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The synthesis and photophysical properties of water responsive 1,10-phenanthrolyl and 2,2’-bipyridyl
substituted BODIPY derivatives prepared as lipid probes for cell imaging are reported. These
compounds exhibit intense emission in non-aqueous media that is reversibly extinguished in
aqueous media. Halogen substitution at the BODIPY indacene core decreases the emission
quantum yields and causes red spectral shifts of emission maxima of the order H > Br > I. The
emission was quenched on binding of the phenanthrolyl or bipyridyl to cations Fe2*, Cu?* and Zn2*.
The origin of the water switching effect and the impact of halogen substitution was investigated by
modelling the electronic structure of the fluorophore using DFT methods. All compounds
showed excellent permeability to live cells and were found, under imaging conditions, to generally
exhibit low cytotoxicity. The absence of emission in the agueous environment facilitated the
collection of high contrast images from membranous regions and lipid droplets in live cells. The
staining pattern in Hela cells was found to depend on halogen substitution. Across both bpy and
phen derivatives the halogenated probes showed the strongest targeting of lipid droplets
within cells whilst the parent unsubstituted compounds were more widely dispersed in the
cytoplasm. Resonance Raman imaging was used to map the distribution of probes within the
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1 Introduction reagents and biomarkers, in optoelectronic switching appli-
cations, as singlet oxygen sensors, and as therapeutic
Fluorescent dyes based on the 4,4'-difluoro-4-bora-3a,4a- agents.>*™*3
diaza-s-indacene (BODIPY) core have been the focus of Structural modification to the BODIPY core alters the pho-
intensive research because of their useful photophysical tophysics of the fluorophore. In particular, the extension of the
properties. Important photophysical characteristics include degree of 7 conjugation through the central indacene unit can
high fluorescence quantum yields, narrow absorption and have a significant impact (Fig. 1).""** Unfortunately, these
emission bands, good solubility across a range of solvents, ‘extended-BODIPY dyes’ tend to be more susceptible to photo-
high (photo)chemical stability and relatively good biological degradation.'® Adding donor or acceptor groups to the BODIPY
uptake.'® In addition, the synthetic versatility of BODIPY core, particularly groups capable of photoinduced electron
derivatives allows their visible absorption and emission transfer (PET), has led to the development of BODIPY-based pH
characteristics to be varied through relatively simple struc- or chemosensors."'"'*** Varying the substituent at the 8 posi-
tural modifications to the pyrrole core.”'® Thus, BODIPY- tion (meso-position) can affect the spectroscopic and
based fluorophores can be adapted for use as labels for
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photophysical properties of BODIPY compounds, however,
while the impact of such changes can be difficult to predict, the
effects of such substitution are generally weaker than substi-
tution at the indacene units.***

BODIPY dyes have been widely used as cellular imaging
contrast agents.>** Functionalisation,'®'®*** nanoparticle
encapsulation***?® or conjugation to biomolecules can be used
to improve aqueous solubility.*

A number of BODIPY derivatives are non-emissive in
aqueous media while emitting strongly from organic solvent.
The origin of this effect has been attributed to the formation of
non-fluorescent dimers or higher aggregates in water.'® And,
introduction of bulky substituents at the 2,6-positions of the
BODIPY core which inhibit aggregation results in intense
fluorescence, even in the solid state.?” Similarly, it has been
shown that the presence of methyl substituents at the 1,7-
positions can force aromatic substituents at the 8-position
into an orthogonal geometry and disrupting intramolecular 7—
7 interactions.*® The formation of non-luminescent charge-
transfer states in BODIPY derivatives with donor/acceptor
functionalities has also been attributed to the extinction of
BODIPY emission in water.**

This aqueous light-switching behaviour is of value in cell
imaging, facilitating high contrast imaging of lipid or
proteinaceous structures. However, few studies on water
switching BODIPY fluorophores in cellular imaging have been
reported to date. Herein, we describe a family of 1,10-phe-
nanthrolyl and 2,2-bipyridyl meso substituted BODIPY
compounds, which showed reduced or no emission when in
contact with an aqueous environment, but which showed
intense emission when in non-aqueous media. We have
developed these materials as contrast agents for resolving
lipid droplets or membranous structures in the cell. Associa-
tion of the probe within sub-cellular membrane/protein or
lipid structures turns the emission on. We explore the impact
of substitution with halogen atoms at the indacene core has on
the emission properties of the compounds as well as their
uptake and localisation in live cells. The localisation of the
probe within a single cell line varies with halogen substitution.
We have monitored the distribution of the phenathrolyl-
BODIPY probes within live and fixed cells using Raman
microscopy and show that the compounds co-localise strongly
with lipid rich cellular regions consistent with fluorescence
imaging.

Finally, BODIPY derivatives with appended coordination
sites have been widely studied as sensors for transduction of
metal ion  binding  reported  through  fluores-
cence, > 7 1H12:19:24,25,31-35,37-46 We have also recently shown that
complexation of a ruthenium metal centre to a polypyridyl-
based BODIPY fluorophore does not alter BODIPY emission
permitting the use of the complex as a ratiometric oxygen
sensor.*® As the reported BODIPY derivatives are functional-
ised at the meso-position with metal coordinating ligands, we
report a preliminary investigation into their ability to complex
biologically relevant metal ions in non-aqueous media and
the effect of metal binding on photophysical properties of
the dyes.
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2 Experimental
2.1 Apparatus

'"H NMR, *C NMR and "F NMR spectra were performed on
either a Bruker AC 400 MHz or Bruker Avance III 600 MHz
spectrometer using DMSO-d¢ or CDCl; as solvents unless
otherwise stated. Deuterated solvents were used for homo/
hetero nuclear lock and the signals are referenced to the
deuterated solvent peaks. Mass spectrometry was carried out at
the Chemistry and Chemical Biology Laboratory, University
College Dublin using a Bruker Esquire LC_00050 electron spray
interface (ESI) with a positive ion polarity. Elemental analysis
was carried out by Chemistry and Chemical Biology Laboratory,
University College Dublin on an Exador analytical CE440 ana-
lyser. UV-vis spectra were recorded on a Jasco V-670 spectro-
photometer using a 1 cm quartz cuvette and spectra were
corrected for solvent absorbance. Solution based emission
spectra were recorded on a Varian Cary Eclipse fluorescence
spectrophotometer with an excitation slit width of 2.5 nm and
an emission slit width of 2.5 nm, unless otherwise stated. Low
temperature (77 K) emission experiments were performed by
dissolving the BODIPY compound in a butyronitrile : propioni-
trile (5 : 4 v/v) glass. Solid state fluorescence was carried out on
a HR 1000 Labram confocal Raman micro-spectrometer (Horiba
Jobin-Yvon). The spectrometer was equipped with diffraction
gratings (600 or 1800 grooves per mm), an Olympus BX40
microscope with a 50x objectives and the slit allowed the
spectral resolution to be 2 cm ™. The Raman and fluorescence
signals were detected by a Peltier-cooled CCD detector following
473 nm laser excitation. The integration times ranged from 2 to
5 seconds. Quantum yields were obtained by absorbance
matching each BODIPY dye with a fluorescein standard (6; =
0.91 in methanol) solution. The corresponding integrated
photon flux was then determined and the quantum yields
calculated as previously reported.”” Luminescent lifetimes were
obtained using a Picoquant Fluorotime 100 TCSPC (time
correlated single photon counting) system, exciting at 450 nm
(picosecond pulse diode lasers) and the band pass dielectric
filter was set for detection at 460 nm and above. 10 000 counts
were collected for each lifetime measurement and all
measurements were performed in triplicate using Nanoharp
software to record decay plots. Typical pulse repetition rates of
the excitation source were 1 x 10°> s~ ' with a typical pulse width
of 300 ps. FluoroFit software was used to analyse the lumines-
cent decays which fitted well to mono-exponential decay func-
tion. The quality of the lifetime fit was determined from visual
examination of the residuals and a x? value of <1.5. Molecular
modelling was performed using B3LYP hybrid density func-
tional with a TZVP basis set as implemented in the Gaussian 09
program suite.**>°

Metal ion complexation studies were performed in acetoni-
trile at BODIPY concentrations of 10 uM. 3 molar of each metal
ion (copper(u) acetate, iron(u) chloride and zinc(u) acetate) were
prepared and titrated into the BODIPY solution. Spectra were
not corrected for dilution effects as dilution percentage was
deliberately kept below 2%. Absorbance, emission and lifetime
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measurements were performed following each addition of
metal ion solution until a BODIPY : metal ion ratio of 1 : 3 was
obtained.

2.2 Materials

All materials were purchased from Sigma-Aldrich (Ireland) or
TCI (Europe) and were used without further purification unless
otherwise noted. Reaction progression was monitored by TLC.
Flash chromatography was performed to purify crude reaction
mixtures using an automated flash chromatography system
(Analogix-Intelliflash 310) with silica gel pre-packed chromato-
graphic columns (40-63 pum, 60 A), equipped with a UV-visible
detector (200-400 nm) and auto collector. The detection wave-
lengths used were 254 nm and 365 nm. Anhydrous MgSO, was
used to dry all organic extracts. 5-Bromo-(1,10-phenanthrolyl)
(1),*  4-bromo-(2,2"-bipyridyl) (2),> 4-(1,10-phenanthrolyl)
benzaldehyde (3) and 1,3,5,7-tetramethyl-5-phenanthrolyl-4,4'-
difluoroboradiazaindacene (5) and were synthesised as previ-
ously reported.*® All aqueous samples were prepared by
dissolving the sample in a solvent mixture containing acetoni-
trile : water (2 : 98 v/v).

2.3 Synthesis

2.3.1 Synthesis of 4-(2,2-bipyridyl)benzaldehyde (4). 4-
Bromo-2,2’-bipyridyl (2) (200 mg, 0.85 mmol) was added to a 4-
formylphenyl boronic acid (153 mg, 1.02 mmol), Pd(dppf),Cl,-
-CH,Cl, (65 mg, 0.08 mmol) in 1,4-dioxane (2 mL) with stirring.
K,COs3 (218 mg, 1.58 mmol) in H,O (0.5 mL) was then added and
the reaction mixture brought to reflux temperature for 6 hours.
The reaction mixture was then cooled to room temperature and
extracted into CH,Cl, (15 mL), dried over MgSO,, filtered and
the organic layer evaporated to dryness. The residue was then
purified on silica gel using CH,Cl, : MeOH (9 : 1 v/v) as mobile
phase. The product was then recrystallised from hot CHCI; with
cold pentane to yield 4 as a brown solid (189 mg, 85%). "H NMR
(400 MHz; CDCl;) 6 (ppm): 10.09 (s, 1H), 8.79 (dd, J = 5.2 &
0.8 Hz, 1H), 8.71 (m, 2H), 8.46 (dt, 1H), 8.02 (dd,J = 8.4 & 1.6 Hz,
2H),7.93 (dd, ] = 6.4 & 1.6 Hz, 2H), 7.86 (td, 1H), 7.57 (dd, ] = 5.2
& 2.0 Hz, 1H), 7.35 (ddd, J = 4.8 & 1.6 Hz, 1H). >*C NMR (CDCl;)
6 (ppm): 191.8, 157.0, 155.8, 150.0, 149.2, 148.0, 144.2, 137.1,
136.5, 130.4, 127.9, 124.1, 121.7, 121.3, 119.2, 31.0.

2.3.2 Synthesis of 1,3,5,7-tetramethyl-4-bipyridyl-4,4’-
difluoroboradiazaindacene (8). 4-(2,2’-Bipyridyl)benzaldehyde
(4) (150 mg, 0.58 mmol) was dissolved in nitrogen purged
CH,Cl, (30 mL). 2,4-dimethylpyrrole (132 pL, 1.28 mmol) and
trifluoroacetic acid (TFA) (9 pL, 0.117) were then added and the
reaction mixture was stirred at r.t. for 5 h under nitrogen.
Subsequently, tetrachorobenzoquinone (157 mg, 0.638 mmol)
in CH,Cl, (10 mL) was added and stirred for a further 30 min
followed by the addition of Et;N (1.4 mL, 10 mmol) and BF;-
-OEt, (1.4 mL, 13 mmol) and the reaction mixture stirred
overnight at r.t. under nitrogen. The crude reaction mixture was
washed with deionised H,O (2 x 50 mL) and the organic layer
was concentrated. The product was isolated and purified on
silica gel by flash chromatography (CH,Cl, : MeOH, 95 : 5 v/v)
to leave the orange/brown coloured product 8 (67 mg, 24%).
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'H NMR (400 MHz; CDCl;) 6 (ppm): 8.78 (dd, J = 8.4 & 1.6 Hz,
1H), 8.75-8.70 (m, 2H), 8.47 (d, J = 4.2 Hz, 1H), 7.93 (d, J =
4.0 Hz, 2H), 7.87 (td, 1H), 7.61 (dd, J = 8.0 & 4.0 Hz, 1H), 7.44 (d,
J = 1.6 Hz, 2H), 7.35 (td, 1H), 6.00 (s, 2H), 2.56 (s, 6H), 1.43 (s,
6H). *C NMR (CDCl;) 6 (ppm): 156.8, 155.9, 155.8, 149.9, 149.2,
148.3, 143.1, 140.8, 139.0, 137.2, 135.9, 131.3, 128.9, 127.9,
124.1, 121.6, 121.4, 119.0, 14.7. ’F NMR (CDCl;) 6 (ppm):
—146.1 (d), —146.3 (d). HRMS (ToF MS ES"): m/z, calculated for
CpoH,6BN,F,: 479.2219, found 479.2234.

2.3.3 A general procedure for the halogenation of BODIPY
compounds. 1,3,5,7-Tetramethyl-BODIPY (0.1 mmol, 1 equiv.)
was dissolved in hexafluoropropanol (2 mL) with stirring. N-
bromosuccinimide or N-iodosuccinimide (2.4 equiv.) was then
added and the reaction stirred at room temperature for 20 min
after which time the reaction had reached completion (as
confirmed by TLC). The solvent was then evaporated to dryness
and the residue re-dissolved in CH,Cl, (20 mL) and washed with
water twice (20 mL x 2). The organic layer was evaporated to
dryness and the product was isolated by silica gel chromatog-
raphy using CH,Cl, : MeOH (95 : 5 v/v) as mobile phase to yield
the dark purple product.

2.3.4 1,3,5,7-Tetramethyl-2,6-dibromo-5-phenanthrolyl-
4,4’ difluoroboradiazain-dacene (6). (92% yield). "H NMR (400
MHz; CDCl;) 6 ppm: 9.24 (d, J = 0.4 Hz, 2H), 8.33 (dd, J = 8.0 &
1.6 Hz, 1H), 8.22 (dd,J = 8.0 & 1.6 Hz, 1H), 7.84 (s, 1H), 7.72 (q,
1H), 7.74 (d,J = 4.0 Hz, 2H), 7.63 (q, 1H), 7.46 (d, ] = 8.0 Hz, 2H)
2.64 (s, 6H), 1.57 (s, 6H). ">*C NMR (CDCl;) 6 (ppm): 176.2, 174.7,
153.4, 149.2, 140.2, 139.1, 136.8, 135.7, 133.4, 130.0, 129.4,
129.0,128.7,127.4, 127.1, 126.6, 126.0, 122.8, 122.4, 111.1, 35.0,
30.9, 28.7, 26.1, 24.5, 21.6, 13.0. '°’F NMR (CDCl;) 6 (ppm):
—145.9 (d), —145.6 (d). HRMS (ToF MS ES"): m/z, calculated for
C3,H,4BN,F,Br,: 659.0429, found 659.0430.

2.3.5 1,3,5,7-Tetramethyl-2,6-diiodo-5-phenanthrolyl-4,4'-
difluoroboradiazaindacene (7). (86% yield). "H NMR (400 MHz;
CDCl;) 6 (ppm): 9.25 (dd, J = 4.0 & 1.8 Hz, 2H), 8.37 (dd,J = 8.0 &
2.0 Hz, 1H), 8.23 (dd, J = 8.0 & 2.0 Hz, 1H), 7.86 (s, 1H), 7.75 (q,
1H), 7.71 (d, J = 4.0 Hz, 2H), 7.67 (q, 1H), 7.46 (dd, J = 4.0 &
2.0 Hz, 2H) 2.67 (s, 6H), 1.58 (s, 6H). ">*C NMR (CDCl;) 6 (ppm):
177.2, 157.3, 149.2, 148.6, 145.1, 143.3, 142.1, 140.2, 139.6,
138.9, 138.8, 136.7, 135.3, 131.1, 128.8, 127.3, 125.0, 124.8,
119.0, 29.6, 17.4, 16.1. °F NMR (CDCl;) é (ppm): —145.4 (d),
—145.6 (d). HRMS (ToF MS ES'): m/z, calculated for
C3:H,,BN,F,I,: 755.0152, found 755.0128.

2.3.6 1,3,5,7-Tetramethyl-2,6-dibromo-4-bipyridyl-4,4’-
difluoroboradiazaindacene (9). (91% yield). "H NMR (400 MHz;
CDCl;) 6 (ppm): 8.79 (dd, J = 4.0 & 0.8 Hz, 1H), 8.77 (s, 1H), 8.73
(dd, J = 2.0 & 0.8 Hz, 1H), 8.48 (d, J = 8.0 Hz, 1H), 7.96 (d, ] =
2.0 Hz, 2H), 7.88 (td, 1H), 7.63 (dd, J = 5.2 & 2.0 Hz, 1H), 7.42 (d,
J = 4.0 & 1.0 Hz, 2H), 7.35 (td, 1H), 2.62 (s, 6H), 1.43 (s, 6H). *C
NMR (CDCl;) 6 (ppm): 156.0, 154.3, 149.9, 149.1, 148.2, 141.2,
140.5, 139.5, 137.4, 135.3, 130.3, 128.7, 128.2, 124.2, 121.7,
121.6, 119.1, 112.0, 31.0, 14.0, 13.8. "°F NMR (CDCl;) 6 (ppm):
—145.9 (d), —146.0 (d). HRMS (ToF MS ES"): m/z, calculated for
Cy9H,4BN,F,Br,: 635.0429, found 635.0439.

2.3.7 1,3,5,7-Tetramethyl-2,6-diiodo-4-bipyridyl-4,4’-difluoro-
boradiazaindacene (10). (95% yield). "H NMR (400 MHz; CDCl5)
6 (ppm): 8.79 (dd,J = 8.0 Hz, 1H), 8.77 (d,J = 1.8 Hz, 1H), 8.73 (dd,
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J = 4.0 &2.0 Hz, 1H), 8.48 (d, ] = 8.0 Hz, 1H), 7.94 (d, / = 8.0 Hz,
2H), 7.88 (td, 1H), 7.61 (dd, J = 4.0 & 0.8 Hz, 1H), 7.41 (d, ] =
0.8 Hz, 2H), 7.36 (td, 1H), 2.65 (s, 6H), 1.44 (s, 6H). ">*C NMR
(CDCl,) 6 (ppm): 156.7, 156.2, 155.6, 149.7, 149.0, 147.8, 145.0,
140.2, 139.2, 137.0, 135.3, 131.0, 128.5, 128.0, 123.9, 121.3, 121.1,
118.7, 85.7, 53.2, 30.7, 29.5, 17.0, 15.9, 0.8. '°F NMR (CDCl;)
6 (ppm): —145.5 (d), —145.7 (d). HRMS (ToF MS ES"): m/z, calcu-
lated for C,oH,4BN,F,lL,: 731.0152, found 731.0149.

2.4 Cellular uptake studies

HelLa cells were seeded at 1.5 x 10° cells in 2 mL culture media
on poly-L-lysine coated, 16 mm coverslips in a 12-well plate and
left for 24 h at 37 °C with 5% CO,. The BODIPY compounds were
added to the wells to give a final concentration of 10 uM and
were incubated for 24 h at 37 °C with 5% CO,_ Prior to imaging,
the cells were washed once with PBS supplemented with 1.1 mM
MgCl, and 0.9 mM CaCl, The cells were imaged live using
a Leica TSP DMi8 confocal microscope using a 100x oil
immersion objective lens. For BODIPY dyes 5 and 8, 498 nm was
isolated from a white light laser and used to excite the
compounds, and a 505-540 nm band pass filter was used to
collect the emission. For BODIPY dye 6 and 9, a 530 nm white
light laser was used to excite the compounds, and a 540-570 nm
band pass filter was used to collect the emission. For BODIPY
dye 7 and 10, a 530 nm white light laser was used to excite the
compound and a 540-570 nm band pass filter was used to
collect the emission.

A)

B)
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2.5 Raman cellular studies

Raman measurements for both live and fixed cell samples were
performed on a WITec Alpha 300 system equipped with a solid
state laser (532 nm excitation), CCD detector and 63 x magni-
fication immersive objective (numerical aperture 1.0). Human
Microvascular Endothelial Cells (HMEC-1, passage 7) were
seeded onto CaF, slides with a concentration of 160 000 cells
per well and incubated for 24 h in the BODIPY-containing
medium (10 pM final dye concentration). After incubation,
cells were washed twice with PBS solution, fixed with 2.5%
glutaraldehyde solution for 6 min and then rinsed twice with
PBS solution. The samples were then stored in PBS solution
until ready for measurement. Raman imaging of cells were
performed in PBS solution with a maximum laser power (ca. 30
mW), sampling step of 0.3 pm and integration time of 0.5 s for
fixed cells and with 0.4 um and 0.7 s for live cells, respectively.
Single spectra were acquired with the integration time 0.5 s for
10 accumulations. The laser power was ca. 9 mW at the sample
surface. At least six good-quality data sets were acquired for
each sample.

3 Results and discussion
3.1 Synthesis

Scheme 1 shows the synthetic steps toward preparation of the
1,10-phenanthrolyl and 2,2'-bipyridyl-based BODIPY fluores-
cent probes. Bromo-functionalised precursors 1 and 2 were

Schemel The synthesis of (A) 1,3,5,7-tetramethyl-(phenanthrolyl)-BODIPY and (B) 1,3,5,7-tetramethyl-(bipyridyl)-BODIPY derivatives. (i) and (iv)
4-Formylphenylboronic acid, Pd(dfpp),Cl,-CH,Cl,, KoCOs, dioxane : H,O (4 : 1 v/v), reflux 6 hours; (i) and (v) 2,4-dimethyl-1H-pyrrole, TFA,
CH,Cl,, stirring 4 hours; tetrachlorobenzoquinone, EtsN, BFsOEt,, 12 hours; (iii) and (vi) NBS or NIS, hexafluoropropanol, stirring 20 minutes.
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synthesised according to literature procedures.’>** Suzuki-
Miyaura protocol was then employed to synthesise the
benzaldehyde-containing ligands 3 and 4 in good yield of 79%
and 85%, respectively. The BODIPY derivatives, 5 and 8, were
synthesised via a standard one pot trifluoroacetic acid catalysed
condensation reaction with 2,4-dimethylpyrrole in a solution
containing benzaldehyde precursor in nitrogen purged CH,Cl,.
The mixture was stirred at room temperature for 5 h under
a nitrogen atmosphere. Tetrachorobenzoquinone was then
added and the reaction stirred for a further 30 min followed by
the addition of Et;N and BF;O0Et, with stirring overnight under
nitrogen. The crude products were then isolated by silica gel
chromatography to give BODIPY dyes 5 and 8 in yield of 30%
and 24%, respectively.*> Heavy atom substitution at the 2,6
positions of the indacene core was achieved using either
N-bromosuccinimide or  N-iodosuccinimide in  hexa-
fluoropropanol to give the fluorophores 6, 7,9 and 10 (Scheme 1)
in excellent yields (>86%) following isolation by silica gel chro-
matography.> The structure and purity of the novel BODIPY
derivatives were confirmed by NMR spectroscopy (‘H, "*C and
"F) and high resolution electrospray ionisation mass spec-
trometry. Notably, as expected, upon bromo- or iodo-
functionalisation, the "H NMR spectra confirmed loss of the
protons located at the 2,6-position of the BODIPY core unit at
approximately dg 6 ppm.
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3.2 Optical and photophysical properties

The absorbance and emission spectra for the BODIPY deriva-
tives 5-10 in acetonitrile are shown in Fig. 2. There is relatively
little variation in the visible absorbance spectra of the phe-
nanthrolyl and bipyridyl-based BODIPY analogues. Their visible
absorbance is characterised by an intense feature at ca. 496 nm.
Halogenation at the 2,6 positions of compounds 5 and 8,
induces a red shift in this absorbance maximum to 523 nm for
the brominated derivatives 6 and 9, and to 529 nm for the
iodinated dyes 7 and 10. These transitions are assigned to spin-
allowed m-m* transitions involving pyrromethene-BF, fluo-
rophores* and weaker broad bands observed ca. 370 nm are
attributed to the S, — S, (m-m*) transitions for each
compound.'® Strong absorbance bands in the UV region (ca. 270
nm) originate from m-1t* transitions of the polypyridyl moie-
ties.*® However, it is noted that the absorbance spectrum of
exhibits 5 an uncharacteristic UV spectrum which is attributed
to variation in electronic behaviour between the two orienta-
tions of the phenanthrolyl unit; orthogonal and parallel to the
BODIPY core, similar UV spectra have been recorded for
a related BODIPY compound.”

Excitation into the absorbance maxima of compounds 5 and
8 leads to an intense fluorescence centred around 510 nm with
quantum yields and lifetimes consistent with other BODIPY
compounds.’”® The emission (Ayax) is shifted to the red on
halogenation, by comparison with the parent (unhalogenated)
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Fig. 2 Absorbance and emission (inset) spectra of (A) compounds 5-7 and (B) compounds 8—10, measured in degassed acetonitrile at room
temperature. Emission spectra were recorded by exciting each sample at its maximum visible absorbance and slit widths were kept constant at

2.5 nm. All samples were of 10 uM concentration.
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compound Table 1. The red shifts followed the order Br > I and
were accompanied by dramatic reductions in fluorescence
quantum yield and lifetime. The quantum yield of the bromi-
nated BODIPY is less than half that of the unhalogenated
compound and decreases by approximately an order of
magnitude on iodo functionalisation. The sequential red-shift
in absorbance energy and quenching of emission intensity is
attributed to increasingly efficient intersystem crossing induced
by the heavy atom effect of the auxochromes yielding dark
triplet states consistent with previous reports on halogenated
BODIPY fluorophores'®*® The fluorescence maxima were not
strongly affected by low temperature (77 K) and there was no
evidence for phosphorescence from any of the complexes at this
temperature (ESI material Fig. S29 & S307).

3.3 Water switchable luminescence

All of the compounds reported here were found to be non-
emissive in water. A representative water switching response
is shown for compound 5 in Fig. 3. At approximately 80% v/v
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water, a sharp decrease in emission intensity is observed and
the emission is completely extinguished in 98% v/v water
(solution also contained 2% v/v acetonitrile to maintain disso-
lution of the compound). It is important to note however, that
emission intensity is recovered once the compound is extracted
and re-dissolved in acetonitrile solution.

While many BODIPY derivatives are emissive both in organic
and aqueous solvents, there are a number of reports of BODIPY
derivatives that are similarly weakly or non-emissive in aqueous
environments.'”*** This effect has been attributed in a number
of compounds to dye aggregation induced by poor solubility in
aqueous media. Although alternative mechanisms of solvent
induced quenching have been reported for BODIPY including,
switchable PET fluorescence quenching, and charge transfer
mechanisms.>

The behaviour observed here is comparable to behaviour of
aza-BODIPY fluorophores reported by Hu et al; where fluores-
cence is extinguished in solutions ranging from 50-70% water
content.* The sharp threshold of emission extinction in water

Table 1 Spectroscopic and photophysical data for BODIPY compounds 5-10 measured in acetonitrile at room temperature (R.T.)

Absorbance Emission Lifetimes® Quantum yieldb

Compound Aabs (Nm) (10g emax) Aem (nm) R.T. Aem” (nm) 77 K 7 (ns) + 1.5% ¢

5 496 (4.73) 510 509 3.314 0.23
6 523 (4.72) 542 538 1.291 0.09
7 529 (4.68) 552 548 0.159 0.02
8 498 (4.89) 513 511 2.405 0.21
9 522 (4.46) 541 537 1.277 0.06
10 530 (4.68) 552 546 0.426 0.02

“ Measured in butyronitrile : propionitrile (5 : 4 v/v). ? Calculated using fluorescein (6 = 0.91 in methanol) as standard.” ¢ lifetimes were carried

out under aerated conditions, but did not change on deaeration.
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Fig. 3 Quenching of the fluorescent emission of compound 5 (10 uM) in acetonitrile—water solutions. The water ratio was varied from 0% to
98%. The red plot signifies the emission recovery of the BODIPY compound. (Inset) shows the changes to peak fluorescence intensity upon
dilution by water and the corresponding emission recovery (red data point). The shoulder at 496 nm is artefactual due to the excitation source,

2.5 nm slit widths were used throughout.
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was explained by hydrophobic aggregation leading to non-
emissive clusters.**’

Interestingly, for the compounds reported here, we observed
that the water : acetonitrile ratio at which emission is quenched
is independent of the BODIPY concentration. If aggregation was
responsible for the emission extinction this should occur at lower
water ratios for higher concentrations of dye. Moreover, all the
BODIPY derivatives remain luminescent in the solid state (ESI
material, Fig. S317). If aggregation were responsible for emission
extinction, the solid would not be expected to emit. Furthermore,
in previous reports of aggregation induced quenching, the
absorbance bands of the fluorophore are broadened in aqueous
media, whereas as shown here for compounds 5-10 (ESI Fig. S32
& S337) the absorbance bands remain sharp albeit with solvent
induced blue shifts. Together this data may suggest that aggre-
gation induced quenching is not responsible for the emission
quenching of 5-10. Furthermore, in a ruthenium BODIPY dyad
reported by us recently, containing pendant BODIPY 5, we
observed water induced extinction of the BODIPY (but not the
ruthenium) emission. This complex would not be expected to
aggregate as it has good solubility in water and the charge on the
complex would also mitigate against aggregation.

3.4 Computational studies

The molecular and electronic structures of fluorophores 5-7
were modelled by DFT methods and the nature of singlet
excited states were calculated using TD-DFT methods. Esti-
mating the excitation energies of BODIPY compounds using
TD-DFT methods is prone to significant errors. These are
thought to arise because of difficulties with the differential
electron correlation, contributions of multi-reference character,
and double excitations which cannot be modelled accurately by
the single determinant description used in TD-DFT methods.
Mean absolute errors of up to 0.5 eV are common for the vertical
excitation energies calculated using a variety of pure and hybrid
functionals such as BLYP, B3LYP or cam-B3LYP (see ESIt
materials for a comparison for BLYP, B3LYP or cam-B3LYP for
the phenBODIPY derivatives). Empirical correction factors are
required to bring the calculated excitation energies close to the
experimental values obtained experimentally. However, in this
work, rather than their absolute energies, our interest is
focussed on understanding the relative energies of accessible
singlet excited states as these can provide useful insights into
the photophysics of these compounds and help explain the light
switch behaviour in different media.>*** The hybrid density
functional B3LYP was used here because the BLYP functional
tended to underestimate the relative energies of charge-transfer
states, while cam-B3LYP appears to overestimate them.®* The
B3LYP/TD-DFT method was used to estimate the relative ener-
gies of the singlet excited states of 5-10. Electron density
difference maps were constructed for the excited states provide
a picture of the electron drift compared to the ground state.”*
These electron density difference maps are presented for 5 to 7
in Fig. 4 and for 8 to 10 in ESI materials.t The regions with
reduced electron density relative to the ground state are col-
oured blue, whereas those regions with a higher electron

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Singlet excited state energies for 5, 6, and 7 (H,, Br, and I,
respectively) and the electron density difference maps for 5 (left) and 7
(right); levels indicated in red are phenanthrolyl to BODIPY charge-
transfer in character while those in blue are BODIPY to phenanthrolyl,
black indicates BODIP-based states.

density in the excited state are coloured red. For all compounds
in this study, the lowest excited singlet (S,) state (at the Franck-
Condon region) is localised at the BODIPY core and transition
to this excited state is responsible for the sharp, low-energy
absorption feature in the UV/vis spectrum. This state is emis-
sive and results in the sharp luminescence feature in the
emission spectrum. In contrast, charge-transfer states involving
the BODIPY core and the aromatic substituent on the meso-
position are non-luminescent. Chemical and/or environmental
changes which affect the nature of the lowest energy excited
state, for instance changing from BODIPY-based to charge-
transfer, will change the luminescent properties of the
compound. Consequently we have calculated the relative ener-
gies of the low lying singlet states (S; to S,) of 5, 6, and 7 to see if
charge-transfer states exist close (in energy terms) to the lowest
energy BODIPY-centred emissive state Fig. 4.

The energy of the S; state is reduced upon substitution of the
BODIPY core with a halogen atom. This is consistent with the
observed shift in the low energy absorption feature, but the
calculations indicate that the nature of the state as BODIPY-
based is unchanged. For the non-halogenated compound 5,
the S, and S; states are charge-transfer in character. S, can be
described as a phen to BODIPY, while S; is a BODIPY to phen
charge-transfer state. The S, and S; states have similar energies
although the small oscillator strengths indicate that they
cannot be efficiently populated by excitation of the ground-state
(Fig. 4). They may well be thermally populated from the S; state,
or their energies my drop below that of the BODIPY centres state
as the excited state structure evolves from the Franck-Condon
region. In contrast however, in the bromo 6 and iodo 7
compounds the S, state has phenanthrolyl to BODIPY charge-
transfer character whereas S; is BODIPY localised and ener-
getically well-resolved from S, (Fig. 4). Based on these calcula-
tions we propose that competitive population of a non-radiative
charge-transfer excited state is responsible for quenching of the
luminescence in aqueous environments.
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For the bipyridyl compounds the lowest excited states for 8, 9
and 10 are, as expected, BODIPY localised. However whereas for
8 the S, state is a charge transfer state for 9 and 10 S, are
BODIPY localised. Although, charge transfer states lie close in
energy within a cluster of states above the S, for these
compounds.

3.5 The impact of metal ion binding at the polypyridyl site
on BODIPY photophysics

BODIPY based ion sensors containing amine metal binding
sites have been fairly widely reported.>"* In such probes emis-
sion quantum yield has been observed to increase upon metal
ion binding because the amine behaves as an electron donor
and undergoes photoinduced electron transfer to the BODIPY
excited state, quenching its emission. Such quenching is
reduced by the presence of the ion, thus the sensors “light up”
on metal ion coordination.>**

In the present examples, the well-known metal binding
ligands, bpy and Phen are substituted at the BODIPY meso
position so we were interested to ascertain the impact of metal
ion binding on the photophysics of these materials. Three
biologically relevant cations were selected for study: Cu®", Fe**
and Zn*". Fig. S367 shows the changes in the emission intensity
of 8 in acetonitrile over the addition of 3 molar equivalents of
each cation. Fig. 7 (inset) also show the corresponding UV-vis
absorbance measurements upon metal binding. The BODIPY
compounds are strongly emissive in acetonitrile and emission
is quenched when metal ion is added to solution. Addition of
Cu*" or Fe** induced significant quenching of emission inten-
sity of compound 8, whereas Zn>" had relatively little effect. This
observation contrasts with the reported quenching of lumi-
nescence by Zn>" binding to terpyridine-modified BODIPY
compounds.®**® Nevertheless, this trend was consistent across
all compounds 5-10 analysed, the relative fluorescence inten-
sities changes across each compound are shown in Fig. 5. In
particular, dyes 5 and 8 exhibited an overall emission intensity
decrease of >80% on saturation coordination of Cu** and Fe**
ions compared with only 13% for Zn>",
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The molar extinction coefficients and maximum absorbance
wavelength in the visible region remained unchanged following
metal ion binding. Thus the changes to the emission intensity
do not originate from alterations to absorption cross section at
excitation, although changes to the UV absorbance do occur
with appearance of new bands appear ca. 310 nm attributed to
perturbation of the n-=* and m-m* polypyridyl transitions on
metal binding.** Emission quenching data for all compounds
are presented in the ESI (Fig. S36-5S417). Applying the mole ratio
(Job) method (e.g. Fig. S427) to the emission data for each of the
BODIPY derivative with Cu** or Fe** the stoichiometric ratio of
M : BODIPY was obtained as 1 : 2 for Cu(u) and 1 : 3 for Fe(u)
which is as expected for bpy or phen based ligands for these two
metals and is consistent with bipyridyl-based BODIPY
sensors.'>*® Finally, it is important to note that the fluorescence
lifetimes of the BODIPY compounds remained unchanged with
metal complexation. This observation indicates that the
quenching mechanism results from the formation of a non-
emissive metal bound complex, rather than dynamic quench-
ing through photoinduced electron transfer to/from the BOD-
IPY centre. This precludes the use of such compounds in
fluorescence lifetime imaging to monitor metal distribution but
conversely means that metals are not a source of interference in
such imaging.

3.6 Cell uptake studies

A key objective of this work is to determine the utility of these
compounds as contrast agents for lipid regions in cell imaging.
The luminescence behaviour of the materials in aqueous and
non-aqueous environments suggests they may be used to
distinguish hydrophobic and hydrophilic regions of the cell.
Cellular uptake of compounds 5-10 were measured in live HeLa
cells, an adherent cervical cancer cell line. In the presence of
minimal organic solvent, all compounds were readily perme-
able to live cells and Fig. 6 shows the luminescent confocal
images of HeLa cells following incubation for 24 hours with 10
uM of these compounds. It can be seen that the compounds
emit strongly from populated features within the cytoplasm of
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Fig. 5 Relative fluorescence emission intensity of BODIPY compounds 5-10 (1 equiv., 10 uM) in the presence of various metal cations (3 equiv.)
in acetonitrile solution. The excitation wavelength varied depending on the maximum visible absorbance for 5-10. The corresponding emission
data was recorded as the maximum peak emission for each individual experiment.
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Fig.6 Live cellular uptake studies of BODIPY compounds 5 (A), 6 (B), 7 (C), 8 (D), 9 (E), 10 (F). In HeLa cells. Cells were incubated with 10 pM dye in
Hela cell media for 24 h prior to imaging. For compounds 5 and 8, a 498 nm white light laser was used to excite the compounds and a 505-
540 nm band pass filter was used to collect the emission. For 6 and 9, a 530 nm white light laser was used to excite the compound and a 540—
570 nm band pass filter was used to collect the emission. For 7 and 10, a 530 nm white light laser was used and the emission was collected using

a 535-580 nm band pass filter.

the live cells but appear to be excluded from the nucleus. Given
that the compounds do not emit in water, the fluorescence
images from the cell are expected to originate only from non-
aqueous regions of the cell-proteinaceous structures, lipid
droplets or membranes which is further confirmed by Raman
spectroscopy of HMEC-1 cells described in Section 3.7.

The apparent (as we only see emission when it is hydro-
phobic environment) distribution of the probes within the cell
is interesting as it indicates that halogenation impacts local-
isation within the living cell. Compound 5, the unfunctional-
ised phenantroyl-BODIPY parent compound, appears to
distribute fairly widely throughout the in the cytoplasmic region
in cytoplasmic membranous structures and lysosomes of the
HeLa cells, but does not enter any specific organelles and is
nuclear excluding, as shown in Fig. 6(A). By contrast, the
halogen modified derivatives, compounds 6 and 7, exhibit
highly punctuated distribution within the cells, shown in
Fig. 6(B and C), yielding high contrast images of what are
confirmed via Raman imaging vide infra, to be lipid droplets
within the live cells.*”*® Similarly, 8 distributes in the cytoplasm
but unlike 5 does show some localisation in lipid droplets
(Fig. 6(D)), similar to the distribution of 6 and 7, indicating lipid

This journal is © The Royal Society of Chemistry 2017

droplet localisation. Fig. 6(E) shows compound 9 distributed
throughout the cytoplasm within membranous regions but
does not show strong localisation to lipid droplets, as described
below though 9 shows anomalous behaviour compared to the
other probes with evidence for cytotoxicity from this probe
which is not observed for the other compounds. Like 7,
compound 10 is highly localised to lipid droplets in the cyto-
plasm (Fig. 6(F)).

Unhalogenated BODIPY compounds employed previously as
cellular contrast agents have been shown to localise in the
lysosomes of HeLa cells**** and cytoplasm of a range of other
cell lines but have similarly largely been nuclear
excluding.>?%27:33:364959 Ear ]ess has been reported on uptake and
particularly distribution of halogenated BODIPY derivatives in
live cells to date.*®

It is important to note that while DMSO was used to solu-
bilise the compounds prior to addition to the cells the final
concentration of DMSO in the medium was 0.1% v/v. Such low
concentration of solvent would not be expected to affect the
viability or promote membrane permeability within the cells,*
and furthermore is not sufficient to switch on emission. Indeed,
the viability of the cells on exposure to 5-7 and 8 and 10 over 24
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hours was high, with no evidence for cell death indicating the
cytotoxicity of the BODIPY compounds is low under imaging
conditions employed here. However, as described, after expo-
sure to compound 9 at the same concentrations and incubation
conditions, the cells show signs of paraptosis, a type of pro-
grammed cell death which is indicated by the presence of the
large vacuoles throughout the cytoplasm (Fig. 6(E)).

3.7 Cellular imaging using Raman spectroscopy

As emission is only observed from the derivatives reported here
when they are in hydrophobic environments, Raman micros-
copy was exploited to identify if the compounds were localising
at hydrophobic regions or were more uniformly dispersed
through the cell as this method does not rely on the com-
pound's emission. Raman and fluorescence distribution images
of BODIPY complexes 5 and 7 were measured in both live and
fixed Human Microvascular Endothelial (HMEC-1) cells using
Raman microscopy. The Raman data was collected under
532 nm excitation which is post-resonant with the BODIPY
absorbance and hence the Raman spectroscopy is expected to
be resonantly enhanced. This resonantly enhanced Raman
signal allowed us to map the distribution of the BODIPY
compounds within the cells whether or not the compound was
emitting thus providing a map of the true distribution of the
probes around the cells. Because of the resonance enhance-
ment, the Raman images are dominated by BODIPY signature
features rather than cell based components as can be seen in
the dual Raman fluorescence images showing BODIPY distri-
bution in cells (ESI Fig. S43 & S441). Fluorescence and Raman
distribution images indicated that both BODIPY dyes 5 and 7
were present inside the cytoplasm, but consistent with confocal
fluorescence imaging, shown above, were nuclear excluding.

Cluster analysis of the Raman data collected from fixed cells
(Fig. 7 and 8) facilitated discrimination of the BODIPY fluo-
rophore contribution from signals from biomaterial within the
cellular compartments/organelles.

(A)
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Fig. 8 Raman spectra of the class containing 5 and 7 in live and fixed
HMEC-1 cells. Cells were incubated with 10 uM of each dye for 24 h
and were fixed using 2.5% glutaraldehyde prior to obtaining Raman
spectra. A 532 nm laser line was used to excite the compounds. A
sampling step of 0.4 um and integration time of 0.7-1.0 s was used to
obtain the Raman spectra.

Raman data indicates that the fluorophores co-localise
strongly with lipid in both live and fixed cells for the haloge-
nated sample with association with the endoplasmic reticulum
for parent. The lipid distribution is identified and integrated
over the band between 3000-3030 cm™!, attributed to the
trivalent =C-H stretching vibrations.* This co-localisation
would explain why emission is observed from the BODIPY
derivatives in confocal fluorescence imaging as the lipid (i.e.)
hydrophobic environment will switch fluorescence on for these
compounds. Furthermore, consistent with confocal fluores-
cence imaging, compound 5 appears to localise in the endo-
plasmic reticulum and causes the formation of unsaturated
lipid bodies. In light of our recent finding, that inflammation
results in formation of unsaturated lipids bodies,** the

Fig.7 Cluster analysis of fixed HMEC-1 cells. (A) Control cell, (B) when exposed to 5 and (C) when exposed 7. Colour codes: red — nucleoli; blue
— nucleus; green — endoplasmic reticulum; orange — cytoplasm, brown — class including cell membrane and violet — BODIPY dye. Scale bar is

5um.
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appearance of such unsaturated lipid bodies in cells incubated
with 5 may suggest that in the applied dose it exerts a toxic effect
on HMEC cells, whereas 7 does not. Interestingly, based on co-
localisation of BODIPY Raman signal with saturated rather than
unsaturated lipids 5 was found to preferentially localise at
saturated lipids rather than unsaturated lipids in the lipid
bodies it evoked.

4 Conclusions

A family of 1,10-phenanthrolyl and 2,2’-bipyridyl BODIPY-based
fluorophores exhibit emission in non-aqueous solvent but not
in water. Heavy atom functionalisation of the BODIPY indacene
core was found to modulate emission intensity and wavelength
resulting in significant decrease in both fluorescent emission
intensity and luminescent lifetimes of the compounds in
organic media. This is accompanied by red shifts in emission
wavelength but without concomitant appearance of phospho-
rescence at low temperature. The fluorophores can bind metals
at the pendant polypyridyl units. Binding of Cu** Fe** and Zn*"
leads to quenching of the BODIPY emission intensity in non-
aqueous solvent in the order of Cu®>" = Fe*" >> Zn*" without
accompanying changes to emission lifetime. This indicates
a static mechanism attributed to switching off the lowest
excited state to a weakly or non-emissive BODIPY to polypyridyl
charge transfer state on metal binding. The data is consistent
with DFT calculations which indicate that charge transfer states
resides close in energy to the emissive BODIPY-based LUMO.
Observation of both solid-state emission and concentration
independent aqueous quenching of the fluorophores suggests
that population of such a charge transfer state in water may also
be the origin of water switching rather than aggregation
induced quenching.

Aqueous switchable fluorescent probes are of potential value
in cell imaging enabling selective imaging of hydrophobic
regions of the cell. Uptake and localisation of the dyes in live
was examined using confocal fluorescence and along with
Raman microscopy of cells fixed post live uptake. It was found
that all dyes explored showed excellent uptake into live HeLa
and HMEC-1 cells, and appeared to localise mainly in the
cytoplasmic region, excluding the nucleus. Halogenation of the
BODIPY had a significant influence on the localisation of the
probe in live cells, with evidence for strong localisation of these
probes to lipid droplets within the cells. This was confirmed
using a resonantly enhanced Raman marker mode for BODIPY
at ca. 1520 cm ™' where it was possible to follow the distribution
of the BODIPY inside the cell independent of fluorescence to
enable understanding of the true distribution of the probe.
Through Raman imaging and cluster analysis, the distribution
of the BODIPY dyes within HMEC-1 (live and fixed) cells was
found to be consistent with confocal fluorescence imaging
indicating the probes appeared to localise within lipid droplets
within the cells from where fluorescence was switched on.
Preliminary evidence indicates that all but one of the BODIPY
derivatives show low cytotoxicity and overall it is envisaged that
such water switchable BODIPY probes capable of selectively
targeting and emitting from lipid droplets may be useful in both

This journal is © The Royal Society of Chemistry 2017
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imaging and as diagnostic/prognostic markers for cancer cells
where such droplets are prevalent compared with healthy cells.
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