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Abstract

In the past decade, boron difluoride formazanate dyes have gained considerable attraction due

to their redox activity, high absorption and emission intensities, chemical stability across a

broad range of conditions, and the ease to fine-tune their optical and electronic characteristics.
Over the past five years, a boron difluoride formazanate dyes have demonstrated their extended
emission wavelengths in the near-infrared region, suggesting their potential applications in the
field of biological imaging. This review provides an overview of the evolution of boron difluoride
formazanate dyes, encompassing the structural variations and corresponding optical properties,
while also highlighting their current applications in biological imaging fields.

1. Introduction

Over the past decade, fluorescent dyes have attracted interest from scientists across a
growing array of disciplines. These dyes have emerged as essential and invaluable tools

in various fields of modern science and medicine. The advancements in modern fluorescent
microscopy and imaging devices in recent years have further fueled enthusiasm for the
development of next-generation imaging probes.

Among highly fluorescent dyes, the boron-difluoride chelating dye boron-dipyrromethene
(BODIPY) stands out for its high quantum yield despite its short Stokes shift. However,
boron difluoride (BF,) formazanate dyes represent a novel class of probes for cell imaging
and analyte sensing, characterized by their highly delocalized m-electron systems and large
Stokes shift (Table 1). While the backbone of formazanate dyes had already been reported
since 1890s?, the early studies mainly focused on the coordination chemistry because of its
special frontier molecular orbitals?~1°. Despite the advancement of formazanate chemistry
during this period, the potential applications of formazanate-metal complexes were hindered
by their pronounced reactivity, limited stability, and significant high bio-toxicity6-18, In
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contrast to metal-based ligands, boron complexes featuring chelating nitrogen-donor ligands
have garnered extensive attention as functional materials due to their remarkable chemical
stability and potential for reduced biotoxicity.

Since the first BF, formazanate dye (1, 2, and 5 of Table 2) was reported in 201419,
substantial efforts have been dedicated to enhancing its physical and near-infrared (NIR)
optical properties. The growing interest in dyes that operate within the NIR region is due to
the well-recognized “biological window” spanning from 650 to 2000 nm. This region offers
several advantages, including reduced absorption and fluorescence signal interference from
tissues or cells, decreased scattering, and improved tissue penetration depth?1-23, These
benefits, coupled with advancements in affordable NIR excitation sources and detectors,
have spurred scientists to explore and engineer new fluorophores or fluorescent materials
with superior molar absorption coefficients and enhanced fluorescence quantum yields.

In 2018, the first NIR BF, formazanate dye (21 of Table 2) was introduced??, Since that
breakthrough, BF, formazanate dyes have captured the attention of both biochemists and
biologists, steadily gaining popularity as promising candidates for NIR fluorescent probes.
While cyanine and BODIPY have traditionally served as the primary platforms for NIR
dyes, they both have inherent limitations. Cyanine structures are susceptible to rotational and
photoisomerization events in their flexible bonds, often leading to nonradiative deactivation
pathways. On the other hand, the synthesis of BODIPY dyes faces challenges in achieving
significant red shifts in absorption and emission maxima through large aromatic ring
substitutions. In contrast, the structural rigidity, high chemical stability, and the “three-in-
one” synthetic approach (Figure 1A) in the synthesis of BF, formazanate dyes facilitate

the expansion of their structural versatility, making them well-suited for applications in
fluorescent sensors, bio-imaging, and more.

In this review, we provide an overview of the optical characteristics of reported BF,
formazanate dyes. Our analysis delves into the intricate structure-property relationships,
exploring their impact on the absorption, emission, molar absorption coefficients, and
fluorescent quantum yields of BF, formazanate dyes. This in-depth examination will serve
as a valuable resource for guiding the future design of NIR-I/1l BF, formazanate dyes.
Furthermore, we review the biological imaging applications of the BF, formazanate dyes
that have been explored to date.

2. Optical Properties of Boron Difluoride Formazanate Dyes

In contrast to other BF, chelating complexes such as BODIPY, where the tricycle

ring is rigidly flattened into a plane by the boron atom, forming an integrated
heteroaromatic system24-26, X-ray crystallography analysis reveals that in the solid phase,
BF, formazanates adopt a somewhat “dragonfly” conformation. The four coordinated boron
atoms, which binds to the formazanate backbone through two nitrogen atoms, slightly
displace from the formazanate backbone by 0.19 A in Figure 1B (2) and 0.46 A in

Figure 1B (3), resulting in a delocalized formazanate structure. The nitrogen-nitrogen

and carbon-nitrogen bond lengths of the formazanate ligand backbone falling between

the typical values associated with single and double bonds of the same atoms. In most
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cases, the nitrogen-nitrogen bond lengths are in the range of 1.29-1.31 A, and the carbon-
nitrogen bond lengths are in 1.33-1.36 A.1927-29 Moreover, through computational studies
employing DFT calculations of the frontier molecular orbitals shown in Figure 1B, both
LUMOs and HOMOs orbitals are highly delocalized over the formazanate backbone and
N-aryl substituents for each structure. While it is evident that R3 substituents predominantly
influence the HOMOs due to the presence of a nodal plane, whereas N-aryl substituents
(R1 and R2) are expected to have a more substantial impact on the LUMOs. In addition,
DFT calculations also showed that the HOMO of (1) is highly delocalized and includes
significant orbital density on the phenyl ring appended to the carbon of the formazanate
backbone. The energy gap between HOMO-LUMO pair of Figure 1B (1) corresponds to its
lowest excitation energy and longer absorption and emission wavelength compared to (2)
and (3).2-31 Consequently, the optical properties of BF, formazanate dyes are intricately
linked to factors such as rt-conjugation, torsion angles, and the electronic characteristics of
the Ry, Ry, and R3 substituents.

2.1. Rjzsubstituents

Since Rz-substituents only affect the HOMO orbital, their influence on maximum absorption
and emission is comparatively weaker when compared to A-substitution or rt-conjugation.
When Rj is a strong electron-withdrawing group, such as cyano or nitro (14 or 16 of
Table 2), its absorption wavelength tends to be slightly longer than that of R3 as a

weak electron-withdrawing or electron-donating group (15 of Table 2), mainly due to
electrochemical reduction potentials. When compared to cyano or nitro substitution at R3
position, 3-phenyl formazanates consistently exhibit greater stokes shifts and maximum
emission due to larger conjugation system. However, the fluorescence quantum yields

of triarylformazanates are typically quite low, often falling below 0.01 in either polar

or nonpolar solvents. This phenomenon can be attributed to an increased prevalence of
non-radiative decay processes, likely associated with the vibrational and/or free rotational
motions of the 3-aryl substituents.28:29

2.2. N-aryl substituents

Addition of electron-donating group at the meta- or para position of the A-aryl substituents
can lead to a significant red-shift and enhancement of absorption and photoluminescence
spectra of BF, formazanate dyes. This effect can be attributed to the intramolecular

charge transfer (ICT) between the donor (EDG group) and acceptor (BF, formazanate
backbone) characteristics. The great movement of electrons from electron donor to the
electron deficient BF, formazanate backbone typically results in long wavelength and strong
fluorescence intensity. Additionally, the extended electron pair of the EDG group can
participate in the delocalization within the rt-conjugating system, potentially contributing
to a degree of planar conjugation formazanate network. Somewhat paradoxically, A-aryl
substituents featuring electron-withdrawing groups (such as cyano groups930 or triple
bonds32:33) at the para-position also result in a slight red-shift in the UV/Vis and emission
spectra. To decipher the underlying mechanism of this phenomenon, molecular orbitals

and the lowest electronic excitation energies of these compounds were computed using
density functional theory (DFT) methods. The study demonstrated that the incorporation

of an A-aryl ring with electron-withdrawing groups, such as a cyano group or triple bond,
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increases the spatial extent of r-conjugation within the molecule. Consequently, this lowers
the energy of the mw— ™ transition, leading to the observed red-shift in the UV absorption
band.1® However, the later study suggests that the EDG group with the longer pair can
significantly extend both absorption and emission into the NIR-I or -1l regions.

Despite persistent efforts to expand the absorption and emission wavelengths of BF;
formazanate dyes, they had remained confined to the visible light region. However, in
2018, a breakthrough was achieved by introducing a p-dimethylamine substituent on the
N-aryl of the BF, formazanate structure20 (21 of Table 2). This modification extended the
fluorescence of this dye series into the near-infrared region, exhibiting photoluminescence
ranging from 750 nm to 1050 nm, thus paving the way for potential biological applications.
The dimethylaminophenyl group demonstrated significantly superior electron-donating
capacity when compared to the methoxyphenyl group, and X-ray crystallography revealed
a quinoidal character resulting from bond alterations. This quinoidal character proved to be
critical for the dramatic redshift observed in the BF, formazanate dyes.

In 2020, Pt (I1)-acetylides were incorporated into the A-aryl substituents, elongating the
electronic conjugation via triple bonds and shifting the absorption and emission maxima

of BF, formazanate dyes to 650-700 nm and 750-800 nm, respectively. Nevertheless, the
introduction of Pt (I1) notably diminished the fluorescence quantum yield of the conjugated
formazanate dye to below 0.01.32:34 To further augment the rt-conjugation system, within
the same year, p-diphenylamine was introduced onto A-aryl substituents (23, 24 of Table
2), thereby expanding the maximum absorption to approximately 750 nm and emission to
beyond 900 nm.3° Despite the spectral red shift, the incorporation of the Akaryl substituent
led to a significant decrease in quantum yield, likely attributed to enhanced non-radiative
decay processes.

In 2022, a range of 3-cyanoformazanate dyes featuring diverse electron-donating

N-aryl substituents were developed (25 — 30 of Table 2), showing adjustable
photophysical characteristics, exceptional photostability, robust biological stability, and
intense luminescence. N-aryl substituents have significant quinoidal character, which
enables narrowing the energy gap and dramatically extends the m-system to enhance
electron delocalization. The authors therefore altered the electron-rich r-conjugated system
at the N-1,3 position substituents with different nitrogen-containing rings (from aziridine
to julolidine) to optimize the photophysical profiles of these BF, formazanate dyes.

In the investigation, the emission of these BF, formazanate dyes was extended into

the NIR-11 window. This spectral region is characterized by minimal photon scattering
and autofluorescence, rendering it particularly advantageous for deep-tissue bioimaging.
Notably, formazanate dyes with morpholine substitution demonstrated a notable ability to
traverse the blood-brain barrier (BBB) in vivo.36

oligomer and polymer

Besides modifications at the Rq, R,, and R3 positions, recent studies have explored the
conjugation of the BF, formazanate backbone into dimers, trimers, or larger polymers. In
2015, meta- (17 of Table 2) and para- (18 of Table 2) substituted benzene-bridged BF,
formazanate dimers were among the pioneering examples. The para-conformer, in particular,
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exhibited redshifted absorption and emission maxima compared to its monomer.38 Since
2020, BF, formazanates have been employed as monomers with various moieties in polymer
design, leading to a wide range of electrochemical and optical properties. This expansion
significantly broadened the scope of BF, formazanate chemistry.39-43

3. Biological Imaging Applications of Boron Difluoride Formazanate Dyes

3.1

Due to their structural diversity, high biocompatibility, and tunable photophysical properties,
BF, formazanate dyes have recently found utility in various chemical and biological
applications.

pH sensor

The potential of BF, formazanate dyes as building blocks for pH indicators was first
demonstrated in 2017, employing a 2-pyridyl substituent at the Rz position of the
formazanate backbone. In a neutral environment, the free rotation of the pyridine moiety

led to fluorescence quenching through non-radiative energy decay, resulting in fluorescence
quantum yields (®g) of less than 1% in CH,Cl,. However, upon protonation occurring at pH
levels below 4, an increase in fluorescence intensity, accompanied by a slight redshift, was
observed. The maximum reported ®F reached 18% as reported (Figure 2A).4°

3.2. Cell imaging

3.3.

The first BF, formazanate dye utilized in cell imaging, p-anisole-3-cyanoformazanate

(5 of Table 2), was reported in 2015 for its robust deep red fluorescence intensity.28
Following this, in 2017, tetraethylene glycol (TEG)-functionalized BF, complexes of 3-
cyanoformazanates were introduced. The incorporation of solubilizing TEG chains at the
N-aryl substituents not only significantly enhanced the water solubility of BF, formazanate
dyes but also extended the dye’s emission into the near-infrared region. This amphiphilic
probe was utilized for imaging mouse fibroblast cells.33 In 2020, an asymmetrical BF,
formazanate dye was linked to peptides with notable binding affinity for modified growth
hormone secretagogue receptor (GHSR-1a) or gastrin releasing peptide receptor (GRPR)
through a click reaction. This was the first endeavor to conjugate a BF, formazanate dye
onto either the C- or N-terminal regions of short peptides and demonstrated its feasibility for
targeted imaging (Figure 2B).46

Photoacoustic and NIR imaging for deep tissues

In 2021, significant progress was made with NIR-II organic nanoparticles formed through
the self-assembly of a BF, formazanate dye with an amphiphilic polymer. These
nanoparticles have shown promising potential as highly efficient phototheranostic agents
within the NIR-II biological window. Thanks to strong mt—m stacking interactions, they
exhibit a broad absorption spectrum in the second near-infrared region, ranging from 900 nm
to 1200 nm, enabling robust photoacoustic (PA) imaging capabilities (Figure 2C).47

Building upon the exceptional performance of BF, formazanate nanoparticles in
phototheranostic applications, two additional BF, formazanate dyes (23, 31 of Table 2) were
synthesized in 2022 specifically for NIR-11 fluorescence imaging-guided cancer therapy. A
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novel small molecular fluorescent dye for NIR-1I imaging, BDF-Ph (23 of Table 2), was
developed by incorporating electron-rich triphenylamine units onto the BF, formazanate
scaffold, emitting at 975 nm with a high fluorescence quantum yield. This resulting BF,
formazanate dye was encapsulated within amphiphilic polystyrene-g-poly (ethylene glycol)
to yield NIR-I1 BF, formazanate nanoparticles. /n7 vivo studies demonstrated strong NIR-

1 fluorescence signals.*® Additionally, BDF1005, another molecular NIR-II dye with a
structure similar to BDF-Ph but possessing a larger r-conjugation system, exhibited a
redshifted absorption at 768 nm and a NIR-I1 peak emission at 1034 nm. Both /n vitroand
in vivo experiments showcased the potential of BDF1005-based nanotheranostics for NIR-11
fluorescence imaging-guided therapy.3’

3.4. Blood-brain barrier crossing and brain imaging

The blood-brain barrier (BBB) serves as a formidable barrier, largely preventing the

entry of molecules into the central nervous system, particularly those with significant
molecular weights. This characteristic poses a challenge for the utilization of NIR-11 dyes
in noninvasive brain imaging, as they typically possess large molecular frameworks. In
2022, a novel series of NIR-11 dyes, based on the comparatively smaller scaffold of BF»
formazanates, was developed, allowing their passage across the BBB for noninvasive brain
imagings®.

This advancement was achieved through strategic modifications to the aniline moiety of BF»
formazanate dyes, resulting in an extension of their absorption and emission wavelengths.
Additionally, the incorporation of a morpholine group markedly enhanced their capacity

to traverse the BBB. Subsequently, these BF,-formazanate dyes were utilized for imaging
intact mouse brains and monitoring the dynamic diffusion of the dye across the BBB in

the NIR-II region. Furthermore, using murine glioblastoma models, these dyes demonstrated
the ability to distinguish tumors from normal brain tissues. This discovery underscores the
potential of this series of molecules in the development of probes and drugs relevant to
theranostics for brain pathologies (Figure 2D).36

4. Conclusion and perspectives

This review provides an overview of the advancements in BF, formazanate dyes,
highlighting their superiority over other NIR-I/11 dyes due to their small size,

ideal lipophilicity, low polar surface areas, tunable photophysical properties, ultrahigh
photostability3®, and excellent biological stability—critical parameters for in vivo deep
tissue imaging. While recent years have seen progress in designing new BF, formazanate
structures, the focus has primarily been on their electronic, optical, and redox properties,
with limited applications in the biomedical field. Given the exceptional flexible fluorophore
platform offered by BF, formazanates, this review aims to inspire rational design and the
creation of functional BF, formazanate probes for chemical and biological applications, with
the potential for significant biomedical utility /n vivo.
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(A) Common routes for the synthesis of formazans. (B) HOMOs and LUMOs calculated
(DFT: B3LYP/6-311+G*) for toluene solutions of BF, complexes. (C) Absorption and

emission properties of selected BF, formazanate dyes. Ry and R, groups of formazanate
dyes are shown in the graph. Rz is default as cyano if without labeling.
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