a nontrivial process as the tuning of the
photophysical properties (fluorescence quantum yield (FQY, @),
excitation/emission wavelength (Agx/Agm), and 2PA cross-
section (0,)) needs to be addressed in a holistic way
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(multiparameter optimization). 2PM is a widely used technique
in the imaging of complex deep-laying structures, e.g., in the
detection of amyloid plaques in the brain.*® The mentioned
amyloids are aggregates of misfolded proteins and peptides.
Their presence can be associated with various diseases, espe-
cially neurodegenerative ones, such as Alzheimer’s disease,
but also type 2 diabetes. The palette of fluorescent probes
for amyloid detection used in 2PM is much more narrow,
compared to one-photon microscopy (1PM). Recently, several
imaging agents specifically designed for 2PM have been devel-
oped, featuring red/NIR emission, appropriate ¢, values, and
high affinity for amyloids.”® There is a piece of evidence’
that probes with improved properties (high FQY and oy, 2gm >
600 nm) can provide additional information, compared to the
widely used two-photon standard in amyloid staining, such as
methoxy-X04 (MeO-X04), in which gy is shorter than 550 nm.">"
However, progress in the development of two-photon probes
for amyloids remains limited compared to one-photon probes,
making each proposed 2PM agent a valuable research tool.

A promising platform for the design of two-photon-excited
fluorescent probes for 2PM is the one composed of organo-
boron complexes carrying BF/BF, moieties. Since the (bis)fluoro-
borate group is a strong acceptor of electrons, it can be
combined with electron-donating moieties, yielding dipolar
(non-centrosymmetric) or quadrupolar (centrosymmetric) dyes
suitable for efficient 2PA with excellent remaining photophysi-
cal properties.'* Dyes exhibiting intramolecular charge transfer
(ICT) upon electronic excitation that are sensitive to environ-
ment or structural changes are natural candidates as fluores-
cent probes, e.g., for amyloid staining. In this work we rely on
the previous findings by Chen et al., demonstrating the useful-
ness of BF,-carrying donor-acceptor (D-A) dyes in B-amyloid
and tau tangle staining,’®'® and propose the D-A to D-A-D
topology extension (see Fig. 1). In doing so, we aim at the red-
shift of the emission wavelength and the enhancement of the
interaction with bio-molecules by two N,N-dimethylamino
(NMe,) groups, as the interaction via an amino moiety was
proven to be responsible for binding with amyloid fibrils."”

This journal is © The Royal Society of Chemistry 2025
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Fig.1 The structure of molecules studied in the present work.

Note that heterocyclic cores in 1 and 2 are substituted with
identical terminal moieties (“arms”). We will compare the
effectiveness of staining model amyloids obtained from bovine
insulin by these two dyes.

Synthesis, experimental and computational details are
described in the ESIt (see, e.g., Fig. S1-S5). One-photon proper-
ties (1P) like 1PA (Fig. 2), one-photon excited fluorescence
(1PEF), FQY, and fluorescence lifetimes (tr) of both dyes in
CHCI; were acquired, which is summarized in Table 1 (for 1 in
agreement with previous data'®) and more detailed data are
presented in the ESI.{ Spectra of 1PEF in CHCl;, and addition-
ally in DMSO are presented in Fig. S6 in the ESI.f The absorp-
tion and the emission spectra of 1 (see Fig. 2A and Fig. S6A,
ESIT) present mirror-like images, suggesting a relatively limited
geometrical relaxation of the Franck-Condon singlet excited
state. However, in the case of 2 (see Fig. 2B and Fig. S6B, ESIt)
the mirror-image rule does not hold (similarly to the smaller
molecule carrying the same core'®) because two, close in energy
bands in the absorption spectra between 400-600 nm corre-
spond to two electronic states (see below for the analysis of
electronic-structure calculations). For 1PA and 1PEF, a bath-
ochromic shift of the broadened bands, caused by the flexibility
of n-conjugated arms, was observed for 2 as compared to 1. This
phenomenon is accompanied by an over double increase
in FQY (Table 1). Enhancement of FQY is highly beneficial for
fluorophores with red-shifted emission. According to the
energy-gap rule, the emission efficiency drops down as the
energy between the ground and excited state decreases, which
means that the far-red emitting dyes are usually much less
efficient in comparison with their counterparts showing emission in
the blue part of the spectrum. The radiative (k) rate constant for 2
(2.65 x 10® s~ 1) is higher than that for 1 (1.53 x 10°® s™"); conversely,
the non-radiative (k) rate constant for 1 (1.41 x 10° s~ ") is larger
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Fig. 2
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Table 1 Experimental spectroscopic data for dyes in CHCls — extinction

coefficient (), absorption (1ags) and emission (igm) wavelength, fluores-
cence quantum yield (FQY), fluorescence lifetime (z) and its amplitude ()

Dye &[M 'em™']  Jags[nm] gy [nm]  FQY [%] 7 [ns]
1 48000 460.5 595 9.8 0.641°
2 47 800 436, 494 620 22.0 0.829

@ Tavet T4 = 0.055 18, o = 12.91; 7, = 0.728 ns, « = 87.09.

than that for 2 (9.41 x 10® s™"), which can be linked with
the topologies of BF/BF,-carrying cores (compare ref. 18).
We measured the 2PA spectra using the two-photon excited
fluorescence (2PEF) method, and we further supported these
measurements by electronic-structure calculations. The palette of
simulated properties (vide infra) encompasses excitation energies,
oscillator strengths, Ciofini’s charge transfer diagnostics, electro-
nic density difference plots and two-photon transition strengths
(see the ESILi Fig. S20-S24 and Tables S2, S3). The non-linear
nature of the observed processes was determined based on the
quadratic dependence of photoluminescence intensity on the
incident laser power confirming two-photon absorption (Fig. S7C
and D, ESIf). For dye 1, the 2PA band matches the 1PA band
(Fig. 2A). The peak values of g, for 1 at 920 nm reach 700 GM and
the band maxima are red-shifted compared to the results of the
simulations (Table 2), which comes as no surprise given the
predictive power of the employed coupled-cluster model. The
results of electronic-structure calculations demonstrate higher
values of ¢, for S, — S;, than for S, — S,, which comes from
the larger difference in dipole moment between the excited and
the ground state. It should be noted that the calculated 2PA cross
section for the S, — S; transition satisfactorily matches the value
measured experimentally (Fig. 2A). Note that the estimation of 2PA
experimentally in the regime of higher energy transition (S, — S,)
was unsuccessful, due to the emission wavelength overlapping
with the excitation wavelength. Molecule 2 presents two absorption
maxima in 1PA, which is also visible in the 2PA spectrum (Fig. 2B).
However, the ¢, value at 880 nm with 1101 GM is much more
prominent than the value of g, equal to 400 GM at 1020 nm. The
results of calculations demonstrate that the o, value for S, — S, is
roughly 20 times larger than that calculated for S, — S;. Note
that due to close proximity of the absorption bands, the
experiment-theory comparison of g, for S, — S; is difficult as
both transitions contribute to the 2PA cross section value at
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Normalized one-photon absorption spectra and two-photon absorption spectra (in GM) of molecules 1 (A) and 2 (B).
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Table 2 Spectroscopic properties (one-photon excitation energy (AE)
and wavelength (1), dipole moment (), two-photon transition strength
(6°™) and two-photon absorption cross section (s,) calculated at the
RI-CC2/def2-TZVP/EE level of theory for 1 and 2 in CHCl3

AE ) A u(Sy) gy
Transition [eV] [nm] f [D] [D] A lau]  [GM]
1 So—-5 3.00 414 1.85 141 23.6 188 x 10° 494
So = S, 4.04 307 0.04 4.8 14.3 37 x 10° 176
2 So— S 2.84 437 3.04 3.8 8.8 32 x 10° 75
So = S, 3.17 392 0.40 4.2 9.2 492 x 10° 1442

1020 nm (c¢f' Fig. 2B and Table 2). Comparing both dyes, one finds
that maximal two-photon absorption action cross-section o s
(o2 x @) is higher for 2, which implies greater potential in imaging
applications. A closer look at two-photon excitation above 1000 nm
shows o, . > 50 GM, which is still an effective value for applica-
tion of 2 as a fluorescent probe in the NIR-II window."

In order to further understand the two-photon activity of 1 and
2 we performed the analysis based on the generalized few-state
model for theories with a non-Hermitian structure.”® The sum-
mary of these calculations is shown in Fig. 3, which presents the
two-photon transition strengths (6***) computed by response
theory as well as based on two- and three-state models. Note that
6*™ is a purely molecular parameter and it is proportional to o,
(see eqn (S3) in the ESIt). In more detail, we aimed at explaining
the differences in two-photon absorption activity between 1
(So = Sy) and 2 (Sy — S,). In the case of 1, the two-state model
yields the values of two-photon S, — S; transition strengths similar
to that from response theory calculations and the extension to the
three-state model (by including S, state as the intermediate) leads

2PA 2PA 2PA
7x10°} ‘82SM — 535M SRSP — ‘
6x10°| So— Sy So— Sy
= 5x10°f
< 4x10*t
& 4
o 3x10*f
2x10°f
1x10°}
0
1 2

Fig. 3 Two-photon transition strengths predicted by response theory
(RSP), and the two- (2SM) and three-state model (3SM) for 1 and 2.
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to insignificant improvement. In other words, the parameters of
the ground and final state (energy difference, transition strength
and dipole moment difference) determine the two-photon S, — Sy
activity of molecule 1. On the other hand, the same is not true for
two-photon S, — S, transition for 2, ie., the two-state model
(including ground and the final state S,) fails to reproduce the
two-photon S, — S, transition strength. It is necessary to go beyond
the two-state model to reproduce the response theory value. The
three-state model that yields satisfactory agreement with response
theory includes the ground, final (S,) and intermediate state (S,).
One may thus conclude that the differences in two-photon absorp-
tion activity between 1 (S, — S;) and 2 (S, — S,) are due to very
different physical mechanisms and the latter property depends on
the coupling between S; and S, states.

Dye 1 was previously evaluated as a fluorescent probe for
amyloid staining and showed various responses upon binding
to AB and tau amyloids."® Therefore, studying interaction with
amyloids for dye 2 seems well justified, especially since it has Agy
shifted towards the red part of the spectrum and high ¢, ¢ in the
NIR-I (700-950 nm) and NIR-II (>1000 nm) biological windows.
Here, we compared the optical properties of dye 1, dye 2 and MeO-
X04 - a fluorescent standard commonly used for amyloid staining
in 2PM"**>** - upon binding to bovine insulin amyloids. Insulin
serves as a good model system since it forms uniform fibrils,
which was confirmed by atomic force microscopy (AFM) and
transmission electron microscopy (TEM) analysis (see Fig. S9
and S10, ESIt). Photophysical parameters of MeO-X04 upon bind-
ing to amyloids like 1PA, 1PEF, 1PE (one-photon excitation) and o,
are rarely discussed in the literature.” Our experiments can also
shed light on the 1P and 2P properties of this probe. For all
considered molecules (dye 1, dye 2 and MeO-X04), fluorescence
was measured as a function of increasing amyloid concentration
(Fig. S11 in ESIt). The highest fluorescence enhancement was
observed for dye 2, while the lowest one for MeO-X04, which is
presented in Fig. 4A. Agy with amyloids of dye 1 (623 nm) and
dye 2 (627 nm) are significantly bathochromically shifted from the
spectra of MeO-X04, which presents several maxima due to the
vibrational fine structure (427 nm; 454 nm; 484 nm) of Fig. 4B.
The emission between 400-500 nm falls into ranges where auto-
fluorescence, absorption and scattering of tissues dominates,
which can significantly influence its performance, which was
proven during in vivo imaging analysis.""** It is worth pointing

C
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(A) Increase in fluorescence maximum upon adding bovine insulin amyloids; all dyes had 0.5 uM, and the solvent was 5% DMSO. Point “zero” was

the dye in 5% DMSO without amyloids; (B) comparison of normalized 1PEF for all dyes (1 uM) with 50 pM of bovine insulin amyloids. The same solutions
were taken for 2PEF measurements; (C) comparison of o, with 50 uM of amyloids.
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out that dye 2 has even more prominent emission above 700 nm
than dye 1, which can be seen in Fig. 4B. The bathochromic shift
in Agy of the dye 2 observed in solvents with increasing polarity
(see Fig. S12 in ESIt) suggests that the molecule is located in the
more hydrophobic regions of the amyloid fibrils. It is also supported
by the value of FQY in amyloids (10%), which is much higher than in
polar DMSO (0.6%) — see Table S1 in the ESL{ Additionally, dye 2 is
substituted by NMe, groups at both arms and it contains single C-C
bonds that can easily rotate or kink leading to non-radiative energy
dissipation. Upon binding to amyloids, NMe, groups can have
restricted conformational freedom, which is observed as fluores-
cence enhancement. We can observe a significant difference in 1PE
upon increasing the amyloid concentration for dye 2 (see Fig. 513 in
the ESIT). 1PE changes the shape of the spectrum; the band around
450 nm starts to vanish, and a new band around 550 nm starts to
appear. No changes in 1PE were observed for dye 1. In addition, we
measured 1PE for MeO-X04, which is presented in Fig. S13C in the
ESL{ Additional experiments for dye 2 were conducted due to its
novelty. Lack of observed changes in emission between the solution
of 2 and upon mixing with insulin monomers, proves interaction
with fibrils and not with the native peptide (Fig. S14, ESIT). The
affinity of dye 2 (Ky) to insulin amyloids was measured by saturation
binding assay. The K4 value was determined to be 229 + 12 nM
(Fig. S15, ESIf). Furthermore, selectivity measurements of dye 2
show the highest fluorescence intensity upon binding to insulin
amyloids (Fig. S16, ESIT) compared to other bio-molecules.

The evaluation of the 1P properties was followed by studies
of ¢, upon binding to amyloids. We confirmed the two-photon
nature of the observed process (see Fig. S17C and D, ESIT). No
alteration in Agy was observed upon two-photon excitation
(2PE) compared to 1PE for dye 1 and dye 2 (Fig. S18, ESIt)
indicating relaxation from the same energy state. Evaluation of
g, revealed that dye 2 upon binding has the highest 2PA among
all dyes (Fig. 4C), which is in line with the trend in CHCl;. The
lowest values of 2PA are found for MeO-X04, and these were
measured within the 720-860 nm range (Fig. 4C). At longer
wavelengths of 2PE, no emission was detected in the used
experimental conditions. On the other hand, 2PE for dye 1
and dye 2 have a much broader range overlapping with both the
NIR-I and NIR-II biological window, which is beneficial from an
application point of view. The detailed comparison of 1PA and
2PA upon binding is presented in the ESIt (Fig. S19).

To sum up, newly synthesized dye 2 has better optical
properties upon binding to amyloids than MeO-X04, including
emission spectra above 600 nm, higher values of 2PA cross
section, and broader excitation range in both the NIR-I and
NIR-II biological window. We also proved that the branched
architecture (D-A-D) has higher ¢, upon binding to amyloids,
compared to their unsymmetrical parent compound (D-A). The
newly synthesized compound 2 also exhibits a higher increment of
emission intensity upon binding to amyloids. All these data demon-
strate that the new probe is an interesting scaffold for further
development for applications in 2PM and amyloid detection.
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