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Abstract: Photoactivatable fluorescent probes are valuable tools in 
bioimaging for tracking cells down to single molecules and for single 
molecule localization microscopy. For the latter application, green 
emitting dyes are in demand. We herein developed an efficient green-
emitting photoactivatable furanyl-BODIPY (PFB) and we established 
a new mechanism of photoactivation called Directed Photooxidation 
Induced Activation (DPIA) where the furan is photo-oxidized in a 
directed manner by the singlet oxygen produced by the probe. The 
efficient photoconverter (93-fold fluorescence enhancement at 510 
nm, 49% yield conversion) is functionalizable and allowed targeting of 
several subcellular structures and organelles, which were 
photoactivated in live cells. Finally, we demonstrated the potential of 
PFB in super-resolution imaging by performing PhotoActivated 
Localization Microscopy (PALM) in live cells. 

Introduction 

The usefulness of fluorescent probes in bioimaging is no longer 
to be proven and has considerably contributed to the 
advancement of knowledge in biology. Among fluorescent probes, 
those having the ability to irreversibly turn on their fluorescence 
upon photoirradiation, also called photoactivatable fluorescent 
probes,[1], [2], [3] mainly found applications in single molecule 
tracking,[4], [5] and super resolution microscopy based on 
Photoactivated Localization Microscopy (PALM).[6], [7], [8], [9] In the 
field, photoactivatable fluorescent proteins are the most used in 
the bioimaging community, as they can be fused to proteins of 
interest.[1], [10] However, photoactivatable fluorescent proteins lack 
versatility and suffer from several limitations,[11] including: 1) Their 
ability to label only proteins 2) their generally high quantum yields 
of photoactivation that makes them hard to handle, 3) their limited 
brightness, and 4) the difficulty to modify their photophysical 
properties.  
In the light of these disadvantages, small molecular probes have 
emerged as appealing complementary alternatives. 
Consequently, several photoactivation approaches have been 
proposed, including: photoelimination of nitrogen (N2),[3],, [12] 
photoinduced disconnection of a spiro-oxazine,[8] photo-uncaging 
of a fluorescence quencher,[13], [14], [15], [16] nitrosamine caging 
groups,[17] diazoketone-caging,[18] light-induced protonation of 
rhodamine,[4] as well as radical reaction on xanthone dyes.[19], [20] 
Interestingly, photoactivatable dyes based on photooxidation 
mediated by 1O2 led to general and efficient approaches to 
develop visible-light-activated probes.[5], [21], [22] In the field of single 
molecule localization microscopy (SMLM), fluorescent probes 
emitting in the green region of the visible spectrum remain rare. 
Hence, the latter are in high demand as they would allow 

multicolor super resolution microscopy in combination with 
existing red-shifted probes. 
 

 

Figure 1. Examples of photoactivatable green emitting BODIPYs given in the 
literature and based on different mechanisms and the presented work based on 
Directed Photooxidation Induced Activation. 

BODIPYs are versatile green emitting dyes,[23] and proved their 
efficiency in bioimaging owing to their brightness and relative 
photostability.[24] Consequently, several green-emitting 
photoactivatable dyes based on BODIPYs have been described 
in the literature (Figure 1). Although some examples report 
impressive fluorescence enhancements upon photoconversion 
(up to 1250-fold),[16], [25] these require UV irradiation which is 
detrimental for live cells experiments. However, BODIPYs 
photoactivated by visible light also have been reported. In 2018, 
Wijesooriya et al. used the photocage properties of alkyl boron 
dipyrromethene to develop a photoactivatable BODIPY with a 
fluorescent quantum yield enhancement of 6-fold.[26] Recently, 
Zhang et al. reported a series of visible light-photoactivatable 
probes based on PET quenching.[5] Among their examples a 
photoactivatable BODIPY was developed with a fluorescence 
enhancement of 37-fold without any production of side products 
compared to examples mentioned above.[5] 
Recently we reported a mechanism called Directed 
Photooxidation Induced Conversion (DPIC) allowing to obtain 
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dual-color emissive photoconverters.[27], [28], [29] This mechanism is 
based on the coupling of an Aromatic Singlet Oxygen Reactive 
Moiety (ASORM) to a fluorophore. Under irradiation, the obtained 
red-shifted dye produces singlet oxygen (1O2), which photo-
oxidizes the ASORM in a directed manner. This process disrupts 
the conjugation of the dye with the ASORM, leading to a 
hypsochromic shift in both absorption and emission.[27] This 
approach, using furan or pyrrole as ASORMs, was successfully 
applied to coumarins,[27], [28] and BODIPYs (Figure 2A). [29]Indeed, 
when a pyrrole moiety was added in a position of BODIPYs 
(Figure 2A), both pyrrolyl-BODIPYs and their converted forms 
possessed high brightness along with a large shift upon 
conversion (>70 nm). Noteworthy, this mechanism only requires 
visible light and does not generate side products upon 
photoconversion. Herein we hypothesized that placing an 
ASORM in b position of BODIPY will 1) provide weakly emissive 
dye as reported in the literature where an aromatic group is added 
at this position,[30], [31] and 2) allow the dearomatization of the 
ASORM upon directed photooxidation, thus leading to the 
photoactivation of the BODIPY(Figure 2).[27], [28], [29] In this work, 
we showed how this approach proved successful, leading to an 
efficient photoactivatable green emitting probe that can be 
targeted to various cellular localizations to perform selective 
photoactivation as well as dynamic super resolution imaging 
based on Single Molecule Localization Microscopy (SMLM).  
 

 

Figure 2. (A) Previous works on photoconvertible probes obtained through 
Directed Photooxidation Induced Conversion (DPIC) using furan and pyrrole as 
Aromatic Singlet Oxygen Reactive Moiety (ASORM). (B) Proposed mechanism 
of photoactivation of the Photoactivatable Furanyl-BODIPY (PFB) through 
Directed Photooxidation Induced Activation (DPIA). Most of constants (in grey) 
were determined (Table 1) and supported the proposed mechanism. Various R 
groups were used to target PFB and led to three different probes. 

Results and Discussion 

Design and synthesis of PFB 

As discussed above, we assumed that a photoactivatable green-
emitting fluorescent probe could be obtained from the coupling of 
an ASORM in b position of a BODIPY (Figure 2). Moreover, to 
extend its applications, we designed a functionalizable probe. 
Consequently, the tetramethyl BODIPY 1, possessing an ester 
ended aliphatic chains in meso position was chosen as our 
scaffold (Scheme 1). Furan was chosen as the aromatic singlet 
oxygen reactive moiety (ASORM). This choice was driven by the 
better chemical yield of conversion (97 %) provided by furan 
compared to pyrrole (30 %) when applied to coumarin dyes.[27] 
Compound 1 was thus iodinated using chloroiodide providing 2, 
and the furan was introduced in b position through a Suzuki 
coupling to obtain 3. To make it functionalizable, 3 was saponified 
to give access to 4, which was coupled to the amine 5 to obtain 
PFB-Mito, bearing a triphenylphosphonium group known as an 
efficient mitochondrial targeting moiety.[32] In parallel, 1 was 
saponified giving rise to acid 6 which was coupled to the 
mitochondrial targeting moiety 5 to obtain a model BODIPY (MB-
Mito). The latter served to evaluate the effect of the furan moiety 
in the photoactivation process as well as to have a model of 
photoproduct after photoactivation (See SI). 

 

Scheme 1. Synthesis of PFB-Mito and the model of photoproduct MB-Mito. 

Photophysical properties 

Once synthesized and characterized (see SI), the photophysical 
properties of PFB-Mito were studied. First, impact of the furan 
moiety when placed in b-position of the BODIPY was observed 
when the absorption and emission spectra of PFB-Mito and MB-
Mito were compared (Figure 3A). PFB-Mito displayed a broad, 
less intense, and red-shifted emission spectrum (lEm max = 628 
nm) compared to MB-Mito suggesting multiple vibrational 
transitions probably owing to the dissymmetric and twisted 
structure induced by the furan moiety. Interestingly, PFB-Mito 
conserved a high excitation at the common 488 nm laser line 
(55%, figure 3A), which will allow an efficient photoactivation 
during imaging. Whereas the model MB-Mito possesses a 
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quantitative fluorescence quantum yield of 1, PFB-Mito displayed 
an impressive decrease of brightness owing to its lowered 
extinction coefficient (40,000 M-1 cm-1) and its extinguished 
fluorescence quantum yield of 0.03 (Table 1). To determine the 
mechanism underlying the quenching of PFB-Mito, the 
solvatochromic behavior of PFB-Mito was assessed (Figure 3B) 
and suggested that its lowered fluorescent quantum yield 

occurred through the twisted intramolecular charge transfer 
(TICT) mechanism.[33], [34], [35] This hypothesis was further 
confirmed by time-resolved fluorescence decay measurements 
for which PFB-Mito displayed a decreased fluorescence lifetime 
of 0.37 ns compared to MB-Mito, 5.50 ns (Table 1, figure S1-2), 
in agreement with their respective fluorescence quantum yields 
(Table 1). 

 

 
Figure 3. Photophysical and photoactivation studies of PFB-Mito and its comparison with MB-Mito. (A) Absorption and emission spectra of PFB-Mito and MB-Mito 
showing the impact of the furanyl moiety in b position. (B) Normalized emission spectra of PFB-Mito in solvents with increasing polarity depicting the positive 
solvatochromism of PFB-Mito and suggesting a quenching through TICT. (C) Emission spectra upon photoactivation of PFB-Mito into aPFB-Mito (excitation was at 
488 nm, 160 mW.cm-2), inset is the plot of fluorescence intensity at 508 nm over time (red curve is the exponential fit) used to determine the photoactivation 
constants. (D) HPLC traces of PFB-Mito over the time upon irradiation at 488 nm (the absorbance signal was monitored at 502 nm). (E) Characterization (mass and 
absorption spectrum) of the main photoproduct aPFB-Mito arising from the photooxidation and its similarity with the model MB-Mito. (F) Excitation and emission 
spectra of aPFB-Mito overlaid with absorption and emission of MB-Mito showing that the emissive photoproduct was similar to the model.

Photoactivation properties 

To assess its photoactivation properties, a methanolic solution of 
PFB-Mito was continuously irradiated by a 488 nm laser and the 
fluorescence emission spectra were recorded over time (Figure 3 
C). Rapidly the feint emission band at 628 nm was replaced by an 
intense and sharp band centered at 510 nm with an impressive 
fluorescence enhancement of 93-fold (Figure 3C). The 
fluorescence intensity at 510 nm over time was plotted (Inset 
Figure 3C) and provided a quantum yield of phototransformation 
of 3.5 ± 0.6 10-2 % (see methods section in Supplementary 
Information). After photoactivation, a fluorescence quantum yield 
of the activated form, called aPFB-Mito, was estimated at 34% 
(Table 1), which is likely minimized by the formation of non-
emissive absorbing forms. Additionally, the fluorescence lifetime 
increased from 0.37 ns to 3.53 ns for PFB-Mito and aPFB-Mito 
respectively (Table 1, figure S3), suggesting a recovery of 

brightness through the cancellation of the TICT process. The 
photoactivation process was monitored over time by HPLC and 
showed that PFB-Mito (retention time: 11.2 min) progressively 
disappeared upon irradiation whereas a more polar major 
photoproduct absorbing at 501 nm progressively appeared 
(retention time: 10.8 min) (Figure 3D-E). The mass analysis of the 
major photoproduct (M+O+CH3O) was in accordance with the 
photochemistry of furan derivatives,[36] and with our proposed 
mechanism where the furan was oxidized by singlet oxygen 
followed by a solvolysis of the methanol giving rise to a furanone, 
which is no longer conjugated to the BODIPY (Figure 3E, figure 
S4). Whereas the emission spectrum of the photoactivated form, 
aPFB-Mito, was slightly red-shifted (DlEm max: 9 nm) and broader 
compared to our model MB-Mito, their sharp excitation spectra 
superimposed well (Figure 3F). These results reinforced MB-Mito 
as a suitable model of photoactivated photoproduct and the latter 
was thus used to determine key photoconversion parameters.
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Table 1. Photophysical properties of PFB-Mito, its emissive activated photoproduct aPFB-Mito and the model of photoactivated form MB-Mito. 1 µM in methanol.  

 
a Fluorescence quantum yield    f Chemical yield of photoactivation 
b Fluorescence lifetime      g Quantum yield of 1O2 generation 
c Quantum yield of phototransformation   h Non-isolated photoproduct 
d Quantum yield of photoactivation   i Determined after the photoactivation of PFB-Mito (5 µM), on non-isolated photoproducts 
e Quantum yield of photobleaching   j Does not photoactivate 

 
Based on our model and calculations, PFB-Mito possesses a high 
chemical yield of photoactivation (h) of 49 ± 4 %, in line with our 
HPLC analysis displaying a minimized number of photoproducts 
(Figure 3D). Consequently, this chemical yield (h) of 
photoactivation indicated similar quantum yields of 
photobleaching and of photoactivation (1.8 ± 0.4 10-3 % and 1.7 ± 
0.4 10-3%, respectively). In plain words: PFB-Mito bleaches as 
fast as it photoactivates toward aPFB-Mito upon 488 nm 
irradiation. PFB is thus less photoreactive compared to 
photomodulable proteins displaying phototransformation 
quantum yield ranging from 10-1 to 10-2 %,[37], [38] and would thus 
avoid undesired triggering of photoactivation during sample 
manipulations in microscopy experiments.  
To decipher which reactive oxygen species (ROS) could trigger 
the photooxidation of PFB, its reactivity toward various ROS has 
been assessed in spectroscopy. The results indicated that PFB, 
in addition to light, could be activated at its ground state by singlet 
oxygen (Figure S5), which is in line with our previous reports,[27], 

[28] as well as with studies related to the reactivity of furan.[36] Since 
PFB can get activated under irradiation of light, its quantum yield 
of singlet oxygen generation (fD) was determined and gave a 
value of 4%, which is slightly higher than our photoconvertible 
BODIPYs based on DPIC.[29] Hence, these experiments 
confirmed our proposed mechanism of Directed Photooxidation 
Induced Activation (DPIA) where PFB generates the singlet 
oxygen necessary to react with the furan moiety responsible for 
the photoactivation. 
 
Finally, the photostability of the photoactivated form aPFB-Mito 
was assessed as it is a key parameter for bioimaging tracking or 
SMLM applications. Surprisingly aPFB-Mito displayed a high 
photostability depicted by a 14-fold lower quantum yield of 
photobleaching (fBl = 1.4 10-4 %) compared to the model MB-Mito 
(fBl = 2.0 10-3 %). 
Overall PFB displayed both appealing photophysical and 
photoactivation properties including: a high compatibility with 
visible light excitation using the widely used 488 nm laser line, a 
balanced photoconversion rate combined with a high yield of 
conversion, as well as bright and photostable photoactivated 
photoproduct.  

Cellular Imaging 

To evaluate the efficiency of PFB as a photoactivatable probe in 
bioimaging, PFB-Mito was first incubated with HeLa cells at 
200 nM. As expected and given the low brightness of PFB-Mito, 

no signal was observed in the green channel (Figure 4A). Cells 
contours were localized by a plasma membrane staining using 
MemBright 640 and after zooming on a single cell followed by 
consecutive scans with the 488 nm laser line, the cytoplasmic 
intensity of fluorescence increased to finally reach a plateau after 
several scans (≈20) (Figure 4B, movie 1). The experiment has 
been repeated on several cells of the same image field without 
triggering the photoactivation of surrounding cells thus proving an 
excellent spatiotemporal control of the photoactivation (Figure 4A-
B, S6). 
The selective staining of mitochondria in cells by aPFB-Mito was 
confirmed using Mito-Tracker™ deep red as a co-staining marker 
with a Pearson’s coefficient of 0.77 (Figure S7). As PFB 
generates singlet oxygen with a fD of 4%, it was important to show 
that photoactivation could be performed without provoking 
phototoxicity. In this endeavor cell viability MTT assays were 
conducted on cells incubated with PFB-Mito before and after 
activation. Both conditions showed no significant toxicity 
indicating no cytotoxicity of PFB-Mito as well as no phototoxicity 
upon photoactivation (Figure S8). Interestingly, PFB did not show 
more phototoxicity than the widely used Mito-Tracker™ Green 
after the same irradiation time at 488 nm (Figure S8).  
To extend the versatility of PFB, a sulfonamide group and a Halo-
tag group (Figure 2) were coupled to acid 4 to respectively target 
the endoplasmic reticulum (ER),[39] and genetically encoded Halo-
tagged proteins.[40] The ER version of PFB, namely PFB-ER, was 
found to behave in a similar manner than for the mitochondrial 
version and sequential photoactivation could have been 
performed successfully (Figure 4C, figure S9), with a high 
selectivity toward the ER, (Pearson’s coefficient > 0.85, figure 
S10). Both PFB-Mito and PFB-ER were photoactivated in a fast 
manner and their photoactivated forms could be continuously 
imaged for up to 3 min after photoactivation with a slight decay 
due to progressive photobleaching (Figure S11). 
PFB-Halo was then incubated with transfected cells expressing 
Halo-tagged proteins and was successfully photoactivated in a 
selective manner in various organelles, including nucleus 
(through the staining of chromatin), nucleoli and actin fibers 
(Figure 4C). 
 
Overall, PFB was readily photoactivated in various organelles 
using both targeting moieties and genetically encoded proteins. 
PFB-Mito and PFB-ER provided images with high to excellent 
signal-to-noise ratios (SNR) after photoactivation up to 77 and 
with high SNR enhancement upon photoactivation (Figure 4C and 

Dye λAbs 
(nm)

ε
 (M-1.cm-1)

λEm 
(nm)

φfl 

(%)a
t

(ns)b φPt (%)c φAct (%)d φBl (%)e η (%)f φΔ 

(%)g

PFB-Mito 508 40,000 628 3 0.3740 ± 0.0008 3.5 ± 0.6 10-2 1.7 ± 0.3 10-3 1.8 ± 0.4 10-3 49 ±  4 4
aPFB-Mito 501 N/Ah 504 34i 3.53 ± 0.02 1.4 ± 0.3 10-4 N/Aj 1.4 ± 0.3 10-4 N/Aj /
MB-Mito 497 62,300 513 100 5.50 ± 0.01 2.0 ± 0.1 10-3 N/Aj 2.0 ± 0.1 10-3 N/Aj /

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 24, 2024. ; https://doi.org/10.1101/2024.06.20.599858doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.20.599858
http://creativecommons.org/licenses/by-nc-nd/4.0/


 RESEARCH ARTICLE          

5 
 

S12, table S1). Although the signal of Halo-tagged fluorescent 
probes in transfected cells depends on the level of transfection 

and expression, the photoactivated PFB-Halo was also imaged 
with high SNR (Table S1). 
 

 

Figure 4. Photoactivation of PFB targeted to various organelles. (A) Laser scanning confocal microscopy images of HeLa cells incubated with PFB-Mito (200 nM) 
and MemBright 640 (200 nM). Single cells were sequentially and selectively photoactivated upon scanning on the region of interest. (B) Increase of the mean 
fluorescence intensity upon scanning at 488 nm for individual cells. (C) Laser scanning microscopy images of HeLa cells stained with PFB-Mito, PFB-ER and PFB-
Halo before (top) and after photoactivation (bottom) showing the efficient activation in various organelles. SNR is the measured Signal-to-Noise Ratio. Scale bar is 
20 µm.

Live Super-Resolution Microscopy 

To assess the efficiency of PFB in live single molecule localization 
microscopy, we used PFB-Halo in combination with Halo-tagged 
MAP4 protein to stain the thin microtubules’ cell cytoskeleton. The 
images were treated as single molecule localization microscopy 
(SMLM, figure 5A) using ThunderSTORM plugin,[41] and as Super 
Resolution Radial Fluctuation (SRRF, figure 5B) method using an 
open-source plugin for ImageJ.[42] Upon acquisition of SMLM 
movie and analysis of histogram of blinks over time, we noticed 
that PFB provided a high number of blinks over a short time frame 
(65,500 localizations within 1.4 s, Figure 5C) along with good 
localization precision of 27 nm (Figure 5C). These properties are 
consistent with our photoconvertible BODIPY based on directed 
photooxidation-induced conversion.[29] Taking advantage of this 
feature, we successfully obtained super-resolution images of live 
cell’s microtubules (Figure 5A & B) by acquiring only 100 frames 

with an integration time of 14 ms per frame, which represents a 
total acquisition time of only 1.4 s. The two algorithms provided 
different, though complementary, super resolution images. 
Whereas thunderstorm plugin led to a higher resolution (67 nm, 
Figure 5D and S13), the SRRF plugin revealed more microtubules 
from less intense fluorescence signal fluctuations. With such a 
short time of acquisition, we challenged the system by performing 
sequential acquisitions of 1.4 s every 30 s. Surprisingly, PFB 
displayed a remarkably constant number of blinks over time with 
a stable localization precision (Figure 5C). 
This protocol consisting in performing sequential acquisitions over 
the time thus enabled reconstructing super resolution movies 
showing dynamic of microtubules in live cells (Movie 1 for SMLM, 
movie 2 for SRRF). Using the dynamic SMLM sequence it was 
thus possible to track individual microtubule filaments with a high 
spatiotemporal resolution (Figure 5E).
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Figure 5. Live super-resolution imaging of HeLa cells’ microtubules using PFB-Halo (50 nM) and MAP4-Halo tagged protein. Comparison of the same field of view 
between SMLM and widefield images (A) and SRRF and widefield images (B). SMLM and SRRF images were reconstructed using only 100 frames acquisition for 
a total acquisition time of 1.4 s. Scale bar is 5 µm. (C) Histogram of number of blinks per frame and the localization precision for the first 100 frames acquisition 
showing the remarkable properties of PFB (left). Mean number of blinks and localization precision per acquisition along 10 successive acquisitions (100 frames 
each), enabling dynamic super-resolution imaging. (D) Plot profile corresponding to the white line in A and B and showing the gain of resolution provided by the two 
techniques compared to widefield microscopy. For the determination of resolution see figure S13. (E) Dynamic live SMLM corresponding to the white frame in A 
and showing movements of microtubules in high resolution. The cyan and yellow arrows indicate individual microtubules that seem to cross over time. Scale bar is 
1 µm.

Conclusion 

In conclusion, we showed that PFB bearing a furan (an Aromatic 
Singlet Oxygen Reactive Moiety) in b position of a BODIPY led to 
an efficient quenching of brightness. Upon irradiation at 488 nm, 
PFB generates 1O2 able to selectively protoxidize the furan giving 
rise to an impressive fluorescent enhancement of 93-fold at 510 
nm. PFB was successfully targeted to various organelles using 
targeting moieties or Halo-tag and showed efficient sequential 
and selective photoactivation in live cells with high signal-to-noise 
ratios after photoactivation. In single molecule localization 
microscopy PFB displayed outstanding properties with an 
impressive number of blinks in short acquisition times allowing 
dynamic super resolution imaging in live cells. This work reaffirms 
the efficiency of directed photooxidation to develop advanced 
photomodulable fluorescent probes and extends the range of their 
applications. 

Supporting Information 

Materials and methods, protocol and characterization of newly 
synthesized compounds, and supplementary figures can be found 
in the supplementary information. 

Movie 1. Photoactivation of PFB-Mito using laser scanning 
confocal microscope.  
Movie 2. Dynamic super resolution of microtubules using SMLM 
Movie 3. Dynamic super resolution of microtubules using radial 
fluctuations. 
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PFB is an efficient, green-emitting, photoactivatable probe based on BODIPY. Upon irradiation with visible light (488 nm), directed 
photooxidation oxidizes the furanyl group and eliminates the quenching TICT mechanism, resulting in an impressive fluorescence 
enhancement at 510 nm (93-fold increase). PFB has been targeted to various cellular organelles and successfully used in 
photoactivation and live dynamic super-resolution microscopy. 
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