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Abstract: Photoactivated localization microscopy (PALM) relies on fluorescence photoactivation
and single-molecule localization to overcome optical diffraction and reconstruct images of biologi-
cal samples with spatial resolution at the nanoscale. The implementation of this subdiffraction im-
aging method, however, requires fluorescent probes with photochemical and photophysical prop-
erties specifically engineered to enable the localization of single photoactivated molecules with na-
nometer precision. The synthetic versatility and outstanding photophysical properties of the bo-
rondipyrromethene (BODIPY) chromophore are ideally suited to satisfy these stringent require-
ments. Specifically, synthetic manipulations of the BODIPY scaffold can be invoked to install pho-
tolabile functional groups and photoactivate fluorescence under photochemical control. Addition-
ally, targeting ligands can be incorporated in the resulting photoactivatable fluorophores (PAFs) to
label selected subcellular components in live cells. Indeed, photoactivatable BODIPYs have already
allowed the sub-diffraction imaging of diverse cellular substructures in live cells on the basis of
PALM and can evolve into invaluable analytical probes for bioimaging applications.

Keywords: Borondipyrromethenes (BODIPYs); fluorescence imaging; photoactivatable fluoro-
phores (PAFs); photoactivated localization microscopy (PALM); single-molecule localization mi-
croscopy (SMLM)

1. Introduction

The fluorescence microscope has become an indispensable tool in the biomedical la-
boratory to probe the dynamics and structures of biological samples at the micrometer
level.! Indeed, the minimally-invasive character, fast response and high sensitivity of flu-
orescence measurements,? in conjunction with the availability of vast libraries of fluores-
cent probes and labeling kits from commercial sources,® have turned fluorescence micros-
copy into the analytical method of choice to unravel the fundamentals of cellular pro-
cesses. Nonetheless, the spatial resolution of conventional fluorescence imaging schemes
is, at best, two orders of magnitude larger than the dimensions of molecules. As a result,
the structural factors regulating cellular functions at the molecular level remain elusive.

Optical diffraction’ is the fundamental physical phenomenon that prevents the spa-
tial resolution of fluorescence microscopes, based on far-field optics, to be significantly
smaller than the wavelength of the emitted light.! Specifically, the objective lens of the
microscope projects exciting radiation on the sample and collects the resulting emitted
light (a in Figure 1). The latter is focused in the form of a diffraction pattern (b in Figure
1), called Airy Pattern, with physical dimensions that are predominantly controlled by the
wavelength of the emitted radiation. The radius of the inner disk of the Airy Pattern is
approximately half of the emitted wavelength, which happens to be in the visible region
of the electromagnetic spectrum for most bioimaging applications. It follows that the Airy
pattern of a single fluorescent molecule is hundreds of nanometers in size. As a result,
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distinct fluorescent molecules can be resolved only if their distance is greater than the sum 46

of the radii of their Airy disks. 47
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Figure 1. Schematic representations of the main optical components of a conventional fluorescence 49
microscope (a) as well as of the Airy pattern (b) that the fluorescence of a single fluorophore pro- 50
duces on the focal plane of the objective lens. 51

The advent of super-resolution imaging6* provided viable strategies to overcome dif- 52
fraction and visualize structural features at the nanoscale with transformative implica- 53
tions in biology and medicine. Indeed, the resulting imaging methods allow the acquisi- 54
tion of fluorescence images with sub-diffraction resolution by differentiating closely- 55
spaced fluorophores in time. Some of these methods are based on the localization of single 56
molecules with switchable fluorescence to reconstruct subdiffraction images and are col- 57
lectively called single-molecule localization microscopy (SMLM).® One of these SMLM 58
strategies relies on photochemical reactions to switch the fluorescence of single molecules 59
and is termed photoactivated localization microscopy (PALM).10 This ingenious and pow- 60
erful methodology, however, cannot be implemented with conventional fluorophores. It 61
demands, instead, biocompatible emissive probes with photochemical and photophysical 62
properties specifically engineered for this application.!! The stringent requirements for the 63
implementation of PALM can be satisfied with appropriate structural modifications of the 64
basic scaffold of the borondipyrromethene (BODIPY) chromophore.'>" In this review, we 65
illustrate the structural designs and operating principles of all BODIPY derivatives with 66
photoactivatable fluorescence developed so far for PALM of live cells. 67

2. Photoactivated Localization Microscopy 68

PALM overcomes diffraction on the basis of fluorescence photoactivation and single- 69
molecule detection to enable the visualization of biological samples with spatial resolution 70
at the nanometer level.5%-1! Specifically, a given sample of interest is labeled with probes 71
capable of switching from a nonemissive state to an emissive form under irradiation atan 72
appropriate activation wavelength (Aac). The entire field of view is then illuminated at Aac 73
with sufficiently-low power densities to activate only a sparse subset of probes (a > bin 74
Figure 2) and ensure negligible probability of finding emissive species at subdiffraction 75
separations. If brightness and photon budget of the emissive species are sufficiently high 76
for single-molecule detection and localization with nanometer precision respectively, ir- 77
radiation at their excitation wavelength (Aex) then allows the determination of their spatial 78
coordinates (b — c in Figure 2). Further excitation eventually bleaches the localized probes 79
and turns permanently off their fluorescence (¢ — d in Figure 2). A new subset of probes 80
is then activated, localized and bleached. The very same sequence of three steps is reiter- 81
ated for thousands of times to provide multiple subsets of localized coordinates (e-h in 82
Figure 2), which can ultimately be combined into a reconstructed subdiffraction image (i 83
in Figure 2). 84
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Figure 2. Sequence of steps (a—i) required for the reconstruction of an image with subdiffraction 86
spatial resolution on the basis of fluorescence photoactivation and single-molecule localization. 87

The overall result of PALM is the ability to visualize structural features with a spatial ~ 88
resolution that would be impossible to achieve with conventional fluorescence imaging 89
schemes.6%-1! The downside of this transformative strategy, however, is that the probes 90
required for its implementation must satisfy stringent photochemical and photophysical 91
requirements. Indeed, they must switch from nonemissive to emissive states under illu- 92
mination conditions that, ideally, do not cause any photodamage to biological samples. 93
Furthermore, the emissive form must have a large molar absorption coefficient (¢) at Aex 94
and a high fluorescence quantum yield (¢r1) for the brightness (¢ x ¢r) to be appropriate 95
for single-molecule detection. Additionally, the emissive species must also be able to tol- 96
erate multiple excitation/deactivation cycles to allow the detection of hundreds of emitted 97
photons per molecule and, hence, permit localization with nanometer precision. Engineer- 98
ing such a unique combination of properties into a single molecular construct, while re- 99
taining compatibility with biological environments and labeling technologies, is a daunt- 100
ing task. 101

3. Photoactivatable Fluorophores 102

Photoactivatable fluorophores (PAFs) switch from a nonemissive to an emissive state 103
under illumination at an appropriate activation wavelength (Aacin Figure 3).20-% The latter 104
species produces fluorescence upon irradiation at the corresponding excitation wave- 105
length (Aex in Figure 3). As a result, PAFs enable the photoactivation of fluorescenceina 106
defined region of space at a precise interval of time, relying on the interplay of lasers op- 107
erating at Aac and Aex. In turn, the spatiotemporal control of fluorescence permits the im- 108
plementation of imaging strategies that would be impossible to perform with conven- 109
tional fluorophores. Indeed, PAFs allow the sequence of steps required to (1) overcome 110
diffraction in PALM (Figure 2),1 (2) track dynamic events in fluorescence photoactivation 111
and dissipation (FPD),%” (3) monitor fluid flow in microscaled channels in flow-tagging 112

velocimetry3 as well as (4) write and read optical barcodes in living organisms.® 113
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Figure 3. Structural designs for irreversible (a) and reversible (b) fluorescence photoactivation with 115
fluorophore-photocage and fluorophore-photochrome constructs respectively. 116

PAFs for irreversible fluorescence photoactivation (a in Figure 3) are generally con- 117
structed by integrating a fluorescent chromophore (fluorophore in Figure 3) and a photo- 118
cleavable protecting group (photocage in Figure 3) within the same molecular skeleton.2#?” 119
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Upon illumination at Aac, the photocage separates from the fluorophore, enabling the lat- 120
ter to produce fluorescence upon irradiation at Aex. PAFs for reversible fluorescence pho- 121
toactivation (b in Figure 3) are instead assembled by connecting covalently a fluorophore 122
to a photochromic chromophore (photochrome in Figure 3). The latter component inter- 123
converts reversibly between two distinct states upon illumination at Aac, allowing the 124
fluorophore to emit under irradiation at Aex only in one of the two interconvertible states. 125

In both structural designs for fluorescence photoactivation, intramolecular quench- 126
ing can be exploited to encourage the nonradiative deactivation of the fluorophore and 127
prevent fluorescence in the initial state of the PAF. The physical separation of the photo- 128
cage from the fluorophore (a in Figure 3) or the conversion of the photochrome (b in Fig- 129
ure 3) suppresses the quenching pathway, permits the radiative deactivation of the fluor- 130
ophore and generates fluorescence. On the basis of this mechanism, the absorption (a and 131
¢ in Figure 4) of the fluorophore remains essentially unaffected with photoactivation, 132
while the emission (b and d in Figure 4) increases significantly. Alternatively, the photoin- 133
duced disconnection of the photocage or conversion of the photochrome can be engi- 134
neered to shift bathochromically the absorption of the fluorophore (e and g in Figure 4). 135
Irradiation at a Aex within the shifted absorption band excites selectively the photochemi- 136
cal product to switch fluorescence from off to on (f and & in Figure 4). Indeed, the lack of 137
any absorbance at Aex for the initial state of the PAF eliminates any background fluores- 138
cence, which is instead unavoidable (b in Figure 4) for systems based on intramolecular 139
quenching. In fact, unitary quenching efficiencies are hardly achievable, limiting the con- 140
trast levels accessible with photoactivation mechanisms based on intramolecular quench- 141
ing. In turn, a limited contrast would complicate the single-molecule detection of a few 142
strongly-emissive probes in the presence of a large excess of weakly-emissive species, 143
which is an essential step (b — ¢ in Figure 2) of PALM."* Additionally, the lack of any 144
significant change in absorption with photoactivation (a and c in Figure 4) prevents the 145
selective bleaching of the photoactivated species under irradiation at Aex, which is alsoan 146
essential step (¢ — d in Figure 2) of PALM. Thus, PAFs, operating on the basis photoin- 147
duced bathochromic absorption shifts rather than intramolecular quenching, should ide- 148
ally be the photoactivatable probes of choice for PALM. Nonetheless, both photoactiva- 149
tion mechanisms have been used so far to reconstruct PALM images of live cells with 150
photoactivatable cyanine, 4! dihydrofuran,* oxime,* rhodamine,*# thioimide* and 151
BODIPY>%-5 derivatives. The latter family of PAFs is the focus of this review. 152

153

Figure 4. Absorption and emission spectra before (black traces) and after (green traces) the photo- 154
chemical conversion of a nonemissive reactant into an emissive product expected for fluorescence- 155
photoactivation mechanisms based on intramolecular quenching (a-d) and bathochromic shift (e~ 156
h) respectively. 157

4. Borondipyrromethenes 158

BODIPY chromophores consist of two pyrrole heterocycles bridged by a pair of car- 159
bon and boron atoms.'?'* Symmetrical BODIPYs are generally synthesized from an alde- 160
hyde or acyl chloride precursor and two equivalents of the corresponding pyrrole heter- 161
ocycle (Figure 5). Unsymmetrical BODIPYs can similarly be prepared from two different 162
pyrrole precursors, as long as one of the two incorporates an acyl group in the a-position 163
relative to the nitrogen atom. After condensation of the three or two molecular fragments 164
into a single covalent skeleton respectively, the boron atom must be introduced to lock 165
the two heterocyclic subunits in a co-planar arrangement and allow electronic delocaliza- 166
tion across the entire molecular construct. The resulting chromophoric platforms absorb 167



Molecules 2023, 28, x FOR PEER REVIEW 5 of 16

in the green region of the electromagnetic spectrum with molar absorption coefficient (¢) 168
close to 70,000 M-' cm-!, when the substituents (R-R?%) of the pyrrole heterocycle do not 169
allow further electronic delocalization. When extended electronic conjugation is instead 170
possible over R!, R2 and/or R3, the absorption bands of BODIPYs shift to the red and, in 171
some instances, can even reach the near-infrared region with &€ approaching 100,000 M1 172
cm-l, 173

R1 R5 R1

X=HorCl 174

Figure 5. Molecular skeleton of the BODIPY chromophore together with its retrosynthetic analysis. 175

The two ligands (R%) on the boron center are generally fluorine atoms, albeit numer- 176
ous derivatives with alkoxy, alkyl or aryl groups on this particular position have been 177
reported already.'" The associated pair of [B-N] bonds, holding the boron atom in place 178
and maintaining the co-planar arrangement, tolerate a wide range of experimental condi- 179
tions. As long as strong acids or strong nucleophiles are avoided, the chromophoric plat- 180
form generally remains intact and, therefore, can be modified with a wealth of synthetic 181
procedures, providing access to an essentially infinite library of BODIPY derivatives. 182

The group (R%) on the meso-position of the BODIPY is generally a hydrogen atom, an 183
alkyl substituent or an aryl ring.’>'° In the latter instance, the conformational freedom 184
about the dihedral angle between polycyclic chromophore and aryl substituent provides 185
nonradiative pathways for the relaxation of the BODIPY first singlet excited state (S1). Ste- 186
ric hinderance, often in the form of methyl groups at R!, prevents these processes and 187
ensures efficient radiative deactivation instead, as long as heavy atoms and/or electron 188
acceptors/donors are not incorporated in any of the other substituents (R>-R®). The former 189
atoms promote intersystem crossing from S to the first triplet excited state (T1). The latter 190
groups can transfer electrons to/from Si. Both processes result in efficient fluorescence 191
quenching. When the structural requirements to suppress processes competing with flu- 192
orescence are satisfied, BODIPY chromophores emit with high ¢z, which can often ap- 193
proach unity. In turn, the large € and high ¢r translate into appropriate brightness (& x ¢r1) 194
levels for single-molecule detection. 195

The fluorescence of BODIPY fluorophores can be photoactivated with the aid of com- 196
patible photocages (a in Figure 2) on the basis of either intramolecular quenching (a in 197
Figure 3) or bathochromic shifts (b in Figure 3).%5 Indeed, several photoactivatable BOD- 198
IPYs have already been designed around these operating principles and reported in the 199
literature.?*5-64 In particular, we implemented both photoactivation mechanisms relying 200
on the established photochemistry of ortho-nitrobenzyl (ONB) photocages.%> For example, 201
compound 1 (Figure 6) incorporates a pyridinium ring on the meso-position of a BODIPY 202
chromophore and absorbs strongly green light (a in Figure 4).5> Upon irradiation at a Aex 203
of 470 nm, electron transfer from the excited BODIPY to the adjacent pyridinium cation 204
occurs efficiently. As a result, 1 emits with a ¢r of only 0.05 (Table 1). Upon illumination 205
at Aac in the 300410 nm range, the ONB group connected to the nitrogen atom of the 206
pyridinium quencher cleaves irreversibly to generate 2 and 3. The photoinduced conver- 207
sion of the pyridinium cation of 1 into the pyridine ring of 2 suppresses the quenching 208
pathway. In fact, the latter compound emits with a Figri of 0.50 (Table 1), corresponding to 209



Molecules 2023, 28, x FOR PEER REVIEW 6 of 16

a contrast (Figer / ¢r1) of 100. It follows that the photolytic transformation of 1 into 2 is 210

accompanied by a gradual increase in emission intensity (b—g in Figure 4). 211
Table 1. Photophysical parameters.! 212

"X Ab FidAb Indber A Em m P\ Em Figri Ref.

1 534 546 0.005 526 545 0.50 55

4 548 562 0.07 588 602 0.50 57

7 526 541 0.001 522 539 0.66 54

11 498 517 0.002 495 510 0.96 50

14 491 509 0.002 491 509 0.28 52

17 608 623 0.89 656 669 0.40 51

20 654 673 0.90 590 630 o 64

24 514 561 0.20 630 701 0.23 53

! Wavelengths at the absorption maxima of the initial ("Aav) and final (dab) states; wavelengths at 213
the emission maxima of the initial ("Aem) and final (Fikem) states; fluorescence quantum yields of the 214
initial (""¢r) and final (Fiprr) states. Measured in MeCN, containing equimolar amounts of BusNOH, 215
for 1, MeCN for 4 and 14, PBS for an analog of 7, lacking the SNAP-tag ligand, MeOH for 11, THF 216
for 17, MeOH/H20 (1:1, v/v) for 20 and CH2Cl2 for 24. 2 Not reported. 217

OMe

OMe

200 300 400 500 600 700 800
A (nm) 218

Figure 6. Absorption (a) and emission (b, Aex = 470 nm) spectra of an equimolar MeCN solutionof 1~ 219
and BusNOH (10 pM) at 25 °C. Emission spectra (Lex =470 nm) of the same solution after irradiation 220
(Aac=300-410 nm, 3.33 mW cm™) for 5 (c), 10 (d), 15 (e), 20 (f) and 25 min (g). 221

The photoinduced conversion of 1 into 2 causes the emission band of the BODIPY 222
fluorophores to increase from low to high intensity (b and g in Figure 6) with a contrast of 223
(Figer / ¢r1) of 100.° The photochemical transformation of 4 into 5 causes instead the emis- 224
sion band of the BODIPY fluorophore to shift bathochromically (c and d in Figure 7).5” As = 225
a result, fluorescence switches from off to on (i.e., infinite contrast) in the spectral region 226
where the only the photochemical product emits. Compound 4 also incorporates an ONB 227
photocage within its molecular skeleton. Under irradiation at Aacin the 300-410 nm range, 228
the ONB groups cleaves irreversibly to generate 5 and 6. This structural transformation 229
converts the chiral sp? carbon atom at the junction of the indole and oxazine heterocycles 230
in 5 to sp? in 6 and, only then, allows the BODIPY chromophore to extend electronic delo- 231
calization over the adjacent indole heterocycle. It follows that the photoinduced 232
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conversion of 4 into 5 shifts bathochromically the absorption and emission bands of the 233
BODIPY fluorophore (a—d in Figure 7). In fact, reactant and product of this photochemical 234
reaction emit with "¢m and Figr of 0.07 and 0.50 (Table 1) respectively upon irradiation at 235
a Aex of 480 nm. 236

200 300 400 500 600 700 800
% (nm) 237
Figure 7. Normalized absorption (a and b) and emission (¢ and d, Aex = 480 nm) spectra of 4 (green 238
traces) and 5 (red traces) in MeCN at 25 °C. 239
5. Live-Cell Imaging 240

Compound 7 (Figure 8) was the first BODIPY derivative to have been photoactivated 241
in live cells.>* This molecule incorporates two hydrophilic 2-carboxyethyl substituents to 242
ensure sufficient aqueous solubility for administration into the extracellular matrix as well 243
as to avoid nonspecific adsorption on the many hydrophobic components in the intracel- 244
lular environment. It also has a ligand for the selective covalent labeling of SNAP-tag pro- 245
teins and a photocleavable ONB group. Incubation of live HeLa cells, expressing epider- 246
mal growth factor receptor (EGFR)-SNAP-tag fusions, with 7 results in the covalent at- 247
tachment of the photoactivatable BODIPY to the protein targets, after the nucleophilic dis- 248
placement of the guanine leaving group. A confocal laser scanning microscopy (CLSM) 249
image (a in Figure 8) of the labeled cells, recorded after extensive washing of unreacted 250
probes out of the cells, reveals negligible fluorescence. The pair of electron-withdrawing 251
nitro groups, engineered into the ONB photocage, promote electron transfer from the ex- 252
cited BODIPY and ensure low emission intensity. Control measurements on a model com- 253
pound, without the SNAP-tag ligand, in phosphate buffer saline (PBS) suggest "¢ri to be 254
only 0.001 (Table 1). Upon illumination of the entire field of view at a Aac of 365 nm, the 255
ONB group separates from the BODIPY chromophore, suppressing the quenching path- 256
way and increasing the emission intensity. The corresponding CLSM image (b in Figure 257
8) clearly shows significant intracellular fluorescence. Consistently, the photoactivation of 258
the model analogue results in a Figpr of 0.66 (Table 1), corresponding to a contrast (Fipr1 / 259
Ingr1) of 660. 260
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Protein
Labeling
>

261
Figure 8. CLSM images of live HeLa cells, expressing EGFR-SNAP-tag labeled with 7, recorded 262
before (a) and after (b) photoactivation [adapted with permission from Ref. 54]. 263

The transformative experiments with 7 demonstrated that photoactivatable BOD- 264
IPYs are, indeed, optimal probes for the spatiotemporal control of fluorescence in the in- 265
terior of live cells.> However, only diffraction-limited fluorescence images were reported 266
in these seminal studies. The first example of PALM images with photoactivatable BOD- 267
IPYs were instead recorded with compound 11 (Figure 9).5° This molecule incorporates a 268
paclitaxel ligand, capable of binding noncovalently the microtubules of live cells, as well 269
as two photolabile ethyl groups on the boron atom of the BODIPY chromophore. These 270
particular two groups promote the nonradiative deactivation of the excited fluorophore, 271
presumably as a result of their conformational freedom. Control measurements in meth- 272
anol suggest "¢r1 to be 0.002 (Table 1). Upon irradiation at a Aac of 488 nm, the two ethyl 273
groups are displaced by a pair of methoxy groups in methanol or hydroxy groups in water 274
and, presumably, converted into ethane molecules. Control measurements in the former 275
solvent indicate Figri to be 0.96 (Table 1), corresponding to a contrast (Fige / "r1) of 480. The 276
photoactivated fluorescence of this PAF could be exploited to capture diffraction-limited 277
(a in Figure 9) and reconstruct PALM (b in Figure 9) images of the microtubules of live 278
HeLa cells. Comparison of the two clearly reveals the drastic improvement in spatial res- 279
olution possible with PALM. Indeed, the full width at half maximum of the emission- 280
intensity profiles (blue and red bars in Figure 9), measured across a microtubule in the 281
two images, decreases from 453 to only 94 nm. 282
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283

Figure 9. Diffraction-limited (a) and PALM (b) images of live HeLa cells, stained with 11, reporting 284
the full width at half maximum of emission-intensity profiles (blue and red bars) measured across 285
the labeled microtubules [adapted with permission from Ref. 50]. 286

Compound 14 (Figure 10) is another remarkable example of photoactivatable BOD- 287
IPY successfully employed to visualize intracellular targets with subdiffraction resolution 288
in live cells.’? This molecule has a photolabile tetrazine appendage connected to the meso- 289
position of a BODIPY chromophore though a para-phenylene spacer. It also incorporates 290
a ligand for the selective covalent labeling of HaloTag proteins. Control measurements in 291
acetonitrile indicate "¢r1 to be only 0.002 (Table 1). Presumably, electron transfer from the 292
tetrazine ring to the excited BODIPY chromophore is responsible for the predominant 293
nonradiative deactivation of the chromophoric component. Upon illumination at a Aac of 294
405 nm, however, the tetrazine appendage cleaves to release one molecule of acetonitrile 295
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and one of nitrogen. In turn, the photoinduced removal of the quencher causes a signifi- 296
cant increase in emission intensity with a Figri of 0.28 (Table 1), corresponding to a contrast 297
(Figer / ngr1) of 141. Incubation of live COS-K1 cells, expressing HaloTag on histone 2B 298
(H2B), with 14 results in the covalent attachment of PAFs to the H2B-HaloTag fusions. 299
After extensive washing of unreacted probes out of the labeled cells, irradiation at Aac 300
disconnects the tetrazine quenchers to enhance significantly the emission intensity of the 301
BODIPY component. In turn, the photoactivated fluorescence can be exploited to acquire 302
diffraction-limited (a in Figure 10) and reconstruct PALM (b in Figure 10) images of the 303
sample. Comparing of the two imaging modalities shows, once again, the significant im- 304
provement in spatial resolution possible through the sequence of photoactivation, locali- 305
zation and bleaching steps (a—d in Figure 2) characteristic of PALM. 306

Protein
Labeling

307
Figure 10. Diffraction-limited (a) and PALM (b) images of live CHO-K1 cells, expressing H2B-Hal- 308
oTag labeled with 14 [adapted with permission from Ref. 52]. 309

The fluorescence photoactivation mechanism of 7, 11 and 14 relies on the suppression 310
of a quenching pathway with the photoinduced cleavage of an ONB photocage, a pair of 311
ethyl ligands or a tetrazine ring respectively.50525 The inability to achieve unitary quench- 312
ing efficiencies in the initial state, however, results in nonzero ™¢r. As a result, the 313
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photochemical products must be detected against some level of background fluorescence 314
coming from the reactants. Additionally, these photochemical reactions have negligible 315
influence on the spectral position of the BODIPY absorption, preventing the selective 316
bleaching of the photoactivated species. Such drawbacks complicate the implementation 317
of the sequence of steps (a—i in Figure 2) required for PALM. Our mechanism for fluores- 318
cence photoactivation (Figure 7), based on a photoinduced bathochromic shift, overcomes 319
both limitations.?” In particular, we designed an analogue of our original photoactivatable 320
BODIPY, in the shape of compound 17 (Figure 11), specifically for live-cell PALM.>! This 321
molecule has a styryl substituent, in place of the methyl group of the original molecule 322
(cf., 4), to position the absorption and emission bands of the photoactivated BODIPY in 323
the red region of the electromagnetic spectrum as well as to enhance its € and facilitate 324
single-molecule detection. Additionally, 17 incorporates also an N-hydroxysuccinimide 325
ester (NHS) in position 5 of the indole heterocycle to enable the covalent connection of 326
this compound to the primary amino groups of intracellular proteins. Indeed, incubation 327
of live COS-7 cells with 17 results in the nonselective labeling of intracellular proteins and 328
localization of the resulting conjugates in the lysosomal compartments. The characteristic 329
fluorescence of the BODIPY chromophore in the spectral region where the initial state 330
emits can clearly be observed, prior to photoactivation, in a diffraction-limited image (a 331
in Figure 11) of a single cell. The individual labeled organelles, however, have subdiffrac- 332
tion dimensions and cannot be resolved. The corresponding PALM counterpart (b in Fig- 333
ure 11) shows instead single lysosomes with an average diameter of ca. 80 nm. This par- 334
ticular image was reconstructed from 100,000 subsets of coordinates acquired sequentially ~ 335
(a—i in Figure 2) with a precision of ca. 15 nm in the single-molecule localization of the 336
photoactivated probes. 337

Protein
Labeling

338
Figure 11. Diffraction-limited (a) and PALM (b) images of the lysosomes of live COS-7 cells, labeled 339
with 17 [adapted with permission from Ref. 51]. 340

The photocleavable groups of 1, 4, 7, 14 and 17 require ultraviolet radiation or, at 341
best, violet light for photoactivation.>525455% [I[lumination of live cells with Aacin this spec- 342
tral range (350—410 nm), however, causes significant photodamage.6 Compound 11isa 343
remarkable exception.®® It can be photoactivated under illumination at a Aac of 488 nm. 344
Nonetheless, systematic cytotoxicity studies show that negligible cell mortality is ob- 345
served only under irradiation at wavelengths longer than 500 nm with the typical power 346
densities required for photoactivation.®® Compound 20 (Figure 12) satisfies this crucial 347
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requirement.® It absorbs and emits in the red region of the electromagnetic spectrum with 348
a ngr1 of 0.90 (Table 1). Upon illumination at a Aac of 630 nm, one of the two styryl substit- 349
uents on the pyrrole heterocycles cleaves to generate 21. The decrease in electronic delo- 350
calization with the photochemical conversion of 20 into 21 and 23 causes hypsochromic 351
shifts in absorption and emission, albeit Figri was not reported. In the interior of live cells, 352
the photochemical product reacts further with intracellular thiols, such as glutathione, to 353
the corresponding adducts (e.g., 23), causing a further hypsochromic shift in absorption 354
and emission. Indeed, CLSM images of live HeLa cells, recorded before (a in Figure 12) 355
and after (b in Figure 12) photoactivation with Aex of 561 and 488 nm respectively, reveal 356
fluorescence in both instances. 357

Thiol
Addition

.m 358
Figure 12. CLSM images of live HeLa cells, labeled with 20, recorded before (a) and after (b) photo- 359
activation [adapted with permission from Ref. 64]. 360

The ability to photoactivate fluorescence with red light is a significant advancement 361
in the development of PAFs for bioimaging applications. However, the photoinduced 362
hypsochromic shifts in absorption and emission, engineered into 20, complicate the selec- 363
tive excitation of the photochemical product.* In turn, this drawback would complicate 364
the single-molecule localization of the photoactivated species and their selective bleach- 365
ing. In fact, only diffraction-limited images were reported in these seminal studies. The 366
photochemical and photophysical properties of compound 24 (Figure 13) overcome some 367
of these limitations, albeit this PAF requires green, rather than red, light for photoactiva- 368
tion.”® This molecule incorporates two BODIPY components connected through a sulfinyl 369
group. It also has two aliphatic arms with terminal morpholine rings to encourage solu- 370
bilization in aqueous environments and direct the overall molecular construct into the 371
lysosomal compartments of live cells. The pair of BODIPY chromophores absorb and emit 372
in the green region of the electromagnetic spectrum with a "¢r 0.20 (Table 1). Upon irra- 373
diation at a Aac of 488 or 532 nm, the sulfinyl group is expelled to allow the direct connec- 374
tion of the two BODIPY fragments into a single chromophoric platform. As a result, the 375
absorption and emission bands shift bathochromically from the green to the red region 376
with a Figri of 0.23 (Table 1). Incubation of live RAW264.7 cells with 24 results in the lyso- 377
somal localization of the PAFs. Illumination of the labeled cells at a Aac of 488 nm can then 378
be exploited to photoactivate the internalized probes and implement the sequence of steps 379
(a—i in Figure 2) required for the reconstruction of PALM images. Comparison of diffrac- 380
tion-limited (a in Figure 13) and PALM (b in Figure 13) images of the labeled cells shows, 381
yet again, the significant improvement in spatial resolution possible on the basis of 382
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sequential single-molecule localization. In fact, the photoactivated species can be localized 383
in the lysosomal compartments of the live cells with a precision of ca. 39 nm. 384

0 0

385
Figure 13. Diffraction-limited (a) and PALM (b) images of the lysosomes of live RAW264.7 cells 386
labeled with 24 [adapted with permission from Ref. 53]. 387
6. Conclusions 388

The synthetic versatility of the BODIPY platform permits the installment of photola- 389
bile functional groups on the meso-position (1, 7 and 14), pyrrole heterocycles (4, 17, 20 390
and 24) or boron center (11) of the chromophoric platform. The resulting fluorophore- 391
photocage constructs increase their emission intensities or shift their emission bands in = 392
response to photoactivation. Such fluorescence changes are a result of the suppression of 393
nonradiative decay pathways (1, 7, 11 and 14) or modifications in electronic delocalization = 394
(4, 17, 20 and 24) with the photoinduced conversion of reactant into product. Synthetic = 395
manipulations also permit the introduction of functional groups on the BODIPY scaffold 396
for the covalent (7, 14 and 17) or noncovalent (11 and 24) labeling of intracellular targets. 397
The photoactivatable fluorescence of the resulting intracellular labels can be exploited to 398
capture diffraction-limited images of live cells as well as, when appropriate photochemi- 399
cal and photophysical requirements are satisfied, to reconstruct sub-diffraction images of ~ 400
the labeled intracellular components. The latter imaging protocol requires reiterative se- 401
quences of photoactivation, localization, bleaching steps (a—i in Figure 2) and is generally =~ 402
facilitated if the fluorescence switching mechanism is based on changes in electronic de- 403
localization. Such photochemical transformations can be engineered to cause significant 404
bathochromic shifts in absorption, enable the selective excitation of the product and 405
switch fluorescence on with infinite contrast in the spectral region where only the latter 406
species emits. In turn, the photoactivation of fluorescence with infinite contrast facilitates 407
the detection of sparse populations of single photoactivated molecules in the presence of 408
a large excess of the starting reactant. Additionally, operating principles based on pho- 409
toinduced bathochromic shifts also permit the selective bleaching of the localized photo- 410
activated species, once again, in the presence of a large excess of the starting reactant. The 411
combination of these photochemical and photophysical properties translates into the abil- 412
ity to localize single molecules with a precision approaching 15 nm in the interior of live 413
cells and visualize organelles with diameters as small as 80 nm. Indeed, BODIPYs with 414
photoactivatable fluorescence are a promising addition to the vast library of existing flu- 415
orescent dyes. They may well become the probes of choice for live-cell PALM to enable 416
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the routinary visualization of subcellular components with nanometer spatial resolution,
that is otherwise inaccessible to conventional fluorescence imaging schemes.
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