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ABSTRACT: The photoinduced disconnection of an oxazine
heterocycle from a borondipyrromethene (BODIPY) chromophore
activates bright far-red fluorescence. The high brightness of the
product and the lack of autofluorescence in this spectral region
allow its detection at the single-molecule level within the
organelles of live cells. Indeed, these photoactivatable
fluorophores localize in lysosomal compartments and remain
covalently immobilized within these organelles. The suppression
of diffusion allows the reiterative reconstruction of sub-diffraction
images and the visualization of the labeled organelles with
excellent localization precision.  Thus, the combination of
photochemical, photophysical and structural properties designed
into our fluorophores enable the visualization of live cells with a
spatial resolution that is inaccessible to conventional fluorescence
imaging.

The advent of super-resolution imaging'=3 is stimulating the
design of fluorescent probes with appropriate properties for the
sub-diffraction visualization of biological specimens. Most of the
synthetic dyes developed for these applications are cyanine and
xanthene derivatives with a few notable exceptions.*” Despite
their synthetic versatility and outstanding properties,®-*> BODIPY
chromophores have not been explored in this context, apart from
two remarkable examples.’®1” Both are based on photoswitching
and detection of BODIPY fluorescence at the single-molecule
level. In fact, structural designs to photoactivate BODIPY
emission have actually been reported in the literature already.'8-22
Most of them are based on the photoinduced disconnection of a
quencher from a BODIPY chromophore with concomitant
fluorescence enhancement. In principle, these compounds could
be exploited to reconstruct sub-diffraction images by
photoactivated localization microscopy (PALM).2324 However,
the modest fluorescence contrast accessible with these switching
mechanisms complicate detection at the single-molecule level.
Additionally, the initial and final states of these systems generally
absorb in the same spectral window, preventing the selective
photobleaching of the latter in the presence of the former
necessary for the sequential reconstruction of PALM images.

Our laboratories devised a photochemical mechanism to shift
bathochromically the main absorption of a BODIPY chromophore
and allow the selective excitation of the product.>>2° The overall
result is fluorescence activation with infinite contrast and the

spectral resolution of the absorptions of initial and final states.
This behavior suggests that photoactivable BODIPYs with
optimal properties for the implementation of PALM schemes can
be developed relying on these photochemical transformations.
This article reports the chemical synthesis and spectroscopic
characterization of members of this family of photoactivatable
fluorophores specifically designed for PALM and their ability to
enable the sub-diffraction visualization of intracellular
compartments in live cells.

A BODIPY fluorophore is connected to a photoswitchable
auxochrome and a styryl appendage within 1 and 3 (Figure 1).
Both molecules were synthesized in two steps from known
precursors (Figure S1). They differ in the nature of the group (R?)
on position 4 of the styryl substituent, which is a hydrogen atom
in 1 and a methoxy group in 3. The corresponding absorption
spectra (a in Figures 2 and S3) show the characteristic BODIPY
band with a maximum at a wavelength (Aab in Table S1) of 609
nm for 1 and 618 nm for 3 in tetrahydrofuran (THF) and a molar
absorption coefficient (¢) of 73.0 and 87.6 mM™* cm
respectively. The emission spectra (c in Figures 2 and S3) also
show the characteristic BODIPY band with a maximum at a
wavelength (Aem) of 624 nm for 1 and 635 nm for 3 and a
fluorescence quantum yield (¢r) of 0.85 and 0.80 respectively.
These relatively high ¢ and ¢r values correspond to a brightness
(e x ¢F) of 62 MMt cm for 1 and 66 mM-* cm™ for 3.

Illumination of THF solutions of 1 and 3 at a Aac in the
spectral region where their ortho-nitrobenzyl fragment absorbs
cleaves irreversibly the oxazine heterocycle to produce 2 and 4
respectively and release 7. This photoinduced transformation

Fluorophore
N

Figure 1. Photoinduced conversion of 1, 3 and 5 into 2, 4 and 6.
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converts the chiral center of the reactant into a sp? carbon atom in
the product and brings the BODIPY chromophore in electronic
conjugation with the indole auxochrome. As a result, the
BODIPY absorption shifts bathochromically (b in Figures 2 and
S3) to a Aab of 653 nm for 2 and 664 nm for 4 with ¢ of 72.8 and
86.7 mM~ cm™ respectively. Indeed, absorption spectra (e in
Figures 2 and S5) of THF solutions of 1 and 3, recorded over the
course of the photolytic transformation, show the developing
absorption of the photochemical product in both instances.
Analysis of the temporal absorbance evolution indicates the
quantum yield for the photochemical formation of 2 and 4 to be
0.02 and 0.04 respectively.  Furthermore, the pronounced
bathochromic shift in absorption associated with the photoinduced
conversion of 1 into 3 and of 2 into 4 allows the selective
excitation of the photochemical product with concomitant
fluorescence. Specifically, 2 emits at a Aem of 666 nm with a ¢r
of 041 and a ¢x ¢r of 30 mM? cm? and 4 produces
fluorescence at a Aem of 679 nm with a ¢r of 0.23 and a € x ¢r of
20 mM-tem,

The depressive effect of the methoxy group on the ¢r of the
photochemical product suggested the structural modification of
the unsubstituted system only to permit bioconjugation. In
particular, an active ester (RY) was introduced in position 5 of the
indole heterocycle of 1 to generate 5. This molecule was prepared
in two synthetic steps from known precursors (Figure S2). Its
absorption and emission spectra (a and ¢ in Figure S9) show the
active ester to have negligible influence on the position of the
BODIPY bands, in agreement with the fact that the
photocleavable auxochrome and fluorescent chromophore are
isolated electronically in the ground state. Indeed, Aab, Aem and &
for 5 are essentially the same of those measured for 1.
Additionally, the active ester does not seem to affect the
excitation dynamics and the ¢r of 5 remains close to that of the
parent compound.

Photolysis of 5 cleaves the oxazine heterocycle to generate 6
and 7, as observed for the parent system. Absorption spectra

(Figure S11), recorded during the course of the photochemical
c d
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Figure 2. Normalized absorption and emission spectra of 1 (a
and c) and 2 (b and d) in THF. Absorption spectra (e) of a THF
solution of 1 (10 uM) recorded before and during irradiation (350
nm, 4.2 mwW cm, 10 min).

transformation, reveal the developing absorption of 6 at a Aap of
656 nm with a € of 76.8 mM= cm™ (b in Figure S9). These
values differ slightly from those of the parent system, because the
photoinduced disconnection of the oxazine heterocycle brings the
active ester in conjugation with the BODIPY chromophore.
Analysis of the temporal absorbance evolution, during photolysis,
indicates the quantum yield for the photochemical transformation
to be 0.01. Selective excitation of the photochemical product
within the developing absorption generates fluorescence (d in
Figure S9) at a Aem of 669 nm and a ¢r of 0.40. These values are
remarkably similar to those of the parent system. Thus, our
photoactivatable BODIPY retains its photochemical and
photophysical properties almost unaffected even after substitution
with an active ester.

The excellent photophysical properties of our photoactivatable
fluorophores permit the characterization of their fluorescence at
the single-molecule level. Specifically, the photoactivation of 1
can be monitored within a poly(methyl methacrylate) (PMMA)
film using a spectroscopic photon localization microscopy
(SPLM) setup, which simultaneously collects spatial and spectral
information of single-molecule emission events.2® Illumination of
the doped polymer film at a Aex of 642 nm shows minimal
fluorescence, because the absorbance of 1 is negligible at this
wavelength.  After activation at a Aac of 405 nm, intense
fluorescence is detected at the single-molecule level, under the
same 642-nm excitation conditions, as a result of the
photoinduced formation of 2. The averaged single-molecule
emission spectrum (a in Figure 3) of 8,971 photoactivated events
shows a Aem Of 670 nm, confirming that photoactivation can be
replicated within the PMMA matrix at the single-molecule level.

The high brightness of 2 permits the observation of the spectral
evolution for a single photoactivation process. Upon
photoactivation, a single molecule of 2 can be detected
unambiguously and its emission spectrum can be monitored until
photobleaching (b in Figure 3). The emission intensity and
spectrum fluctuate over the entire acquisition time (c in Figure 3).
The standard deviation (osc) for the weighted spectral center
wavelength3! (Asc) distribution is 1.74 nm. The high resistance of
2 to photodegradation requires an illumination power of 500 W
cm2 at 642 nm to ensure photobleaching in tens of milliseconds
and enable the high-throughput detection of multiple
photoactivation events at the single-molecule level. The emission
intensities and spectra of 8,971 photoactivated events reveal larger
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Figure 3. Emission spectrum (a), averaged over 8,971 single
molecules, of a photoactivated PMMA film doped with 1 and
spectral evolution (b) of a single molecule after photoactivation.
Plots (c and d) of the emission intensity against the spectral
centroid and spectral centroid distributions (insets) with Gaussian
fitting (red lines), showing the spectral fluctuation of a single
molecule (c) and the spectral heterogeneity (d) among all events.
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variations than a single one (d in Figure 4). The value of Asc
fluctuates for as much as 60 nm with a osc of 5.0 nm.
Presumably, environmental inhomogeneities across different
regions of the substrate are responsible for the large spectral
heterogeneity, compared to the spectral fluctuations of a single
molecule. Indeed, differences in the local environment around
individual emitters are known to affect their spectral output.3!

Images, acquired with a confocal laser-scanning microscope
(CLSM), of COS-7 cells incubated with 1 (a in Figure S12) or 5
(a, d and g in Figure 4) show intense intracellular fluorescence
upon excitation at a Aex of 561 nm. Co-incubation with
lysosomal (b in Figures 5 and S12), mitochondrial (e in Figure 4)
or nuclear (h in Figure 4) stains reveals exclusive co-localization
in the lysosomes (c in Figures 4 and S12) with a Pearson's
coefficient of 0.98. No mitochondrial (f in Figure 4) and nuclear
(i in Figure 4) co-localizations are detected.

The internalized probes (1 or 5) can be photoactivated in the
intracellular environment of live COS-7 cells to track the bright
photochemical products (2 or 6) at the single-molecule level.
Interestingly, 2 appears to diffuse for hundreds of nanometers
intracellularly (Figure S13), while 6 remains localized at the
photoactivated site for prolonged times (Figure S14). Indeed, the
active ester of 5 is designed to anchor the internalized
photoactivatable fluorophores to the abundant primary amines of
the intracellular proteins. In fact, this particular functional group
is routinely employed to immobilize synthetic probes
intracellularly.3

The suppression of intracellular diffusion and high brightness
engineered into our photoactivatable fluorophores enable the
reconstruction of super-resolution images of live cells with
optimal localization performance. The lysosomal localization of
the photoactivatable probes, evident from the CLSM images of
COS-7 cells incubated with 5, can be exploited to visualize these
intracellular compartments with spatial resolution at the
nanometer level on the basis of PALM. Furthermore, the
photochemical mechanism for fluorescence activation designed
into our molecules permits the acquisition of PALM images in the
cell-growth medium without the addition of oxygen scavengers or
antioxidants.'® Once again, 5 switches to 6, under mild 405-nm
illumination, and the latter can be selectively excited with a Aex of
642 nm. Within tens of milliseconds, the photoactivated

h-‘ i

Figure 4. CLSM images of live COS-7 cells incubated with 5 (a,
d and g) and lysosomal (b), mitochondrial (e) or nuclear (h) stains
together with the corresponding overlays (c, f and i).

fluorophores photobleach irreversibly and cannot produce further
fluorescence. As a result, the reiterative photoactivation and
photobleaching of sub-populations of 5 and 6 respectively enable
the reconstruction of sub-diffraction images of the labeled
lysosomes with localization precision at the nanometer level.
Specifically, the intensity trajectory (d in Figure 5) of the
photoactivation/photobleaching process from a 7 x 7 pixel area
shows distinct intensity spikes over the entire acquisition time.
The reconstructed images (a—c in Figure 5) reveals individual
lysosomes that would otherwise be impossible to resolve with
conventional epi-fluorescence microscopy. The line profiles of
the green- and blue-highlighted regions indicate the size of
individual lysosomes to be ca. 80 nm (e in Figure 5), consistently
with literature values.®® The localization precision is ca. 15 nm
with a mean photon count of ca. 2,000 (f and g in Figure 5).
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Figure 5. PALM (a) and epi-fluorescence (inset) images of a
COS-7 cell labeled with 5. Magnifications (b and c) of the
highlighted regions. Representative single-molecule blinking
trajectory (d), recorded within a 7 x 7 pixel area in the same
sample after photoactivation. Line measurements (e) with
Gaussian fitting of individual lysosomes in b and ¢. Photon count
(F) and localization uncertainty (g) parameters of the single-
molecule photoactivation events.
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In summary, our structural design ensures photoactivation of
bright far-red fluorescence with infinite contrast in the lysosomal
compartments of live cells together with negligible intracellular
diffusion.  Such a combination of properties allows the
unprecedented visualization of labeled organelles in live cells
with localization precision of 15 nm. Thus, our photoactivatable
fluorophores can evolve into invaluable analytical tools for single-
molecule tracking and localization microscopy within intracellular
components of live cells.
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