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BODIPY dyes 1-4. They are an outstanding example of the efficient merge of the versatility of the 3,5-

dichloro-BODIPY derivatives and the receptor-like ability of the PBA moiety. The potential bioanalytical
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High performance organic fluorophores (e.g. large molar
extinction coefficient, high quantum yield, high photo-stability,
large Stokes shift) represent a booming research topic, with
a wide range of applications ranging from materials to life
sciences.™” In this framework, modular and functional probes
have become highly sought-after and researchers' attention is
manly focused on the fine tuning of optical properties and new
functionalities for highly versatile tethering. However, despite
the huge amount of effort in this field, only few fluorophores
meet all these theoretical claims.®> Moreover, the availability of
convenient and few steps synthetic protocols associated with
a good overall yield is one of the major bottlenecks that needs to
be addressed for ensuring the successful wide applicability of
these probes.* A brilliant example of a versatile fluorophore is
the UV-absorbing dye 4,4’-difluoro-4-bora-3a,4a-diaza-s-inda-
cene, known as BODIPY,* which displays high quantum yield,
tunable photo-physical properties and excellent photo-
stability.>® Strategic structural modifications of BODIPY's
molecular architecture offer an unparalleled opportunity to
tune its spectroscopic features, and diverse successful func-
tional and bioactive BODIPY-like probes have been proposed
and some commercialized, so far.” 3,5-Dichloro-BODIPY dyes
are one of the most recent synthetic analogues whose potential
versatility has been demonstrated by Dehaen and Boens.? They
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applicability of these tools was assessed by measuring the binding to glycan chains of antibodies by
a Quartz Crystal Microbalance (QCM).

showed that appropriate substituents at 3,5 positions of the
pyrrole shifted the excitation/emission bands of the corre-
sponding substituted BODIPY derivatives. Thus, the 3,5-
dichloro-BODIPY dyes give access, by nucleophilic substitution,
to a variety of symmetrical and non-symmetrical BODIPY with
several applications including labeling, sensing, energy transfer
cassette.'*®® Then, 3,5-dichloro-BODIPY derivatives have been
directly employed for the selective detection, in in vitro models,
of sulphur containing metabolites.’ Recently, the valuable
properties of other BODIPY dyes have been used for saccharides
detection by phenyl boronic acid (PBA) moiety introduced at the
meso position of the BODIPY core."* Notably, the dynamic
covalent interaction between boronic acid and saccharides has
been studied since the pioneering work of Lorand et al.'* and
PBA ability to bind 1,2 and 1,3-cis-diols motifs of carbohydrates
has been used for the development of synthetic ‘boron-lec-
tins’,”® and lately for the fishing of glycoproteins from complex
mixtures, for the site-oriented immobilization of antibodies and
for biorthogonal conjugations.'* However, the few examples of
PBA-BODIPY probes have been reported to date™ and they are
confined to 3,5-dimethyl-BODIPY derivatives that require
specific protocols for the further functionalization.

In this context, we report here a straightforward synthetic
route to obtain the functional and modular PBA-containing dye
1 and the subsequent late-stage diversification of the architec-
ture of 1. Therefore, we obtained a small family of PBA-BODIPY
derivatives with a ‘traffic light’ emission range (Fig. 1) for which
we have studied the optical properties in different solvents and
in physiological media. Thus, the present approach aims at the
outstanding merging of the versatility of the 3,5-dichloro-
BODIPY dyes with the presence of a functional PBA at the
meso position of the BODIPY core. Finally, we show an example

RSC Adv., 2019, 9, 30773-30777 | 30773


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra07608e&domain=pdf&date_stamp=2019-09-28
http://orcid.org/0000-0002-3869-5085
http://orcid.org/0000-0002-3112-6680
http://orcid.org/0000-0003-3469-0647
http://orcid.org/0000-0003-0906-0862
http://orcid.org/0000-0001-7093-9513
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07608e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009053

Open Access Article. Published on 30 September 2019. Downloaded on 4/2/2026 9:54:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances
A) HO. ;-OH 1 R=R,=Cl QD
Ry=Cl
2 1
Ry = HN 0
g,
3 Ry=R,=HN [ ]
S T\ ! 2 ""'/-Q
Nog N, Ri=Ci

Ri FF R Rz=§é‘m’\/NH2 o

Fig. 1 (A) Structure of PBA-BODIPY derivatives 1-4. (B) Solution
(1.0 mg mL~tin MeOH) of PBA-BODIPY derivatives (from the left to the
right PDA-BODIPY 1, 4, 2, 3) (a) under white light and (b) under UV-
light (Aex = 364 nm).

of the formation of the boronate esters between the PBA-
BODIPY 4 and the glycan chains of an antibody, ie. anti-
streptavidin monoclonal antibody, by using Quartz Crystal
Microbalance.

The BODIPY-core is traditionally accessible following a few
steps synthetic strategy,®>'* however, the main concerns are
related to the low overall yields of some synthetic steps and to
the small scale availability of BODIPY derivatives due to the
unstable nature of pyrrole derivatives and/or of some synthetic
intermediates."*'¢ In this paper, the boron dipyrromethane dye
1 (Scheme 1) was prepared following the synthetic strategy
usually reported for the synthesis of 3,5-dichloro-BODIPY dyes"®
by using the commercially available pyrrole-based derivatives
and p-substituted benzaldehyde as starting materials.

Scheme 1 Synthesis of the PBA-BODIPY 1-4. (a) CFsCOOH, 0 °C —
r.t., 15 minutes, 74%; (b) NCS, THF, —78 °C — —20 °C, 18 h; (c) DDQ,
CH,Cly, r.t., 16 h, 75% over two steps; (d) BFsEt,O, CH,Cly, r.t., 2 h, 75%;
(e) aniline, CH,Cl,, 60 °C, 48 h, 58%; (f) aniline, 140 °C, 0.5 h; (g)
ethylendiamine, r.t., 45 minutes, 44%.
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At first, the meso-PBA substitute dipyrromethane 5 was
prepared by acid-catalyzed condensation®***** of commercially
available 4-formylbenzeneboronic acid 6 with neat excess (25
eq.) pyrrole (Scheme 1). In general, the purification of dipyrro-
methane derivatives is not trivial,"**>'* depending on substitu-
ents at the meso position, as previously reported.®***® A mixture
of side products, have been identified and fully characterized,***
and some improvements on the purification steps have been
reported™** switching from flash chromatography to a bulb-to-
bulb distillation followed by recrystallization protocols (yield
27-68%)."** Here, we set up, a straightforward crystallization
protocol for the isolation of the pure dipyrromethane 5 (74%)
avoiding the low yielding flash chromatography and tedious
bulb-to-bulb distillations elsewhere described.'® We have also
examined the effect related to the workup of the reaction media
(pyrrole : 6, 25:1 ratio, catalytic TFA) on the yield of this
synthetic step, by using diverse protocols to refine the forma-
tion of 5, observing an higher yield (74% vs. 50%) and an easier
removal of side products,* by the addition of trimethylamine
(see ESIT) to neutralize the TFA, and the subsequent concen-
tration to dryness of the reaction mixture. Notably, the use of
pure 5 is critical for the overall yield of the two following
synthetic steps. The chlorination of 5 (Scheme 1) with N-chlor-
osuccinimide (NCS) followed by oxidation with 2,3-dichloro-5,6-
dicyano-p-benzoquinone (DDQ) afforded the 3,5-disubstututed
dipyrromethene 7 (75% over two steps). Finally, 7 was reacted
with boron trifluoride diethyl etherate (BF;-OEt,) and N,N-
diisopropylethylamine (DIPEA) to give the green emitting PBA-
BODIPY 1 (75%). Dye 1 is amenable to structural modifica-
tions at the 3,5 positions of the pyrrole moiety so we prepared
a small family of dyes which showed the spectral shift in the
absorption and emission bands depending on the substitution
pattern (Scheme 1). To demonstrate the versatility of PBA-
BODIPY 1 we selected aniline as nucleophile already studied
in this kind of reactions.®** Thus, the PBA-BODIPY 1 was reacted
with an excess of aniline in dichloromethane to give PBA-
BODIPY 2 (58%) as pink solid, according to earlier investiga-
tions showing that one of the two chlorine atoms is more prone
to be involved in the nucleophilic substitution.*® Therefore, the
di-substitute PBA-BODIPY 3 has been obtained from 3,5-
dichloro-BODIPY 1 by using more stringent experimental
conditions (neat excess of aniline, 140 °C) as previous repor-
ted.” Finally, mono-substitute PBA-BODIPY 4 was prepared in
order to have a functional group on the BODIPY-core useful for
further functionalization of the dye for the following studies.
Thus, 1 was reacted with a neat excess of 1,2-diaminoethane to
afford the yellow emitting PBA-BODIPY 4 (44%).

The spectroscopic properties of the PBA-BODIPY dyes 1-4
(Fig. 2, and S1-S11f) were studied in methanol, dichloro-
methane, water and physiological PBS buffer (pH = 7.4). The
spectra reported in the left side of Fig. 2, show the absorption
pattern of known PBA-BODIPY derivatives 1-4.>*'” In all tested
media, the main absorption band attributed to the 0-0 band of
the strong S, — S; transition is located around 510 nm for PBA-
BODIPY 1 and 2 (Fig. 24, and C) and 590 nm for PBA-BODIPY 3
(Fig. 2E). For PBA-BODIPY 4 (Fig. 2G) the S, — S; transition is
not the main absorption and is observed around 490 nm. The

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Normalized absorbance and fluorescence spectra of PBA-
BODIPY 1-4 in MeOH (black line) physiological PBS buffer pH = 7.4
(green line), H,O (blue line) and CH,Cl, (red line). (A and B) PBA-
BODIPY 1; (C and D) PBA-BODIPY 2; (E and F) PBA-BODIPY 3; (G and
H) PBA-BODIPY 4.

data are summarized in Table 1. The shoulders at shorter
wavelengths for the symmetric dyes 1 and 3, at ~480 nm and
~515 nm respectively, have been assigned to the 0-1 vibronic

Table 1 Absorption and fluorescence emission spectral data of PBA-
BODIPY 1-4

DYE Solvent Agps (NM) Ae (nm) A7 (em™) & €
1 MeOH 508 520 454 0.16 55 389 + 246
PBS 510 522 451 31 453 £ 405
H,O0 511 524 485 39 011 + 355
CH,Cl, 515 528 478 46 873 £ 395
2 MeOH 500 564 2270 0.0048 29 008 + 146
CH,Cl, 509 573 2194 28 701 £ 249
3 MeOH 589 613 665 0.22 13 315 £ 62
CH,Cl, 595 620 678 27 043 £ 520
4 MeOH 496 527 1186 0.017 21454 £ 77
476
PBS ~494 529 1340 16 810 + 94
470
H,O0 ~493 529 1381 17 912 + 132
470
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band of the same transition. For PBA-BODIPY 4 the 0-1 vibronic
transition is observed at 476 nm in MeOH. In the right side of
Fig. 2, the normalized fluorescence spectra of PBA-BODIPY 1-4
are also reported. A reduced solvatochromic effect is observed
as both the S, — S; absorption and the emission bands are
slightly red-shifted in dichloromethane than in more polar
media (e.g¢ MeOH or H,0). The broader full width at half
maximum as well as the shape of the absorption and fluores-
cence bands of asymmetric PBA-BODIPY dyes 2 and 4 are
consistent with previously reported amino-containing dyes and
they were attributed to the diverse contributes of the proposed
Lewis structural formulas.®” The molar extinction coefficient (¢)
was assessed in the four different solvents, showing that the
highest hyperchromic effect is observed in MeOH (Table 1,
Fig. S1-S11%). Finally, the Stokes shift values result moderately
low for the symmetric derivatives 1 and 3, while higher value are
found for dyes 2 and 4, where symmetry is reduced. The S; — S,
fluorescence quantum yields (&) of 1-4 have been measured in
MeOH using Rhodamine 6G as standard reference for 1, 2 and 4
and DODCI for 3 (see ESIt) in the same solvent. High values of
&¢ have been found for 1 and 3, 0.16 and 0.22 respectively,
suggesting that the symmetric presence of bulky substituents
on the indacene moiety can stiffen the molecule, promoting
radiative decay processes towards the ground state. Moreover,
the relatively small Stokes shift observed for both compounds
point at a molecular structure that is not much affected by the
electronic excitation. On the opposite, the large Stokes shifts
measured for the dyes 2 and 4, indicate a non negligible
molecular structure variations going from S, to S;. The less rigid
skeleton of these dyes can endorse thermal relaxation, lowering
the respective @5, as shown in Table 1.

It is well-established that boronic acids can form fast and
reversible covalent interactions with 1,2/1,3 cis-diols of carbo-
hydrates generally affording five-/six-membered cyclic boronic
esters.”® In this paper, as case sample for the proof of the
interaction between our PBA-BODIPY dyes and the glycan unit
of glycosylated proteins using Quartz Crystal Microbalance
(QCM) for gravimetric sensing. N-Glycosylation site of the Fc
regions of monoclonal antibodies (mAbs) have attached
significant attention in the last year as site end-on attachment
of mAbDs in diverse bioanalytical assays,***? and for the purifi-
cation of mAbs from cell mixtures.* Sialic acid (SA) has been
claimed to be the anchoring point of such interactions,'*
however the site of PBA-SA interaction is still high debated topic
and comprehensive studies combining DFT calculations and
NMR spectroscopy have been published."” Here the binding of
rabbit IgG was assessed by monitoring the resonance frequency
decrease on 9.5 MHz crystals induced by mass increase on the
surface carrying the boronic acid derivative 4 (Fig. 3A).

The gold electrodes sandwiching the quartz crystals were
modified as showed in Fig. 3. Quartz crystals were exposed to
a 1 mg L' solution of a non-glycosylated protein (namely,
streptavidin, SAv) in 20 mM Hepes pH 8.5, that was proved to
minimize secondary interactions,* allowing to exclude non-
specific binding of SAv to 4 (data not shown). Subsequently,
the crystals were exposed to a 1 mg L™ solution of IgG in the
same buffer. Such experiment tested the coupling of

RSC Adv., 2019, 9, 30773-30777 | 30775
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Fig. 3 QCM experimental set up, where crystal 1 (A) was functional-
ized with 4, while crystal 2 (B) was kept as the negative control. The on-
line QCM sensorgrams shows the resonance frequency shift occurred
after antibody deposition on crystal 1 black solid line, (A) and crystal 2
(black dotted line, (B)).

glycosylated portion of the mAb to the boronic acid functions of
4. The surfaces were then rinsed with buffer to remove non-
specifically bound antibody. Fig. 3 shows the recorded
frequency shifts after IgG interaction and baseline equilibra-
tion, about 60 Hz for positive control (A) and 1 Hz for negative
control (B). Thus, confirming that the antibody was specifically
bound to the crystal functionalized with the boronic acid, likely
through the glycosylated portions.

In summary, we reported here an efficient methodology for
the synthesis of PBA-BODIPY dyes and we demonstrated their
tunability in terms of optical properties and capability in teth-
ering of glycans, appearing instrumental and reliable tools for
diverse bio-related research fields.
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