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ARTICLE INFO ABSTRACT

Keywords: Timely diagnosis and therapy of Alzheimer’s disease remains one of the greatest questions in medicinal chem-

BODIPY istry of neurodegenerative disease. The lack of low-cost sensors capable of reliable detection of structural

gl_Zhelme.r s disease changes in AD-related proteins is the driving factor for the development of novel molecules with affinity for AD
iagnostics

hallmarks. The development of cheap, safe diagnostic methods is a highly sought-after area of research. Optical
fluorescent probes are of great interest due to their non-radioactivity, low cost, and ability of the real-time
visualization of AD hallmarks. Boron dipyrromethene (BODIPY)-based fluorophore is one promising fluores-
cent unit for in vivo labeling due to its high photostability, easy modification, low toxicity, and cell-permeability.
In recent years, many fluorescent BODIPY-based probes capable of Ap plaque, Ap soluble oligomers, neurofi-
brillary tangles (NFT) optical detection, as well as probes with copper ion chelating units and viscosity sensors
have been developed. In this review, we summarized BODIPY derivatives as fluorescent sensors capable of
detecting pathological features of Alzheimer’s disease, published from 2009 to 2023, as well as their design
strategies, optical properties, and in vitro and in vivo activities.

Optical visualization
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1. Introduction

Alzheimer’s disease (AD) is a complex neurodegenerative disorder,
that is characterized by such cognitive disfunctions as memory loss,
speech and writing disturbance, depression, disorder of logical thinking,
etc. Over 50 million people are living with AD or dementia, and this
number is predicted to grow to 152-million-cases level by 2050 [1]. Due
to the absence of effective therapy, early-stage diagnosis of AD is
strongly desired [2]. Pathological features of AD are extracellular
neurotic plaque composed of misfolded amyloid-beta (Ap) peptides and
intracellular neurofibrillary tangles (NFT) composed of hyper-
phosphorylated tau proteins [3]. Af exists in a dynamic equilibrium
among various monomeric, oligomeric, and higher-order filamentous
forms that differ in synaptotoxic properties [4]. Soluble Af oligomers are
the most neurotoxic form of misfolded Ap and affect intracellular vis-
cosity [5,6]. Another pathogenic factor of AD is metal dyshomeostasis,
which results in the copper ions accumulation and the formation of
Ap-Cu aggregates [7].

Since Ap is widely recognized as a primary neuropathologic agent in
AD, diverse diagnostic techniques, such as single photon emission
computed tomography (SPECT), positron emission tomography (PET),
and magnetic resonance imaging (MRI), have been used for Ap mapping
[8,9]. We recently summarized the use of metal-based drugs for MRI,
SPECT, and PET visualization of amyloid plaques [10,11]. However, the
application of these probes still has several risks. The use of MRI requires
large doses of drugs to obtain high-resolution images, and what is more
important, the MRI technique can only detect Ap plaques larger than 50
pm, while the size of Ap plaques is usually in the range of 20-60 pm [12].
As for PET and SPECT techniques, the use of radioactive isotopes im-
poses several restrictions; their high cost and radioactivity limit their
practical application. Therefore, optical imaging offers real-time,
high-resolution imaging, leading to rapid, inexpensive, and nonradio-
active visualization of AD-caused deposits [13]. Thus, the design, syn-
thesis, and investigation of fluorescent probes for imaging the
pathological signatures of Alzheimer’s disease have already become the
subject of several reviews [14-17].
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In the past two decades, mounting interest in the development of
optical probes for AD diagnosis led to avalanche number of fluorescent
markers for AD species detection. Thus, numerous derivatives generally
based on curcumin, coumarin, boron dipyrromethene (BODIPY) and
cyanine structures were designed. Several fluorescent probes, such as
IRI-1, CRANAD-3, DANIR-3b-c, AOI-987 etc. demonstrated the capa-
bility of Ap and NFTs visualization in vivo (Fig. 1) [18]. However, none of
the fluorescent probes have been approved for clinical use yet due to the
significant background interference and poor tissue penetration of the
required excitation beam [19].

Boron dipyrromethene (BODIPY) fluorophores are one of the most
promising fluorescent units for biolabeling purposes, with high photo-
stability, fluorescence quantum yields, easy modification options,
robustness against chemicals, and excitation/emission wavelengths in
the visible spectral region [20,21]. Moreover, BODIPY derivatives
recently demonstrated the ability to inhibit acetylcholinesterase (AChE)
which is interest in development of BODIPY-based theranostics agents
for AD treatment [22]. Since 2009, when the first fluorescent
BODIPY-based probe for NFT detection was reported by Ojida et al. [23],
a large number of BODIPY-based fluorescent sensors for the detection of
different AD hallmarks have been reported. BODIPY-based fluorescent
probes capable of NFTs [23-27] and Ap plaque [28-33] detection, as
well as probes with copper ion chelating units [34] and viscosity sensors
[6,35] were developed, and the ability for Ap and NFTs visualization in
vivo was demonstrated [24,32,33,36]. However, only one review re-
ported by Dzyuba summarized the use of BODIPY as an imaging agent
for Ap-related processes [37]. Herein, we summarize the application of
BODIPY-based fluorescent probes for different AD hallmarks’s detection
and briefly discuss the physical aspect of the design of fluorescent
probes.

2. BODIPY-based probes for Ap and soluble oligomer detection:
summary

The design of fluorescent probes for the detection of pathological
hallmarks of AD is a challenging task. So that the fluorescent probe
would be able to detect the AD hallmark in vivo, it should have a suitable
oil-water partition coefficient (2 < logP < 5) and molecular weight
(MW < 500 Da) to guarantee satisfactory BBB penetration [32,33]. Also,
maxima of emission and excitation of probes are strongly desired to be
arranged in the NIR region (A > 700 nm) due to the high tissue pene-
tration ability of near-infrared light [38]. Also, the probe should have
high selectivity and affinity for the AD hallmark [39]. Herein, we
summarized photophysical properties (Aex, Aem, Aabs, flUOTrescence
quantum yield), Ap affinity data, molar masses, brain uptake/washout
rates, results of in vivo imaging, and the difference in fluorescent signals
between AD and WT mice published between 2009 and 2023 (Table 1)
[6,23-36,40-47].
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Fig. 1. Fluorescent probes IRI-1, CRANAD-3, DANIR-3b and AOI-987 for in vivo
AP detection [18].
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3. Fluorescent probes: design

The concept of a fluorescent probe implies that the molecule will
either not fluoresce before binding to the target or will significantly
change its emissive properties after binding to it. A decrease in the
fluorescence of a probe is usually achieved by either photoinduced
electron transfer (PIET), intramolecular electron transfer (ICT), or
twisted intramolecular electron transfer (TICT). Each of these effects
leads to a significant probe’s fluorescence quenching in non-binded
form; target binding leads to conformational restrictions and ICT or
PIET disturbance, which results in significant fluorescence enhance-
ment. Since these two physical phenomena play a critical role in fluo-
rescent probe design, we discuss each of these effects below [48-55].

3.1. Twisted intramolecular charge transfer (TICT)

Intramolecular charge transfer (ICT) is a fundamental mechanism
that plays essential roles in materials science, biology, and medicine
[48]. ICT-based probes are usually based on the electron push-pull
substituent effect when charge redistribution occurs from the electron
donor to the acceptor system [49]. The electron density in the fluo-
rophore is strongly affected by the donor group, and coordination be-
tween the target and donor groups results in significant changes in
fluorescence emission [50].

One of the subtypes of ICT is twisted ICT (TICT), which is imple-
mented in molecular rotors that consist of two fragments that can rotate
relative to each other, a stator and a rotor. Upon excitation, molecular
rotors undergo a transformation into a twisted state as a result of charge
transfer and the subsequent rotation of molecule parts relative to each
other. Such conformational transitions lead to the conversion of absor-
bed energy into thermal motion, which results in the radiation-free
relaxation of excited probe molecules and a decrease in their quantum
yields [50]. When a TICT-based probe binds to protein or enters a
viscous environment, free-rotation hindrance results in fluorescence
enhancement (Fig. 2) [51,52]. The most prominent example of a
TICT-probe is a Thioflavin-T (ThT) with a rotatable single bond between
N,N-dimethylaniline and thiazole quaternary ammonium salt, which is a
gold standard probe for Ap visualization [53]. However, the application
of ThT in vivo has been hindered because of restricted BBB penetration
and a short emission wavelength [54].

3.2. Photoinduced electron transfer (PIET)

Photoinduced electron transfer (PIET) is another commonly used
mechanism in the design of fluorescent probes [40,55]. Since PIET ef-
ficiency is less sensitive to surrounding polarities, this mechanism is
more desirable for the development of fluorescent probes to stain bio-
molecules. A PIET-based fluorescent probe is commonly designed as a
fluorophore conjugated with an electron-rich ligand, which quenches its
fluorescence. Upon energy absorption, a fluorophore enters the excited
state, followed by electron transfer from the HOMO of the
electron-donor ligand to the single-occupied HOMO of the fluorophore
unit. This transfer prevents the reverse electron transition from LUMO to
HOMO of the fluorophore fragment, resulting in decreased molecule
fluorescence [55]. When a PIET-based fluorescent probe bounds to a
protein target, emerging conformational restrictions prevent electron
transfer from an electron-donor ligand, which results in fluorescence
enhancement (Fig. 2). Thus, the quenching efficiency of the PIET
mechanism is governed by the oxidation potential of the PIET donor, the
distance between the donor and the fluorophore, and the energy gap
between the HOMOs of a fluorophore and an electron donor [40,55].
PIET-based fluorescent probes are also of great interest for the devel-
opment of diagnostic agents for AD due to their higher sensitivity and
fluorescence turn-on selectivity compared to ICT-based analogues [40].
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Table 1
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Photophysical properties and A affinity data of BODIPY derivatives 1-75 and in vivo tests data, molar masses, and lipophilicity of BODIPY-based probes 1,13, 15,17,

20, 45, 64, 67, 71 and 73.

Probe Kg, nM Aex, DM Aem, NM Aabs, NM b, % Solvent Reference
BODIPY-based probes for Ap detection

ICT-based probes

1 [125I] BODIPY7 108 No data 613 606 36 No data [28]
2 BAP-1 44.1 614 648 604 46.8 CHCl3 [29]
3 BAP-2 54.6 £7.0 650 708 651 11.4 CHCl3 [30]
4 BAP-3 149 + 15 663 705 665 4.5 CHCl3

5 BAP-4 26.8 +£2.8 636 704 623 9.3 CHCl3

6 BAP-5 18.1 £ 1.3 649 723 639 4.3 CHCl3

7 EUA-1 322.8 £ 119.5 No data 654 518 12 CHCl3 [31]
8 EUA-2 226.2 +127.1 No data 667 597 7 CHCl3

9 EUA-3 320.1 +£161.1 No data 736 677 1 CHCl3

10 EUA-4 48.6 £ 9.7 No data 673 624 13 CHCl3

11 EUA-5 96.9 + 41.9 No data 763 721 3 CHCl3

12 TPyrBDP 54.2 + 5.8 No data 752 675 No data DMSO [32]
13 TPipBDP 28.3+£5.9 No data 751 653 No data DMSO

14 THAIBDP 28.2 £ 3.1 No data 758 676 No data DMSO

15 BocBDP 67.8 £ 3.2 578 588 No data No data DCM [33]
PIET-based probes

16a Probel 3.5 485 505 497 No data EtOH [40]
17 QAD-1 6 No data 755 645 No data DMSO [36]
BODIPY-based probes with copper chelator units

18 BDA No data 460 503 No data No data No data [34]
Viscosity sensitive BODIPY-based fluorescent probes

19 BODIPY-1 No data No data No data No data No data No data [6]
20 5-MB-SZ 155.8 No data 552 505 34.0 DCM [35]
21 B-SZ 177.4 No data 551 512 13.3 DCM

22 BD-SZ No data No data 578 532 18.0 DCM

BODIPY-based probes for soluble oligomers detection

23 1 No data 512 525 No data No data No data [41]
24 2 No data 525 538 No data No data No data

25 5 No data No data 530 520 3 Water

26 6 No data No data 542 529 1 Water

27 1 No data No data 672 650 34 CHCl3 [42,43]
28 BD-Oligo 480 No data 604 580 8.7 DMSO [44]
29 NB 6.4 688 753 No data No data CHCl3 [45]
30 BAOP-1 83.8 £67.8 610 657 610 55.0 CHCl3 [46]
31 BAOP-2 201 + 27 619 671 616 30.0 CHCl3

32 BAOP-3 108 + 12 623 728 623 8.96 CHCl3

33 BAOP-4 148 + 18 604 663 603 47.8 CHCl3

34 BAOP-5 50.6 £ 5.5 619 674 614 48.1 CHCl3

35 BAOP-6 107 +13 593 679 593 37.8 CHCl3

36 BAOP-7 54.7 +13.7 618 677 616 40.4 CHCl3

37 BAOP-8 121 + 34 599 674 596 44.3 CHCl3

38 BAOP-9 No data No data No data No data No data No data

39 BAOP-10 62.4 + 3.1 590 649 589 51.0 CHCl3

40 BAOP-11 85.4 £5.1 593 677 591 44.3 CHCl3

41 BAOP-12 297 + 27 578 615 584 19.9 CHCl3

42 BAOP-13 229 + 27 593 666 591 23.0 CHCl3

43 BAOP-14 500 + 93 580 624 579 33.7 CHCl3

44 BAOP-15 90.8 £5.5 619 694 616 11.4 CHCl3

45 BAOP-16 34.3+ 4.0 635 704 638 22.0 CHCl3

46 BAOP-17 74.4 £ 6.3 602 650 603 18.2 CHCl3

BODIPY-based probes for intraneuronal neurofibrillary tangles (NFTs) detection

47 1 9.10% No data 547 520 31 Water [23]
48 2 No data No data No data No data No data No data

49 Tau-1 No data No data 705 621 23.6 CHCl3 [24]
50 Tau-2 No data No data 687 597 28.0 CHCl3

51 BD-tau No data 525 590 No data 3 Water [25]
52 BDNCA318 No data 525 580 No data 4 Water

53 5a No data No data 565 555

17.1 MeOH [26]

(continued on next page)



D. Abramchuk et al.

Table 1 (continued)
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Probe K4, nM Aex, NIM Aem, NM Aabs, NM b, % Solvent Reference
54 5b No data No data 574 561 18.2 MeOH
55 5c No data No data 589 569 24.0 MeOH
56 5d No data No data 562 552 35.5 MeOH
57 Se No data No data 590 566 27.6 MeOH
58 5f No data No data 629 590 17.0 MeOH
59 5g No data No data 640 598 0.9 MeOH
60 5h No data No data 680 599 1.3 MeOH
61 5i No data No data 579 569 47.1 MeOH
62 5j No data No data 635 595 13.7 MeOH
63 TNIR7-0A 125.8 + 42.4 550 740 520 No data DMSO [27]
64 TNIR7-1A 16.8 + 2.3 592 774 570 No data DMSO
65 TNIR7-2A 13.7+1.1 602 815 584 No data DMSO
66 TNIR7-0B 124.8 + 29.5 510 656 505 No data DMSO
67 TNIR7-1B 12.7 + 3.6 550 716 545 No data DMSO
68 TNIR7-2B 47.5+29 565 776 557 No data DMSO
69 TNIR7-7 620 + 177 572 724 528 DMSO [47]
12.2 DCM
70 TNIR7-9 105 + 26 598 774 578 DMSO
52.8 DCM
71 TNIR7-10 289 + 121 600 771 584 DMSO
50.7 DCM
72 TNIR7-8 >1000 535 711 531 DMSO
10.0 DCM
73 TNIR7-11 92.6 +27.8 560 716 549 DMSO
74 TNIR-7-12 23.2+5.9 604 816 595 DMSO
249 DCM
75 TNIR7-13 11.8 No data No data No data No data No data
In vivo efficacy data
Probe Molar mass Log P BBB penetration rate, %ID/g Fluorescence intensities ratio (time postinjection) Washout rate (brain y min/N min)
Ap detection
1 530.18 No data 0.40 (2 min) No data 2.9 (2 min/60 min)
13 425.35 3.60 10.38 + 4.11 4.2 (18 min) No data
15 451.32 3.74 No data 3.6 (5 min) No data
17 559.53 No data 9.11 (5 min) 1.5 (5 min) 10 (5 min/30 min)
Viscosity detection
20 395.28 2.62 No data 2.2 (45 min) No data
Soluble oligomers detection
45 533.43 No data 0.428 (2 min) 1.5 (30 min) 6.4 (2 min/60 min)
NFT detection
49 377.25 No data No data No data No data
64 387.24 3.79 4.43 £+ 0.29 (2 min) 1.13 (20 min) 3.3 (2 min/60 min)
67 388.23 3.38 8.57 + 0.70 (2 min) No data 6.2 (2 min/60 min)
70 417.27 No data 3.68 (2 min) No data 4.2 (2 min/60 min)
73 418.25 No data 4.57 (2 min) No data 10.9 (2 min/60 min)
Conformation locking
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Fig. 2. Mechanisms of fluorescence quenching by TICT and PIET effects.
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4. BODIPY-based probes for Ap detection

4.1. Probes for Ap detection with a TICT-based fluorescence quenching
mechanism

Since optical imaging of Ap aggregates in vivo is a challenging task,
different classes of fluorophores were proposed as drug candidates.
«Push-pull » thiophen-based NIR NIAD-4 dye has previously shown high
specificity for Ap plaque labeling in vivo [56]. In 2010, BODIPY-based
fluorescent probe 1 with a NIAD-4 moiety in the structure for dual
SPECT and fluorescent imaging was designed (Fig. 3) [28]. Despite
probe 1 exhibiting high affinity to AP aggregates and good
co-localization with ThS in a fluorescence staining experiment on
Tg2576 mouse brain sections, BODIPY [1251] 1 exhibited relatively low
brain uptake in vivo (0.4 % ID/g at 2 min postinjection (p.i.). In
2012-2013, Saji et al. reported BODIPY-based probes 2-6 that were
designed by modifying BODIPY 1 and its derivatives with terminal
dimethyl amino rotor units [29,30] (Fig. 3). BODIPYs 2-6 exhibited high
affinity for Ap aggregates and fluorescence enhancement in the presence
of AP species. Also, high probe 2-6 selectivity to Ap plaques in Tg2576
mouse brain sections was confirmed by a fluorescence staining experi-
ment with ThS and Ap targeted BCO5 antibodies. However, in vivo
studies demonstrated scalp accumulation of BODIPY 2 and 3 both in
Tg2576 and WT mice.

In an attempt to improve the pharmacokinetic properties of BODIPY
2 and 3, Sozmen et al. designed five styryl-conjugated BODIPY-based
probes 7-11 by varying the nature and position of styryl-conjugated
moieties [31] (Fig. 4). BODIPY 10 displayed the highest Ap affinity in
the saturation assay. However, in vitro assays demonstrated only
particular co-localization of probes 7, 8 and 10 with ThS on Tg2576
mouse brain slices.

Recently, in 2023, Ma et al. presented three well-designed probes
12-14 with a cyclic amine group as a rotor unit [32] (Fig. 5). Gaussian
theoretical calculations revealed charge transfer from the HOMO of the
styryl moiety to the LUMO of the electron deficient BODIPY core. Mo-
lecular docking performed with the 5KK3 model confirmed probes
binding with Ap plaques by interaction with Lys16, Vall8, and Glu22
amino acid residues. Probes 12-14 exhibited high selectivity for Ap
binding in fluorescence staining experiments on brain slices of the hip-
pocampus and cortex of APP/PS1 mice. Also, the biocompatibility of
probes was confirmed to be appropriate for in vivo studies by the low
cytotoxicity shown on PC12 cells and the low hemolysis rate. In vivo
assays showed the ability of BODIPY 13 to penetrate the BBB and detect
AP plaques using a near-infrared fluorescence imaging system. The
fluorescence signal intensities of APP/PS1 and WT mice differed by a
3-fold ratio.

Also, in 2023 Zhu et al. designed probe 15 with an NHBoc terminal
group, which was intended as a donor of additional hydrogen bonds
with Lys16, Vall8, and Glu22 amino acid residues in Ap [33] (Fig. 6).
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Docking studies conducted with the 5KK3 model confirmed the forma-
tion of hydrogen bonds between NHBoc and Lys16, Vall8, and Glu22
amino acid residues, which may potentially reduce the washout rate of
the probe. The presence of ICT in BODIPY 15 was confirmed by a
Gaussian theoretical calculation. In vivo assays revealed the ability of
BODIPY 15 for in vivo Ap aggregate detection via a 1.5-fold difference in
fluorescence signals between the WT and APP/PS1 groups of mice. Also,
conjugate 15 showed the ability to detect Ap plaques in vivo within 2 h,
exceeding the detection time of Af aggregates using other previously
reported probes.

4.2. Probes for Ap detection with a PIET-based fluorescence quenching
mechanism

The development of probes based on PIET fluorescence quenching
mechanism is more difficult than the design of classic “push-pull” donor-
acceptor ICT-based probes. Only in 2015, Ren et al. reported the first
BODIPY-based probe with a PIET-based fluorescence quenching mech-
anism. Probe 16a was designed via conjugation of the PIET-donor ani-
line moiety onto the meso-position of the BODIPY core [40] (Fig. 7).
Comparison of fluorescence intensities of probe 16a and BODIPYs 16b-e
demonstrated that the PIET effect and fluorescence intensity decrease
are more pronounced in less sterically hindered structures. Probe 16a
exhibited high affinity and selectivity for binding with Af plaques.
Moreover, BODIPY 16a adversely affected a much lower level of side
interactions in an in vitro fluorescent co-staining experiment on the
unwashed cortex brain sections of APPsw/PS1De9 mice when compared
with ICT-based ThT and CRANAD-58.

In 2018, the same group designed the PIET-based probe 17,
enhanced by TICT-based fluorescence quenching mechanisms via the
dimethylaminothiophene unit [36] (Fig. 8). Theoretical molecular
orbital level predictions performed by DFT and TDDFT showed that the
energy level of HOMO in tetrahydro quinoxaline (—4,76 eV) is between
HOMO and LUMO in the BODIPY unit (—5.90 eV and —2.15 eV,
respectively), which makes this electron-donating group suitable for
PIET from the quinoxaline unit to the BODIPY core. The quantum yield
of 17’s precursor without a tetrahydroquinoxaline moiety was ten times
higher than that of probe 17, thus proving a PIET fluorescence
quenching mechanism in BODIPY 17. Probe 17 demonstrated high af-
finity for Ap species and fluorescence enhancement in the presence of Ap
aggregates. High colocalization between BODIPY 17, ThS, and anti-Ap
ab2454 antibodies proved high selectivity of probe binding. Bio-
distribution experiments demonstrated rapid brain uptake and washout
of probe 17. In vivo visualization by IVIS revealed an ability of 17 to
detect Af plaques in APPg/PSEN 1dE9 mice, with a 1.5-fold difference
in the fluorescence signal intensities of Tg and WT mice.

Aaps = 665 nm Aaps= 623 nm l,‘l’ Aaps = 639 nm ?I\l/
Aern=705 nm Ao =704 Nm Aem=723 nm
CHCl, CHCI, CHC,

Fig. 3. BODIPY-based probe 1 for SPECT and fluorescence Ap plaques visualization, designed by Ono et al. [28] and BODIPY-based probes 2-6 for fluorescent

detection of Ap plaques, reported by Saji et al. [29,30].
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Fig. 4. BODIPY-based fluorescent probes 7-11 published by Sozmen et al. [31].
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Fig. 5. TICT-based probes 12-14 for optical Ap detection reported by Ma
et al. [32].
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Fig. 6. Probe 15 for optical Ap detection published by Zhu et al. [33].

4.3. BODIPY-based probes with copper chelator units

The role of copper cations in the pathology of Alzheimer’s disease, as
well as the therapeutic strategy of chelating metal cations, has been
repeatedly discussed [7]. The development of fluorescent probes
capable of chelating metal cations is promising, as it opens opportunities
for the design of theranostic probes. In 2015, Kong et al. reported
bifunctional BODIPY 18 both for binding with Ap aggregates and for
chelating copper ions [34] (Fig. 9). Probe 18 fluorescence quenching
while copper ion chelating was demonstrated by titration with CuCl,
solution. Also, TEM imaging revealed the ability of BODIPY 18 to inhibit
Cu-induced Ap aggregation and the formation of Ap-Cu-18 nanospheres.
Nevertheless, Cu-18 complexes demonstrated notable neurotoxicity in
the MTT assay on SHSY-5Y cells.

4.4. Viscosity-sensitive BODIPY-based fluorescent probes

Abnormal deviations in cellular viscosity are another pathological
hallmark associated with AD. Thus, monitoring viscosity fluctuations
can provide valuable insights into the pathogenesis and diagnosis of AD
[57,58]. In 2018, Kubankova et al. reported probe 19 modified with an
alkyl ammonium moiety, which showed the ability to accumulate in cell
plasma membranes [6] (Fig. 10). BODIPY 19 demonstrated a linear
dependence of fluorescence lifetime on medium viscosity in
methanol-glycerol solutions. Moreover, probe 19 revealed the
temperature-dependent changes in plasma membrane viscosity of
SH-SYS5Y cells. Ap;.42 aggregates destroy giant plasma membrane vesi-
cles (GPMVs), the plasma membranes of HeLa and SH-SY5Y cells, which
leads to a reduction in microviscosity and quenching of the 19’s fluo-
rescence; fibrillar Af;.42 did not cause a significant effect. Also, the
ability of the neuroprotective peptide H3 to counteract changes in
microviscosity caused by Af species has been proven by the absence of
fluorescence quenching.

Another viscosity monitoring strategy for AD imaging was proposed
by Wang et al. in 2022 [35]. Three BODIPY-based bifunctional fluo-
rescent probes 20-22 for dual-functional imaging of Ap aggregates and
intracellular viscosity change detection were reported (Fig. 11). Con-
jugates 20-22 were designed by coupling a fluorescent BODIPY core and
a benzothiazole group as a molecular rotor. Probes 20 and 21 showed
high selectivity for binding with Ap aggregates over BSA and HSA in PBS
solution. Ex vivo assays on APP/PS1 mouse cortex brain slices showed
high co-localization of BODIPYs 20 and 21 probes with ThS. The ability
of BODIPYs 20 and 21 to determine cell viscosity changes was also
confirmed by fluorescence enhancement during incubation with lipo-
polysaccharide or nystatin-pretreated SHSY-5Y cells. Further assays
showed that probe 20 can be applied for Ap plaque in vivo detection due
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to the approximately 2-fold difference in fluorescence intensities among
APP/PS1 and WT mice.

4.5. BODIPY-based probes for soluble oligomer detection

As AP oligomers exhibit the highest neurotoxicity among other Ap
species, significant correlations between Ap soluble oligomer level and
cognitive dysfunction were observed (Fig. 12) [59]. Soluble A oligo-
mers directly bind to neurons with high affinity and block plasticity
mechanisms related to learning and memory, trigger the loss of excit-
atory synapses, and eventually cause cell death [60]. Also, A oligomer
formation refers to the early stages of AD, thus making it a promising
target both for AD pre-symptomatic diagnosis and monitoring of pa-
tients’” assessments [61]. A lot of evidence suggests that oligomers have a
complex, highly organized, and heterogeneous structure. Thus, Af
oligomers, which consist of Ap dimers, trimers, hexamers, and dodeca-
mers, as well as larger oligomers. The triangular Af trimer model is

commonly fitted into a triangular cavity, and T- and V-shapes are
considered promising molecular shapes to design Af oligomer-targeting
fluorescent probes [62,63].

BODIPY-based fluorescent probes capable of distinguishing one type
of oligomer in the presence of another were first proposed in 2010 by
Smith et al. [41]. Thus, four BODIPY-based probes 23-26 for ordered Af
oligomer recognition in the presence of unordered ones were designed
(Fig. 13). All probes showed higher fluorescence enhancement during
incubation with p-sheet-rich Ap oligomers than incubation with unor-
dered AP oligomers. Triazole-containing dyes 25 and 26 showed high
selectivity in the recognition of the ordered amyloid oligomers when
compared to probes 23 and 24. In 2013, the same group reported 1,3,5,
7-tetraphenyl-8-aza-BODIPY probe 27 [42] (Fig. 13). The fluorescence
enhancement of conjugate 27 in the presence of ordered and unordered
Ap oligomers was demonstrated in a PBS solution. However, this con-
jugate showed a 57-fold fluorescence increase in the presence of BSA,
which is illustrative of the side hydrophobic interactions of this probe.
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High-throughput screening of libraries of potential drugs is often
required to find a drug candidate with high-affinity. Thus, in 2015, Teoh
et al. found an A soluble oligomer-sensitive fluorescent probe by the
diversity-oriented fluorescence library approach (DOFLA) among the
library of 3500 fluorescent probes [64]. As a result, fluorescent probe 28
for Ap oligomer detection was generated and synthesized [43] (Fig. 14).
BODIPY 28 showed high selectivity for binding with Ap soluble oligo-
mers over other Ap species. In vivo assays revealed the ability of probe 28
to penetrate BBB and selectively bind to Ap oligomers by good coloc-
alization with oligomer-specific 6E10/4G8 antibodies on APP/PS1
mouse brain samples.

Diphenylalanine motif recognition is of interest for early-stage AD
diagnosis due to its key role in the Af self-assembling process [65]. With
this in mind, Quan et al. designed a fluorescent probe 29 with an -NPhy
terminal rotor unit in the structure [45] (Fig. 15). Terminal diphenyl
amino rotor was used with the idea that BODIPY 29 would fit into
amyloid instead of diphenylalanine residue, thereby visualizing it. The
ability of probe 29 to fit into nanofibrils was confirmed by SEM and

Cell plasma membrane
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fluorescent imaging of aggregates obtained during the oligomerization
of Ap monomers in the presence of BODIPY 29. Probe 29 recognized
self-assembled diphenylalanine nanofibers at low concentrations (6.2 x
107° M), while at a higher concentration (1 x 1072 M), conjugate 29
showed the ability to inhibit the self-assembling process. Selective
binding of probe 29 with AB oligomers over both Ap fibrils and
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Fig. 11. BODIPY-based conjugates 20-22 both for Ap binding and viscosity
changes detection reported by Wang et al. [35].
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Fig. 14. BODIPY-based probe 28 reported by Teoh et al. [44].

monomers was proved by fluorescence emission measurements. BODIPY
29 demonstrated good co-localization with Ap oligomer specific anti-
bodies A1l in ex vivo assays on cortex and hippocampus APP/PSEN1
mice and human brain slices. Low co-localization of probe 29 with Af
fibrillar oligomer specific antibodies OC proved high selectivity of the
probe.

Another successful example of the use of computational methods in
the search for a high-affinity molecule satisfying certain parameters was

Weak fluorescence QO™

7

Ap

monomers

A= 688 nm
Aen=753 Nm
CHcl,

Fig.

ok

reported by Ono et al. in 2023 [46]. A SAR study of BODIPY derivatives
revealed 17 BAP-1-based fluorescent probes 30-46 for selective Ap
oligomer detection (Fig. 16). Among others, y-shaped BODIPY-based
probe 45 showed 1.2-fold fluorescence enhancement selectivity for
binding with AP oligomers over fibrils higher than PTO-41, an Ap
oligomer-selective probe reported previously [66]. Also, probe 45
showed good colocalization with AB oligomer specific antibodies
(OMAB) on APPNV-GFNL-GF 1 quse brain sections. Moreover, a slight
difference in fluorescent signal between AD and normal mice was
observed in vivo in spite of low brain uptake (0.43 % ID/g at 2 min p.i.) of
radiolabeled conjugate ['®F]45.

4.6. BODIPY-based probes for intraneuronal neurofibrillary tangles
(NFTs) detection

Tau is a protein that is present in neuronal cells; the binding of tau to
microtubules is primarily regulated by serine/threonine-directed phos-
phorylations. Under pathological conditions, tau is abnormally hyper-
phosphorylated at more than 30 sites, loses its binding ability, and
accumulates in brain tissue as insoluble filamentous aggregates [67].
Hexapeptide PHF6 (Paired Helical Filament 6) with the sequence
306yQIVYK3!! is responsible for tau protein aggregation [68]. Rational
design of selective tau imaging agents is a challenging task, which is the
subject of a significant number of publications [69].

7\
by Fluorescence enhancement
W\

Ap soluble oligomers

Self aggregation

15. BODIPY-based probe 29 reported by Quan et al. [45].
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For selective recognition and sensing of phosphorylated proteins, a
binuclear Zn(II)-dipicalylamine (DPA)-bipyridyl complex capable of bis-
phosphorylated peptide binding in a cross-linking manner was proposed
by Hamachi et al. [70,71]. Later in 2009, a BODIPY-based probe based
on the Zn(II)-DPA complex for the fluorescence detection of hyper-
phosphorylated tau protein was proposed by Ojida et al. (Fig. 17) [23].
In the molecular design of probes 47 and 48, the two Zn(II)—DPA units
were conjugated directly to the BODIPY moiety to provide the system
with a planar and rigid conformation, capable of strong interactions
with the p-sheet-rich structure of the NFTs. Triethylene glycol chains
were used for their high solubility in aqueous solutions. The resulting

BODIPY 47 showed binding ability with several bisphosphorylated
T-proteins by interaction between Zn ions and orthophosphoric acid
residues with concentration-dependent fluorescence enhancement. On
the other hand, fluorescence titration of mononuclear complex 48 with
similar proteins did not show such an increase. The binding selectivity of
BODIPY 47 with aggregates of tau-phosphorylated protein (pTau) over
the binding with normal tau-protein aggregates and Af fibrils was
shown by the fluorescent titration method. Fluorescence enhancement
of probe 47 was not observed in the presence of normal tau-protein
aggregates and AP species. Also, in vitro staining with hippocampus
tissue sections from AD patients showed high co-localization of

N 4
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7

Fig. 17. Zn(II)- DPA-bipyridyl complex capable of bis-phosphorylated peptide binding reported by Hamachi et al. [70], and BODIPY-DPA-Zn complexes 47 and 48

for in vitro NFT visualization reported by Ojida et al. [23].
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conjugate 47 with pTau-specific antibodies AT8.

To date, two hypotheses guide the design of NFT-binding drugs.
According to the first, in D-A fluorescent probes, a distance between the
donor and acceptor parts of 13-19 A benefits NFT selectivity, whereas
shorter distances favor Ap plaques; according to the second, fused ring
systems contribute to tau binding selectivity over Ap fibrils [24,72,73].
Taking these hypotheses as a design basis, Verwilst et al. designed an
NFT-selective probe based on BAP-1 49 and 50 with different styryl
groups [24] (Fig. 18). BODIPY 49 and 50 were designed to maintain the
required distance between the meso-position of the BODIPY core and the
donor nitrogen atom, which was confirmed by DFT calculations. Dock-
ing studies revealed the ability of probes 49 and 50 to bind with the R3
microtubule binding region of the PHF6 peptide sequence. Both BODI-
PYs 49 and 50 demonstrated fluorescence increases in the presence of
tau protein aggregates, while incubation with Af aggregates led to
unsignificant probes’ 49 and 50 quantum yield increases. Cytotoxicity of
conjugates 49 and 50 was not observed on SKNMC, U87, SH-SY5Y, C6,
and N2A cell lines. Furthermore, the ability to detect NFTs in vitro was
confirmed by the fluorescence enhancement of probes 49 and 50 on
SH-SY5 cells during incubation with okadaic acid, which promotes
protein phosphorylation [74]. In vivo studies on 3xTg mice revealed the
BBB penetration ability of probe 49 and its selective binding to NFTs in
further ex vivo fluorescence staining experiments. Moreover, BODIPY 49
was able to detect NFTs with IVIS by detecting a significant increase in
fluorescent signal intensity at 30 min p.i.

The high cell-permeability property of the BODIPY core leads to the
widespread use of the BODIPY scaffold as a basis for intracellular fluo-
rescent probes [75-77]. Given this, the development of fluorescent
probes capable of intracellular detection of Tau protein is an extremely
interesting task, especially considering the impermeability of the cell
membrane to “gold standard” ThS. This task was resolved in 2017 by
Lim et al. via the reporting of a BODIPY-chloroacetamide-based cell--
permeable probe 51 for intracellular NFT detection [25] (Fig. 19).
Conjugates 51 and 52 were designed by DOFLA and demonstrated high
selectivity for NFTs over interaction with tau protein aggregates and
pre-aggregates via fluorescence enhancement. BODIPY 51, unlike 52,
showed high affinity to NFT over BSA, actin, and glyceraldehyde 3-phos-
phate dehydrogenase; selectivity for tau-aggregate binding in hippo-
campal neuronal HT22 cells was also shown. High Tau selectivity of
BODIPY 51 was demonstrated in HEK293 Tau-BIFC cells pre-treated
with forskolin, which induces tau protein aggregation. Also, high

Aps =621 nm Aps =597 nm i
Ao =705 nm N Am=687nm L~
CHCl, g CHCl, Z
Probe 49

" In vivo NFT
detection

P301L

Fig. 18. BODIPY-based probes 49 and 50 for selective fluorescence detection of
NFT published by Verwilst et al. [24].
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Fig. 19. BODIPY-based probes 51 and 52 for selective in vitro NFT visualization
reported by Lim et al. [25].

co-localization of BODIPY 51 and anti-tau PHF antibodies was demon-
strated ex vivo on MAPT*P301L brain tissue sections.

In 2017, Mani et al. designed ten fluorescent BODIPY-p-metox-
yphenyl derivatives 53-62 with different n-conjugated systems in the 3-
rd position of the BODIPY core for real-time tracking of in vitro aggre-
gation of tau [26] (Fig. 20). Probe 61 showed the highest fluorescence
enhancement upon binding to NFTs and the largest Stock’s shift value.
Also, BODIPY 61 showed low cytotoxicity and high cellular uptake in
HelLa cells. However, a fluorescence staining experiment demonstrated
that BODIPY 61 binds to terminal units only, thus indicating its low
prospects for the quantitative determination of Tau protein. However,
probe 61 is cell membrane permeable (unlike ThT), which makes it a
promising scaffold for the development of intracellular probes for
monitoring tau protein aggregation.

Since BODIPYs 49 and 50 showed the ability to successfully visualize
NFTs, their molecular scaffold was used as the basis for other Tau-
selective fluorescent probes. In an attempt to improve the photo-
physical properties of BODIPY 49 and 50, Xie et al. used Knoevenagel
condensation of a meso-methyl group of BODIPY with N-dimethylamino-
substituted aromatic aldehydes have different lengths of C=C units.
However, 1,4-Michael addition of the BODIPY enolate took place, fol-
lowed by cyclization of the cycloheptiatriene ring, yielding six
heptacyclotriene-BODIPY probes 63-67 [27] (Fig. 21). Probes 64, 65,
67, and 68 exhibited better affinity to Tau-K18 aggregates and higher
fluorescence ignition in comparison with BODIPYs 63 and 66. In vitro
studies demonstrated the high selectivity of probes’ 64, 65, 67, and 68
binding with NFTs over Ap species on human brain samples. In vivo
experiments with BABL/c mice showed high BODIPYs 64 and 67 brain
uptake and rapid washout from WT mouse brain tissue. However, probe
64 demonstrated only a slight fluorescence intensity difference among
the P301L Tg and WT mice groups detected by IVIS.

As a follow-up to this study, Li et al. further optimized the sample
structure and reported another series of cycloheptatriene BODIPY de-
rivatives 69-75 with rotor units modified with a 2-hydroxyethyl moiety
[47] (Fig. 22). The highest affinity for Tau-K18A280 was observed for
conjugates 70, 73, and 75. Also, probes 70, 73, and 75 exhibited the
highest selectivity of fluorescence enhancement upon binding with NFTs
over AP species. Ex vivo studies confirmed probes’ 70, 73, and 75
binding selectivity by high co-localization with AT-8 and Gallays-Braak
positive regions and their low concordance with the AB-specific DANIR
3b fluorescent pattern on human brain samples. In vivo experiments on
BABL/c mice proved the ability of BODIPYs 70 and 73 to penetrate the
BBB and their rapid washout from brain tissue.
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Fig. 20. Fluorescent probes for NFT detection 53-62 published by Mani et al. [26].

In vitro NFT detection

A,ps=520 nm A =570 nm A= 584 nm
Aem =740 nm Aen=774 nm A =815nm
DMSO DMSO DMSO

|
NN
AN |
67
A, =505 nm A= 545 nm A= 557 nm
Ao =656 Nm A =716 Nm Ao =776 Nm
DMSO DMSO DMSO

Fig. 21. BODIPY derivatives 63-68 for in vivo NFT visualization published by Xie et al. [27].

5. Discussion

Fluorescence imaging of pathologic changes in AD patients shows
undeniable advantages over clinically used SPECT, PET, and MRI tech-
niques due to their high sensitivity, high resolution, low cost, and non-
invasiveness [11]. Even though optical visualization is also limited by
significant background interference and poor tissue penetration [19],
this method offers real-time non-invasive and non-radiative Ap and NFT

12

visualization, thus making the development of fluorescent probes an
extremely promising strategy for AD diagnostic. In the past decade, the
development of fluorescent probes for the detection of AD hallmarks has
been a relevant task. Most fluorescent probes were developed for Ap
plaque mapping, while probes capable of soluble oligomers, NFTs, and
other AD-related therapeutic targets visualization are worse
represented.

To date, most reported probes for the detection of AP plaques are
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Fig. 22. BODIPY-based probes 69-74 for in vivo NFT fluorescence visualization and radiolabeled conjugate 75 for PET imaging of NFTs reported by Li et al. [47].

based on a donor-n-acceptor structure with a PIET or ICT-based fluo-
rescence quenching mechanism [29,30,36]. TICT-based probes exhibit
weak fluorescence in their free state due to the free rotation of molecule
fragments relative to each other, resulting in energy dissipation and
non-emissive relaxation; upon binding with biomolecules, restriction of
probe conformational motion leads to an increase in fluorescence [49,
50].

A TICT fluorescence quenching mechanism was used to develop
fluorescent BODIPY-based probes 1-15 for the detection of Ap plaques
[28-33]. Probes 1-3 were the first to demonstrate the ability to selec-
tively bind to Af aggregates in vitro, and probes 2 and 3 (known as BAP-1
and BAP-2), not applicable for optical detection of AB in vivo due to
accumulation in the mouse scalp, still serve as inspiration and molecular
scaffolds for Ap-targeted drug design [28-30]. Thus, BODIPYs 13 and 15
developed based on 1 and 2 demonstrated successful visualization of A
plaques in vivo [29,30]. However, the high sensitivity of TICT-based
probes for hydrophobic environments significantly limits their applica-
tion for in vivo imaging. Thus, another approach to fluorescent probe
design based on a less-sensitive PIET fluorescence quenching mecha-
nism was suggested. This method was applied to design probes 16a and
17 for Ap plaque detection [36,40]. Probe 16a demonstrated the ability
of in vitro Ap visualization on brain samples without a prewashing pro-
cedure, thus illustrating a low level of side interactions compared to the
TICT-based analogues and high selectivity [40]. Further modification of
probe 16 with a dimethylamino-thiophene moiety yielded BODIPY 17,
which successfully visualized Af plaques in vivo [36].

Copper ions are well-known to be involved in the pathogenesis of AD;
metal dyshomeostasis in brain tissue, the formation of Cu-Af} aggregates,
and the resulting oxidative stress are therapeutic targets in the devel-
opment of anti-AD drugs. Thus, fluorescent probes with copper chelators
are of interest for both AD therapeutic and diagnostic purposes. Copper-
chelating probe 18 showed the ability to disaggregate beta-amyloid
plaques, but the high neurotoxicity of Cu-18 complexes limited the
further study of its efficacy in vivo [34].
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AP species are also well-known to promote oxidative damage to brain
tissue cells, which results in cell membrane rupture and changes in
intracellular medium viscosity [6,78]. Thus, molecular rotors were
assumed to be applicable for AD diagnosis as viscosity-sensitive fluo-
rophores [6,35]. Probes 20 and 21 demonstrated their potential for in
vitro imaging of AP plaques, in vivo studies of BODIPY 20 showed a
difference in fluorescence between APP/PS1 and WT mice [35].

Ap oligomers are considered the most neurotoxic aggregates among
other Ap species, playing a key role in the progression of AD. Thus, in
vivo detection of A oligomers might be applied for AD patients’
assessment and early-stage diagnosis [59]. BODIPYs 23-46 were
designed as probes for Ap oligomer detection [41-46]. Among others,
probes 28, 29, and 45 showed the ability to detect Ap oligomers in vitro.
BODIPY 29 showed the ability to bind with diphenylalanine residue by
fitting into the Ap oligomer structure during the self-assembling process,
thus proving the prospects diphenyl amino rotor unit applications for AD
diagnosis [45]. BODIPY 45 showed an ability for in vivo detection of Af
oligomers, with a slight difference in fluorescence between AD and WT
mice in vivo [43-46]. It should be especially noted that the y-form of
BODIPY’s 45 molecule differs from the previously proposed T- and
V-forms that can fit into a triangular cavity; an y-form can also be
considered promising for binding to Ap oligomers.

BODIPYs 47-75 were developed for the detection of such essential
AD hallmarks as NFTs [23-27,47]. Even though probes 47, 49, 50, 51,
64, 65, 67, 68, 70, 73, and 75 were capable of selective NFT visuali-
zation in vitro, only probe 49 showed a clear difference in fluorescence
between AD and WT mice in vivo [23-27,47]. Despite the large number
of probes designed for NFT detection, only BODIPY 49 showed the
ability to detect them in vivo. Comparison of NFT visualization probes
also showed that the distance between the terminal rotor fragment and
the BODIPY core is crucial, with the optimal value being 13-19 A [24].

Thus, despite the prevalence of TICT-based probes for Af} detection,
this kind of fluorophores is extremely sensitive for hydrophobic envi-
ronments, which could trigger their fluorescence. Besides, BODIPYs with
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a PIET-based fluorescence quenching mechanism are less sensitive to
surrounding polarities, representing a more desirable direction for the
development of probes for AD species visualization in vivo. TICT-based
probes for AP detection 33-43 showed that substitution of the rotor
unit could affect the selectivity of the probe and its fluorescence
quenching, but no pattern of this effect was observed [46]. It is also
worth noting that probes 13, 15, 20, and 45, which showed the ability to
detect AP species in vivo, represent structures substituted at the 5th and
7th positions of the BODIPY core [32,33,35,46].

6. Conclusion

Optical imaging is an extremely promising technique for AD diag-
nosis development due to its low cost, high sensitivity, high resolution,
and non-invasiveness. BODIPY dyes, due to unique photophysical
properties, the possibility of easy modification, high chemical and
photostability are excellent motifs for the design of diagnostic agents for
the visualization of various AD-related species in vivo. Thus, TICT-based
BODIPY conjugates modified with styryl units demonstrated the ability
to detect Ap plaques in vitro, BODIPY 13 and 15 showed the ability to
visualize AP aggregates in vivo, presumably due to the presence of
methyl or phenyl groups at the 5-th and 7-th positions of the BODIPY
core. Moreover, PIET-based BODIPYs 16 and 17 showed a much lower
level of background fluorescent signal in comparison with TICT-based
analogues in vitro, and probe 17 was capable of Af plaque detection in
vivo. Moreover, probe 29 demonstrated the ability to bind with diphe-
nylalanine residue, which is responsible for Ap monomer aggregation,
thus, making the diphenyl amine rotor unit an extremely promising
moiety both for AD diagnosis agents’ development and Af oligomeri-
zation process visualization. TICT-based BODIPY probe 45 was suc-
cessfully developed for Ap-soluble oligomers in vivo detection by varying
the rotor unit and positions of substituents at the BODIPY core.

BODIPY-based dyes with TICT fluorescence quenching mechanisms
showed the ability to detect NFTs in vivo. The modern design is based on
two hypotheses that “fused-ring” units increase the selectivity for tau-
protein aggregates over AP species, and that the distance between
donor and acceptor molecule parts is crucial, with the optimal value
being 13-19 A. Probe 49 demonstrated the ability of NFT for in vivo
visualization, thus proving the applicability of design proposed.

The design of a fluorescent probe that can efficiently cross the BBB,
selectively bind to a target, and produce a meaningful response requires
thoughtful and careful consideration. Molar mass, Stokes’s shift, ab-
sorption and emission of the fluorophore, photophysical aspect of the
fluorescent response, mechanism of binding to the protein target, ability
to form hydrogen bonds, and shape of the molecule must be taken into
account. The successful images of AD’s hallmarks presented in this re-
view show the promise of BODIPY for fluorescent visualization for AD-
related brain pathologies.
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