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ABSTRACT: Investigation of amyloids with the aid of fluo-
rescence microscopy provides crucial insights into the development
of numerous diseases associated with the formation of aggregates.
Here, we present a series of BF2-functionalized benzothiazoles with
electron-donating methoxy group(s), which are tested as amyloid
fluorescent markers. We evaluate how the position of donor
functional group(s) influences optical properties (fluorescence
lifetime (τ) and fluorescence quantum yield (FQY)) in a solution
and upon binding to amyloids. We elucidate the importance of
surrounding environmental factors (hydrogen-bonding network,
polarity, and viscosity) on the observed changes in FQY and
evaluate how the localization of a donor influences radiative and
nonradiative decay pathways. We conclude that a donor attached to
the benzothiazole ring contributes to the increment of radiative decay pathways upon binding to amyloids (kr), while the donor
attached to the flexible part of a molecule (with rotational freedom) contributes to a decrease in nonradiative decay pathways (knr).
We find that the donor−acceptor−donor architecture allows us to obtain 58 times higher FQY of the dye upon binding to bovine
insulin amyloids. Finally, we measure two-photon absorption (2PA) cross sections (σ2) of the dyes and their change upon binding
by the two-photon excited fluorescence (2PEF) technique. Measurements reveal that dyes that exhibit the increase/decrease of σ2
values when transferred from highly polar solvents to CHCl3 present a similar behavior upon amyloid binding. Our 2PA
experimental values are supported by quantum mechanics/molecular mechanics (QM/MM) simulations. Despite this trend, the
values of σ2 are not the same, which points out the importance of two-photon absorption measurements of amyloid−dye complexes
in order to understand the performance of 2P probes upon binding.
KEYWORDS: fluorescence probes, amyloids, two-photon absorption, BODIPY, thioflavin T

1. INTRODUCTION
Amyloids are misfolded proteins with a characteristic fibrillar
morphology and a β-sheet-rich secondary structure. According
to one of the hypotheses, their presence in tissues is one of the
hallmarks of over 50 diseases, including various neuro-
degenerative disorders, such as Parkinson’s disease (PD) and
Alzheimer’s disease (AD), and type 2 diabetes (T2D).1 The
mentioned pathologies are incurable, and their etiology is still
not fully understood.2 Accurately tracking the development
and localization of amyloids inside cells is crucial for
understanding disease progression and the development of
therapeutic agents. Techniques such as magnetic resonance
imaging (MRI),3 positron emission tomography (PET),4 and
fluorescence microscopy enable the detection of amyloids in
vivo.5 Fluorescence microscopy attracts broad attention, mainly
due to its simplicity and higher spatial resolution compared to
other mentioned techniques. Another type of microscopy,
widely used in vivo, is two-photon microscopy (2PM). 2PM
enables excitation in the near-IR region (>700 nm), which is

beneficial due to its deeper tissue penetration, low photo-
toxicity, minimalized photobleaching, and imaging of small
objects.6,7 2PM has already been successfully employed in the
visualization of Aβ amyloids located in the deep brain
region.8,9 However, fluorescence microscopy requires fluo-
rescent amyloid-binding agents to obtain a high signal-to-noise
ratio. From the spectroscopic point of view, perfect markers
should present the following features: (1) increase in FQY
upon amyloid binding and/or shift in the maximum emission/
absorption wavelength upon binding to differentiate between a
dye in the bound and unbound states; (2) high photostability;
and (3) emission and absorption in the first biological window
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(700−950 nm). When it comes to markers for 2PM, a high
value of the product of two-photon absorption cross section
(σ2) and FQY (ϕ), σeff = σ2 × ϕ, is additionally required. The
latter quantity (σeff) is also termed the two-photon action cross
section.

The smart construction of new fluorescent dyes for amyloid
detection is a challenging process. Most existing probes are
based on popular fluorophores: benzothiazoles,10−12 BODI-
PY,13−15 curcumin,16,17 and thiophene.18−20 Moreover, various
mechanisms of enhancing FQY of probes upon binding to
amyloids are explored: (1) restriction of rotation of structural
parts of a dye upon binding, which occurs in molecular rotors
such as thioflavin T (ThT),21 (2) transition from a hydrophilic
to a hydrophobic environment (e.g., Acedan derivatives),22 (3)
dual mechanism of restriction and environment (e.g.,
ANCA),23 or (4) aggregation-induced emission.24 Recently,
our group has synthesized a series of BF2-functionalized dyes
with structural core inspired by ThT.25 By and large, dyes
carrying the BF2 moiety attracted the attention of the scientific
community as fluorescent probes due to their outstanding
photophysical properties: high FQY, large molar extinction
coefficients, tunable emission wavelength and narrow emission
bands, high chemical stability, and high two-photon absorption
cross sections.26−28 The difluoroborate (BF2) moiety acting as
an electron acceptor can lead to strong intramolecular charge
transfer (ICT) when combined with the electron donor group.
The same moiety is also responsible for the rigidification of the
molecular skeleton. The largest group of BF2-containing dyes is
4,4-difluoro-4-bora-3a,4a-diaza-s-indacenes (BODIPYs). In
BODIPYs, two nitrogen atoms coordinate with an atom of
boron; however, in some similar derivatives, nitrogen is
replaced by oxygen. It is worth mentioning that N,O-
coordinated BF2 probes were already used to detect Aβ
plaques and neurofibrillary tangles in 1PM and 2PM, but there
were no systematic studies of two-photon properties of probes
before and after amyloid binding.29,30 Examination of multi-
photon properties can provide new information about the
relationship between the structure of the probe and amyloid
interactions, which might differ from one-photon optical
changes. In this paper, we investigate the potential of BF2-
functionalized benzothiazoles with electron-donating methoxy
group(s) as amyloid fluorescent markers. To gain systematic
knowledge about the relationship between the dye structure,
its optical properties, and their modification by binding to
amyloids, we investigate three dyes with a weak electron donor
located on one or both terminals of the fluorescent core (see
F igu re 1) : (1) D A - ((Z) - [ (d ifluorobory loxy) -
phenylmethylene](6-methoxy-1,3-benzothiazol-2-yl)amine),
(2) -AD ((Z)-[(difluoroboryloxy)(4-methoxyphenyl)-
methylene]-1,3-benzothiazol-2-ylamine), and (3) DAD ((Z)-
[(difluoroboryloxy)(4-methoxyphenyl)methylene](6-me-
thoxy-1,3-benzothiazol-2-yl)amine). Using the same benzo-
thiazole core, it was possible to modulate the FQY between 0.4
and 98%25 by changing the position of the donor and acceptor
units only. In the current study, changes in optical properties
such as the fluorescence lifetime (τ), FQY, 2PA, 1P, and 2P
excited fluorescence upon binding to amyloid fibrils are
investigated. The discussion is focused on differences in the
architecture of dyes, as well as different dependencies of FQY
on surrounding environmental factors (hydrogen-bonding
network, polarity, and viscosity) and the performance of dyes
upon binding to amyloids. We indicate general principles in
the evaluation of one- and two-photon optical properties of

fluorescent amyloid markers. That is mainly based on their σ2
or σeff in moderate polarity media such as EtOH, DMF, and
DCB, as the core of amyloids is similar in polarity to the
mentioned solvents. Although scarcely presented in the
literature, investigations of dyes bound to biopolymers such
as DNA or proteins show that the orientation and localization
of fluorophores inside biomolecules influence their 2PA cross
sections.31,32 Thus, 2PA cross-sectional determination of free
dyes in organic solvents may not be sufficient to predict their
two-photon absorption upon binding to amyloids, which are
complex biopolymers. Here, we evaluate the need for the
determination of σ2 not only in solution but also after binding
to amyloids for a reliable discussion on the structure−property
relation in the design of two-photon amyloid markers.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Dyes. The synthesis of dyes was described in

our previous article.1

2.2. Incubation of Bovine Insulin Amyloids. Bovine insulin (BI)
was purchased from Sigma-Aldrich (I5500) and dissolved in HCl
solution (pH ∼ 1.5), yielding the final concentration of 2 mg/mL.
The samples were incubated in an Eppendorf ThermoMixer C for 40
h at 45 °C, with agitation set to 700 rpm.
2.3. Incubation of the Hen Egg White Lysozyme (HEWL)

Amyloids. HEWL was purchased from Sigma-Aldrich (L6876) and
dissolved in HCl solution (pH ∼ 1.5) to yield a final concentration of
20 mg/mL (1.4 mM). The samples were incubated in an Eppendorf
ThermoMixer C for 20 h at 85 °C, with the agitation set to 1400 rpm.
2.4. Atomic Force Microscopy (AFM). The full procedure is

published elsewhere.44 In brief, samples were diluted to 0.01 mg/mL.
The droplets of the samples were deposited on a mica layer, rinsed
with Milli-Q water after 5 min, and dried afterward. Measurements
were conducted by using a Veeco Dimension V atomic force
microscope in tapping mode with the SuperSharpSilicon probe
mounted (Manufacturer: NANOSENSORS).
2.5. Absorption and Fluorescence Spectroscopies. One-photon

absorption spectra were measured with a Jasco V-670 spectropho-
tometer in quartz cuvettes within the range of 280−700 nm. Stock
solutions of dyes were prepared by dissolution in DMSO (500 μM),
and all solutions were prepared before use. For samples of mixtures of
water and DMSO, the appropriate volume of the stock solution was
withdrawn and diluted so the volume of DMSO reached 40%; then,

Figure 1. Structures of the investigated dyes.
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Milli-Q water was added. For samples with amyloids, the order of
addition to prepare samples was as follows: DMSO, the stock solution
of dye, the stock solution of amyloids, and Milli-Q water. The final
concentration of the dye in fluorescence enhancement measurements
upon amyloid binding was 2.5 μM. Fluorescence emission and
excitation spectra were recorded using an FS5 Spectrofluorometer
(Edinburgh Instruments) equipped with a xenon lamp.
2.6. Selectivity toward Biomolecules and Bovine Serum Albumin

(BSA). Measurements of fluorescence changes of dyes (2.5 μM) upon
binding to various bioanalytes and BSA were measured on a
clarioSTAR Plus plate reader in a 96-well black plate. Fluorescence
spectra were measured 10 min after the incubation of dyes with
biomolecules at room temperature. To compare changes before and
after binding, the fluorescence intensity (FI) at maximum wavelength
before and after binding in the same solvent were divided by each
other (FIafter binding/FIdye alone).
2.7. Fluorescence Quantum Yield. The FQY was measured by

using the SC-30 Integrating Sphere Module for an FS5 spectro-
fluorometer from Edinburgh Instruments. The concertation of dyes
was set to obtain a high signal on a two-photon microscope, as the
FQY is used to calculate the 2PA cross section. For measurements
before and after amyloid binding, the DMSO content was the same as
that described in Section 2.5. The final concentration of dyes with and
without amyloids was 2.5 μM. The amyloid concentrations were 122

μM for DA-, 82 μM for -AD, and 82 μM for DAD. These
concentrations provided the best enhancement in fluorescence.
2.8. Fluorescence Lifetime Characterization. One-photon excited

fluorescence decays were acquired by time-correlated single-photon
counting (TCSPC), the setup containing an Acton SpectraPro SP-
2300 monochromator (Princeton Instruments) and a high-speed
hybrid detector HPM-100-50 (Becker & Hickl GmbH) controlled by
a DCC-100 card. As an excitation source, a BDL-375-SMN
picosecond laser diode (20 MHz, λexc = 377 nm) was used. For
each measurement, 6 scans were performed, which were later fitted in
SPCImage software. For the fitting of data, synthetic IRF was used.
The mean value of the fluorescence lifetimes from 6 scans was
calculated to obtain the most reliable result. The mean value was used
as the “real” data in the calculation of knr and kr. Decays were
measured at λem = 430 nm (-AD), λem = 490 nm (DA-), and λem =
475 nm (DAD). Samples had the same concentrations of dyes and
amyloids as those in FQY measurements.
2.9. Calculation of kr and knr. To calculate kr and knr, the fitted

average lifetime and measured FQY were used, as described in eqs 1
and 2

=
+
k

k k
r

r nr (1)

Figure 2. (a) Fluorescence intensity of DA- upon interaction with BI amyloids (122 μM). (b) Fluorescence intensity of -AD upon interaction with
BI amyloids (122 μM). (c) Fluorescence intensity of DAD upon interaction with BI amyloids (82 μM). (d) Comparison of fluorescence increase
with increasing concentration of BI amyloids.
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2.10. Characterization of Nonlinear Optical Properties. Two-
photon excited luminescence was measured using a custom-built
multiphoton microscope consisting of a femtosecond mode-locked
Ti:sapphire laser (∼100 fs, 80 MHz, Chameleon, Coherent Inc.) with
an incident wavelength range tunable within λ = 700−1050 nm.
Luminescence was recorded through a microscope objective (Nikon
Plan Fluor, 40×, NA 0.75), and 2PEF signals were recorded in the
epifluorescence mode. 2PEF spectra were measured with a Shamrock
303i spectrometer (Andor) equipped with an iDus camera (Andor).
Samples and references were illuminated with the output power set
between 40 and 70 mW depending on the measured dye (reference
always was measured with the same power as the sample).
Experimental conditions were chosen to prevent photobleaching
and achieve a high signal-to-noise ratio. Two-photon absorption cross
sections were calculated with eq 3

=
FC n

F C n2,s
s r r r

2

r s s s
2 2,r

(3)

Effective two-photon absorption cross sections were calculated with
eq 4

=2,eff 2,s (4)

where C is the fluorophore molar concentration per cubic centimeter,
n the refractive index of the solvent, φ the fluorescence quantum yield,
and F the integral over the whole two-photon excited emission band.
The letters s and r correspond to the sample and reference,
respectively. The chosen reference was a fluorescein solution in 0.1
M NaOH. The two-photon absorption cross section of fluorescein
was obtained from elsewhere.45 Samples prepared in CHCl3 and
H2O/DMSO before and after amyloid binding had the same
concentrations of dyes and amyloids as in FQY measurements.
2.11. Power Dependence of the Fluorescence Intensity. To

confirm that the observed fluorescence excited by laser pulses had a
two-photon nature, we measured the intensity versus excitation power
dependence and determined the power exponent n (eq 5).

=n
log(PL intensity)

log(power) (5)

where the PL intensity is a 2P excited photoluminescence intensity,
and the power is the average incident laser power.
2.12. Computer Simulations. The studied dyes were solvated with

chloroform or water molecules, resulting in spherically symmetric
clusters. Two-layer ONIOM calculations were performed for the
clusters.46 The composition of layers was determined based on the
following criteria:

< | |R Rlayer 1: 0 Å 8 ÅCOM
solvent

COM
solute

< | |R Rlayer 2: 8 Å 30 ÅCOM
solvent

COM
solute

where RCOM
i refers to the position vector of the center of mass

(COM) of the i-th molecule. Subsequently, the optimization of the
geometry was performed using GAUSSIAN program.47 In so doing,
layer 1 was described at the B3LYP/6-31+G(d) level of theory with
D3 version of Grimme’s dispersion model,48 while layer 2 was
described by the AMBER force field.49 The optimized clusters were
subsequently used in electronic structure calculations to determine
one- and two-photon absorption spectra. These calculations were
performed using TURBOMOLE program50 at the RI-CC2/aug-cc-
pVDZ level of theory,51 and all solvent molecules were represented by
point charges.

3. RESULTS AND DISCUSSION
BF2-functionalized benzothiazoles with additional electron-
donating functional methoxy groups were synthesized
according to a protocol described elsewhere.25 These probes

possess a single C−C bond between the benzothiazole core
and phenylene group, which introduces rotational freedom�a
feature resulting in the linear dependency of FQY on
viscosity.25 However, the sensitivity of FQY to viscosity
changes differs between dyes. It was proven that the FQY of
DA- is mainly sensitive to viscosity, -AD is weakly sensitive to
environmental factors (hydrogen-bonding network, polarity,
and viscosity), and DAD is simultaneously sensitive to the
hydrogen-bonding/polar environment and viscosity.25

The dyes present a low intensity of fluorescence in H2O/
DMSO mixture, with FQY values equal to 1.3, 1.1, and 12.8%
for DAD, DA-, and -AD, respectively. These values can be
largely increased upon binding with amyloids, as shown in
Figure 2a−c. We prepared bovine insulin (BI) amyloids and
confirmed their presence by atomic force microscopy (AFM)
(Figure S1a). Details about the preparation of samples are
described in the Experimental Section. Values of the
fluorescence intensity (FI) for amyloid solutions were
compared before and after binding. As shown in Figure 2d, a
strong increase in FI, from 7 for -AD dye to 49-fold for the
DAD dye, was observed upon binding to amyloids. To
determine whether the increase in FI is equally sensitive to
protein monomers, the fluorescence of dye solutions with the
monomeric form of bovine insulin was measured. A lack of
intensity changes confirmed that the enhancement of FI is
specific for the interaction with amyloid fibrils (Figure S6). As
shown in Figure 2d, DAD achieves the highest fluorescence
increase and -AD the lowest fluorescence increase for the same
ratio between the amyloid and dye concentration. In order to
evaluate the potential usage of dyes in vivo, the fluorescence
response in a range of concentrations of bovine serum albumin
(BSA) was determined (Figure S5). The smallest interactions
seem to occur for the -AD dye, as with increasing BSA
concentration, the fluorescence remains almost constant. For
dyes DAD and DA-, we observed similar responses between 10
and 125 μM BSA. We clearly observed the interactions of BSA
with these two dyes. It is worth mentioning that in the same
instrumental settings, dyes with amyloids present higher
intensities at lower concentrations compared to BSA. To
conclude, there is a small chance of a background signal from
the BSA−dye complex, especially for the DAD dye. However,
the interactions suggest that it might be efficiently transported
through the bloodstream.

For all dyes, the emission maximum was blue-shifted upon
binding as compared to the solution without amyloids. One-
photon optical properties such as the emission maximum
wavelength (λem [nm]), absorption maximum wavelength (λabs
[nm]), and average fluorescence lifetime (τavr [ns]) were also
measured in H2O/DMSO mixtures as well as in solvents of low
polarity (CHCl3) and high viscosity (glycerol), as presented in
Table S1. For ease of comparison, we present the position of
fluorescence emission for all dyes in used solvents in one
spectrum (Figure S2). The smallest changes are observed for
-AD. To examine the photostability of dyes, we measured the
fluorescence intensity changes upon irradiation of 370 nm
wavelength (Figure S3). The DA- and -AD intensities did not
change, which indicates that they are highly photostable, while
the DAD intensity decreased by around 10% after 1h of
irradiation.

Amyloids possess a hydrophobic core and hydrophilic side
groups exposed to the aqueous solution, and binding of dyes
may occur in either of the locations. Dissolving dyes in CHCl3
is intended to show the optical properties of dyes in a
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hydrophobic medium, whereas glycerol is used to evaluate the
influence of immobilization of dyes in the amyloid fibrils.

FQY and τ values were evaluated before and after amyloid
binding in the same solvent. The highest FQY in the presence
of amyloids was achieved for -AD (94%). This value is similar
to the best FQY standards, such as Rhodamine 6G or
fluorescein.33 The second highest value in the presence of
amyloids was obtained for DAD and was equal to 75%. The
least emissive is DA-, with an FQY equal to 27.5%. The
decrease of FQY values in the series -AD, DAD, and DA-
observed in amyloid solutions corresponds to the order found
for solutions in chloroform (Table S1; note that the values are
not the same).

First, we compared the FQY in the same solvents before and
after binding to amyloids, and subsequently, we compared
changes in FQY with the values in high-viscosity media
(glycerol) as the dyes exhibited different sensitivity to viscosity.
DA- showed a 25-fold increase in FQY (ϕrat) upon binding to
amyloids, with similar changes of FQY in amyloids and
glycerol (Table 1). This suggests that the improved FQY

comes mainly from the immobilization of the molecule upon
binding to amyloids. The same behavior is observed for ThT,
which belongs to the class of molecular rotor probes. In -AD,

ϕrat upon adding amyloids was 7.4, which is higher than the
change observed in glycerol in comparison to the much less
viscous methanol. In any other solvent, this probe does not
exhibit equally high FQY, even though it has similar values in
CHCl3 and glycerol (Table S1).

The highest increase in FQY of the presented dyes (58-fold)
upon the addition of amyloids was observed for DAD (Table
1). Its FQY with amyloids (75%) was almost two times higher
than that for ThT with amyloids (42%),34 while the FQY was
found to be lower for glycerol (viscous media) than for the
solution of amyloids. This confirms our previous finding that
the dye is sensitive to viscosity, and polarity/hydrogen bonding
can translate into an interaction with amyloids.

DAD and -AD both have a methoxy group on the phenyl
side. Some of the present authors have previously proved that
such a location of the donor is crucial for achieving a high
value of FQY.25 The methoxy moiety attached to the
benzothiazole core present in DAD and DA- has already
been used in ThT derivatives to increase the electron density
on the benzothiazole core.35,36 ThX, one of the ThT
derivatives, had an FQY 3.4 times higher than that of the
parent ThT upon binding to α-synuclein and showed increased
binding affinity. Another publication presented a comparison
of a novel library of 12 ThT-inspired fluorescent probes for
amyloid protein with the methoxy moiety attached to the
benzothiazole core (with or without a positive charge in their
structure).36 In general, charged molecules exhibit a higher
FQY after binding to α-synuclein. Our studies show that the
introduction of the BF2 moiety as the acceptor serves as a
possible solution for achieving high FQY without using
charged species, which is an interesting alternative in the
design of probes for amyloid aggregates. Moreover, it should
not be overlooked that the dyes carrying a quaternary/charged
nitrogen atom would rather interact with polar groups within
the protein, while BF2-carrying ones provide a chance to bind
in hydrophobic parts.

Determination of τ and FQY values allowed us to calculate
the radiative (kr) and nonradiative (knr) decay constants and
their changes upon dye binding to amyloids. Fluorescence
lifetime values after binding were equal to 1.93, 1.98, and 2.45
for DA-, -AD, and DAD, respectively (Figure S3). In order to
link the effect of binding to amyloids with changes in
fluorescence, we compared the values of kr and knr in CHCl3,

Table 1. Selected Spectroscopic Data for the Dyes in
Different Solvents

probe solution Φ [%] Φrat
a τavr [ns]

DA- H2O/DMSOb 1.1 0.16
amyloidsb 27.5 25 1.93
glycerol 11.4 27.1 1.08

-AD H2O/DMSOb 12.8 0.42
amyloidsb 94.4 7.4 1.98
glycerol 73.3 2.7 1.58

DAD H2O/DMSOb 1.3 0.21
amyloidsb 75.2 57.9 2.45
glycerol 28.4 11.8 1.15

aΦrat for the amyloid solution is Φ of the dye with amyloids divided
by Φ of the dye in H2O/DMSO mixture. Φrat for glycerol is Φ of the
dye in glycerol solution divided by Φ of the dye in methanol. Data for
glycerol are taken from ref 26. bDetails on concentrations and v/v
ratios between solvents for each dye are presented in the Experimental
Section in the Supporting Information file.

Figure 3. (a) Comparison of kr values for dyes in CHCl3, amyloid solution, glycerol, DMSO/H2O. (b) Comparison of knr values for dyes in CHCl3,
amyloid solution, glycerol, DMSO/H2O. Details of the calculations are given in the SI.
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glycerol, and H2O/DMSO solutions before and after amyloid
addition for all probes.

DA- presents a decrease in values of knr after amyloid
binding (Figure 3b). There are similarities in knr in a high-
viscosity medium and amyloids. There is additional con-
firmation that the restriction of the conformational freedom of
a dye takes place, which translates into the suppression of the
nonradiative processes. In the case of DA-, there is also an
increase in kr after binding to amyloids, with higher kr in
amyloids than in glycerol (Figure 3b).

-AD also presents suppression of nonradiative processes
after amyloid binding. However, the dye presents similar values
of knr in CHCl3, glycerol, and upon binding to amyloids. Thus,
it is not possible to point out a single dominant environmental
factor that contributes to the suppression of these processes.
The FQY of -AD slightly changes with viscosity; thus, the
immobilization of the dye contributes to a decrease of
nonradiative decay pathways upon binding to amyloids. The
contribution of kr in an amyloid solution is the highest for this
dye among all investigated dyes. The localization of the donor
group may reduce the rotation capacity around the bond
between the benzothiazole core and phenylene group,37

leading to an initial high FQY of a free dye. Then, upon dye
binding to amyloids, further immobilization and hydro-
phobicity of grooves in amyloids, where the dye is located,
allow us to achieve an FQY above 90%.

The DAD dye presents high suppression of nonradiative
processes after amyloid binding. On a comparison, the knr
values of different solvents were found to be the most similar
to the knr value measured in glycerol. This proves that the
immobilization of a molecule takes place, which results in a
decrease of knr. The acceleration of radiative pathways upon
binding to amyloids is the highest for this system compared to
other dyes (Table S3), which translates into the highest Δϕ
upon binding to amyloids. As shown in Figure 3a, kr has similar
values in a hydrophobic solvent and amyloids; thus, the
polarity may have a significant influence on the radiative decay
pathways.

Based on a comparison between dyes, we link particular
moieties with the changes of kr and knr. The localization of the

donor on the part of a molecule exhibiting rotational freedom
influences kr, while the donor attached to the benzothiazole
core has a stronger influence on knr. The highest FQY was
obtained for -AD upon binding to amyloids, thus achieving a
high FQY depending on electron density on the moiety
exhibiting rotational freedom. The donor group attached to the
benzothiazole core increases the sensitivity of FQY to the
immobilization of dyes. DAD and DA- exhibit FQY sensitivity
to viscosity and more “molecular rotor probe”-like behavior.
For DAD and -AD dyes, kr values in samples with amyloids
correspond better with values in a hydrophobic environment
than in glycerol. This suggests that dyes are located inside the
hydrophobic amyloid structure, which is supported by the
hydrophobic character of the dyes determined from log P
values (see Table S4) and the mentioned earlier presence of
fluorine atoms.

We also studied the optical properties of dyes in amyloids of
other proteins. The fluorescence intensity of the compounds
upon the addition of amyloids formed from hen egg white
lysozyme (HEWL) was lower compared to that of BI amyloids
(Figure S8), which we attribute to various amyloid environ-
ments, e.g., a higher content of arene groups in HEWL
compared to BI. A detailed discussion regarding the probe
performance upon binding to HEWL is presented in the SI.
Overall, trends in intensity increase are the same for dyes upon
binding to HEWL and BI amyloids. However, -AD in HEWL
amyloids presented quenching, and no increment of FI upon
binding was observed (Figure S9).

As DAD presented the highest increment of FQY upon
binding and exhibited the best application potential, we also
investigated interactions with various endogenous biomole-
cules (Figure S4). To summarize, we did not observe any
changes in fluorescence upon interaction with to L-cysteine, L-
methionine, glycine, glutathione, ascorbic acid, and H2O2.

Nonlinear optical properties of the analyzed chromophores
were studied in terms of their multiphoton absorption and the
corresponding fluorescence processes, with a femtosecond
pulsed laser as an excitation source. First, the two-photon
nature of absorption processes was confirmed with fluores-
cence response vs the input laser power (Figure S10). σ2 values

Figure 4. Two-photon absorption cross section for dyes in various environments: H2O/DMSO mixture (ratios for all dyes are presented in the
Experimental Section), CHCl3, and amyloid solution (concentration presented in the Experimental Section). (a) DA- dye, (b) -AD dye, and (c)
DAD dye. The uncertainty of the calculated values was ±15%.
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of the dyes before and after amyloid binding were measured.
The σ2 value in H2O/DMSO solution was found to be the
highest for the DAD dye (28 GM at 780 nm) while the lowest
was for -AD (∼10 GM at 720 nm; Figure 4). For DA-, σ2
increased upon binding to amyloids, whereas for -AD, a minor
difference was observed, and for DAD, we noticed a decrease
of the σ2 value. We also compared the two-photon absorption
(2PA) spectra of all chromophores with their one-photon
absorption (1PA) spectra (Figure S11). The 2PA spectra of
free dyes overlap with the 1PA bands plotted at a double
wavelength. On the other hand, probes with amyloids have
slightly shifted 2PA bands compared to the doubled positions
of the 1PA spectra (Figure S11). In order to assess the effect of
polarity on σ2, we performed 2PA measurements in a more
hydrophobic and less polar solvent�CHCl3. For DAD and
-AD in CHCl3, σ2 decreased compared to that in the H2O/
DMSO solution, while for DA-, σ2 was higher (Figure 4). The
presented tendency of σ2 in CHCl3 correlates to changes upon
adding amyloids. The dependence of σ2 on the solvent polarity
is a well-known phenomenon.38,39 Binding pockets of amyloids
are mostly hydrophobic,40,41 which translates to the observed
correspondence between the two-photon performance of dyes
in amyloids and CHCl3 solutions. However, values in these
two solutions for all probes are not the same: for DA-, σ2 at
760 nm in CHCl3 is 29 GM, which is almost two times higher
than that in the solution of amyloids. In complex biopolymers
such as amyloids, additional factors influence 2PA, e.g., the
local electric field.31,42,43 Previously presented differences
between dyes in BI and HEWL amyloids indicate that
interactions with amino acid residues present in fibrils
significantly modulate the optical properties of dyes. Similarly,
the modulation of nonlinear optical properties is expected.

The experimental investigation of two-photon properties of
dyes in solutions was supported by quantum mechanics/
molecular mechanics (QM/MM) simulations of dyes in
CHCl3 and water (mimicking a water/DMSO mixture).
Details of the simulations are provided in the Experimental
Section, and a summary of the results is presented in Table S6.
The results of simulations are in line with experimental
findings and clearly indicate that σ2 of DA- in CHCl3 is much
larger than those of DAD and -AD. Electronic structure
calculations also indicate that a more polar environment (water
vs CHCl3) increases the σ2 values of the studied dyes.

σeff, which is a product of σ2 and FQY, is the quantity that is
the most relevant for evaluating the potential of two-photon
probes in imaging applications. Values of σeff increased upon
binding for all investigated dyes (Figure S12) due to increasing
FQY of these systems, with the value around 4−5 GM, for all
dyes. However, the highest difference in the σeff value between
the bound and unbound dyes was observed for DA- molecules,
which presented the lowest FQY upon binding. In the case of
sufficiently large values of σeff, the increase of the two-photon
excited fluorescence intensity upon incorporation into fibrils
may be the fundamental factor determining the utility of a dye
in bioimaging applications.

4. CONCLUSIONS
In conclusion, we presented a systematic study of the optical
properties of three fluorophores with a structure based on ThT
and an N,O-coordinated BF2 moiety, with a donor group
located on both or one of the termini of a molecule (DAD,
DA-, and -AD). We show that probes with an N,O-
coordinated BF2 acceptor, while incorporated into amyloid

fibrils, exhibit FQY values exceeding 70% even without the
presence of a strong electron-donating moiety, like the
frequently used N,N-dimethylamino group. The highest
increase in fluorescence upon binding with amyloids was
observed for the DAD dye, which exhibits an FQY sensitive to
a range of environmental factors such as the hydrogen-bonding
network, polarity, and viscosity. The results reveal that probes
that are sensitive to more than one environmental factor might
be the best choice in amyloid detection. Our data show that a
crucial aspect in tuning the FQY is the donor location in the
molecule. The best performance was obtained for a donor
attached to the aromatic ring with a single C−C bond
connected to the core with the acceptor. The methoxy group,
as a hydrogen bond acceptor, enhances the interaction with
amyloids in parallel with increasing FQY, while this group is
attached to the benzothiazole ring.

The probes studied here presented various responses to
HEWL and BI amyloids. It is beneficial as discrimination
between various amyloid structures is important in bioimaging
studies of protein aggregates. The probe -AD has an FQY that
is the least sensitive to viscosity, and it presented the largest
differences in fluorescence detected upon binding to HEWL vs
BI. This might suggest that probes with limited sensitivity to
viscosity perform better in discriminating between different
types of amyloids, where different mechanisms influencing
FQY play the main role.

We also investigated the two-photon properties of the dyes
and proved the importance of measuring 2PA cross sections of
dyes both in a solution and after amyloid binding. Measuring
2PA cross sections in solvents may show a trend but may not
be sufficient for the prediction of two-photon properties of a
dye upon binding to amyloids. The measurements of σ2 in
organic solvents did not provide a reliable estimation of the
difference in two-photon-excited fluorescence intensity be-
tween bound and unbound probes in water solutions, which is
crucial for the observation of amyloid-bound dyes with no
background fluorescence. Moreover, the evaluation of σ2 in
amyloids gave us important information about the factors that
contribute to the highest differences in two-photon properties
between bound and unbound dyes. Such an approach can be
used for a better comparison of various probes designed for
amyloid imaging by two-photon microscopy.
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fluorescence quantum yields of benzothiazole-difluoroborates by
optimal substitution. Chem. Sci. 2022, 13 (45), 13347−13360.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.3c00815
ACS Appl. Bio Mater. 2023, 6, 5676−5684

5683

https://orcid.org/0000-0002-7226-0077
mailto:joanna.olesiak-banska@pwr.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agata+Hajda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuela+Grelich-Mucha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8591-9387
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patryk+Rybczyn%CC%81ski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Borys+Os%CC%81mia%C5%82owski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9118-9264
https://orcid.org/0000-0001-9118-9264
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Zales%CC%81ny"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8998-3725
https://orcid.org/0000-0001-8998-3725
https://pubs.acs.org/doi/10.1021/acsabm.3c00815?ref=pdf
https://doi.org/10.1038/s41580-018-0060-8
https://doi.org/10.1038/s41580-018-0060-8
https://doi.org/10.1016/j.tibs.2015.10.002
https://doi.org/10.1016/j.tibs.2015.10.002
https://doi.org/10.3233/JAD-131025
https://doi.org/10.3233/JAD-131025
https://doi.org/10.1053/j.semnuclmed.2012.07.001
https://doi.org/10.1053/j.semnuclmed.2012.07.001
https://doi.org/10.1016/j.ejmech.2019.111982
https://doi.org/10.1016/j.ejmech.2019.111982
https://doi.org/10.1038/nphoton.an.2010.2
https://doi.org/10.1364/OE.17.013354
https://doi.org/10.1364/OE.17.013354
https://doi.org/10.1021/acschemneuro.8b00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschemneuro.8b00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42003-021-02884-7
https://doi.org/10.1038/s42003-021-02884-7
https://doi.org/10.1038/s42003-021-02884-7
https://doi.org/10.1002/chem.201602981
https://doi.org/10.1002/chem.201602981
https://doi.org/10.1016/j.jlumin.2014.10.042
https://doi.org/10.1016/j.jlumin.2014.10.042
https://doi.org/10.1016/j.jlumin.2014.10.042
https://doi.org/10.1021/ol501264q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol501264q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol501264q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol501264q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn3000058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn3000058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.201900652
https://doi.org/10.1002/cbic.201900652
https://doi.org/10.1016/j.ijbiomac.2022.08.112
https://doi.org/10.1016/j.ijbiomac.2022.08.112
https://doi.org/10.1021/ja9047043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9047043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9047043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn200122j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn200122j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn200122j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c00680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c00680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c00680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s40478-019-0832-1
https://doi.org/10.1186/s40478-019-0832-1
https://doi.org/10.1186/s40478-019-0832-1
https://doi.org/10.1016/j.jbc.2021.101267
https://doi.org/10.1016/j.jbc.2021.101267
https://doi.org/10.1021/jp805822c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp805822c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp805822c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b03548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3063698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3063698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3063698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8QM00209F
https://doi.org/10.1039/C8QM00209F
https://doi.org/10.1039/D2SC05044G
https://doi.org/10.1039/D2SC05044G
https://doi.org/10.1039/D2SC05044G
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.3c00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(26) Loudet, A.; Burgess, K. BODIPY Dyes and Their Derivatives:
Syntheses and Spectroscopic Properties. Chem. Rev. 2007, 107 (11),
4891−4932.
(27) Liu, M.; Ma, S.; She, M.; Chen, J.; Wang, Z.; Liu, P.; Zhang, S.;

Li, J. Structural modification of BODIPY: Improve its applicability.
Chin. Chem. Lett. 2019, 30 (10), 1815−1824.
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