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A new water-soluble, highly fluorogenic 3-formylBODIPY dye that enables the sensing of SO2 derivatives
in aqueous buffers and cancer cells is reported. The quaternary ammonium group appended through the
meso-position of the BODIPY dye ensures water solubility. The probe exhibits high specificity for cytosolic
(bi)sulfites and fluoresces brightly in human lung adenocarcinoma cells (A549).

� 2019 Elsevier Ltd. All rights reserved.
The fluorogenic sensing and signalling of biologically relevant
small molecules, with a major emphasis on sulfur-containing ones,
has drawn significant attention [1]. Being both a well-known air
pollutant and a common food additive (E220–228), sulfur dioxide
(SO2), has been the focus of many recent works [2]. Once hydrated,
it is transformed into a pH-dependent equilibrium mixture of sul-
fite, bisulfite and/or sulfur dioxide species (SO3

2�, HSO3
� and/or SO2),

all of which are collectively called sulfites or sulfiting agents, and
have found extensive use as preservatives in food processing for
more than a century [3]. The wine industry, for example, relies
heavily on sulfites to improve/maintain the sensory characteristics
of end-products, such as taste, aroma, and color [4]. Exposure to
high doses of sulfites, on the other hand, is associated with a num-
ber of diseases such as allergic asthma, urticarial dermatitis,
hypotension, abdominal pain, lung cancer, and neurological disor-
ders [5]. At some extremes, it is even known to kill individuals who
are hypersensitive to sulfites [5]. Consequently, the use of sulfites
as antimicrobial agents/food additives is restricted by international
legislation (upper limit = 0.7 mgkg�1 of body weight; World Health
Organisation – WHO) [3]. Additionally, sulfur dioxide is known to
be endogenously produced in living organisms via the metabolic
degradation of biological thiols (e.g. cysteine and glutathione)
[6]. As such, recent reports have revealed vasodilatation activities
of SO2, and thereby suggest its role as a gasotransmitter [7]. Never-
theless, its precise physiological roles remain largely unknown [2].
Considered together, the sensing and quantification of sulfites in
samples of foods/beverages or in biological matrices is of consider-
able interest.

Early methods for the detection of sulfites include titration (first
oxidation by hydrogen peroxide to sulfuric acid, then titration with
sodium hydroxide) [8], electrochemistry [9], capillary elec-
trophoresis [10], spectrofluorometry [11], and colorimetry [12].
However, these methods generally require pretreatment of the
samples, i.e. extraction or bleaching, which often retards the anal-
ysis to hours.

Fluorogenic sensing methods, present excellent opportunities
due to their unique attributes, such as operational simplicity,
inherent high sensitivity, and ready availability of fluorescence
spectrometers; more importantly, fluorogenic probes make
in vivo imaging possible [13]. The design of fluorescent probes
relies largely on reaction-based sensing platforms [14], which take
advantage of the nucleophilicity of the sulfur atom of sulfiting
agents. Several sulfite-reactive functional groups (Michael type
acceptors [15], levulinate esters [16], aldehydes [17], and others
[18]) have been installed on fluorophores to create a sensing event,
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among which, protocols involving conjugate addition are by far the
most frequent. Early examples of sulfite probes, however, have
required the use of an organic co-solvent [16b,17c], long
incubation times (up to 1 day) [18d], UV excitation [18a], and
exhibited low fluorescence enhancement often with nonspecific
side reactions, which limit their practical applications. Therefore,
to avoid the above-listed weaknesses of these precedents, the
last couple of years have witnessed a number of papers on the
fluorogenic sensing of sulfites [15–18].

Building on our previous efforts in this area [19], herein we
wish to describe new water-soluble 2-/3-formyl-BODIPY dyes
(Fig. 1). BODIPY (boron-dipyrromethene) dyes were explored
because of their highly desirable characteristics, such as narrow
emission bands, rich functionalization chemistry, high molar
absorptivity and quantum yields, no pH dependency and operation
in the visible spectral range [20]. These dyes, once judiciously
designed, allow control over the fluorescence emission intensity
through photoinduced electron transfer (PeT) and/or internal
charge transfer (ICT) photophysical processes [21]. BODIPY dyes
find use in a number of applications such as fluorescent probes/
labels [22], dye sensitized organic solar cells [23], and photody-
namic therapy [24], among many others [25].

Their insolubility in water, however, impedes potential applica-
tions in aqueous media. They typically tend to form non-fluores-
cent aggregates, unless a water-solubilizing auxiliary group is
attached [19,26]. Encouraged by parallel efforts of the Ziessel
group [26f], we have introduced water-solubilizing (zwitter)-
ionic quaternary ammonium units through the meso- (or 8-)
position of the BODIPY core to make them water-soluble. The
reactivity with sulfite was ensured by conjugating the
fluorophore with formyl units through the 2- and 3-positions of
the BODIPY core. We hypothesized that, upon reaction with
sulfites, the p-conjugation between the BODIPY core and the
formyl unit would be broken, which resultantly may by-pass an
ICT quenching process and induce a change in fluorescence
emissions.

Therefore, we synthesized 4-((dimethylamino)methyl)ben-
zaldehyde, a common starting material for all probe candidates
1–4, using a three-step patent procedure [27]. In addition, we tried
a one-step synthesis of this aldehyde by direct reductive amination
of terephthalaldehyde; the strategy worked but with low chemical
yields (8–11%, see ESI). Classical BODIPY dye synthesis conditions,
for which catalytic amounts of trifluoroacetic acid (TFA) is gener-
ally sufficient, failed to give intermediate products 5 and 6 in our
hands (Scheme 1). We reasoned that the benzylic amino group of
the dye buffers the TFA used, thus inhibiting the condensation
reaction of the aldehyde with the pyrroles. As a result, one equiv-
alent of TFA was necessary to afford BODIPYs 5 and 6 in reasonable
Fig. 1. Design of the sulfite probes.
yields (40% and 48% respectively). The available 2-position of com-
pound 5 was formylated using the Vilsmeier-Haack formylation
protocol reported by Jiao and Hao [28].

The formyl functionality was introduced to the 3-position of
BODIPY 6 via DDQ-mediated oxidation of an a-methyl group, using
a method developed by Ziessel and co-workers [29]. We discovered
that the use of twelve equivalents of DDQ was essential to obtain
compound 8 in acceptable purity for the next step. Finally, the ben-
zylic tert-amino groups of the 2- and 3-formylBODIPY dyes (7 and
8) were quaternized by treating their concentrated dichloro-
methane solutions with 10 equiv. of (pseudo)-halides (methyl
iodide and 1,3-propanesultone) at room temperature for 2 days.
This series of reactions furnished the targeted probe candidates
1–4, the purification of which was achieved by repetitive centrifug-
ing-washing processes.

All of the (zwitter)-ionic compounds 1–4 were soluble in water,
thus permitting all spectroscopic studies to be conducted in aque-
ous buffers. We began our spectroscopic measurements by taking
the fluorescence emission spectra of free dyes 1–4 in phosphate
buffered saline (PBS; 10 mM) at physiological pH (7.4) (see ESI
for UV–vis and fluorescence excitation and emission spectra of
compounds 1–4). Fig. 2 shows the relative emission behaviour of
compounds 1–4, where each is present at equal concentration
(1 lM). 3-FormylBODIPY 3, among the candidates, lacks back-
ground fluorescence and thus was selected as the probe of choice.
The others, however, showed significant fluorescence emissions
visible to the naked eye (see inset in Fig. 2). Probe 3, once incu-
bated with 1000 equiv. of sulfite for two minutes, starts to fluo-
resce greenish-yellow at 543 nm (see ESI). The equilibrium
distribution of sulfite species strongly depends on the pH of the
medium (vide supra), and bisulfite addition to probe 3 (aldehyde)
may also show similar pH-dependency since the reaction is rever-
sible (Eq. 1 in Fig. 1). Therefore, we wanted to explore the pH
dependency of this sensing event. To this end, we screened a pH
range of 4–8 by altering the pH in half unit increments (see ESI),
and gratifyingly the probe was essentially insensitive to variations
in pH in the absence and presence of HSO3

�/SO3
2� species. Although

the sensing reactions equilibrated more rapidly at pH � 6.0
(response time <1 min) than those at pH � 5.5 (response time
<5 min) with no significant difference in the emission profiles,
the pH value was set to 4.5 as it provided higher and more stable
emission signals with acceptable response times (�5 min). Given
the strong pH-dependency of some precedent probes, the use of
probe 3 would be highly advantageous for applications where pH
independency is required (e.g. some cancer cells are acidic, while
some are alkaline). The sensing reaction between probe 3 and
bisulfites is amenable to HRMS analysis (see ESI), attesting to the
1,2-addition.

To reveal the time-dependency of probe 3, we recorded the
kinetic profiles of the probe against varying amounts of HSO3

� (0,
100, 500 and 1000 equiv.). Fig. 2 clearly shows that the sensing
reaction equilibrates within five minutes when the dye is at a
5 lM concentration.

We also wanted to see to what extent probe 3 was selective.
Towards this end, a large number of anions, cations, and neutral
molecules with potentially interfering or competing natures were
tested. The spectral responses of the highly competitive anions
and biological thiols are plotted in Fig. 3 (Left).

Probe 3 (2 lM) shows a clear preference for bisulfite among the
twenty competing species (100 equiv.) examined; a small yet
detectable response to HS� is also observed. Notably, the probe tol-
erates reactive oxygen species (ROS: HSO5

�, H2O2) and reactive sul-
fur species (RSS: S2O3

2�, HSO4
�, HS�, (L)-Cys, (L)-Hcy, GSH) as well as

nucleophiles (CN�, NO2
�) with no observable signal change. It also

displays no spectral interference to six cations of biological signif-



Scheme 1. Synthesis of probes 1–4.
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Fig. 2. Left: Fluorescence emission spectra of the probe candidates 1–4 (each 1 lM)
in 10 mM PBS (pH = 7.40, kex 490 nm). Slit width: dex = 5 nm, dem = 2.5 nm Inset:
Digital photograph of the solutions under a handheld UV lamp (@ 366 nm). Right:
Time-dependent fluorescence emission spectra of the probe 3 (5 lM) in the absence
and presence of varying amounts of bisulfite in 10 mM acetate buffers (pH = 4.5, kex
490 nm, kem 543 nm).
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Fig. 3. Left: Fluorescence emission response of probe 3 (2 lM) in the absence and
presence of 100 equiv. of bisulfite and other potentially competing anions and
neutral molecules. GSH: Glutathione, (L)-Hcy: (L)-Homocysteine, (L)-Cys: (L)-
Cysteine Right: Fluorescence emission response of probe 3 (5 lM) titrated against
increasing amounts of bisulfite (50–2000 lM). Inset: Digital photograph of the free
dye 3 (left) and dye 3 plus an excess of bisulfite (right) under a handheld UV lamp
(@ 366 nm).

M. Is�ık et al. / Tetrahedron Letters 60 (2019) 1421–1425 1423
icance (Mg2+, Ca2+, Zn2+, Cu2+, Fe3+, and Hg2+), whether by reactions
or noncovalent interactions (see ESI).

We were also interested in the fluorescence response of probe 3
to increasing bisulfite concentrations. Remarkably, probe 3
responds to increasing bisulfite concentrations in a linear fashion
(10–2000 lM), which may suggest the quantification of sulfites
in food/beverage or biological matrices (see Fig. 3). The limit of
detection of probe 3 for sensing bisulfite was determined as
9.05 lM (see ESI). Literature examples of 2- and 3-formylBODIPY
dyes are rare, and they are generally converted to their more reac-
tive derivatives for sensing applications [30]. There are only two
reports which make use of 2- and 3-formylBODIPY dyes as fluoro-
genic probes [31,32]. The groups of Hao and Jiao have shown that
3-formylBODIPY dyes are able to sense reactive biological thiols,
cysteine and homocysteine [(L)-Cys and (L)-Hcy], however water-
insolubility of the probes requires the use of as much as 50%
methanol as the solvent [HEPES/MeOH, 1/1 (v/v)], which results
in significant initial fluorescence and slow response (60 min)
towards Cys and Hcy with 3–5 fold fluorescence intensity enhance-
ment [31]. When compared to the 3-formylBODIPY dyes of Jiao and
Hao, probe 3 exhibits enhanced water-solubility, allows sensing
applications in 100% aqueous media and is quenched very well,
which renders it highly fluorogenic (up to 38 fold enhancement).

Finally, we examined whether probe 3 would be suitable for
applications in live cells. To this end, human lung adenocarcinoma
(A549) cells were incubated at 37 �C first with probe 3 (5.0 lM) for
30 min, then with bisulfite (500 lM) for another 30 min. Fluores-
cence microscopy images (Fig. 4) clearly indicates that probe 3 is
cell-permeable, and, when incubated alone with cells (panel a),
shows no emission suggesting no non-specific binding, and is able



Fig. 4. Fluorescence images of human lung adenocarcinoma cells (A549). Fluorescence image of a) A549 cells treated with probe 3 only (5m M), b) cells treated with DNA-
binding 40 ,6-diamidino-2-phenylindole (DAPI) dye (control), c) cells treated with probe 3 (5 mM) and HSO3

� (500 mM); d) merged images of frames b) and c). (kex = 480 nm).
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to highlight the cytoplasm of A549 cells in the presence of bisul-
fites. The probe is nucleus-impermeable as evidenced by
nucleus-staining control experiment (panel b–d).

In conclusion, a novel method is reported for the synthesis of
BODIPY dyes that are both water-soluble and effectively quenched
(fluorescence). Four formyl-attached BODIPY dyes 1–4 bearing
quaternary ammonium units which make them water-soluble
were synthesised. 2-Formyl dyes (1 and 2) were highly fluorescent
rendering themselves unsuitable for sensing applications. Upon
reaction with sulfites, otherwise non-fluorescent probe 3 begins
to fluoresce (up to 38 fold) greenish-yellow (kem = 543 nm) within
a few minutes. Probe 3 shows high specificity for sulfites over a
number of competitors with no pH-dependency and works inside
cytosol of A549 carcinoma cells, which makes it an interesting
probe for (bi)sulfites. Currently, our efforts are directed to deter-
mine the metabolic relation of SO2 and biological thiols[17e] for
which the design of probe 3 is going to be a useful guide.
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