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A Phosphole Oxide Based Fluorescent Dye with Exceptional
Resistance to Photobleaching: A Practical Tool for Continuous

Imaging in STED Microscopy
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and Shigehiro Yamaguchi*

Abstract: The development of stimulated emission depletion
(STED) microscopy represented a major breakthrough in
cellular and molecular biology. However, the intense laser
beams required for both excitation and STED usually provoke
rapid photobleaching of fluorescent molecular probes, which
significantly limits the performance and practical utility of
STED microscopy. We herein developed a photoresistant
fluorescent dye C-Naphox as a practical tool for STED
imaging. With excitation using either a A =405 or 488 nm laser
in protic solvents, C-Naphox exhibited an intense red/orange
fluorescence (quantum yield > 0.7) with a large Stokes shift
(circa 5900 cm™). Even after irradiation with a Xe lamp
(300 W, A, =460 nm, full width at half maximum (FWHM) =
11 nm) for 12 hours, 99.5 % of C-Naphox remained intact. The
high photoresistance of C-Naphox allowed repeated STED
imaging of HeLa cells. Even after recording 50 STED images,
83 % of the initial fluorescence intensity persisted.

Super-resolution nanoscopic techniques, such as stimulated
emission depletion (STED) microscopy, have evolved con-
tinuously over the past decade and have allowed scientists to
visualize structural details in biological systems.'! ITn STED
imaging, a fluorescent dye is exposed to irradiation from two
different laser sources, namely an excitation laser and a STED
beam, where the STED beam is a donut-shaped beam for the
depletion of excited molecules. The spatial resolution of
STED imaging increases with the Ispep/I, ratio, where Igpgp is
the STED beam intensity and [, represents the saturation
intensity at 50 % depletion."” An increase of the Isyp, value,
however, simultaneously accelerates the photobleaching of
the dye, mainly through multiphoton absorption,'" and even
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the most advanced photostable fluorophores currently avail-
able suffer from this limitation. Substantially enhancing the
photostability of a fluorescent dye has therefore been
a primary concern in order to employ STED microscopy for
live imaging. Herein, we report promising fluorescent small
molecules which exhibit outstanding photostability, even in
living cells and under continuous STED imaging conditions,
relative to currently available photostable fluorophores. This
compound class is thus a powerful tool for the advancement
of STED microscopy, with potential applications, for instance,
in repeated time-lapse STED imaging and live video imaging.

Our molecular design was based on a core scaffold of
(N,N-diphenylamino)phenyl-substituted benzophosphole P-
oxide (Bphox; Figure 1), which offers several distinct
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Figure 1. Molecular structures of fluorescent dyes based on phosphole
P-oxides.

advantages as a fluorescent probe. First, the combination of
the electron-donating properties of the amino moiety with the
electron-accepting properties of the benzophosphole P-oxide
leads to compounds with intense fluorescence emissions,
which can retain high fluorescence quantum yields (®;) even
in polar and protic solvents. Second, this donor-acceptor
combination gives rise to an intramolecular charge transfer
(ICT) character of the excited state. This feature induces
a large Stokes shift, which is advantageous in order to avoid
autofluorescence interference and anti-Stokes excitation
generated by the depletion laser. Third, upon increasing
solvent polarity, the emission maximum undergoes a signifi-
cant bathochromic shift, with the color of the emitted light
changing from bluish green to reddish orange. Taking
advantage of these features, we recently developed the
corresponding 3-phenyl-substituted derivative Ph-Bphox
and demonstrated its application as a polarity-sensitive
probe.'”! To impart such scaffolds with high photostability,
we designed structurally reinforced derivatives for this study,
that is, the diarylmethylene-bridged (hereafter simply
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denoted as “carbon-bridged”) ben-
zophosphole and naphthophosp-

in various solvents.

o

Table 1: Photophysical data for benzophosphole-based fluorophores Ph-Bphox, C-Bphox, and C-Naphox

hole P-oxides C-Bphox and C- Compound  Solvents Aas P dew ~ DOP 7 k, ko,
Naphox (Figure 1). In the course [nm]e [0*mMT'em™] [nm] [ns]  [10%s7]  [10%s7']
of this study a nonbridged naphtho-  py popoy  toluene 415 1.87 528 094 52 18 0.12
phosphole derivative was reported CH,Cl, 415 1.73 565 090 73 12 0.14
by Matano and co-workers."! MeCN 404 1.59 597 061 7.0 087 0.56
These compounds were synthe- MeOH 415 1.53 613 0.22 2.9 0.76 2.7
sized from the 3-bromo-substituted C-Bphox toluene 431 1.82 522 0.95 6.3 1.5 0.08
benzo- and  naphthophosphole CH,Cl, 434 1.69 564 092 88 1.0 0.09
. MeCN 427 1.70 594 0.81 8.7 0.93 0.22
oxides 2a and 2b as key precursors, MeOH 438 1.60 608 040 61 066 0.98
which were readily synthesized by ¢ Naphox  toluene 443 2.40 499 093 43 22 0.16
the previously reported intramolec- CH,Cl, 431 248 543 093 6.1 15 0.11
ular trans-halophosphanylation of MeCN 424 2.45 570 0.88 6.8 13 0.18
substituted diarylacetylenes  [q] Longest wavelength absorption maximum. [b] Absolute fluorescence quantum yields determined

(Scheme 1)." The reduction of 2a
and 2b with HSIiCl; followed by
halogen-lithium exchange with
tBuLi produced the corresponding lithiated intermediates.
Subsequent treatment with diarylketones and a 30% H,O,
aqueous solution afforded 3-hydroxymethyl-substituted
benzo- and naphthophosphole oxides 3a and 3b. Further
intramolecular Friedel-Crafts cyclization in the presence of

B p 1) 1BuLi, THE Ph O
@ . O N 2)PhP(NEL)CI P O N,Ph
= b 3)PBr @ / \
Ph s Ph
4)Hy0; aq. Br
(Ref. [12])

2a33%
2b 47%

1a (Ar = CgHy)
1b (Ar = naphthalen-2,3-diyl)

1) HSICl3, toluene

2) tBuLi, THF Ph O Ph9
—78°C P. O N,P"' BF3OFEt, P. B
—_— —_— y
3) Ar,C=0 @ / %h  CH.Cl (for 3a) @ .O N
then NH,Cl aq. OH or CICH,CI,Cl (for 3b) Ph
4)H,0, aq. R R R

3a (R = CgHs) 51%
3b (R = 4-CH3(OCH;CH,)30CeH,) 23%

C-Bphox 65%
C-Naphox 48%

Scheme 1. Synthesis of C-Bphox and C-Naphox.

BF;-OEt, successfully gave the methylene-bridged molecules
C-Bphox and C-Naphox in 65 % and 48 % yields, respectively.
Triethyleneglycol chains were incorporated onto the carbon-
bridged moiety in C-Naphox to increase its solubility, for
which values of 1.0 and 0.10 gmL™' were measured in
dimethylsulfoxide (DMSO) and methanol (MeOH), respec-
tively.

The photophysical properties for thus-prepared C-Bphox
and C-Naphox were investigated in various solvents (Table 1;
Figures S1 and S2 in the Supporting Information). In general,
both compounds exhibit large Stokes shifts and substantial
polarity-responsive fluorescence as a result of intramolecular
charge transfer (ICT) character in the excited state. In
comparison with Ph-Bphox, the bridged analogue C-Bphox
shows a slightly red-shifted absorption band (circa 20 nm)
because of more effective i conjugation, while the emission
maximum wavelengths (4.,) of C-Bphox are slightly blue-
shifted relative to Ph-Bphox irrespective of solvent. As
a result of the broad absorption bands of C-Bphox and C-
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with a calibrated integrating sphere system (errors <3 %).

Naphox centered around 1=425-440nm and tailing to
500 nm, excitation could not only be achieved using a 4., =
405 nm laser but also by a 488 nm laser, which are commonly
used lasers in optical microscopy. In MeOH, C-Bphox and C-
Naphox subsequently exhibited reddish-orange emission
bands with maximum emission wavelengths of 1 =608 nm
and 582 nm, respectively. The detected large Stokes shifts of
6400 cm ™' (C-Bphox) and 5900 cm™' (C-Naphox) in MeOH
should be a great advantage for fluorescent probes.['”!

It should be noted that the carbon-bridged and naphtha-
lene-fused structure of C-Naphox is key for the generation of
intense fluorescence, which gives rise not only to an increased
molar extinction coefficient (¢) but also to substantially
higher fluorescence quantum yields (@g), even in polar and
protic solvents. Whereas the @ value of Ph-Bphox decreased
from 0.61 in acetonitrile (MeCN) to 0.22 in MeOH, C-Naphox
maintained a @y value of 0.71 in MeOH. The fluorescence
brightness, defined as the product between the & and
@y values, for C-Naphox in MeOH was measured to be
1.65 x 10*, which is 4.9 times higher than that of Ph-Bphox
(3.37x 10°).

Studies on the excited-state dynamics revealed the impact
of the carbon-bridged and naphthalene-fused structure on the
fluorescence. Radiative (k,) and nonradiative (k) decay rate
constants from the lowest excited singlet state (S;) were
determined based on the values for @ and the fluorescence
lifetime (7; Table 1 and Figure S3). In MeOH, both C-Naphox
and C-Bphox exhibited significantly smaller k,, values rela-
tive to that of Ph-Bphox, demonstrating a significant impact
of structural rigidity on the suppression of nonradiative decay.
Conversely, the higher k,value detected for C-Naphox
compared to C-Bphox demonstrated that the expansion of
the m conjugation with the naphthalene skeleton accelerates
the radiative decay from the excited state, but does not cause
a bathochromic shift of the emission wavelength. The
synergistic effect between these two factors should thus be
responsible for the high brightness of C-Naphox.

The ICT character of the fluorescent molecule is some-
times affected by environmental pH values. Before staining
cells with C-Naphox, we measured fluorescence spectra in
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a mixture of DMSO and pH buffer solution (7:3 v/v; pH 1-
11). The emission spectra of C-Naphox remained unchanged
for a wide range of pH values (Figure S4). Because the
conjugate acid of triphenylamine moiety has a pK, value of
—5, no protonation occurs on the amino group in the
biological pH range.

Cytotoxicity of the fluorescent probe is another important
issue for staining living cells. A cytotoxic MTT assay of C-
Naphox in HeLa cells was conducted with an incubation
period of 24 h (37°C, 5% CO,). No significant cytotoxicity,
that is about 100% cell viability, was detected for concen-
trations up to 10 um (Figure S7). This result indicates that sub-
um concentrations of C-Naphox, which are usually required
for cellular staining experiments, can be used for prolonged
imaging experiments in live cells.

C-Bphox and C-Naphox were found to exhibit exception-
ally high resistance to photobleaching. The photostabilities of
Ph-Bphox, C-Bphox, and C-Naphox were initially examined
in MeCN solution under irradiation with a pulsed laser (., =
405 nm, 55 ps, 273 mW, 100 MHz; Figure 2a). Ph-Bphox has
higher stability in comparison with the corresponding pro-
tonated derivative H-Bphox, demonstrating that the presence
of the phenyl group already substantially enhances the
photostability. An even more pronounced improvement was
detected for the structurally reinforced derivatives C-Bphox
and C-Naphox, both of which did not show any significant
photobleaching even after continuous exposure to irradiation
from the A, =405 nm laser for 2 hours. As photobleaching
may potentially arise from reaction at the central double-
bond moiety with singlet O, and/or a hydroxyl radical
generated during photoexcitation, the protection of this
double bond by the phosphoryl moiety and the carbon
bridge should thus effectively prevent those degradation
processes.

To highlight the photostability of C-Naphox, the com-
pound was compared to the representative STED imaging
probes Alexa Fluor 488 (Alexa 488) and Atto 488 (see the
Experimental Section) in DMSO/HEPES buffer (7:3 v/v,
pH 7.3; HEPES = 2-[4-(2-hydroxyethyl)-1-piperazinyl]etha-
nesulfonic acid) under irradiation with a Xe lamp (300 W)
equipped with a band-pass filter of 1., =460 nm (half peak
width =11 nm). After irradiation for 2 h, although 26.2 % of
Alexa 488 and 96.7% of Atto 488 persisted, 99.9% of C-
Naphox remained intact. Even after irradiation for 12 h,
during which only 58.7% of Atto 488 persisted, C-Naphox
still remained almost quantitatively intact (99.5 %; Figure 2b,
Figure S5). A more pronounced difference was detected upon
irradiation with a Xe lamp (300 W) using a cut-off filter of
Aex > 325 nm (Figure S6). After 70 min of irradiation, 99.5%
of C-Naphox remained, whereas only 35% of Atto 488
persisted. These results clearly demonstrated the excellent
photostability of the structurally reinforced derivatives, at
least in terms of the photoexcitation from the ground state
(Sy) to the first singlet excited state (S,) and the corresponding
decay from the S, to S state.

The outstanding photostability of C-Naphox encouraged
us to employ it for fluorescence imaging in STED microscopy.
To evaluate the performance of the compound as a fluorescent
probe in biological samples, confocal images of living

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a
) 1.00 L SRR IILLEEE e T TETE SE O .9
o o C-Bphox, C-Naphox
<
® B
2 “e
8 T
< “*..Ph-Bphox
2095} ‘e s
g .
[
= e
=
[0} B .
(v
H-Bphox'®
0.90 |
0 30 60 90 120

Irradiation time / min

O

~
—_
o

C-Naphox

<O
<
8 08
c
8
§ Atto 488
< 06}
[
=
©
5]
T 04}
Alexa 488
0.2 L L L 1 L |
0 240 480 720

Irradiation time / min
Figure 2. Photostability of the phosphole oxide based fluorescent dyes.
a) Relative absorbance values of Ph-Bphox (purple circle), H-Bphox
(green circle), C-Bphox (blue circle), and C-Naphox (red circle) as
a function of irradiation time with a 405 nm pulse laser in MeCN
solutions. b) Relative absorbance values of DMSO/HEPES buffer
solutions (pH 7.3, 7:3 v/v) of C-Naphox (red square), Alexa 488 (blue
square), and Atto 488 (green square) as a function of irradiation time,
after irradiation with a Xe lamp (300 W) using a band-pass filter of
46011 nm. In all cases, solution concentrations were adjusted to be
comparable in terms of optical density at 405 nm and 460 nm for (a)
and (b), respectively. Ay=absorbance at t=0.

HelLa cells stained with C-Naphox were taken initially using
a Leica TCS STED CW microscope (Leica Microsystems;
CW = continuous wave). A fluorescence image of an entire
cell (Figure 3; Figure S8) demonstrated that the dye was
membrane permeable and distributed in intracellular net-
work structures. Its staining pattern partially overlapped with
that of an Alexa 488-conjugated anti-KDEL antibody, a com-
mercially available endoplasmic reticulum (ER) marker,
suggesting that hydrophobic C-Naphox prefers to accumulate
in hydrophobic organelles such as the ER (Figure S9).
However, nonspecific binding of the dye could not be
eliminated even after repeated washings of the cells with
phosphate buffered saline (PBS; pH 7.0). STED imaging of
the same cell (Figure S8a) using an excitation laser of 1., =
488 nm and an STED depletion laser of A, =592 nm,
provided a high-resolution image (Figure S8b).

To evaluate the potential of C-Naphox as a fluorescent
labeling reagent for repeated and prolonged STED imaging,
its intracellular photostability under STED conditions was
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Figure 3. Comparison of the photostabilities of C-Naphox and an
Alexa 488-antibody conjugate in fixed Hela cells under STED condi-
tions. Repeated STED images of cells stained with a) C-Naphox and
b) the Alexa 488-conjugated anti-KDEL antibody. After the stained cells
were mounted on the microscope stage, five images were taken
consecutively at 2 min 45 sec intervals. Irradiation sources: a tunable
white-light excitation laser (488 nm, 80 MHz, output power 70%,
AOTF 80%) and a CW-STED laser (592 nm CW laser, output power
95%, AOTF 100%). c) Plots of normalized intracellular fluorescence
intensity as a function of the number of recorded STED images.
Normalization was carried out against the initial fluorescence intensity.
Scale bars in (a,b) =10 um.

compared to that of antibody-conjugated Alexa 488. After
fixing and staining the cells with each dye, the imaging
experiments were carried out using a A =488 nm excitation
laser (white light laser, output power 70%, AOTF 80%;
AOTF = acousto-optic tunable filter) and a 592 nm STED
beam (CW laser, output power 95%, AOTF 100% ). Most
importantly, the intensity of the C-Naphox fluorescence signal
remained virtually unchanged, even after recording five
images (Figure 3a), whereas a significant decrease in signal
intensity was detected for cells labelled with Alexa 488 during
the measurement (Figure 3b). This is particularly noteworthy
considering that Alexa 488 is currently regarded as one of the
most photoresistant commercially available dyes. Moreover,
the intracellular fluorescent intensity of C-Naphox remained
at 83% of the initial value even after recording 50 images
using identical laser intensities (Figure 3c). To our knowl-
edge, C-Naphox is thus the first fluorescent dye that permits
repeated STED imaging at such a low degree of photo-
degradation.!"’!

In summary, we have developed a bright and highly
photostable fluorescent dye, C-Naphox, by the incorporation
of a carbon bridge into the naphthophosphole P-oxide
fluorophore. In contrast to previously reported photostable

Angew. Chem. 2015, 127, 15428 15432

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angéwandte

dyes, such as Alexa 488 and Atto 488, C-Naphox exhibited
superior photostability under STED conditions. By using C-
Naphox, we successfully achieved repeated STED imaging of
HelLa cells without suffering serious photobleaching even
after a 50-fold repetition. The enhancement of the fluoro-
phore stability under STED imaging conditions is absolutely
imperative for the practical application of STED imaging in
the visualization of various biological events. The remarkable
photostability of C-Naphox should thus open a previously
unattainable avenue to record prolonged live STED imaging,
potentially enabling the visualization of various biological
events with high spatial resolution.'”! The polarity-responsive
fluorescence with large Stokes shifts should impart C-Naphox
with the potential for multi-color imaging and thus increase
its value even further.

Experimental Section

Evaluation of photostability: The photostability of the fluorophores
was evaluated by considering both the variation of the absorption of
each sample at the absorption maximum wavelength (4,,) and the
irradiation time upon irradiation of the sample with laser light or
using a Xe lamp. To compare the photostability of the fluorophores
Ph-Bphox, H-Bphox, C-Bphox, and C-Naphox (Figure 3a), a pico-
second light pulser (frequency 100 MHz; C10196, Hamamatsu
Photonics) with a laser diode head of 4 =405 nm (pulse width 55 ps,
maximum output power 273 mW; PLP10-040, Hamamatsu Photonics)
was used. The sample solution in MeCN in a quartz cuvette was
irradiated at room temperature under identical irradiation conditions
in terms of the distance and output power of the laser. The
concentrations of the sample solution were adjusted to be comparable
to one another in terms of optical densities (0.39 of Ph-Bphox, 0.43 of
H-Bphox, 0.42 of C-Bphox, and 0.39 of C-Naphox) at the excitation
wavelength of =405 nm. The absorption spectra of each sample
were measured at 0, 20, 60, and 120 min during the irradiation. To
compare the photostability of C-Naphox and representative dyes,
a 300 W Xe lamp (Asahi spectra, MAX-302) equipped with a 1=
460 nm band-pass filter (a half peak width of 11 nm) was used. The
sample solutions of C-Naphox, Alexa 488 (Alexa Fluor 488 Hydra-
zide, Life technologies), and Atto 488 (Atto 488 NHS ester, Sigma-—
Aldrich) were prepared in a mixture of DMSO and HEPES buffer
(pH 7.3) with a volume ratio 7:3 v/v. Their concentrations were
adjusted to be comparable to one another in terms of optical densities
(0.21 of C-Naphox, 0.22 of Alexa 488, and 0.22 of Atto 488) at the
excitation wavelength of A =460 nm. The sample solution in a quartz
cuvette was placed at a distance of 3.5 cm from the Xe light source.
The absorption spectra were measured at appropriate times during
the irradiation.

STED imaging: Super resolution microscopy was performed
using the TCSSP8 STED with a HCXPL APO 100x/1.40 oil
immersion lens (Leica). In live-cell imaging stained by C-Naphox,
the emission spectrum at A=495-590nm was collected using
a 488 nm laser line (Ar laser; output power 30 %, AOTF 80 %) and
a STED depletion laser line (592 nm CW laser; output power 95 %,
AOTF 95%) were used. For continuous STED imaging, the fixed
cells stained by anti-KDEL antibody conjugated with Alexa 488 or C-
Naphox were excited with a 488 nm laser line (white light laser;
80 MHz, output power 70 %, AOTF 80 % ) and a STED laser (592 nm
CW laser; output power 95 %, AOTF 100 % ). The emission spectrum
at 1=495-585nm was collected in 2 min 45 sec intervals. For the
evaluation of photostability, total fluorescence intensities of the
region of interest (ROI) were normalized to the ROI in the first
images, and the relative intensities were plotted against the number of
STED images.
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