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Abstract
For long-term live-cell fluorescence imaging and biosensing, it is crucial to work with a dye that has high fluorescence 
quantum yield and photostability without being detrimental to the cells. In this paper, we demonstrate that neutral boron-
dipyrromethene (BODIPY)-based molecular rotors have great properties for high-light-dosage demanding live-cell fluo-
rescence imaging applications that require repetitive illuminations. In molecular rotors, an intramolecular rotation (IMR) 
allows an alternative route for the decay of the singlet excited state (S1) via the formation of an intramolecular charge transfer 
state (CT). The occurrence of IMR reduces the probability of the formation of a triplet state (T1) which could further react 
with molecular oxygen (3O2) to form cytotoxic reactive oxygen species, e.g., singlet oxygen (1O2). We demonstrate that the 
oxygen-related nature of the phototoxicity for BODIPY derivatives can be significantly reduced if a neutral molecular rotor 
is used as a probe. The studied neutral molecular rotor probe shows remarkably lower phototoxicity when compared with 
both the non-rotating BODIPY derivative and the cationic BODIPY-based molecular rotor in different light dosages and 
dye concentrations. It is also evident that the charge and localization of the fluorescent probe are as significant as the IMR 
in terms of the phototoxicity in a long-term live-cell imaging.
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1  Introduction

In live-cell fluorescence microscopy, boron-dipyrromethene 
(BODIPY) derivatives are commonly used to tag proteins 
and lipophilic cellular structures due to their high extinction 
coefficients, fluorescence quantum yields and photostabil-
ity [1]. Recently, BODIPY molecules have been tailored to 
work as molecular rotors by introducing a phenyl-substitu-
ent in the meso-position of the BODIPY core structure [2]. 
Upon photoexcitation, the BODIPY-based molecular rotors 
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can undergo an intramolecular rotation (IMR, Fig. 1), where 
the twisted conformation with the phenyl ring having a dihe-
dral angle of 55° turns into a planar structure of 0° or 180° 
[3]. Upon rotation of the phenyl ring, a charge transfer from 
the BODIPY core to the phenyl-substituent takes place. 
The formed charge transfer (CT, Fig. 1) state relaxes via an 
internal conversion (ICCT, Fig. 1) to the ground electronic 
state, thus reducing the probability of fluorescence and inter-
system crossing (ISCS, Fig. 1). This relaxation pathway for 
BODIPY-based molecular rotors has been proven by Kee 
et al. [4], Prlj et al. [5] and Polita et al. [6] by time-dependent 
density functional theory (TD-DFT) calculations. The prob-
ability of IMR strongly depends on the micro-environment 
of the dye (e.g., solvent viscosity and polarity [7]). Conse-
quently, BODIPY-based molecular rotors are an excellent 
choice for measuring intracellular temperature [8] and vis-
cosity [9–12], for the characterization of a polymer self-
assembly [13], as apoptosis markers [14] and as selective 
ion [15] or gas [16] sensors.

On the other hand, the BODIPY derivatives can be quite 
phototoxic that is especially disadvantageous in long-term 
live-cell imaging. Dyes in general may undergo an inter-
system-crossing (ISCS, Fig. 1) leading to a formation of the 
triplet state (T1, Fig. 1). Before the triplet state decaying via 
phosphorescence and/or internal conversion (ICT, Fig. 1), it 
may react with molecular oxygen (3O2, Fig. 1) to form reac-
tive oxygen species including singlet oxygen (1O2, Fig. 1) 
[17]. Singlet oxygen is known to cause an oxidative stress 
and as a result cell death [18]. This phenomenon is absent 
or negligible in short-term imaging (having single or several 

illuminations) but may become critical in longer imaging 
experiments. For example, in fluorescence lifetime imag-
ing microscopy [19] and two-photon laser scanning micros-
copy [20] the non-phototoxicity of the dye becomes a very 
essential requirement when performing experiments lasting 
up to 24 h. Moreover, multiple illuminations in the long-
term imaging may lead to a light exposure comparable to the 
high-light-dose imaging, e.g., super-resolution microscopy, 
where the strategies of reducing phototoxicity have recently 
gained attention [21].

In this study, we demonstrate that the BODIPY-based 
molecular rotors, which allow IMR, show significantly 
lower phototoxicity than a non-rotor BODIPY derivative. 
For the molecular rotors, the intramolecular rotation (IMR, 
S1 → CT, Fig. 1) offers an additional relaxation route that 
competes with fluorescence and intersystem-crossing (ISCS, 
S1 → T1, Fig. 1) processes. According to Kee et al. [4], there 
is virtually no barrier to rotation of the phenyl group toward 
planarity. The formed CT state has efficient coupling to the 
ground state via nonradiative processes making the IMR 
process more favorable than fluorescence or ISCS. Thus, the 
triplet state formation and, consequently, the singlet oxygen 
generation are reduced. It also explains the low fluorescence 
quantum yields observed for rotor-BODIPYs.

Two BODIPY-based molecular rotors, BPC12 and 
BPC3+ (Chart 1A) studied here have been previously used 
to map intracellular viscosities with fluorescence lifetime 
imaging microscopy [12, 22, 23]. They are compared in 
solution and living cell studies with a commercial non-rotor 
dye, Methyl-BP (Chart 1A) which is commonly used to stain 
oils, polymers and neutral lipids e.g., lipid droplets [24, 25]. 
The Methyl-BP cannot form a charge transfer (CT, Fig. 1) 
state, and therefore, it has one relaxation route less to com-
pete with ISCS to triplet state (S1 → T1, Fig. 1).

In the present work, the absorption and fluorescence 
maxima, the Stokes shifts, the fluorescence quantum yields, 
and the normalized singlet oxygen quantum yields of all the 
three BODIPY derivatives are compared in the solvents of 
different polarity. The effects of the dye concentration, the 
light dosage and the presence of oxygen are explored by 
fluorescence microscopy and cell viability studies with a 
human prostate cancer cell line (PC-3) as an example. Cel-
lular localization of the dyes is studied by co-localization 
experiments with a mitochondrial marker in HeLa adeno-
carcinoma cell line (ATCC CCL-2).

2 � Experimental section

2.1 � Dyes, reagents, and solvents

Solvents and compounds were used as obtained if not oth-
erwise mentioned. Toluene and dichloromethane (DCM) 

Fig. 1   Photophysical processes of molecular rotors including an 
intramolecular rotation (IMR) process, which leads to a formation of 
charge transfer (CT) state with a subsequent internal conversion (IC) 
accompanied by charge recombination. For a molecule without or 
with a restricted intramolecular rotation, in addition to fluorescence 
and ICS, a direct ISCS from singlet excited state can take place. Sin-
glet oxygen (1O2) formation and decay processes (light blue) and the 
reaction of dimethyl anthracene (DMA) with singlet oxygen to form 
endoperoxide compound (green) are also indicated. Straight lines rep-
resent radiative processes and wavy lines nonradiative ones. Pink text 
designates more probable processes for rotor molecules
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was acquired from VWR International Oy (Wayne, Penn-
sylvania, USA). Ethanol (EtOH) was purchased from Altia 
Industrial (Helsinki, Finland). Dimethyl sulfoxide (DMSO), 
difluoro{2–1-(3,5-dimethyl-2H-pyrrol-2-ylidene-N)ethyl-
3,5-dimethyl-1H-pyrrolato-N}boron (Methyl-BP, Cat. 
No. D3922, Invitrogen BODIPY 493/503, Chart 1A) and 
9,10-dimethylanthracene (DMA, Chart  1B) were pur-
chased from Sigma-Aldrich (Merck KGaA, Darmstadt, 
Germany). BPC12 (Chart 1A) was synthesized according 
to the procedure described in Wagner and Lindsey [26]. 
BPC3+ (Chart 1A) was kindly provided by Dr. Marina Kui-
mova (Imperial College London), and synthesized in her 
laboratories according to the procedure described in the Sup-
porting Information of Sherin et al. [23]

2.2 � Absorption and fluorescence spectroscopy

An UVPC-3600 spectrophotometer (Shimadzu, Kyoto, 
Japan) was used to record absorption spectra. Fluorescence 
spectra were measured with a Fluorolog®-3 spectrofluor-
ometer (Horiba, Minami-ku Kyoto, Japan). An FLS-1000 
spectrofluorometer (Edinburg Instruments, Livingston, UK) 
was used as an excitation source to generate 500 nm light in 
the experiments of Sect. 2.4.

2.3 � Determination of relative fluorescence 
quantum yields

Fluorescence quantum yields ( Φfl , Eq. 1) were determined 
for the Methyl-BP, BPC12 and BPC3+ dyes in EtOH, 
DMSO and toluene using the Methyl-BP in EtOH as a refer-
ence with a known fluorescence quantum yield ( Φfl,ref , Eq. 1) 
of 85% [27]:

where A and Aref are the absorbances at 500 nm (excitation 
wavelength), I and Iref are the integrals of the monitored 
fluorescence spectra, and n and nref are the refractive indices 
of the used solvents (Table S1) for the studied samples and 

(1)Φfl = Φfl,ref

(

Aref∕A
)(

I∕Iref
)(

n∕nref
)2

the reference, respectively. Absorbances of the samples at 
500 nm were ≈ 0.13 when recording the absorption and 
fluorescence spectra.

2.4 � Indirect detection of singlet oxygen

Normalized singlet oxygen quantum yields were defined 
using an indirect method with the help of DMA as a singlet 
oxygen sensor. DMA can form an endoperoxide compound 
(Chart 1B) upon interaction with singlet oxygen, which 
results in a pronounced decrease in its absorption spectrum.

Briefly, 20 µM solutions of the three studied BODIPY 
derivatives (Chart 1A) were prepared in toluene and DMSO, 
and further supplemented with 200 µM DMA. The samples 
were illuminated with 500 nm light followed by recording of 
their absorption spectra at different exposure times. For each 
time point and sample, the area under the DMA absorption 
was calculated by integrating, and it was further normal-
ized to the zero time point of each sample. The normal-
ized integrals of DMA absorption were first plotted against 
the illumination time and then fitted using an exponential 
decay function in Origin software (OriginLab, Massachu-
setts, USA) (Fig. S1) to obtain rate constants for the DMA 
endoperoxide formation (Chart 1B). The rate constants were 
used for calculating the singlet oxygen quantum yields ( ΦΔ ) 
with Eq. (2):

where A is the absorbance at 500 nm, k is the rate constant 
of endoperoxide formation, and n is the refractive index of 
the used solvent (Table S1). The computed singlet oxygen 
quantum yields were further normalized against Methyl-BP 
in toluene to obtain normalized singlet oxygen quantum 
yields ( ΦΔ,norm).

2.5 � Cell culturing and seeding

Gibco™ (ThermoFisher Scientific, Massachusetts, USA) 
reagents were used for cell culturing. Human prostate cancer 

(2)ΦΔ = An
2∕k

Chart 1   Molecular structures of A the BODIPY derivatives; Methyl-BP, BPC12 and BPC3+. B Reaction of the DMA with a singlet oxygen 
(1O2) to form the endoperoxide compound
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cell line (PC-3, ATCC, Virginia, USA) was maintained in 
Ham’s F-12 K (Kaighn’s) Medium with 10% (v/v) Fetal 
Bovine Serum (FBS), and 100 units/ml penicillin and strep-
tomycin at + 37 °C and 5% CO2.

One day before the illumination procedure 12 500 PC-3 
cells per a well were seeded into a white, clear-bottom poly-
styrene microplate (96 Well Microplate, mClear, ®Chim-
ney Well, Greiner Bio-One GmbH). FluoroBrite DMEM 
Medium supplemented with 10% (v/v) FBS and 100 units/
ml penicillin and streptomycin was used as a complete 
growth medium during the illumination procedure and was 
renewed 24 h after the illumination procedure, to reduce a 
background fluorescence signal during a live-cell fluores-
cence imaging.

2.6 � Illumination procedure in phototoxicity 
experiments

One hour before the illuminations, the growth medium was 
replaced with treatment solutions containing the Methyl-BP, 
BPC12 and BPC3+ dyes in FluoroBrite DMEM complete 
growth medium. The final concentrations of the BODIPY 
derivatives in the treatment solutions were 0.6 µM, 1.5 µM, 
3.0 µM and 6.0 µM, whereas the DMSO content did not 
exceed 1% (v/v). The solution of DMSO 1% (v/v) in com-
plete growth medium without any illumination (i.e., kept 
in the dark) was used as a 100% survival control. DMSO 
1% (v/v) with 0.1% (v/v) Triton™ X-100 Surfact-Amps™ 
Detergent Solution (Thermo Scientific™, Massachusetts, 
USA) in complete growth medium was used as a positive 
control.

During the illumination procedure, the microplate was 
placed inside of a custom-made incubator with a constant 
flow of a 95% air and 5% CO2 gas mixture at 37 °C for 
ensuring an optimal, normoxic (20.95% of oxygen) con-
ditions for the cells. Hypoxic (≈ 0.08% of oxygen) condi-
tions were created by replacing the air with a N2 flow for 
2 h prior to the illumination procedure. The oxygen level 
inside the incubator was measured using 1 channel fiber-
optical meter FireSting-O2 and oxygen sensor spots (Pyro 
Science, Aachen, Germany). One-point calibration (ambient 
air) has been performed before use following manufacturer’s 
protocol.

For revealing the possible phototoxic effect of the dyes, 
one well at a time was illuminated with a 490 nm LED 
[M90L4, 205 mW (Min) Mounted LED, 350 mA, Thor-
labs, Inc., Newton, New Jersey, USA] using 41 mW power 
at 4.75 cm distance from the bottom of the microplate. Other 
wells were protected from the light. The phototoxicity exper-
iments were performed with three different light dosages of 
13.4 J/cm2, 26.8 J/cm2, and 53.5 J/cm2. These light dosages 
were obtained from LED’s ≈ 27 mW/cm2 power density by 
changing the illumination time to 8 min, 17 min or 33 min, 

respectively. At least 3 independent repeats of each illumi-
nation procedure were performed for every treatment. The 
illumination procedure was followed by a 24-h incubation 
in a cell incubator at + 37 °C and 5% CO2.

2.7 � Fluorescence imaging

24 h after the illumination procedure, fluorescence micros-
copy images were obtained using an Axio Observer fluo-
rescence microscope (Zeiss, Oberkochen, Germany) 
equipped with a 20× air objective and a mercury short arc 
reflector lamp as a light source. A Filter Set 38 HE (Zeiss, 
Oberkochen, Germany) was used to provide an excitation 
wavelength of 470/40 nm and an emission wavelength of 
525/50 nm.

2.8 � Viability assays

CellTiter-Glo® Luminescent Cell Viability Assay (G7570, 
Promega Corporation, USA), which is based on the quantita-
tion of the present ATP (an indicator of metabolically active 
cells), was performed 24 h after the illumination procedure, 
subsequent to the fluorescence microscopy, according to the 
protocol provided by the manufacturer [28]. Luminescence 
signal was recorded with a Chameleon multilabel microplate 
reader (Hidex, Turku, Finland) with the integration time of 
1 s per well.

Luminescence intensities obtained from each treatment 
were computed into viability percentages normalized to 
100% survival control [DMSO 1% (v/v) in the dark]. The 
triplicates of viability percentages obtained in the independ-
ent repeats of the same treatment were averaged and 95% 
confidence intervals were determined in Excel software 
(Microsoft Corporation, Redmond, Washington, USA). For 
calculating P-values of an independent T test, a built-in func-
tion of Excel software was used.

2.9 � Co‑localization

HeLa adenocarcinoma cell line (ATCC CCL-2) was kindly 
provided by Prof. Arto Urtti, University of Helsinki, Fin-
land. The cells were maintained in RPMI 1640 medium 
(Gibco) with 10% FBS. One day before experiment, the cells 
were seeded to a black frame clear-bottom 96-well plates 
(Falcon), 10 000 cells/well. The staining solution was pre-
pared in FluoroBrite DMEM by adding test dyes to a final 
concentration 6 µM, live-cell Mitotracker Deep Red 628/672 
(Invitrogen M22426) to a final concentration 500 nm and 
Hoechst 33342 to 5 µg/ml. The growth medium in the wells 
was carefully replaced by 100 µL of the staining solution 
and the plate was incubated at 37 °C, 5% CO2 for 90 min. 
After the incubation the cells were fixed by adding equal 
volume of 8% paraformaldehyde (PFA) for 20 min. Then 
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cells were washed 3 times with HBSS and stored at + 4 °C 
until imaging. The imaging was performed using Cytation 
5 imaging reader (BioTek) equipped with 20× Plan Fluorite 
phase-contrast NA 0.45 objective (Olympus 1,320,517) and 
filter cubes for DAPI to visualize Hoechst 33342, Cy5 to 
visualize Mitotracker and GFP to visualize test dyes.

3 � Results and discussion

3.1 � Spectroscopic characterization of BODIPY 
derivatives

The spectral properties of the Methyl-BP, BPC12 and 
BPC3+ dyes are clearly solvent-dependent. The maximum 
wavelength of absorption ( �abs ) and fluorescence ( �fl ) spec-
tra, the Stokes shifts ( Δ� ), the fluorescence quantum yields 
( Φfl ) for all the dyes, and the polarities of the used solvents 
are presented in Table 1. The absorption and fluorescence 
spectra of the dyes in EtOH, DMSO and toluene are given in 
Fig. S2 of the Supporting Information. In EtOH, the absorp-
tion and emission maxima are both the most blue-shifted for 
all the BODIPY derivatives, while in toluene the spectra are 
the most red-shifted, thus following the polarity change of 
the solvent (Table 1). The Stokes shifts for all the studied 
BODIPY derivatives are the largest in DMSO and the lowest 
in EtOH or toluene depending on the dye.

The Methyl-BP has clearly higher fluorescence quantum 
yields (85–96.8%, Table 1) compared with the BODIPY-
based molecular rotors regardless the solvent. This is a 
logical result of the reduced possibility for the Methyl-BP 
excited state to relax via nonradiative pathways due to the 
absence of an intramolecular rotation [30]. The fluorescence 
quantum yield of Methyl-BP is the highest in toluene, and 
the quantum yield decreases as the polarity of the solvent 
increases.

In the rotor molecules, the intramolecular rotation (IMR) 
favors the nonradiative relaxation via the CT state over the 
direct singlet state relaxation to the ground state S1 → S0 

(Fig. 1), leading to the low fluorescence quantum yields 
(1.7–10.1%, Table 1) [9]. The BPC12 rotor has a polarity-
dependent fluorescence quantum yield, like the Methyl-BP, 
decreasing from 10.1% in nonpolar toluene to 4.5% and 
3.9% in polar DMSO and EtOH, respectively. However, the 
positively charged BPC3+ rotor has equally low fluorescence 
quantum yields in polar EtOH (1.7%) and in nonpolar tol-
uene (2.3%) outlying the above concept. This is probably 
due to intermolecular interactions between the positively 
charged BPC3+ molecules in the nonpolar environment. 
The broadened absorption spectrum of the BPC3+ in tolu-
ene (Fig. S2, bottom graph) supports this explanation. Con-
centration-dependent absorption studies for the BPC3+ in 
toluene and dichloromethane (DCM) confirm the presence 
of intermolecular interactions between BPC3+ molecules 
in toluene (Supporting information, Fig. S3). In DCM no 
spectral changes are observed, while in toluene the spectrum 
broadens, and its maximum shifts to longer wavelengths as 
the concentration decreases.

3.2 � Normalized quantum yields of singlet oxygen

In this study, singlet oxygen was detected using DMA as 
a singlet oxygen probe upon a selective excitation of the 
studied BODIPY derivatives in DMSO and toluene. The 
averaged integrals of DMA absorption plotted against the 
illumination time are presented in Fig. S1 of the Support-
ing Information. Using the indirect method, we aimed to 
reveal how the singlet oxygen quantum yield changes for 
the studied dyes in different solvents instead of measuring 
their absolute values. Thus, normalized values were used 
when the singlet oxygen quantum yield in the presence of 
Methyl-BP in toluene was set as 1.00. The final normalized 
singlet oxygen quantum yields ( ΦΔ,norm ) are presented in 
Table 1. Since the singlet oxygen is formed in a reaction 
between the ground state oxygen and the triplet state of 
the dyes, the possible photochemical process leading to 
the dye triplet state formation, i.e., direct ISCS from S1 
state (S1 → T1, Fig. 1), must be considered. This process is 
competing with other relaxation processes: fluorescence, 

Table 1   Absorption maxima 
�abs , fluorescence maxima 
�fl , Stokes shifts Δ� and 
fluorescence quantum yields 
Φfl of Methyl-BP, BPC12 and 
BPC3+ in EtOH, DMSO and 
toluene. Normalized singlet 
oxygen quantum yields ΦΔ,norm 
for Methyl-BP, BPC12 and 
BPC3+ in DMSO and toluene 
presented by mean ± standard 
deviation calculated from 
triplicates. Polarities of EtOH, 
DMSO and toluene

Solvent Dye �abs (nm) �fl (nm) Δ� (nm) Φfl (%) ΦΔ,norm Polarity

EtOH Methyl-BP 495 506 11 85 [27] – 0.654 [29]
BPC12 495 510 15 3.9 –
BPC3+ 496 513 17 1.7 –

DMSO Methyl-BP 496 511 15 86.2 0.74 ± 0.03 0.444 [29]
BPC12 498 517 19 4.5 0.36 ± 0.02
BPC3+ 499 518 19 3.8 0.13 ± 0.05

Toluene Methyl-BP 500 512 12 96.8 1.00 ± 0.03 0.099 [29]
BPC12 501 517 16 10.1 0.26 ± 0.02
BPC3+ 502 518 16 2.3 1.13 ± 0.04
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internal conversion (ICS) and IMR. It is important to note 
that the IMR is a polarity-dependent process [31–33].

Although, Methyl-BP has low possibility to form a 
triplet state due to the high fluorescence quantum yields 
(85–97%), the triplet state amount seems to be higher 
than that of the rotor dyes. The normalized singlet oxygen 
quantum yield in the presence of the Methyl-BP in DMSO 
is remarkably higher (0.74) than for either of the rotors 
(0.13–0.36). This is attributed to the absence of IMR in 
the rigid Methyl-BP molecule, thus allowing the ISCS to 
the triplet state (S1 → T1, Fig. 1). Therefore, it appears 
that the IMR competes more effectively with the ISCS in 
the studied rotor dyes than the fluorescence does in the 
non-rotor derivate.

The singlet oxygen quantum yield of the Methyl-BP in 
toluene is slightly higher than in DMSO (1.00 and 0.74, 
respectively, Table 1), that can be explained by a differ-
ence in the polarities of the solvents (Table 1). Besides 
this, approximately 6 times higher oxygen solubility in 
toluene (9.23 × 104 mol fractions) compared with that in 
DMSO (1.57 × 104 mol fractions) may partly increase the 
possibility of singlet oxygen formation in toluene [34]. In 
addition, the ability of DMSO to react with singlet oxygen 
to form dimethyl sulfone [35], may reduce the singlet oxy-
gen concentration in the studied samples. In contrast to the 
Methyl-BP, the molecular rotors undergo the IMR rather 
than the ISCS, consequently leading to a reduced popula-
tion of the rotors’ triplet states and a consequent decrease 
of the singlet oxygen generation [9]. For the BPC12, the 
singlet oxygen quantum yields in DMSO and in toluene 
are nearly similar (0.36 vs. 0.26, correspondingly) sug-
gesting that the behavior of BPC12 is independent of 
solvent polarity. Contrary to BPC12, the singlet oxygen 
quantum yield in the presence of the BPC3+ in toluene is 
surprisingly close or even slightly higher than the value 
for the Methyl-BP (1.13 vs. 1.00, respectively, Table 1). 
This behavior of the BPC3+ agrees with the unexpect-
edly low fluorescence quantum yield of the dye in toluene 
(2.3%, Table 1). Apparently, the difference in the chemical 
structure of the rotors results in their different behavior. 
It appears that the intermolecular interactions between 
positively charged BPC3+ molecules in toluene hamper 
the IMR process, hence facilitating the ISCS process from 
a singlet excited state (S1 → T1, Fig. 1). While the solvent 
polarity does not significantly influence the behavior of 
neutral BPC12.

3.3 � Phototoxic effect

Since all the studied BODIPY derivatives generated singlet 
oxygen, which is harmful for cells [18], the phototoxic effect 
of each studied BODIPY derivative towards the PC-3 cells 
was determined. Therefore, cell morphology changes and 

viabilities in the presence of the BODIPY derivatives were 
tracked at different dye concentrations, light dosages, and 
oxygen concentrations.

3.3.1 � Phototoxicity in normoxic conditions

The merged phase-contrast and fluorescence images of the 
cells treated with 6.0 µM of the studied dyes without illu-
mination (dark) and upon illumination with 53.5 J/cm2 light 
dosage (27 mW/cm2 for 33 min) in normoxic conditions 
are presented in Fig. 2 (top and middle rows). It is known 
that the Methyl-BP accumulates into lipid droplets [36, 37]. 
Kuimova et al. [12] have concluded that the BPC12 local-
izes into endocytic vesicles in human ovarian carcinoma 
cell line SK-OV-3 as a result of endocytic internalization. 
This explains the similar localization of BPC12 with the 
Methyl-BP observed in Fig. 2 (top row). The BPC3+ dye 
has more defined localization in the central part of the cell 
(Fig. 2, top row), adjacent but clearly distinct from the 
nucleus. This noticeably different BPC3+ cellular distri-
bution compared with that for Methyl-BP or BPC12 has 
not been ever reported to the best of our knowledge. One 

Fig. 2   Merged phase-contrast and fluorescence images of PC-3 cells 
treated with 6.0  µM of Methyl-BP, BPC12 and BPC3+ in the dark 
and after illumination with 53.5 J/cm2 in both normoxic and hypoxic 
conditions. Between illumination and imaging cells were kept in the 
dark at + 37 °C and 5% CO2 for 24 h
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possible localization site is mitochondria, since lipophilic 
cations, e.g., BPC3+, easily penetrate the mitochondrial 
inner membrane due to the potential and pH gradient over 
the membrane [38–40]. To prove this, we performed co-
localization studies for all three BODIPY derivatives with 
a mitochondrial marker (Supporting Information, Fig. S4). 
The obtained results agree with the literature reported above 
for Methyl-BP and BPC12 showing localization in granules 
or vesicles. The BPC3+ and Mitotracker have matching pat-
terns, therefore, confirming the hypothesis of localization of 
the BPC3+ in the mitochondria.

Even though the Methyl-BP has the highest fluorescence 
quantum yield ( Φfl , Table 1), its fluorescence intensity is 
rather weak after 24-h incubation (Fig. 2, top row), and only 
some cells have the dye accumulated inside. This might be 
explained by the long incubation time, during which the 
Methyl-BP may already be externalized from the cells. The 
fluorescence signals of both BPC12 and BPC3+ are more 
intense and seen in every cell (Fig. 2, top row). In addition, 
their fluorescence does not fade in 24 h, most likely due to 
the long carbon chains in their structure (Chart 1A) which 
helps to keep the dyes attached to the lipid structures longer.

Cells treated with 6.0 µM dye and illuminated with 53.5 J/
cm2 light dosage demonstrate a significant change in the 
cell morphology (Fig. 2, middle row) compared with the 
cells kept in the dark (Fig. 2, top row). A fluorescence sig-
nal is still seen inside the cells that have lost their origi-
nal morphology with all the dyes (Fig. 2, middle row). In 
addition, the cells kept in the dark (Fig. 2, top row) retain 
their typical morphology as can be seen by comparing with 
100% survival control in the absence of the dyes (Supporting 
Information, Fig. S5). This confirms that none of the studied 
dyes possesses any dark cytotoxicity. Thus, the observed 
changes in the morphology 24 h after the illuminations, such 
as swelling and rounding of the cells (Fig. 2, middle row), 
indicate a phototoxic effect for all the dyes [41]. Swelling 
can be a sign of necrosis [42] and reactive oxygen species 
are known to cause cell death by the pathway of necrosis 
[43]. We proved in the solution studies, that at least singlet 
oxygen is produced by all the studied BODIPY derivatives 
and can among others mediate the phototoxic effect. How-
ever, it should be pointed out that other reactive oxygen spe-
cies may also contribute to the observed phototoxicity.

It should be noted that phototoxic effect may take time 
to develop, since the illumination may initially damage cell 
repair mechanisms and not cause straight fatality [44, 45]. 
Therefore, ATP levels were measured with viability assay 
only in 24 h after illuminations to ensure enough time for 
all possible mechanisms of cell death (i.e., apoptosis and/
or necrosis [46]).

Dye concentration effect. Cell viabilities after treatment 
with different concentrations of the Methyl-BP, BPC12 and 
BPC3+ upon illumination with the light dosage of 53.5 J/

cm2 and in the dark are presented in Fig. 3. The results 
clearly show the dependence of the phototoxicity effect on 
the dye concentration. Both rotor molecules were studied 
at four concentrations. Due to the strong phototoxicity of 
Methyl-BP even at the lowest studied concentration, only 
two extreme concentrations were examined for this dye.

The increase of Methyl-BP concentration from 0.6 µM to 
6.0 µM leads to the cell survival drop from 29.0% to a com-
plete cell death after the illumination (Fig. 3) being in good 
agreement with the loss of typical morphology seen in Fig. 2 
(middle row). The manufacturer of the Methyl-BP recom-
mends to use 1–10 µM solutions for cell staining, and e.g., 
Nikon Microscopy U [47] generally suggests to use dyes 
in concentrations varying from nano- to micromolar. The 
chosen concentrations suite well to these recommendations.

The Methyl-BP and the BPC3+ rotor seem to be almost 
equally phototoxic at the lowest dye concentration (0.6 µM, 
Fig. 3) with the cell viabilities of 29.0% and 38.1%, respec-
tively. The viability in the presence of the BPC3+ decreases 
from 38.1% to 1.2% with a tenfold concentration increase 
confirming the concentration dependency of the phototoxic 
effect.

While the BPC12 is almost non-toxic at its lowest con-
centration (Fig. 3), it still shows a significant cell viability 
drop upon the dye concentration increase. Although the dif-
ference between the 0.6 µM and 6.0 µM concentrations is 
notably high, the decrease of the viability (87.1% to 8.0%) is 
more gradual for the cells treated with the BPC12 compared 
with the BPC3+. The higher phototoxicity of BPC3+ rotor 
might be explained by its cellular localization if the dye 
targets mitochondria, consequently leading to mitochon-
drial autophagy and apoptosis [48]. Therefore, the BPC12 

Fig. 3   Cell viabilities of PC-3 cells treated with 0.6  µM, 1.5  µM, 
3.0 µM and 6.0 µM Methyl-BP, BPC12 and BPC3+ in the dark and 
after illumination with 53.5  J/cm2. During illumination cells have 
been at + 37  °C and 5% CO2. Error bars are 95% confidence inter-
vals. Before performing viability assays cells were kept in the dark 
at + 37 °C and 5% CO2 for 24 h
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is clearly the best choice when working with higher than 
nanomolar concentrations.

Light dosage effect. By decreasing the light dose of the 
illumination, the light dose dependency of the phototoxic 
effect was studied for 0.6 µM Methyl-BP and BPC12. The 
dyes were chosen because of the largest difference in the 
measured cell viabilities between them at the chosen con-
centration after the highest light dose illumination (0.6 µM, 
Fig. 3). Cell viabilities in the dark and after illumination 
with different light dosages (13.4 J/cm2, 26.8 J/cm2 and 
53.5 J/cm2) for the Methyl-BP, BPC12 and 1% DMSO are 
presented in Fig. 4. The Methyl-BP demonstrates a slight 
phototoxicity already at the lowest illumination dose of 
13.4 J/cm2 and the phototoxic effect increases upon the rais-
ing of the illumination dose, showing a light dose dependent 
behavior. In contrast, the BPC12-treated cells show close to 
100% survival at the light doses of 13.4 J/cm2 of 26.8 J/cm2.

At the highest light dose of 53.5 J/cm2 (Fig. 4), the mar-
ginally decreased cell survival in the presence of BPC12 is 
not statistically different from the dark control cells treated 
with the BPC12, having a p-value of 0.34 (> 0.05 [49]). 
The viabilities for the cells free of any dye (1% DMSO) 
under different light dosages are close to 100% survival with 
p-values of 0.66, 0.31 and 0.93 at 13.4, 26.8 and 53.5 J/cm2, 
respectively. This additionally confirms that the viability 
changes are caused by the phototoxicity of the studied dyes 
where applicable.

Most of the microscopy techniques operate with over 100 
mW/cm2 power densities [50]. This means only 9-min illu-
mination time is needed to reach 53.5 J/cm2 light dosage, 
which is already fatal when using 6.0 µM Methyl-BP as a 
dye. The lowest light dosage used in this study (13.4 J/cm2) 

would be acquired with an illumination time of only 2 min 
with 100 mW/cm2 power density. This should be carefully 
considered when using a dye with phototoxic properties for 
live-cell imaging, especially for long-term experiments.

3.3.2 � Phototoxicity in hypoxic conditions

The oxygen sensitivity of the phototoxic effect was inves-
tigated by comparing the viabilities of the studied dyes in 
normoxic (20.95% of oxygen) and hypoxic (≈0.08% of oxy-
gen) conditions. The viabilities of the 6.0 µM Methyl-BP-, 
BPC12−, and BPC3+-treated cells in normoxia and hypoxia 
after illumination with 53.5 J/cm2 light dose and in normoxic 
dark are presented in Fig. 5. The highest dye concentration 
of 6.0 µM was chosen, as it caused almost complete cell 
death for all the studied dyes in normoxic conditions mak-
ing it easier to see any cell viability improvement in hypoxic 
conditions.

The hypothesis of the study was that the phototoxic 
effect is caused by a singlet oxygen formation upon illu-
mination, which could be inhibited by removing oxygen 
from the incubator. All the dyes show improved cell via-
bility in lack of oxygen (Fig. 5): the Methyl-BP has an 
increase from 0.0 to 35.4%, the BPC12 from 8.0 to 45.8% 
and the BPC3+ from 1.2 to 61.0%, confirming that the 
phototoxicity is mainly mediated by reactive oxygen spe-
cies. Similar oxygen-dependent behavior is also seen in 
fluorescence images (Fig. 2, bottom row). Even though 
some morphological changes are observed in hypoxia, the 
morphology of the cells resembles more the morphology 
seen in the dark controls than in normoxic conditions. 
The morphology changes are less pronounced for the 

Fig. 4   Cell viabilities of PC-3 cells treated with 1% DMSO, 0.6 µM 
Methyl-BP and 0.6  µM BPC12 in the dark and after illumination 
with 3 different light doses: 13.4  J/cm2, 26.8  J/cm2 and 53.5  J/cm2. 
During illumination, cells have been at + 37  °C and 5% CO2. Error 
bars are 95% confidence intervals. Before performing viability 
assays cells were kept in the dark at + 37  °C and 5% CO2 for 24 h. 
*P-value > 0.05, when compared to the dark control of the treatment

Fig. 5   Cell viabilities of PC-3 cells treated with 6.0 µM Methyl-BP, 
BPC12 and BPC3+ in the dark and after illumination with 53.5 J/cm2 
in both normoxic and hypoxic conditions. During illumination, cells 
have been at + 37  °C and 5% CO2. Error bars are 95% confidence 
intervals. Before performing viability assays cells were kept in the 
dark at + 37 °C and 5% CO2 for 24 h in normoxic condition
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BPC12-treated cells than for the ones containing Methyl-
BP or BPC3+.

The hypoxic (≈ 0.08% of oxygen) conditions notice-
ably improved the cell viabilities for all three BODIPY 
dyes, thus confirming the phototoxic effect being related 
to reactive oxygen species formation, e.g., singlet oxygen 
generation. This result agrees with the solution studies 
showing possibility of singlet oxygen generation in the 
presence of all studied dyes. However, the phototoxic-
ity of the dyes in live cells differ and the largest one is 
observed for the non-rotor Methyl-BP dye.

Generally, the dyes with high fluorescence quantum 
yields demonstrate lower phototoxicity because the domi-
nation of fluorescence decreases the possibility of triplet 
state formation. Thus, the relatively low amount of singlet 
oxygen (3–15% according to our data and up to 21–29% 
reported in literature [17]) in the presence of non-rotor 
Methyl-BP dye does not cause any immediate fatal pho-
totoxicity in short-term imaging which is in agreement 
with the dye manufacturer’s information. However, our 
data shows that the small damages caused by tiny amounts 
of singlet oxygen are accumulated in cells in time and 
upon multiple illuminations in long-term imaging, and 
finally result in significant phototoxicity and cell death. 
Thus, it appears that even this quite low amount of triplet 
states of the non-rotor dye has a larger effect than that of 
the rotor dyes. Although the rotor dyes have lower fluo-
rescence quantum yields, allowing the excitation energy 
to release via other paths, the ISCS does not seem to be 
favored. Indeed, the rotor dyes demonstrate lower singlet 
oxygen formation in solutions and milder phototoxicity in 
cells upon illumination compared to the non-rotor dye. It 
speaks to the conclusion that in case of rotor dyes ISCS is 
almost not realized due to efficient IMR and subsequent 
fast IC.

Furthermore, while the possibility for the IMR reduces 
the phototoxicity of a dye, other structural properties of 
the imaging probes are also important. Thus, it turns out 
that a positive charge of a dye may neglect the benefit of 
the IMR as in the case of BPC3+ when the singlet oxy-
gen formation is highly dependent on the environmental 
polarity. The positive charge of the rotor seems to deter-
mine the specific cellular targeting to mitochondria that 
may also result in the increase of the phototoxic effect. 
As a final point, the viability studies clearly show that 
the BPC12 is the safest lipid-probe among the studied 
ones and can be used even at relatively high concentration 
(6.0 µM) and light dose (53.5. J/cm2).

4 � Conclusions

Both the solution and the cell studies led to the conclusion 
that Methyl-BP and positively charged BPC3+ generate 
higher concentrations of singlet oxygen and consequently 
cause the stronger phototoxicity than the BPC12. Thus, due 
to their phototoxicity, Methyl-BP and BPC3+ can only be 
used for short-term imaging experiments. However, the 
BPC12 and probably other neutral BODIPY-based molecu-
lar rotors with IMR should be substantially more suitable for 
long-term or high-light-dose live-cell imaging experiments. 
As an extra advantage, they possess moderate fluorescence 
quantum yields and offer multifaceted environment-sensing 
properties. To conclude, the results presented in this manu-
script should be considered when performing long-lasting, 
high-light-dose, demanding live-cell fluorescence imaging 
experiments to avoid any misleading results.
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