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A novel pyrene-based two-photon active
fluorescent dye efficiently excited and emitting in
the ‘tissue optical window (650-1100 nm)'t

Yosuke Niko,? Hiroki Moritomo,® Hiroyuki Sugihara, Yasutaka Suzuki,®
Jun Kawamata*® and Gen-ichi Konishi*34

The development of two-photon (TP) active fluorophores remains an important issue. Dyes that can be
excited and fluoresce efficiently in the ‘tissue optical window' (650-1100 nm) are especially in demand
to maximize the underlying performance of two-photon fluorescence microscopy (TPFM) as an
advanced optical technique. Ideally, such dyes would be compatible with the 1050 nm femtosecond
fibre laser, which has recently been developed as an inexpensive excitation source to make the TPFM
technique universal. In this work, we designed and synthesized a novel pyrene-based acceptor-m—
acceptor (A—m—A) dye, PY, which exhibited outstanding properties such as bright fluorescence (Aem =
650 nm and @¢_ = 0.80) and a large two-photon absorption cross-section (1100 GM (1 GM = 10°° cm?
per photon per molecule) at 950 nm and 380 GM at 1050 nm) in the tissue optical window. In living
mitochondria, PY provided more sensitive microscopic images than current dyes and showed great
potential to be a building block of TP active fluorescent probes for the 1050 nm fibre laser. We believe
that the exceptional properties of PY will be extended to other fluorescent probes through further

www.rsc.org/MaterialsB chemical modification.

Introduction

Two-photon fluorescence microscopy (TPFM) has received
considerable attention as an advanced optical technique,
especially in the biomedical field, because it can provide both in
vivo and in vitro three-dimensional (3D) images deep within the
samples of interest using low-energy photons, which signifi-
cantly reduces the photodamage and photobleaching of tissues
and organs.'™ The usability of this technique strongly depends
on the performance of the probe molecules; therefore, the
development of two-photon (TP) activatable fluorophores
remains an urgent issue. In recent years, remarkable progress
has been made in the molecular design concepts for dyes to be
used in practical applications."*>® For instance, TP active dyes
that function as detectors of chemical or biological events in the
target system and can realize ratiometric imaging are highly
important.>® The significance of this type of function is
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apparent from the substantial amount of research on the use of
one-photon activatable molecular probes.”®

The attractive, but still challenging feature of TP active dyes
is their efficient TP absorption and bright fluorescence bands in
the 650-1100 nm region.” This wavelength region is the so-
called ‘tissue optical window’, where undesired absorption of
excitation light and fluorescence, light scattering, and auto-
fluorescence due to biological media are minimal.* However,
the development of such dyes has been limited,¥” as seen from
current reviews." Furthermore, TP dyes would ideally be
excited with the 1050 nm femtosecond fibre laser, which has
recently been developed as an inexpensive excitation source.®
One of the advantages of fluorescence techniques is that they
are relatively cheaper than other diagnostic tools like single-
photon emission computed tomography (SPECT).* Consid-
ering the expensive hardware used, this is currently not the case
for TPFM; however, the compatibility of TP dyes with such a
fibre laser would make TPFM universally available. The
inherent advantages of the TPFM technique would be truly
maximized by employing probes that satisfy all the above
mentioned requirements.

To this end, we have developed a novel pyrene-based
acceptor-r-acceptor (A-m-A) dye based on the following ratio-
nale. Our group has previously exploited a molecular design
strategy to construct A-7-A structures (i.e. fluorene-based FLW,
naphthalene-based NP, and anthracene-based AC, shown in
Fig. 1) for TPFM.* In these structures, two pyridinium moieties,

This journal is © The Royal Society of Chemistry 2015
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acting as electron acceptors (A), were linked by vinyl linkers to a
T-centre consisting of a planer and rigid aromatic chromo-
phore, typified by polycyclic aromatic hydrocarbons (PAHs). The
dyes comprising such structures exhibited large TP absorption
cross-sections (¢'?) at longer wavelengths owing to strong
intramolecular charge transfer characteristics and extended -
conjugation lengths. However, the PAH-based A-m-A dyes we
have developed so far do not satisfy the above-mentioned
performance characteristics. Herein, we focused on the pyrene
chromophore as a new m-centre for A-mt-A dyes. Pyrene often
has several photophysical and structural advantages when
compared with the other PAHs, e.g. longer excitation and
emission wavelengths, higher fluorescence quantum yields
(Pg1), higher absorption extinction coefficients (¢), more -
electrons, and greater planarity and symmetry.*** These prop-
erties are thought to be related to the spectral red shift of
fluorescence and TP absorption and the enhancement of o®
values.*

In this paper, we report the synthesis of a pyrene-based A-7-A
dye PY [(4,4'-((1E,1'E)-(3,8-dibutylpyrene-1,6-diyl)bis(ethene-2,1-
diyl))bis(1-methylpyridin-1-ium) iodide)] and its outstanding
optical properties in dimethylsulfoxide (DMSO). We also show
the actual performance of PY in mitochondrial imaging using
the TPFM technique and compare its performance with those of
FLW, NP, AC, commercially available dyes, and other existing
TP activatable dyes. These results demonstrated that PY is
applicable in biological applications, and its use could be
extended to other organic diagnostic tools, like fluorescent
nanoparticles,* through further structural modification.

Results and discussion
Synthesis of PY

The synthetic protocol of PY is outlined in Scheme 1. Firstly,
compound 1 was prepared through the introduction of two n-
butyl groups into the 3 and 8 positions of pyrene. Next, Friedel-
Crafts formylation was conducted to obtain a diformylated
compound 2. Finally, Knoevenagel condensation between 2 and
1,4-dimethylpyridin-1-ium iodide was carried out to afford the
final product PY. The role of the n-butyl groups was to enhance
the solubility for the easier preparation of compound 2 and to
fix the two formyl groups at the 1 and 6 positions. This pattern

Pyridinium moiety
«Electron acceptor

-Enhancement of water solubility I~ 4‘]/ A =
*Targets mitochondria ﬁ/ Clo;3 \=/) Q.O /aY

v
1~ Pyrene ZN
-Large n-system SN
it o el A
+High eand @ I,NI »

-High planarity and symmetry

Fig. 1 Molecular design of PAH-based A—m—A dyes and the role of
each moiety.
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Scheme 1 Synthetic route to PY. (i) (1) THF, n-BuLi, 1-bromobutane,
0°C, 12 h (2) n-C4Hg, r.t., 31 (78%). (i) CH,Cly, TiCly, CLLCHOCH;, 0 °C,
23 h (41%). (iii) MeOH/CHCls, piperidine, 1,4-dimethylpyridin-1-ium
iodide, reflux, 12 h (59%).

of substitution should make PY quadrupolar, which is linked to
high 0@ values.*>' The obtained PY was characterized by 'H
and *C NMR, and high-resolution mass spectrometry (see
ESIY). In addition, the solubility of PY in water was estimated to
be ~2 x 107® mol L " (see Fig. S1 in the ESI{), which satisfied
the essential requirement for living cell imaging without using
excess organic solvents.>

One-photon absorption and fluorescence properties of PY

As mentioned above, PY has sufficient water solubility to stain
living cells without the use of organic solvents. However, this
water solubility is too low to reliably characterize the TP
absorption. Therefore, all spectroscopic measurements were
conducted using DMSO as the solvent, unless otherwise noted.

The one-photon absorption and fluorescence spectra of PY
were recorded (Fig. 2). Interestingly, PY in DMSO exhibited an
absorption peak at 510 nm, which is at a longer wavelength than
those observed for FLW, NP, and AC.* The anthracene-based
dye, AC, has an absorption peak at a shorter wavelength (490
nm in DMSO), even though anthracene derivatives generally
have longer absorption wavelengths than pyrene derivatives
with similar substitution, as does the parent anthracene (A,ps =
372 nm compared with A,ps = 330 nm for pyrene in ethanol).***
A possible reason for this different behaviour is that the 1 and 6
positions of pyrene may accept stronger r-conjugation from the
vinyl group-linked pyridinium moieties than the 2 and 6

—— Absorption
— Fluorescence

Tissue optical window

Fluorescence intensity [a.u.]

—

800

500 600 700
Wavelength [nm]

0 L
300 400 900

Fig. 2 One-photon absorption and fluorescence spectra of PY in
DMSO. The tissue optical window is indicated in green.
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positions of anthracene.” As confirmed by DFT calculations,
the substitution of acceptor groups at positions 1 and 6 in
pyrene and at positions 9 and 10 in anthracene is most effective
to induce red-shifted absorption spectra and to enhance the
transition moments (Fig. S2 and S37). On the other hand, it is
expected that substitution at the 9 and 10 positions in anthra-
cene by vinyl group-linked pyridinium moieties would result in
a loss of planarity because of steric hindrance, which could
decrease the ¢/? value. Thus, pyrene has a structural advantage
when compared with anthracene, as the pyrene 7-system can be
extended significantly without losing its planar structure.
Importantly, the energy of a TP absorption allowed state is
located at around one-half the energy level of a one-photon
absorption allowed state; therefore, such a red-shifted one-
photon absorption wavelength for PY is preferable for our
purpose.

PY in DMSO showed a fluorescence peak at 650 nm, and the
spectrum extended to 850 nm, which means that PY fluores-
cence is advantageously within the tissue optical window.
Furthermore, a @, value of 0.80 was measured; this value is
significantly higher than those of the other PAH-based A-m-A
dyes (FLW, NP, and AC have @y, values in DMSO of 0.44, 0.36,
and 0.66, at 542 nm, 516 nm, and 640 nm, respectively).> The
reason for the high &g, value of PY might be related to the
above-mentioned stronger perturbation from -conjugation
with the pyrene chromophore or its rigid structure, which
decreases vibrational deactivation.'® The fluorescence peak of
PY in aqueous solution was located at 650 nm. Thus, PY in water
also fluoresced within the tissue optical window. The @, value
in aqueous solution was lower (0.10); highly polarized dyes
exhibiting fluorescence at longer wavelengths tend to be less
fluorescent in higher polarity solvents because of charge sepa-
ration, which increases internal conversion.*'” Considering
that biological tissues and organs are usually less polar than
water, such a strong decrease in the @g;, value might be pref-
erable to obtain background-free imaging.’ Thus, it was
revealed that PY exhibits one-photon absorption that is suitable
for realizing a longer wavelength TP absorption band and a
fluorescence band with a high @, value in the tissue optical
window.

Two-photon absorption properties of PY

The TP absorption spectrum of PY in DMSO was recorded using
the open-aperture Z-scan technique.! The maximum ¢® value
of PY was 1100 GM (1 GM = 10°° em* per photon per molecule)
at 950 nm (Fig. 3); this value is significantly higher than those
for FLW, NP, and AC. PY also showed significant TP absorption
at 1050 nm (380 GM), indicating that PY is compatible with the
1050 nm fibre laser source, whereas the TP absorption of FLW,
NP, and AC at wavelengths longer than 1000 nm is quite small.>
These characteristics of PY, including the large ¢ value and
longer TP absorption wavelength, might be explained by
comparison with the other PAH-based A-m-A dyes (e.g. FLW,
NP, and AC, which show 740 GM at 780 nm, 712 GM at 695 nm,
and 687 GM at 703 nm, respectively®) as follows:
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Fig. 3 Two-photon absorption spectrum of PY in DMSO.

1. Unlike FLW, PY has a quadrupolar structure, as do NP and
AC.

2. PY has a larger m-electron system than the other PAH
derivatives, especially FLW and NP.

3. PY is more strongly conjugated with the vinyl group-linked
pyridinium moieties than AC, as mentioned in the section
concerning one-photon absorption.

The performance of a TP active fluorescent molecule is
generally estimated using the value of the TP action cross-
section (@¢®), which is the product of the values of @, and o®.
The ®o® value of PY at 950 nm was 880 GM; this value is quite
large compared with the values for other TP active dyes, as
described later (see Fig. 5).

Imaging of living mitochondria with TPFM

To evaluate the actual performance of PY as a TP active fluo-
rescent probe, the imaging of living mitochondria in Hek293
cells was carried out by TPFM. It is well-known that fluo-
rophores possessing a pyridinium moiety can function as

5 wm

Fig.4 Two-photon fluorescence microscope images of Hek293 cells
stained with PY. This image was obtained with 950 nm excitation, and
the fluorescence was collected through a 600-700 nm band-pass
filter.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Examples of TP active fluorophores: PAH-based A—1t—A dyes,* a BODIPY-based dye,* cyanine-based dyes,*® an anthracene-based -
extended dye,*?* and fluorene-based t-extended dye.??? These dyes were selected because they show attractive spectroscopic properties (TP

absorption and fluorescence wavelengths, and ®¢'?).

mitochondrial probes.®**® A co-staining experiment with
another mitochondrial probe (FLW)* revealed that PY could
also selectively accumulate on the mitochondria (Fig. S47). As
shown in Fig. 4, TPFM images of the mitochondria stained by
PY were obtained with 950 nm excitation at a power of less than
3 mW. Considering that rhodamine 123, a commercially
available mitochondrial probe, requires a power of 50 mW in
the same instruments, PY achieved extremely sensitive imaging,
as expected from its high ®¢® value. Importantly, the excitation
power of a dye is proportional to the @®c® value. Therefore, if a
TPFM that is equipped with an excitation light source operating
at 1050 nm is available, TPFM imaging could be measured by

This journal is © The Royal Society of Chemistry 2015

employing 8.7 mW of a 1050 nm light source. This power is
sufficiently lower than the maximum output power of recent
1050 nm fibre lasers.” As the optical components of current
TPFMs are not optimized for excitation at 1050 nm, it is not easy
to obtain TPFM images with this excitation wavelength.
However, after necessary optimization is realized, PY will be
usable as a probe for TPFM employing the 1050 nm fibre laser.

Comparison of PY with other dyes for TPFM

Finally, we compared PY with existing TP active dyes to
demonstrate the superiority of our fluorophore (Fig. 5). As is
apparent from the above discussion, PY has many desirable

J. Mater. Chem. B, 2015, 3, 184-190 | 187
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properties for TPFM, such as a high ®g® value and longer TP
absorption and fluorescence wavelengths, compared with other
PAH-based A-m-A dyes and commercially available mitochon-
drial dyes, such as green fluorescent protein (GFP; ®¢® = 6 GM
at 800 nm and A.,, = 509 nm)* and Rhodamine 123 ((Da(z) =72
GM at 800 nm and Ay, = 534 nm)."® There are a number of
cyanine-based near infrared region (NIR) fluorescent dyes for
TPFM that have recently been reported by Berezin and co-
workers, such as ICG (470(2) =71 GM at 1500 nm and A.,, = 817
nm) and LS-277 (#¢® = 63 GM at 1500 nm and A, = 829 nm).>
These dyes are highly attractive owing to their fluorescence
within the tissue optical window and TP absorption activated by
an ultrafast turnkey fibre laser source. However, these dyes are
excited using 1500 nm light, which means their TP absorption
bands are outside the tissue optical window. Furthermore, such
dyes have relatively lower ®¢® values at 1500 nm. Belfield et al.
recently presented a large number of TP active fluorescent
probes for bioimaging.” Although there are a few examples of
dyes with ®¢® values at their maximum TP absorption wave-
length higher than that of PY, to the best of our knowledge,
there are no dyes showing both TP absorption bands around
1000 nm and fluorescence bands within the optical tissue
window that are more efficient than PY. In fact, most of the
existing TP-active dyes can be excited in the short-wavelength
NIR region around 700-800 nm rather than the so-called
“second near-infrared window (NIR II, in the range 1000-1350
nm),” where it was recently proposed that the penetration of
excitation light is ideal.”® However, this means that these dyes
are not compatible with a 1050 nm fibre laser even if they
possess higher ®¢® values than PY. As shown in Fig. 5, highly
m-extended fluorene or anthracene derivatives, as well as
BODIPY derivatives, exhibit relatively similar properties to PY
with respect to ®¢® values and fluorescence wavelengths,
however, these dyes might not be suitable for bio-imaging due
to their low solubility in water. In addition, the syntheses of
these dyes are not trivial compared to that of PY. Thus, PY can
be regarded as an exceptionally superior TP active dye with a
comparatively simple and small structure. We emphasise that
the outstanding properties of PY are strongly related to both the
structural and electronic advantages of the pyrene chromo-
phore, ie high planarity and symmetry, rigidness, synthetic
accessibility for efficient m-extension and derivatization, and an
underlying large -system. Therefore, we believe that the stra-
tegic use of pyrene as a chromophore in TP active dyes will be of
great importance and that PY itself can be further derivatized
for other practical applications.

Conclusions

We have developed a novel pyrene-based A-m-A dye, PY, which
showed a TP absorption band around 1000 nm and fluores-
cence in the tissue optical window with an outstanding ®¢®
value. Almost all the properties of PY are derived from the
inherent structural and electronic advantages of the pyrene
chromophore, including planarity, symmetry, rigidness, a large
T-system, and synthetic accessibility for the efficient extension
of m-conjugation. We have also demonstrated the ability of PY
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to provide 3D images of the mitochondria in living Hek293 cells
with higher sensitivity than the other PAH-based dyes and
commercially available mitochondrial probes, as was expected
from the performance of PY in spectroscopic measurements in
solution. Finally, the comparison of PY with other known TP
active fluorescent probes revealed that PY is an exceptional dye
in terms of the location of its TP absorption around the NIR II
window and its high ®@¢® value, indicating that PY is a prom-
ising candidate as a diagnostic tool and its ability to be used
with the 1050 nm fibre laser will help the TPFM technique
become more universal. To date, pyrene derivatives have been
developed for many applications; therefore, there are a number
of well-established synthetic methodologies where pyrene is
used as a building block.”® Thus, PY can be modified for many
purposes, e.g. the further improvement of the compatibility of
PY to the 1050 nm laser source by introducing other functional
groups into the 3 and 8 positions on the pyrene chromophore,
use of ligands for active targeting,” addition of environment
sensitivity for the detection of chemical or biological events
such as the generation of reactive oxygen species in mitochon-
dria,® and further derivatization for building fluorescent nano-
particles.”® Based on these facts and our findings, we believe
that PY is a useful building block as a TP absorber and fluo-
rophore for TPFM probes. In fact, we are currently focusing on
the use of PY for not only in vitro cell imaging but also in vivo
deep tissue imaging, using the 1050 nm fibre laser.
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