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Potent BODIPY-based photosensitisers for
selective mitochondrial dysfunction and
effective photodynamic therapy†
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The development of new and improved mitochondria-targeting photosensitisers (PSs) for photodynamic

therapy (PDT) remains highly desirable, due to the critical role the mitochondria play in maintaining

healthy cellular function. Here, we report the design, synthesis, photophysical properties and biological

characterisation of a series of di-iodinated BODIPY-based PSs, BODIPY-Mito-I-n, for mitochondria-

targeted PDT applications. Six BODIPY-Mito-I-n analogues were synthesised in good yields, with fast

reaction times of between 30 and 60 min under mild conditions. The di-iodination of the BODIPY

scaffold enabled highly efficient population of the triplet state, leading to high singlet oxygen (1O2)

photosensitisation efficiencies (FD = 0.55–0.65). All BODIPY-Mito-I-n compounds exhibited very high

photocytotoxic activity towards HeLa cells, with IC50,light values of between 1.30 and 6.93 nM, due to

photoinduced 1O2 generation. Notably, the poly(ethylene glycol) (PEG)-modified BODIPY-Mito-I-6

showed remarkably lower dark cytotoxicity (IC50,dark = 6.68–7.25 mM) than the non-PEGylated analogues

BODIPY-Mito-I-1 to BODIPY-Mito-I-5 (IC50,dark = 0.58–1.09 mM), resulting in photocytotoxicity indices

up to 2120. Mechanistic studies revealed that BODIPY-Mito-I-6 induced reactive oxygen species

overproduction and mitochondrial dysfunction in cells upon irradiation, leading to significant cell death

through a combination of apoptosis and necrosis. It is anticipated that our design will contribute to the

development of more effective mitochondria-targeting PSs for cancer therapy.

Introduction

Mitochondria are small subcellular organelles involved in a wide
range of essential biological processes.1,2 Mitochondria display a
negative membrane potential (MMP, Dcm),3 as a consequence of
a proton gradient across the inner mitochondrial membrane.4

Therefore, lipophilic cations such as triphenylphosphonium
(TPP+) preferentially accumulate in the mitochondria over other
cellular compartments.5 Additionally, the MMP is known to be

significantly elevated in cancer and cardiovascular disease,6

enabling TPP+-based compounds to be utilised in mitochondrial
imaging7,8 and therapeutic applications.9

Photodynamic therapy (PDT) is a minimally invasive and
emerging cancer therapy that has been approved clinically for
many different types of cancer.10 PDT utilises photosensitisers
(PSs), compounds that produce reactive oxygen species (ROS)
such as singlet oxygen (1O2) upon irradiation with light.11

Importantly, targeting PSs to cancer cells results in a highly
localised treatment, minimising the side effects for the patient.

Over the last decade a wide range of mitochondria-targeting
PSs have been reported, including boron-dipyrromethenes
(BODIPYs),12,13 cyanines,14 hemicyanines,15 porphyrins,16

cyclometallated iridium(III) complexes,17,18 and a promising
iridium(III)–BODIPY conjugate for triple-negative breast cancer
cells.19 Such an approach is a highly effective cancer therapy,
due to the important role of the mitochondria in energy
production and modulating cellular function.

Halogenated BODIPYs are widely used as PSs due to their
high photostability, tuneable absorption wavelengths and effi-
cient population of the triplet excited states via intersystem
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crossing (ISC).20–22 Furthermore, the BODIPY structure can be
easily modified to fine-tune photophysical properties and facil-
itate the introduction of functional handles, such as targeting
units,7,8 water-solubilising groups,23 and other therapeutic mod-
alities for synergistic therapy approaches.24–26

The utilisation of halogenated BODIPYs with a TPP+ moiety
for developing mitochondria-targeting PSs in PDT applications
remains relatively unexplored.27–31 Examples in the literature
show promise; for example, 1BDP-TPP developed by Guo and
co-workers displaying an encouraging photocytotoxicity index
(PI; IC50,dark/IC50light) of 720 in MCF-7 cells (Fig. 1A).29 Addi-
tionally, Huang and co-workers improved the solubility of BDP-
L2 solubility through the addition of a triethylene glycol linker
(Fig. 1B).30

However, no detailed studies have been carried out to fine
tune these photophysical characteristics by varying the alkyl/
aryl moiety on the phosphonium cation, in an attempt to
further enhance the PI values. As such, compounds displaying
both a large PI value and excellent water solubility remain
highly sought-after. Furthermore, through the modification of
substituents on the phosphonium cation, results are directly

transferable to facilitate the development of a new generation of
mitochondria-targeting compounds for imaging and therapy.

In our previous work we reported a series of biocompatible
fluorescent BODIPY-based compounds, BODIPY-Mito-n, bearing
cyclohexyl or phenyl functionalities.32 Additionally, analogues
possessing improved water solubility were developed through the
incorporation of di(ethylene glycol) (DEG) and poly(ethylene glycol)
(PEG) moieties (Fig. 2A). All compounds exhibited high mitochon-
drial specificity (Pearson’s correlation coefficients (PCCs) between
0.76 and 0.96) and excellent MMP-sensitivity. However, PEGylated
(n = 7) BODIPY-Mito-6 was found to have the highest MMP-
sensitive localisation, with a 75% decrease in the fluorescence
intensity following MMP depolarisation.

We report herein the design, synthesis and characterisation
of a series of di-iodinated BODIPY-based PSs, BODIPY-Mito-I-n
(Fig. 2B). These PSs were designed based on our previously
developed versatile BODIPY scaffolds.32 However, di-iodination
promotes 1O2 production as a result of ISC to the triplet excited
states, and enables such probes to be used as mitochondria-
targeting PSs instead of fluorescent imaging agents.20–22 Ana-
logues BODIPY-Mito-I-1 to BODIPY-Mito-I-4 vary by the number
of cyclohexyl- and phenyl moieties on the phosphonium cation,
to gain a deeper understanding on how this modulates their
dark cytotoxicity and photocytotoxicity. However, one major
limitation of current PSs is poor water solubility due to aggre-
gation in aqueous media.33 Therefore, analogues incorporating
DEG (BODIPY-Mito-I-5) and PEG (BODIPY-Mito-I-6) functional-
ities were developed in an attempt to improve water solubility
and lower dark cytotoxicity to achieve an enhanced photother-
apeutic efficacy.

Fig. 1 Literature examples of TPP+-based BODIPY PSs. (A) 1BDP-TPP
developed by Guo and co-workers29 and (B) BDP-L2 developed by Huang
and co-workers.30

Fig. 2 (A) Structures of fluorescent BODIPY-Mito-n32 and (B) their di-
iodinated counterparts, BODIPY-Mito-I-n, described in this study.
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Results and discussion
Design and synthesis of BODIPY-Mito-I-n analogues

Compounds BODIPY-Mito-I-n were synthesised in a one-step
reaction from their BODIPY-Mito-n precursors, using iodine
monochloride under mild conditions and fast reaction times of
between 30 and 60 min (Scheme 1). Following purification by
silica gel column chromatography, BODIPY-Mito-I-n analogues
were all isolated in good yields of between 60 and 76%.
Furthermore, the incorporation of DEG and PEG moieties for
BODIPY-Mito-I-5 and BODIPY-Mito-I-6, respectively, signifi-
cantly enhanced aqueous solubility.

Di-iodination of the b-pyrrolic position of BODIPY (1) prior
to functionalisation with TPP+ was also attempted (Scheme 2).
However, it was found that alkylation of (2), previously synthe-
sised in a procedure from Zhang and co-workers,35 with triphe-
nylphosphine resulted in the removal of the iodine atoms, and
the partial regeneration of the non-iodinated compound (1).

Photophysical and photochemical properties of BODIPY-Mito-I-
n analogues

The photophysical properties of BODIPY-Mito-I-n analogues were
recorded in phosphate-buffered saline (PBS) (pH = 7.4) and
acetonitrile (Table 1, Fig. 3 and Fig. S1, S2, ESI†) for comparison
with our previously reported BODIPY-Mito-n series.32

In aqueous media, BODIPY-Mito-I-n compounds showed con-
siderably broader absorption spectra (Fig. 1) when compared to
acetonitrile (Fig. S1, ESI†). Additionally, BODIPY-Mito-I-n com-
pounds displayed low fluorescence quantum yields (Fem = 0.016–
0.020), due to efficient ISC from the singlet (S1) to triplet (T1) excited

state following di-iodination (Table 1). A weaker emission intensity
was displayed in aqueous environments across the series when
compared to acetonitrile (Fig. 3B and Fig. S2, ESI†). Therefore, a
further reduction in the fluorescence quantum yields was displayed
(Fem r 0.004), and is likely attributed to the increased aggregation
of BODIPY-Mito-I-n analogues in aqueous media.

The introduction of DEG (BODIPY-Mito-I-5) and PEG (BODIPY-
Mito-I-6) moieties resulted in a blue shift in the absorption (Fig. 3A)
and emission wavelength maximum (Fig. S2, ESI†), as well as a
small increase in the fluorescence quantum yield (Table 1). How-
ever, due to the similarity of photophysical properties displayed for
BODIPY-Mito-I-n analogues in acetonitrile, it is expected that such
characteristics are as a result of reduced aggregation following the
installation of hydrophilic DEG or PEG moieties.

Singlet oxygen generation of BODIPY-Mito-I-n analogues

The 1O2 quantum yields (FD) of BODIPY-Mito-I-n analogues
were determined via the indirect method (Table 2), using 1,3-
diphenylisobenzofuran (DPBF) as the 1O2 scavenger.36 Metha-
nol was chosen as a solvent due to enhanced solubility of
molecular oxygen.37 The FD values were also recorded in
acetonitrile, to compliment the photophysical characterisation
of our BODIPY-Mito-I-n analogues.

Following irradiation at 525 nm for 10 s intervals, a decrease
in the DPBF absorbance at 411 nm was observed in both
methanol (Fig. S3 and S4, ESI†) and acetonitrile, (Fig. S5 and
S6, ESI†), confirming the generation of 1O2. All BODIPY-Mito-I-
n analogues displayed high 1O2 photosensitisation efficiencies
between 0.60–0.65 in methanol and 0.55–0.63 in acetonitrile
(Table 2), through the promotion of ISC from the S1 to the T1

Scheme 1 Synthesis of BODIPY-Mito-I-n compounds.

Scheme 2 Attempted synthesis of BODIPY-Mito-4 from BODIPY (1).
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excited state due to the heavy atom effect. It has previously been
reported that FD decreases following PEGylation (PEG average
Mw = 5000 Da).36 However, in our case, following the introduc-
tion of three PEG moieties with a lower molecular weight (PEG
average Mw = 350 Da), no decrease in FD was observed.

Furthermore, no significant changes in the absorption at
525 nm were observed for BODIPY-Mito-I-n analogues under the

same irradiation conditions. Additionally, the 1O2 generation
efficiency of BODIPY-Mito-n analogues without di-iodination,
was 4.3- and 4.6-fold lower for previously synthesised32 BODIPY-
Mito-1 (FD = 0.15) and BODIPY-Mito-6 (FD = 0.13), respectively,
in methanol (Fig. S7, ESI†). Therefore, di-iodination is essential
in facilitating efficient 1O2 generation.

(Photo)cytotoxicity of BODIPY-Mito-I-n analogues

The (photo)cytotoxicity of BODIPY-Mito-I-n analogues towards
HeLa cells was examined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and neutral red uptake (NRU)
assays. The MTT assay measures cellular metabolic activity as an
indicator of cell viability, while the NRU assay measures the ability
of viable cells to incorporate and bind neutral red in lysosomes. The
use of two different cell viability assays can help avoid possible
artefacts caused by the mitochondrial localisation of the PSs, which
might disrupt mitochondrial activity and cellular metabolism.

Table 1 Photophysical data of BODIPY-Mito-I-n compounds in PBS (pH = 7.4) and acetonitrile.a Compounds BODIPY-Mito-4 and BODIPY-Mito-6
from our previous work is added for comparison32

Compound Medium labs/nm (e/104 M�1 cm�1) lex/nm lem/nm Fem

This work
BODIPY-Mito-I-1 PBS 514 (2.10), 542 (2.61) 535 575b o0.001

CH3CN 532 (6.81) 534 553 0.018
BODIPY-Mito-I-2 PBS 514 (2.13), 544 (2.50) 535 579b o0.001

CH3CN 532 (7.09) 535 553 0.019
BODIPY-Mito-I-3 PBS 514 (2.09), 542 (2.49) 532 576b o0.001

CH3CN 532 (7.02) 535 552 0.019
BODIPY-Mito-I-4 PBS 514 (2.28), 545 (2.74) 540 588b o0.001

CH3CN 532 (8.18) 535 554 0.017
BODIPY-Mito-I-5 PBS 517 (2.33), 539 (2.54) 534 575b 0.002

CH3CN 532 (6.85) 535 552 0.020
BODIPY-Mito-I-6 PBS 515 (2.92), 537 (4.06) 534 557b 0.004

CH3CN 532 (7.39) 536 553 0.016
Previous work32

BODIPY-Mito-4 PBS 497 (5.92) 497 511 0.59
CH3CN 499c 500 512 0.57

BODIPY-Mito-6 PBS 498 (6.49) 500 512 0.72
CH3CN 499c 504 513 0.60

a [BODIPY] = 10 mM, 298 K. Quantum yields (F) � 20% were measured using rhodamine 6G in ethanol (F488nm = 0.94)34 as the standard. b Very
weak emission was observed. c The extinction coefficient (e) in CH3CN was not reported.

Fig. 3 (A) Absorption spectra of BODIPY-Mito-I-n analogues in PBS (pH =
7.4). (B) Emission spectra of BODIPY-Mito-I-1 in CH3CN (blue, lex = 532 nm)
and PBS (pH = 7.4) (orange, lex = 539 nm). [BODIPY] = 10 mM, 298 K.

Table 2 1O2 quantum yields (FD) of BODIPY-Mito-I-n compounds in
aerated methanol and acetonitrile with DPBF as the 1O2 scavengera

Compound Medium FD

BODIPY-Mito-I-1 CH3OH 0.64b

CH3CN 0.63c

BODIPY-Mito-I-2 CH3OH 0.61b

CH3CN 0.55c

BODIPY-Mito-I-3 CH3OH 0.60b

CH3CN 0.56c

BODIPY-Mito-I-4 CH3OH 0.65b

CH3CN 0.60c

BODIPY-Mito-I-5 CH3OH 0.60b

CH3CN 0.63c

BODIPY-Mito-I-6 CH3OH 0.61b

CH3CN 0.62c

a [BODIPY] = 0.5 mM, [DPBF] = 50 mM, 298 K. b FD were measured using
Rose Bengal in aerated methanol (FD = 0.79) as the standard.38

c FD were measured using Rose Bengal in aerated acetonitrile
(FD = 0.53) as the standard.39
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Upon incubation in the dark for 24 h, the BODIPY-Mito-I-n
analogues displayed moderate cytotoxic activity towards HeLa
cells (Table 3 and Fig. S8, S9, ESI†). The results obtained from
the MTT and NRU assays were very similar, revealing IC50,dark

values ranging from 0.59 to 7.25 mM and 0.58 to 6.68 mM,
respectively (Table 3). Notably, the IC50,dark values of BODIPY-
Mito-I-5 (1.02–1.09 mM) and BODIPY-Mito-I-6 (6.68–7.25 mM)
were higher than those of analogues BODIPY-Mito-I-1 to
BODIPY-Mito-I-4 (0.58–0.81 mM). The lower dark cytotoxicity
of BODIPY-Mito-I-5 and BODIPY-Mito-I-6 is attributed to the
DEG and PEG pendants on the TPP+ moiety, respectively, which
can reduce non-specific interactions of the compounds with
mitochondrial proteins and membrane structures, enhancing
their biocompatibility. The lower cellular uptake of these
compounds should also be accounted for their reduced dark
cytotoxic activity (Fig. S10, ESI†). Previous studies by us32,40–43

and others44–46 have also demonstrated that PEGylation could
lower the cellular uptake efficiencies of the compounds due to
reduced lipophilicity.

Upon irradiation of the treated cells at 525 nm (10 mW cm�2)
for 10 min, the cytotoxic activity of the BODIPY-Mito-I-n analo-
gues was significantly enhanced (IC50,light = 1.30–6.93 nM),
resulting in PI values of 147 to 2120 (Table 3). The high
photocytotoxicity of the compounds is ascribed to their high
1O2 generation efficiencies (FD = 0.60–0.65 in methanol;
Table 2). Among these compounds, BODIPY-Mito-I-6 exhibited
the largest PI value (2120) due to its low dark cytotoxicity
(IC50,dark = 6.68–7.25 mM) and high photocytotoxicity
(IC50,light = 3.15–4.22 nM). To the best of our knowledge, PI
values of 1718 and 2120 in HeLa cells for BODIPY-Mito-I-6,
determined by the MTT and NRU assay, respectively, are the
highest reported for a TPP+-functionalised BODIPY-based
compound.22,29–31 Such a result highlights the importance of
using multiple PEG moieties to enhance the phototherapeutic
efficacy of BODIPY-based PSs in cells.12,13

Mechanism of cell death induced by BODIPY-Mito-I-n
analogues

Although the intracellular localisation of the BODIPY-Mito-I-n
compounds could not be accurately determined by confocal
microscopy due to their very low fluorescence quantum yields
(r0.004; Table 1), they should presumably exhibit similar
localisation properties as their non-iodinated counterparts
and localise in the mitochondria because iodination of the

BODIPY scaffold should not pose a significant impact on their
cellular localisation.12,27,31 Therefore, it is likely that the effec-
tive photoinduced generation of 1O2 by these compounds in the
mitochondria induced mitochondrial dysfunction and trig-
gered cell death, leading to the very high photocytotoxicity.
To validate that the BODIPY-Mito-I-n analogues can generate ROS
inside cells, we used CM-H2DCFDA, a cell-permeable, non-
fluorescent probe that generates a strongly fluorescent 20,70-
dichlorofluorescein derivative upon oxidation by ROS, to examine
intracellular ROS generation. Treatment of HeLa cells with
BODIPY-Mito-I-6 in the dark resulted in extremely weak fluores-
cence (Fig. 4, top). However, strong fluorescence was detected
upon exposure of the BODIPY-Mito-I-6-loaded cells to irradiation,
indicating efficient ROS production by BODIPY-Mito-I-6 inside
cells upon irradiation. We also utilised rhodamine 123 (R123), a
fluorescent mitochondrial stain that localises in the mitochon-
dria in an MMP-dependant manner, to monitor changes in MMP
upon the treatment. The bright green fluorescence and intact

Table 3 (Photo)cytotoxicity (IC50) of the BODIPY-Mito-I-n compounds towards HeLa cells determined by the MTT and NRU assays. The cells were first
incubated with the BODIPY-Mito-I-n compounds in the dark for 24 h, then washed thoroughly with PBS, incubated in the dark or irradiated at 525 nm
(10 mW cm�2) for 10 min, and subsequently incubated in the dark for 20 h. PI = IC50,dark/IC50,light

Compound

MTT NRU

IC50,dark/mM IC50,light/nM PI IC50,dark/mM IC50,light/nM PI

BODIPY-Mito-I-1 0.81 � 0.018 1.72 � 0.055 471 0.72 � 0.022 1.71 � 0.060 421
BODIPY-Mito-I-2 0.59 � 0.074 1.30 � 0.050 454 0.58 � 0.072 1.41 � 0.095 411
BODIPY-Mito-I-3 0.78 � 0.040 1.46 � 0.093 534 0.73 � 0.071 1.66 � 0.113 440
BODIPY-Mito-I-4 0.66 � 0.045 1.53 � 0.064 431 0.62 � 0.059 1.60 � 0.073 388
BODIPY-Mito-I-5 1.02 � 0.093 6.93 � 0.487 147 1.09 � 0.083 6.63 � 0.562 164
BODIPY-Mito-I-6 7.25 � 0.571 4.22 � 1.090 1718 6.68 � 1.009 3.15 � 0.141 2120

Fig. 4 Analysis of (top) intracellular ROS generation and (bottom) MMP
alternation in HeLa cells under different conditions. The cells were first
treated with BODIPY-Mito-I-6 (25 mM, 2 h) and then remained in the dark
or irradiated (525 nm, 10 mW cm�2) for 10 min. All the samples were
stained with CM-H2DCFDA (5 mM, 30 min; lex = 488 nm, lem = 500–
550 nm) or R123 (5 mM, 15 min; lex = 488 nm, lem = 500–550 nm) prior to
microscope imaging. Scale bar = 25 mm.
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mitochondrial morphology observed in the cells treated with
BODIPY-Mito-I-6 in the dark (Fig. 4, bottom) indicate that the
MMP remained stable. However, upon irradiation, the fluores-
cence intensity of R123 in BODIPY-Mito-I-6-loaded cells
decreased substantially, suggesting a significant reduction in
MMP. These results collectively illustrate that BODIPY-Mito-I-6
triggered ROS overproduction and mitochondrial depolarisa-
tion in cells upon irradiation, leading to mitochondrial dysfunc-
tion and significant cell death. We further studied the
mechanism of cell death in BODIPY-Mito-I-6-treated cells using
the Annexin V/propidium iodide (PI) staining assay. Incubation
of the cells with BODIPY-Mito-I-6 in the dark for 24 h results in a
high live cell population (Annexin V�/PI�; 94.3%) (Fig. 5). How-
ever, upon irradiation, the population of early apoptotic cells
(Annexin V+/PI�) and late apoptotic/necrotic cells (Annexin V+/
PI+) significantly increased from 5.48 and 0.01% to 45.65 and
45.86%, respectively, indicating that the cell death pathways
mediated by BODIPY-Mito-I-6 under light conditions involved
apoptosis and necrosis. Similar cell death pathways were also
observed in cells treated with BODIPY-Mito-I-1 to BODIPY-Mito-
I-5 followed by light irradiation (Fig. S11, ESI†).

Conclusions

In conclusion, a series of BODIPY-Mito-I-n analogues were
designed, synthesised and characterised as mitochondria-
targeting PSs for PDT. All six compounds were synthesised in
good yields, under mild conditions, and demonstrated fast
reaction times of between 30 and 60 min. Additionally, the
incorporation of DEG (BODIPY-Mito-I-5) and PEG (BODIPY-
Mito-I-6) functionalities significantly enhanced water solubility.

The di-iodination of the BODIPY scaffold enabled highly
efficient population of the T1 state, resulting in the high 1O2

photosensitisation efficiencies of the compounds of between
0.60–0.65 and 0.55–0.63 in methanol and acetonitrile, respec-
tively. Furthermore, as expected, BODIPY-Mito-I-n analogues
had significantly lower fluorescence quantum yields in both
PBS (pH = 7.4) and acetonitrile, compared to the non-iodinated
BODIPY-Mito-n series.

Notably, BODIPY-Mito-I-6 showed relatively low dark cyto-
toxicity due to the PEG pendants on the TPP+ moiety but
displayed very high photocytotoxic activity upon irradiation,
due to 1O2 generation, leading to a PI value of up to 2120 in
HeLa cells. Further studies revealed that BODIPY-Mito-I-6
induced ROS overproduction and mitochondrial dysfunction
in cells upon irradiation, resulting in significant cell death
through a combination of both apoptosis and necrosis.

It is anticipated that the use of aryl-PEGylated phosphine
precursors will provide a significant improvement on the widely
used TPP+ moiety for developing new mitochondria-targeting
PSs for PDT, due to the notable reduction in dark cytotoxicity
without sacrificing the 1O2 photosensitisation efficiency of the
PSs and mitochondria-targeting ability of the TPP+ unit. There-
fore, we believe that this work will contribute to the develop-
ment of more effective PDT strategies, providing valuable
insights into the design and optimisation of mitochondria-
targeting PSs for enhanced cancer treatment.
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