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A B S T R A C T

The facile synthesis of water-soluble mitochondria targeting thioglycosylated BODIPYs is reported.
Thioglycosylated BODIPYs were synthesized in 25–26% yields via thioglycosylated dipyrromethanes in four
steps. The dipyrromethanes and thioglycosylated BODIPYs were characterized by various techniques including
HRMS, NMR spectroscopy and X-ray crystallography. In-vitro cellular investigations in skin keratinocyte (HaCaT)
and cervical (HeLa) cancer cells revealed significant cytotoxicities with IC50 values between 23.83 to 48.61 μM.
The flow cytometry experiments revealed significant cellular uptake of thioglycosylated BODIPYs into HaCaT
cells and thioglucosyl substituted BODIPY (9) showed higher cellular uptake and ROS generation than the rest of
the molecules. The highlight of this study is the mitochondrial targeting by the neutral BODIPYs, as judged by
the colocalization experiments using confocal microscopy.

1. Introduction

Fluorescence imaging technique is one of the highly useful and
powerful methods to monitor and visualize bioprocesses and targets in
real time [1]. Because of its operational simplicity, high sensitivity and
specificity, this imaging technique is adapted for various areas of re-
search in biological sciences [2]. This non-invasive method for cellular
imaging depends on the stable and specific fluorescent probes. BODIPY
(BF2 complex of dipyrromethene) is a class of highly fluorescent dyes
with strong absorption, high molar extinction coefficients and bright
emission in visible to near IR (infrared) region. High quantum yields,
long fluorescence lifetimes, good photostability, low toxicity [3] and
reasonable Stokes’ Shifts [4,5] made this molecule prevalent candidate
for biological applications. BODIPYs are widely used as fluorescent tags
to label proteins and the DNA, and as photosensitizers in PDT [6].
BODIPYs substituted with appropriate functionality are employed as
chemosensors to bind toxic heavy metals [7], anions [8], proteins (BSA
and Tau) [9,10] and for reactive oxygen species (ROS) generation [11].
BODIPY derivatives have been demonstrated as promising agents for in-
vivo fluorescence imaging in the fields of diagnosis and bioanalysis.
Cellular organelles like mitochondria and endoplasmic reticulum (ER)
are found in most of the eukaryotic cells and play key roles in many
cellular processes related to cell survival and death [12]. Mitochondria
not only provide energy to the cells by generating ATP; they are also

responsible for initiating cell apoptosis, producing cellular ROS, reg-
ulating cell proliferation and the cell cycle [13]. Mitochondria have
significant roles in regulating the cell metabolism and any damage or
disorder in mitochondria can lead to serious human diseases such as:
cancer, autism [14], cardiovascular dysfunction [15] and multiple en-
docrinopathy [16]. Therefore, considerable efforts are dedicated to
study the abnormal functions of mitochondria in biomedical research
[17,18]. However, large number of cellular activities, mitochondrial
functions and related mechanisms are still unclear. In order to track
morphology and subcellular localization of mitochondria, a fluorescent
probe should have certain characteristics such as: (a) considerable
photostability, (b) water solubility, (c) strong emission and reasonable
fluorescence quantum yield in aqueous media, (d) Specific targeting to
mitochondria and (e) high binding affinity for mitochondria [19]. A
variety of commercially available fluorescent probes used for mi-
tochondrial imaging includes cyanine dyes [20], rhodamine derivatives
[21] and Mito-Tracker series. Still, such dyes have limitations like low
selectivity, photo-bleaching and hindering mitochondrial respiration
[22]. Majority of the reported cationic probes are chemically unstable
and they induce cytotoxicity by imposing mitochondrial membrane
depolarization, which limits their applications [23]. Thus, neutral or
noncationic mitochondrial probes are in demand. A recent report sug-
gested that neutral fluorescent molecules having strong electron ac-
ceptor groups are promising candidates for mitochondrial targeting in

https://doi.org/10.1016/j.bioorg.2019.103139
Received 15 November 2018; Received in revised form 10 July 2019; Accepted 19 July 2019

⁎ Corresponding author.
E-mail address: iti@iitgn.ac.in (I. Gupta).

Bioorganic Chemistry 91 (2019) 103139

Available online 23 July 2019
0045-2068/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00452068
https://www.elsevier.com/locate/bioorg
https://doi.org/10.1016/j.bioorg.2019.103139
https://doi.org/10.1016/j.bioorg.2019.103139
mailto:iti@iitgn.ac.in
https://doi.org/10.1016/j.bioorg.2019.103139
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioorg.2019.103139&domain=pdf


live cells [19]. Neutral BODIPY derivatives can also be good substitute
of the reported cationic probes to target mitochondria [23]. The hy-
drophobic nature of BODIPYs can be altered by substituting water so-
luble groups on the molecular framework. Covalent linking of phos-
phonates [24], (oligoethyleneglycol) chains, sulfonates, carboxylate,
sulfonated peptides and alkoxy groups on the BODIPY core are some of
the successful strategies to prepare hydrophilic BODIPY dyes in good
yields [25]. Also, the linkage of hexose sugars to BODIPY scaffold can
easily afford water-soluble fluorescent probes [26]. The substitution of
hexose sugar at α-methyl position(s) of pyrrole ring is reported to en-
hance the hydrophilicity of the BODIPYs [27]; additionally, the pre-
sence of hexose sugar can also expedite cell uptake of the fluorophore.

In this work, we report a facile synthetic route to prepare water
soluble thioglycosylated BODIPYs. These BODIPYs were synthesized
from thioglycosylated dipyrromethanes in decent yields and char-
acterized by different techniques including HRMS, IR, NMR, UV–vis
absorption and fluorescence spectroscopy. Single crystal X-ray structure
of thiogalactoside linked BODIPY (6) is also presented. The water so-
luble BODIPYs exhibited moderate cytotoxicity in HeLa and HaCaT
cancer cells which originated from the reactive oxygen species and they
revealed significant cellular uptake of BODIPYs in live cells as indicated
by flow cytometric analysis. Fluorescent microscopy colocalization ex-
periments demonstrated the ability of these neutral thioglycosylated
BODIPYs to target mitochondria in live cells for bioimaging.

2. Results and discussion

2.1. Synthesis

The synthetic strategy to prepare thioglycosylated BODIPYs is
shown in Scheme 1. Firstly, thioglycosylated dipyrromethanes (4 and 5)
were prepared by reacting the meso-penta-fluorophenyl-dipyrro-
methane with 2,3,4,6-tetra-O-acetyl-β-D-thiagalactopyranose or 2,3,4,6-
tetra-O-acetyl-β-D-thiaglucopyranose in DMF [28]. Silica gel column
chromatography afforded thioglycosylated dipyrromethanes 4 and 5 in
excellent yields (85%). Compunds 4 and 5 are the novel key precursors,
which can be utilized further to synthesize BODIPYs and/or porphryins
bearing thiogalactose or thioglucose moieties. Compounds 4 and 5 were
dissolved in dichloromethane (DCM) and oxidized with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) for 30min; then triethyl amine
and BF3.OEt2 were added into the reaction. Desired glycosylated
BODIPYs 6 and 7 were obtained after silica gel column chromatography
in 35 and 37% yields, respectively. The water-soluble derivative of
BODIPYs 6 and 7 were prepared by deprotecting the acetyl groups of
sugar in the presence of base; amberlyst treatment afforded thioglyco-
sylated BODIPYs 8 and 9 in 25–26% yields. All the compounds were
characterized using IR, 1H NMR, 13C NMR and mass spectrometry
(Supporting Information, S3–S14). The 11B NMR of BODIPYs 6 and 7
showed triplet around 0.05–0.40 ppm due to the coupling of boron with
adjacent fluorine nuclei (Fig. 1). The 19F NMR of BODIPYs 6 and 7
showed three set of signals (Fig. 1). The 19F peak at −129 and
−136 ppm are due to the four fluorine atoms of the meso-aryl ring.

The peak around −144 ppm corresponds to the two fluorine atoms
attached to boron in the BODIPYs. The 19F NMR pattern clearly con-
firmed the substitution of one fluorine atom of penta-fluorophenyl ring
by thioglycosyl group in the BODIPYs. The X-ray crystal structure of
glycosylated BODIPY 6 was analysed. The orange colour crystals were
obtained by slow evaporation of hexane diffused in DCM. The single
crystals of BODIPY 6, showed monoclinic system with P21 space group
(Fig. 2). The central boron dipyrrin core is planar in compound 6. It is
clear from the figure that, the penta-fluorophenyl unit, thioglycosyl
unit and boron dipyrrin core are not aligned in the same plane. In
BODIPY 6, the dihedral angle [C6-C5-C10-C11] between glycosylated
tetra-fluorophenyl ring and boron dipyrrin plane is 58.89°(4); which is
comparable with the reported meso-phenyl BODIPY (reported value is
60°). The thioglycosyl unit is attached to tetra-fluorophenyl ring

through sulphur atom [C13-S1-C16] has a bond angle of 95.85°(14).

2.2. Absorption and emission properties

The UV–Vis absorption and fluorescence studies of thioglycosylated
BODIPYs 6 and 7 were carried out in methanol (Fig. 3, Table 1). Molar
extinction coefficients corresponding to the major absorption band of
these molecules were between 23,000 and 26,400M−1 cm−1.

The absorption spectra of BODIPYs 6–9 (Fig. 3) showed two bands,
the longer wavelength band centred at ~513 nm corresponds to the
S0→ S1 transition. Whereas, the shorter wavelength band with ab-
sorption maximum at~340 nm was assigned to the S0→ S2 transition
in the molecules [29]. The BODIPYs 6–9 exhibited emission
maxima~536 nm in methanol with moderate fluorescence quantum
yields around 0.35. The maximum Stoke’s shift observed for these
molecules is 24 nm.

2.3. Lipophilicity

In order to gauge the membrane permeability and the probability of
BODIPYs (8 and 9) to distribute between hydrophilic and hydrophobic
cellular pockets, Log P values were calculated by shake-flask method
[30]. In this shake flask method compounds 8 and 9 were partitioned
between the two layers of 1-octanol and PBS (phosphate buffered
saline) and their optical densities were measured and Log P values were
determined. In general, compounds with lipophilicity between 1 and 3
have shown good membrane permeability; for water soluble BODIPYs 8
and 9 the calculated Log P values were 2.5 and 1.9, respectively. The
observed Log P values of 8 and 9 are comparable to the previously
reported mono-alkoxy BODIPYs [30], making them suitable candidates
for biological applications.

2.4. Cytotoxicity studies

Cell viability of BODIPYs (6–9) was evaluated by standard MTT
assay [31] using HaCaT and HeLa cells (Fig. 4, Table 2). Both types of
cells were incubated with varying concentrations of BODIPYs (6–9)
(3.1–100 μM) for 24 h.

The half maximal inhibitory concentrations (IC50 values) [27] re-
present the concentrations of the dyes required to kill 50% of the cells;
and the IC50 values for BODIPYs 6–9 in both HaCaT and HeLa were
found to be 23.83–48.61 μM. Furthermore, higher concentrations
(50–100 μM) of 6–9 instigated significant cellular damage, suggesting
that glycosylated BODIPYs 6–9 can potentially be used for cancer
therapy in future. The IC50 values of the BODIPYs 6–9 in HaCaT cells
were in the range of 23.83–38.15 μM; and between 29.51 to 48.61 μM in
HeLa cells; these values are comparatively lower than the reported non-
glycosylated BODIPYs. The cell viability data reveal that the depro-
tected glycosylated BODIPYs 8 and 9 are cytotoxic in comparison to
protected glycosylated BODIPY 6 and 7 in both HaCaT and HeLa cells
respectively.

2.5. Cellular uptake and ROS generation

Generally, the proliferating cancer cells are under more oxidative
stress than the normal cells, due to their high metabolic rates.
Mitochondria are imperative for energy metabolism as they synthesize
most of the cellular ATP through oxidative phosphorylation. Generally,
cancer cells have altered mitochondrial oxidative metabolism and en-
hanced lactate production; known as “Warburg effect” [32]. An en-
hanced glucose uptake and/ or a down regulation of mitochondrial
metabolism are alleged to be associated with “Warburg effect”. This
effect is supported by the observed overexpression of high affinity
glucose transporters (Glut1 and Glut3) in several cancer cell lines [33].
Previous report on hepatocarcinoma and HeLa cell lines suggested that,
glucose transport affects the glycolysis process; and thus, it can be
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suitable target for anti-tumor agents [34]. Moreover, studies have
shown that the ROS, such as hydrogen peroxide (H2O2) and superoxide
anions (O2–) are generated as by-products of respiration and play im-
portant role in mitochondrial dysfunction during apoptosis. The cell
cytotoxicity experiments indicated that the glycosylated BODIPYs were
more active in HaCaT cells as compared to the HeLa cells (Table 2);
thus, flow cytometry analysis was carried out with HaCaT cells to un-
derstand the cellular uptake of BODIPYs 6–9 (Fig. 5).

As expected, the deprotected glycosylated BODIPYs 8 and 9 are
having higher cellular uptake compared to their corresponding pro-
tected glycosylated BODIPYs 6 and 7; this could be the reason for
higher cytotoxicity of deprotected glycosylated BODIPYs than the
protected glycosylated BODIPY analogues. Furthermore, the

thioglucosyl BODIPY (9) showed highest cellular uptake compared to
the thiogalactosyl BODIPY (8). To evaluate the reason for the cyto-
toxicity of BODIPYs 6–9, DCFDA assay was carried out as the reactive
oxygen species (ROS) play important role to induce apoptotic cell death
[35]. DCFDA is cell permeable molecule and upon oxidation by cellular
ROS, it generates the fluorescent DCF, which has emission maxima at
528 nm. The HaCaT cells were incubated with BODIPYs 6–9 (20 µM) for
24 h and the ROS generation properties was determined by flow cyto-
metry analysis (Supporting Information, Fig. S2). The BODIPYs 6 and 7
with acetylated hexose sugar moieties exhibited smaller shifts in the
band as compared to the band shown by only DCFDA treated cells or
with the compounds 8 and 9 treated cells. On the other hand, BODIPYs
8 and 9 with deprotected hexose sugar moieties experienced significant
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Scheme 1. Synthesis of glycosylated BODIPYs; (a) DMF, DEA, 12 h, RT; (b) DCM, BF3.OEt2, TEA, 2 h, RT; (c) CHCl3/MeOH, NaOMe, Amberlyst, 16 h, RT.

Fig. 1. (a) 11B NMR and (b) 19F NMR spectra of BODIPY 7 recorded in CDCl3.
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shift in the band as compared to the band corresponding to DCFDA
treated cells. Overall, BODIPY 9 substituted by thioglucosyl unit
showed maximum ROS generation.

2.6. Mitochondrial localization

Recent studies have suggested that, mitochondria can be potential
targets for anticancer therapy as they play significant role in cell death.
The mitochondrial-targeted drugs can trigger apoptosis in tumour cells
and shown to suppress the growth of various types of carcinomas in
animal models. Thus, fluorescent probes designed for mitochondrial
targeting have gained much attention in recent years [36]; bifunctional
BODIPYs having mitochondrial-targeting TPP+ (triphenylpho-
sphinium) and/ or pyridinium moieties were capable to show in-vitro
anticancer activity and efficient subcellular imaging in live cells
[37,38]. The viscosity of the mitochondrial matrix is also linked to the

respiratory state of the mitochondria; and the cationic coumarin-
BODIPY conjugate has been reported by Kang et al. to investigate in-
tracellular viscosity in live cells [39]. The coumarin-BODIPY conjugate
containing TPP cation was preferentially localized in mitochondria and
it was useful to monitor the changes in mitochondrial viscosity. Murphy
et al. have reported the cationic BODIPY substituted with diene (a
peroxidation sensitive group) and TPP+ (mitochondria targeting unit)
[40]; the cell permeable fluorescent probe displayed enhanced emission
around 520 nm with significant staining of mitochondria in live cells.
The NIR fluorescent probes based on carbazole-BODIPY conjugate [41]
and aza-BODIPY containing TPP cation (for selective imaging of mi-
tochondria) were also developed [42], latter was used for the detection
of mitochondrial hydrogen polysulfides. Z. Xie and co-workers reported
the pyridyl substituted BODIPY-platinum conjugate [43]; the probe
displayed considerable cytotoxicity towards HeLa and MCF-7 cancer
cells with IC50 values 27.37 and 12.14 μM, respectively.

The excellent photophysical properties of BODIPY dyes and orga-
nelle targeting properties lead us to investigate their cellular tracking.
The thioglycosylated BODIPYs 8 and 9 (10 µM) incubated for 24 h in
HaCaT cells using 5% DMSO/DMEM buffer. The intracellular distribu-
tion of compounds 8 and 9 was observed through colocalization ima-
ging technique (Fig. 6). The HaCaT cells were incubated with a nuclear
staining dye DAPI (4′,6-diamidino-2-phenylindole) and thioglycosy-
lated BODIPYs 8 or 9; the merged images displayed cytoplasmic loca-
lization of the probes (Fig. 6). The subcellular colocalization of BOD-
IPYs 8 and 9 was further evaluated with MTR (Mito Tracker Deep Red)

Fig. 2. ORTEP diagram of the X-ray crystal structure of BODIPY 6, thermal ellipsoids are shown at 50% probability level, H atoms are omitted for clarity.
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Fig. 3. Comparison of absorption and emission spectra of (a) BODIPY 8; (b) BODIPY 9 in methanol.

Table 1
Absorption and emission data of glycosylated BODIPYs 6–9 in methanol.

Compounds λabs (nm) ε (M−1 cm−1) λem (nm) Stokes shift (cm−1) ϕfa

6 514 23,600 536 798 0.35
7 513 26,400 537 871 0.33
8 513 23,200 535 802 0.36
9 513 26,000 537 871 0.33

a Rhodamine 6G was used as reference (ϕf = 0.95 in EtOH), λex= 488 nm.
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dye; which showed the preferential mitochondria localization of com-
pounds (Fig. 6). As reflected from the merged images, the yellow colour
suggested cytoplasmic distribution of the internalized BODIPYs 8 and 9
in mitochondria and not in the cell nucleus. Pearson’s correlation
coefficient (PCC) method was used to estimate the extent of localization
[35] which indicated significant mitochondrial localization of the
BODIPYs. The preferred localization of neutral BODIPYs 8 and 9 within
mitochondria could be attributed to the water soluble thio-hexose su-
gars linked to the BODIPYs. Above results, designate that the neutral
water soluble BODIPYs (8 and 9) containing glucose and galactose units
are capable of selectively targeting the mitochondria in live cells

without inducing significant damage to cells. Also, easy synthesis of
such BODIPY based probes can be explored further to develop NIR dyes
for potential applications in in-vivo fluorescence imaging.

3. Conclusion

Simple, yet effective stepwise synthesis of water soluble thio-gly-
cosylated BODIPYs is reported. These neutral thio-glycosylated
BODIPYs were synthesized from the pentafluorophenyl dipyrromethane
in four steps with reasonable yields. The BODIPYs exhibited significant
cytotoxicities for HaCaT and HeLa cells making them potential candi-
date for anti-cancer treatment. The calculated IC50 values for BODIPYs
were in the range of 23.83–48.61 μM in these cells. These BODIPYs are
more active in HaCaT cells with IC50 values in between 23.83 and
38.15 μM. ROS generation study in HaCaT cells, revealed that thioglu-
cosyl substituted BODIPYs has higher cellular uptake than the rest of
the BODIPYs. Strong emission of thioglycosylated BODIPYs around
535 nm enabled us to probe subcellular localization by confocal mi-
croscopy. Selective mitochondrial localization of these neutral water
soluble thioglycosylated BODIPYs makes them promising candidates for
cancer treatment as theranostic agents.

Fig. 4. Cell viability plots as obtained from MTT assay in cancer cells treated with BODIPY 6–9 for 24 h.

Table 2
Comparative cytotoxicity of the BODIPYs 6–9.

Compounds IC50a (μM)

HaCaT cells HeLa cells

6 38.15 ± 1.6 48.61 ± 1.4
7 30.98 ± 1.1 34.66 ± 1.7
8 28.76 ± 1.2 31.32 ± 1.0
9 23.83 ± 1.0 29.51 ± 1.3

a IC50 values in the cells were for 24 h incubation.

Fig. 5. Cellular uptake of BODIPYs 6–9 as obtained from flow cytometry after incubating with HaCaT cells.
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Fig. 6. Confocal microscopic images of BODIPYs 8 and 9 (10 μM) showing green emission in HaCat cells on 24 h incubation. Top and bottom rows are for BODIPYs 8
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