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Abstract

The synthesis, linear photophysical and photochemical parameters, two-photon absorption (2PA),
and superfluorescence properties of 2,2'-(5,5'-(9,9-didecyl-9H-fluorene-2,7-diyl)bis(ethyne-2,1-
diyl)bis(thiophene-5,2-diyl))dibenzo[d]thiazole (1) were investigated, suggesting its potential as
an efficient fluorescent probe for bioimaging applications. The steady-state absorption,
fluorescence, and excitation anisotropy spectra of 1 were measured in several organic solvents and
aqueous media. Probe 1 exhibited high fluorescence quantum yield (~ 0.7-0.8) and photochemical
stability (photobleaching quantum yield ~ (3 - 7)-10°%). The 2PA spectra were determined over a
broad spectral range (640-920 nm) using a standard two-photon induced fluorescence method
under femtosecond excitation. A well-defined two-photon allowed absorption band at 680-720 nm
with corresponding 2PA cross sections dpa * 800-900 GM was observed. The use of probe 1 in
bioimaging was shown via one- and two-photon fluorescence imaging of HCT-116 cells. An
amplification of the stimulated emission of 1 was demonstrated in organic solvents and thin
polystyrene films, which potentially can be used for the development of new fluorescent labels
with increased spectral brightness.

1. Introduction

The development of new highly fluorescent organic compounds with efficient two-photon
absorption (2PA) properties is a subject of broad scientific and technological interest for a
number of multidisciplinary applications,1~7 including 3D biological imaging by two-photon
fluorescence microscopy (2PFM) methods.>™” Directional synthesis of new fluorescent
labels and comprehensive investigations of their linear photophysical, nonlinear-optical and
photochemical properties can appreciably extend the abilities of bioimaging applications.
High fluorescence quantum yield, ®, large values of 2PA cross sections, dopa, as well as

their product, @ - 6,,, =67 (so-called two-photon action cross section8), and photochemical
stability under high intensity laser irradiation are the primary properties required for 2PFM-
based applications of organic chromophores.2-11 A number of potential fluorescence labels
with suitable 2PA properties have been synthesized for two-photon bioimaging use (see,

e.g., nonlinear optical properties of water soluble [2.2]paracyclophane-based fluorophores
with high values of 6°":8 2,6-bis(p-dialkylaminostyryl)anthracene derivatives,'2 and

2PA
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dipyrrylmetheneboron difluoride compounds?3). Among these, high two-photon absorbing
fluorene-based derivatives are promising fluorescent labels for 2PFM bioimaging
applications.14-16 |n addition to strong 2PA transitions, fluorene derivatives exhibit efficient
stimulated emission depletionl’ and lasing properties,1® which can dramatically improve the
quality and scope of microscopic images and techniques.

In this paper, we report a new fluorene-based probe, 2,2'-(5,5'-(9,9-didecyl-9H-fluorene-2,7-
diyl)bis(ethyne-2,1-diyl)bis(thiophene-5,2-diyl))dibenzo[d]thiazole (1),1° and
comprehensive characterization of its linear photophysical, 2PA, superfluorescence, and
lasing properties in isotropic solutions. The rationale for the molecular design of this
compund was previously described.1® Linear photophsyical investigations include a detailed
analysis of the nature of absorption bands by excitation anisotropy,2° along with
fluorescence lifetime and quantum yield measurements, in various organic solvents and
aqueous media. 2PA spectra of probe 1 were obtained over a broad spectral range by a two-
photon induced fluorescence (2PF) method.® Probe 1 was encapsulated in Pluronic® F127
and used as a fluorescent probe to image endosomes and lysosomes via one- and two-photon
fluorescence micrososopy in HCT-116 cells. The investigation of the broad range of excited
state absorption (ESA) spectra, superfluorescence, and lasing potential of 1 is just the first
step in the development of new types of organic labels with high spectral brightness for
fluorescence microscopy applications.

2. Experimental Section

2.1. Synthesis of probe 1

2-(5-Bromothiophen-2-yl)benzothiazole (2) and 2,7-dibromo-9,9-didecyl-9H-fluorene (5)
were prepared as described in the literature.2l: 22 Microwave-facilitated reactions were
carried out under N, in a CEM Discover microwave reactor in 10 mL closed vessels,
programmed at a maximum temperature of 130 °C, maximum pressure of 100 psi, and
maximum power of 100 Watts. All reagents and solvents were used as received from
commercial suppliers unless otherwise noted. H and 13C NMR spectra were recorded in
CDCl3 on a Varian NMR spectrometer at 500 and 125 MHz, respectively. Elemental
analyses were performed by Atlantic Microlab, Inc.

Synthesis of 4-(5-(benzothiazol-2-yl)thiophen-2-yl)-2-methylbut-3-yn-2-ol (3)—
2-(5-Bromothiophen-2-yl)benzothiazole (2) (200 mg, 0.67 mmol), 2-methyl-3-butyn-2-ol
(170 mg, 2.02 mmol), Pd(PPh3),Cl5 (19 mg, 0.027 mmol) and Cul (5 mg, 0.027 mmol) were
dissolved in a 1:4 mixture of EtzN:toluene (5 mL). The mixture was either heated under
reflux for 12 h or irradiated by microwave for 2 min, at which time it was determined by
TLC that the reaction was completed. The mixture was filtered through a celite plug, and
purified by column chromatography using hexanes:EtOAc (1:1) to yield 192 mg (96%) of
pale yellow solid by either method; m.p. 164-165 °C. 1H NMR (500 MHz, CDCl3) & 8.02
(d, J=8.04Hz, 1H, Ph-H), 7.85 (d, J=7.87Hz, 1H, Ph-H), 7.50 (d, J=3.95 Hz, 1H, Thy-H),
7.47 (m, 1H, Ph-H), 7.38 (m, 1H, Ph-H), 7.18 (d, J=3.95 Hz, 1H, Thy-H), 2.11 (s, 1H, -OH),
1.64 (s, 6H, CH3). 13C NMR (125 MHz, CDCl5) § 160.4, 153.6, 137.9, 134.7, 132.9, 128.3,
126.4,125.4,123.1, 121.5, 121.4, 100.2, 75.2, 65.8, 31.3. Anal. Calcd for C14H13NOS,: C,
64.18; H, 4.38; N, 4.68. Found: C, 64.10; H, 4.33; N, 4.64.

Synthesis of 2-(5-ethynylthiophen-2-yl)benzothiazole (4)—4-(5-(Benzothiazol-2-
yDthiophen-2-yl)-2-methylbut-3-yn-2-ol (3) (300 mg, 1.0 mmol) and KOH (300 mg, 5.3
mmol) were heated either under reflux for 2 h or under microwave irradiation for 8 min. The
mixture was filtered, and purified by column chromatography using hexanes to yield 180 mg
(75%) by conventional heating or 236 mg (98%) via microwave of pale yellow solid; m.p.
117-118 °C. IH NMR (500 MHz, CDCl3) & 8.03 (d, J=8.21Hz, 1H, Ph-H), 7.86 (d,
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J=8.21Hz, 1H, Ph-H), 7.51 (d, J=3.94 Hz, 1H, Thy-H), 7.48 (m, 1H, Ph-H), 7.39 (m, 1H,
Ph-H), 7.28 (d, J=3.94 Hz, 1H, Thy-H), 3.50 (s, 1H, C=C-H). 13C NMR (125 MHz, CDCly)
§160.2, 153.6, 138.5, 134.8, 133.9, 133.7, 127.8, 126.5, 125.4, 123.2, 121.6, 84.0, 76.5.
Anal. Calcd for C13H7NSy: C, 64.70; H, 2.92; N, 5.80. Found: C, 64.64; H, 2.91; N, 5.75.

Synthesis of 2,2'-(5,5'-(9,9-didecyl-9H-fluorene-2,7-diyl)bis(ethyne-2,1-
diyl)bis(thiophene-5,2-diyl))dibenzothiazole (1):1°—2,7-Bibromo-9,9-didecyl-9H-
fluorene (5) (300 mg, 0.50 mmol), 2-(5-ethynylthiophen-2-yl)benzothiazole (4) (263 mg,
1.09 mmol), Pd(PPh3),Cl, (30 mg, 0.04 mmol), and Cul (8 mg, 0.04 mmol) were dissolved
in a 1:4 mixture of EtgN:toluene (5 mL). The mixture was heated under reflux for 12 h or by
microwave for 1 h. The mixture was filtered through a celite plug and purified by column
chromatography using hexanes:EtOAc (10:1) to yield 252 mg (55%) of a yellow solid by
conventional heating and 298 mg (65%) when microwave irradiation was used; m.p.
74.0-75.5 °C. IH NMR (500 MHz, CDCl3) & 8.04 (dd, J=8.09 Hz, J=0.54 Hz, 2H, Ph-H),
7.87 (dd, J=8.04 Hz, J=0.53 Hz, 2H, Ph-H), 7.70 (d, J=7.83 Hz,2H, Ph-H), 7.57 (d, J=3.89
Hz, 1H, Thy-H), 7.55 (m, 2H, Ph-H), 7.53 (m, 2H, Ph-H), 7.49 (m, 2H, Ph-H), 7.39 (m, 2H,
Ph-H), 7.31 (d, J=3.89 Hz, 1H, Thy-H), 2.00 (m, 4H, CH,), 1.15 (m, 28H, CH,), 0.84 (t,
J=6.96 Hz, 6H, CH3), 0.61 (m, 4H, CH5). 13C NMR (125 MHz, CDCls) § 160.5, 153.7,
151.3,141.1, 138.0, 134.7, 132.6, 130.8, 128.4, 127.1, 126.6, 125.9, 125.5, 123.1, 121.5,
121.3,120.2, 97.0, 82.9, 55.4, 40.3, 31.9, 30.0, 29.6, 29.5, 29.3, 29.3, 23.8, 22.7, 14.1. Anal.
Calcd for CsgHggN2S4: C, 76.58; H, 6.54; N, 3.03. Found: C, 76.79; H, 6.75; N, 2.79.

2.2. Linear photophysical characterization and one-photon bioimaging

The steady-state linear spectral data, fluorescence quantum yields, and lifetimes of 1 were
measured in hexane, cyclohexane, toluene, tetrahydrofuran (THF), dichloromethane (DCM),
dimethylsulfoxide (DMSO), acetonitrile (ACN), and an aqueous mixture (95 wt% water and
5 wt% DMSO) at room temperature. All solvents were of spectroscopic grade, received
from commercial sources, and used without further purification. One-photon absorption
spectra of 1 were obtained with an Agilent 8453 UV-visible spectrophotometer using quartz
cuvettes with different path lengths (0.01, 0.1, 1.0 and 10 mm) for a broad range of
molecular concentrations 102 M < C < 106 M. The steady-state fluorescence and excitation
anisotropy spectra were measured with a PTI QuantaMaster spectrofluorimeter, in 10 mm
spectrofluorometric quartz cuvettes for low concentration solutions C < 10¢ M. All
experimentally registered fluorescence spectra were corrected for the spectral responsivity
of the PTI detection system. The excitation anisotropy spectra of 1 were obtained in the L-
format configuration geometry,20 with extraction of pure solvent emission and scattered
light. Fluorescence quantum yields, @, of 1 at low concentration were determined by a
standard relative method with 9,10 diphenylanthracene in cyclohexane as a reference
compound.29 The values of fluorescence lifetimes of 1, z, were obtained with a time-
correlated single photon counting system PicoHarp 300 under linear polarized (oriented by
the magic angle) femtosecond excitation, with time resolution ~ 80 ps. The values of = were
obtained through the best tail fitting.

Epifluorescence one-photon fluorescence images were obtained using inverted microscope
(Olympus 1X70) equipped with a QImaging cooled CCD (Model Retiga EXi) and excitation
mercury lamp 100 W and an Olympus 1X81 DSU equipped with a Hammamatsu EM-CCD
C9100. In order to improve the fluorescence background-to-image ratios a customized filter
cube (Ex 377/50, DM 409, Em 460/50) was used for the one-photon fluorescence images.
The specifications of the filter cube were tailored to match the excitation and emission of 1.

Cell culture and incubation—HCT 116 cell were cultured in DMEM, supplemented
with 10% FBS, and 1% penicillin, 1% streptomycin, at 37 °C, under 5% CO, environment.
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N° 1 round 12 mm coverslips were treated with poly-D-lysine, to improve cell adhesion, and
washed (3x) with PBS buffer solution. The treated cover slips were placed in 24-well plates
and 80,000 cells/well were seeded and incubated at the same conditions as indicated above
until 75-85% confluency was reached on the coverslips. From a 3.03 x 104 M stock solution
of Pluronic 127 encapsulated probe 1, a series of 0.1, 1, 10, 25, and 50 uM solutions in
culture media were prepared, all containing 75 nM of Lysotracker™ Red (Invitrogen). These
solutions were used to incubate the cells for 3 h. The dye solutions were extracted and the
coverslipped cells were washed abundantly with PBS (4x).

Cell fixing and mounting—Cells were fixed with 3.7% solution of paraformaldehyde in
pH=7.4 PBS buffer for 10 min. The fixing agent was extracted and washed (2x) with PBS.
To reduce autofluorescence, a fresh solution of NaBH,4 (1 mg/mL) in pH=8 PBS buffer was
used to treat the fixed cells (2x). The coverslipped cells were then washed with buffer PBS
(2x) and mounted on microscope slides using Prolong Gold (Invitrogen) as mounting media.

Cell viability—Cell viability was assessed with CellTiter® 96 AQ (Promega). HCT 116
cells were seeded (5%103 cells/well) in a 96 well plate and incubated for 24 h in 90 L of
DMEM (Invitrogen) without phenol red, supplemented with 10% FBS (Atlanta Biologicals),
and 1% penicillin-streptomycin. The cells were incubated for an additional 24 h with 60, 50,
25, 10, and 1 uM solutions of Pluronic® K 127-encapsulated probe 1 in FBS complemented
(10%) culture media. Then 20 uM of the CellTiter® 96 AQ reagent was added into each
well and subsequently incubated for another 4 h, 37 °C, after which the respective
absorbance values were read on a SpectraMax M5 plate reader (Molecular Devices) at 490
nm to determine the relative amount of formazan produced.23 Cell viability % was
calculated by the following expression:

AbsS,  — AbsB
Cell viability(%e)= —22mm__—_~ 490mm o 100%

C _ B2
A bs—l 90nm A bs4 90nm

where Abs®490nm is the absorbance of the cells at the different concentrations of micelle
encapsulated probe 1, AbsBg0nm is the absorbance of a cell-free well containing only
encapsulated probe 1 at the concentrations that were studied, AbsC490,m is the absorbance of
cells incubated in media without any other component, and AbsB24q0,, is the absorbance of
a cell-free well.

The photochemical decomposition quantum yields of 1, ®;,, were determined in organic
solvents and aqueous mixture by the absorption method,24 based on precise measurements
of kinetic changes in the corresponding absorption spectra during one-photon UV irradiation
(405 nm diode laser with CW irradiance ~ 30 mW/cm2). In this case, the values of @, can
be expressed by the equation:

[D(A,0) — D(A,t;,)] - N,

@ =

Ph tir ’
10% - () - 1) - [T1 - 107P4Ddr
0 (1)

were D(4,t), Na, &(4), 1(4) and t;, are the optical density, Avogadro's number, extinction
coefficient, laser irradiance, and total irradiation time, respectively. A comprehensive
description of this methodology was described previously.2*
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2.3. Two-photon spectral and bioimaging measurements

2PA spectra of probe 1 were measured over a broad spectral region in spectroscopic grade
cyclohexane, DMSO, and aqueous media using a typical 2PF method relative to Rhodamine
B in methanol as a standard.25 The 2PF technique employed a PTI QuantaMaster
spectrofluorimeter coupled with a femtosecond Clark-MXR CPA-2010 laser that pumped an
optical parametric generator/amplifiers (TOPAS) with a 600-950 nm tuning range, pulse
duration ~ 140 fs (FWHM), 1 kHz repetition rate, and pulse energies up to ~ 0.15 pJ. Two-
photon fluorescence measurements were performed in 10 mm fluorometric quartz cuvettes
with dye concentrations ~ 10> M. The values of 2PA cross section, d,pa, Were determined
by the equation:®

S R (F() - Cp - @p - ¢ - <P(t))i

224 =004 (F(1), - Cy - Dy - ¢ - (P(D)? @)

where (F(t)), (P(t)), C, and ¢ are the averaged fluorescence intensity, excitation power,
molecular concentration, and geometric factor, respectively. Subscripts S and R refer to the
sample and reference compound. The quadratic dependence of 2PF intensity on the
excitation power was determined for each excitation wavelength, A¢4, While special attention
was paid to verify the independence of the fluorescence quantum yield on Aey.

Two-photon fluorescence imaging was performed on a modified Olympus Fluoview FV300
laser scanning confocal microscopy system equipped with a broadband, tunable Coherent
Mira Ti:sapphire laser (200 fs pulse width, 76 MHz repetition rate), pumped by a 10 W
Coherent Verdi frequency doubled Nd:YAG laser. The laser was tuned and modelocked to
700 nm and used as the two-photon excitation source. The two-photon induced fluorescence
was collected by a 60x microscope objective (UPLANSAPO 60%, N.A.=1.35 Olympus). A
high transmittance (>95%) short-pass filter (cutoff 685 nm, Semrock) was placed in front of
the PMT detector within the F\VV300 scanhead in order to filter off background radiation
from the laser source (700 nm).

2.4. ESA superfluorescence and lasing measurements

The ESA spectra of 1 were obtained in hexane, cyclohexane, toluene, DMSO, ACN, and
aqueous mixtures using a pump-probe technique with a picosecond Nd:YAG laser (PL 2143
B Ekspla). The experimental setup is illustrated in Figure 1. A strong pump beam at Aoy =
355 nm, with pulse duration, z, ~ 35 ps, (FWHM), pulse energy, Ep < 20 pJ, and repetition
rate 10 Hz, was focused into a 1 mm cuvette with dye concentration C ~ 5-10"> M, to a waist
radius = 1.5 mm.

A weak pulse of white light continuum (WLC), generated by the main laser output (1064
nm) in a 10 cm path length quartz cuvette with de-ionized water,25 served as the probe
beam. The probe and pump beams were linearly polarized in the vertical direction and
spatially overlapped inside the sample. A small delay, ~ 80 ps, was introduced between
pump and probe pulses to avoid undesirable interaction. ESA spectra were determined with
a Ocean Optics USB-2000 spectrometer. The suprefluorescence and lasing spectra of 1 were
measured in hexane, cyclohexane, and polystyrene matrices with dye concentration C ~
5.10°3 - 5.10"> M, under longitudinal pumping at 355 nm (see Fig. 1, left channel) with pulse
energy Ep < 20 pJ. Liquid solutions of 1 were placed in 0.1, 1.0, and 10 mm quartz cells.
Dye-doped polymeric samples were prepared by dissolving polystyrene in a cyclohexane
solution containing 1, followed by solvent evaporating over 24 h. The resulting polymer
films (thickness < 100 um) were placed between high optical quality quartz plates. The
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position of the samples inside the focusing caustic (15 cm lens (Figure 1, L1)) was chosen to
reach the highest efficiency of the investigated effects. Measurements were performed with
the same USB-2000 spectrometer. It should be mentioned, that laser oscillation was
observed in the direction perpendicular to the exit surfaces of the quartz cells and served as a
resonator, while superfluorescence emission occurred in the direction of the pumping beam.
This allowed us to separate the observed superfluorescence and lasing phenomena.

3. Results and discussion

3.1. Linear spectral properties

Probe 1 was prepared in three steps as shown in Figure 2. Each of the three steps was
accomplished by either thermal or microwave-facilitated heating. In each case, the
microwave-assisted reaction occurred at significantly shorter times. While the conventaional
(thermal) and microwave-assisted reaction yields were the same for the first step,
microwave-facilitated reactions provided high yields of product for the latter two steps.

The main linear photophysical and photochemical parameters of new symmetrical fluorene
derivative 1 with alkynyl triple bonds in the chromophore system, along with the steady-
state absorption and fluorescence spectra in various organic solvents are presented in Table
1 and Figure 3, respectively. The shape of absorption spectra and maximum values of
extinction coefficients, ¢ ™, were independent of molecular concentration up to C ~ 102
M, which is indicative of negligible aggregation effects. As can be seen in Figure 3, linear
one-photon absorption spectra of 1 in all of the investigated solvents were nearly
independent of solvent polarity, Af, and exhibited relatively high extinction coefficients

£ M ~ 10% M-1 cm1 in the long wavelength absorption bands. In contrast, the steady-state
fluorescence spectra of 1 (Figure 3, curves 1'-7’) exhibited noticeable solvatochromic
behavior with relatively strong vibronic structure, even in the polar solvent DMSO.
Dramatic changes in the shape of the fluorescence spectra of symmetrical fluorene
derivatives with extended n-conjugation are typical for donor-acceptor fluorenesl’: 27: 28
and can be explained by symmetry breaking effects occurring in the first excited state, Sq,
after electronic excitation.2% All fluorescence spectra of 1 were independent of excitation
wavelength, gy, and exhibited high fluorescence quantum yield (@ ~ 0.7 - 0.8) in all organic
solvents. The fluorescence decay curves corresponded to a single-exponential decay process
with z ~0.7 - 0.8 ns (see Table 1), indicative of the relatively fast spontaneous relaxation,
with velocity 1/z,, = ®/r ~ 109 5’1, where 7, is the natural lifetime.20

In aqueous solution probe 1 exhibited nearly the same steady-state absorption spectrum as in
organic media, with an increased Stokes shift, substantial decrease in fluorescence quantum
yield, and bi-exponential fluorescence decay (see Table 1) with the primary short component
~ 0.46 ns (~ 95 % amplitude). It should be noted that in an aqueous medium, the shape of
fluorescence spectrum of 1 and the value of its quantum yield, @, were also independent of
Jex. The nature of this spectral behavior is not sufficiently clear and will be the subject of
further investigation.

The excitation anisotropy spectra of 1 in organic solvents and in viscous polyTHF (pTHF)
are presented in Figure 4. In low viscosity solvents (hexane, toluene, ACN, etc.) the
anisotropy values, r, decreased due to rotational movement of the molecule in accordance
with r = rg/(1 + 7/6), where rq = (3cos? a—1)/5 is the fundamental anisotropy value (a is the
angle between absorption Sy — Sq and emission S; — Sy transition dipole moments) and 6
is the rotational correlation time.20 In viscous pTHF at room temperature the fluorescence
lifetime 7 < 8 (6 =»¢VIKT > 10 ns; V is the volume of the molecule, k and T are the
Boltzmann constant and absolute temperature, respectively). Therefore, in pTHF excitation
anisotropy reached its maximum value r ~ rg~ 0.38 (Figure 4a, curve 1), which is close to
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theoretical limit 0.4, reflecting a nearly parallel orientation of the absorption and emission
transition dipoles. In this case, it is possible to determine the mutual dipole orientation for
the Sg — Sy and higher excited Sy — Sn (n =2, 3, ...) electronic transitions.

Excitation anisotropy spectra provided information regarding the nature of the one-photon
absorption bands. From Figure 4a, curve 1, the value of anisotropy was not sufficiently
constant in the main long wavelength absorption band (see, for comparison, anisotropy
spectra of typical fluorene derivatives?®: 30: 31). This suggests that more than one electronic
transition with different dipole orientations corresponded to the main absorption band.
Following extremes or constant values in the anisotropy spectra in the short wavelength
region, the spectral positions of another Sy — Sn absorption band was indicated.
Normalization of excitation anisotropy spectra in different organic solvents, r(ey), with
respect to the excitation anisotropy spectrum in hexane, rher(4ex), are presented Figure 4b
and d. Nearly constant values of r/rey in the spectral range 280 nm < /o, < 450 nm (Figure
4b) reflect similar mutual orientations of the corresponding electronic transitions So — Snh (n
=1, 2, 3,...) of 1 in hexane, cyclohexane, THF, DCM, and ACN. In contrast, mutual
orientation of the electronic transitions in toluene, DMSO, and pTHF (see corresponding
functions r/rpex—f(Aey) in Fig. 4d) exhibited different types of solvent influence on the
electronic structure of 1.

The analysis of the experimental dependence 1/+(A5,5)=/£(1/n) (Figure 4c) revealed good
agreement with a theoretical linear function:20

1 1 +(7'va) |
rrg \ro-V) 1n’ 3)

which is indicative of the weak dependence of the fundamental anisotropy rq on the solvent
properties and nearly constant effective rotational molecular volume V in all of the
investigated organic solvents. This means that the effective size of the solvate cages in
different solvents are sufficiently close and correspond to V ~ 5000 A3,

The photochemical stability of probe 1 was investigated by an absorption method?4 in the
investigated organic solvents and aqueous media, except for ACN, in which a relatively low
solubility of 1 was observed. Corresponding values of the photobleaching quantum yields,
®py, are presented in Table 1. A high level of photostability (@pp, ~ (3 - 7)-106) was
observed for 1 in all investigated solvents except for electron-accepting DCM and aqueous
media. Polar DCM exhibits specific photochemical interaction with fluorene derivatives,32:
33 resulting in a dramatic decrease in their photostability (by ca. one order of magnitude) and
efficient formation of nonfluorescent photoproducts in the visible region. The estimations of
the photochemical stability of 1 were performed under one-photon excitation conditions,
since reactions from the first exited state are nearly independent of the type of excitation
(one- or two-photon) for typical fluorene derivatives in organic solvents.24 32 33 |t should
be mentioned that the observed level of photostability of probe 1 is one of the highest among
known fluorescent probes used in bioimaging applications.

3.2. 2PA properties of 1 and bioimaging

The efficiency of two-photon processes of 1 was investigated in cyclohexane, DMSO, and
aqueous solution by a relative 2PF method,? with the corresponding broad range 2PA
spectra presented in Figure 5. The symmetrical probe 1 exhibited one well defined 2PA band
at lex ~ 680-720 nm with maxima cross sections d,pa ~ 800-900 GM and weak dependence
on solvent polarity. The spectral position of this band corresponded to the shoulder at Agy ~
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340-360 nm in the excitation anisotropy spectrum of 1 (Figure 4a, curve 1) and could not be
extracted from the linear absorption spectrum (curve 9). Dramatic decrease in the 2PA
efficiency in the main one-photon allowed absorption band is typical, consistent with the
relatively symmetrical structure of 1. Regardless of the decrease in 2PA efficiency, the

values of d,pa and &, remain sufficiently high (~ 50-500 GM) in the main tuning range of
Ti:sapphire laser, which is the most convenient excitation source for bioimaging
applications. In aqueous solution (95 wt% water and 5 wt% DMSO) probe 1 exhibited
decreased 2PA efficiency in the main two-photon allowed absorption band relative to pure

DMSO, and nearly the same values of d,pa in the spectral range Agx = 750 nm.

The hydrophobic character of probe 1 made it challenging to attempt delivering the dye
directly in a solution that was compatible to the solubility of the cell media. This made it an
ideal candidate for encapsulating this dye in a poloxomer micelle. The poloxomer of choice
was Pluronic® F-127, an FDA approved triblock copolymer that consists of a propylene
oxide portion flanked by two ethylene oxide chains. Pluronic® F-127 has been used in drug
delivery applications to enhance the solubility of hydrophobic substances such as anticancer
drugs.3# 35 Pluronic micelles are known to be uptaken by MDCK cells by means of
clathrin-mediated endocytosis when present above critical micelle concentration (CMC).36
Probe 1 was encapsulated in Pluronic® F-127, with the purpose of it being endocytosed, and
subsequently tracked through the vesicle maturation process.

HCT 116 cells were incubated for 3 h in Pluronic® F-127 encapsulated probe 1. A series of
0.1, 1, 10, 25, and 50 uM solutions of the micelle-encapsulated probe in culture media was
prepared. These samples were coincubated with 75 nM of Lysotracker™ Red (Invitrogen)
for colocalization studies to determine whether the micelle-encapsulated probe reached the
lysosomes. After fixation, the one-photon fluorescence images exhibited good agreement
between the Lysotracker™ Red (Figure 6b) and the Pluronic® F-127 encapsulated 2PA
probe 1 (Figure 6c), as shown by the overlay of micrographs of these two channels (Figure
6d). The excellent colocalization agreement was further confirmed by determining the
colocalization coefficient (= 0.91).37

Two-photon fluorescence microscopy (2PFM) images of fixed HCT 116 cells incubated
with probe 1 encapsulated in Pluronic® F-127 (50 uM, 3 h) were collected on a modified
Olympus Fluoview FV300 microscope system coupled to a tunable Coherent Mira 900F
Ti:sapphire, 76 MHz, modelocked, 200 fs laser tuned to 700 nm (Figure 7c). The 2PFM
image, Figure 7c, revealed remarkable contrast when compared to one-photon fluorescence
image (Figure 7b), and revealing the potential that this probe-micelle formulation has for
following the endocytotic process by 2PFM.

3.3. ESA superfluorescence and lasing properties

The ESA spectra of 1 (Figure 8) were obtained in the region of its fluorescence (420-700
nm) in order to estimate potential superfluorescence and lasing abilities of this new probe in
organic media with different polarity and in aqueous solution. Deduced from the data in
Figure 8, potential amplification (i.e. negative values of ESA) was obtained only in nonpolar
media (hexane, cyclohexane) in the fluorescence region of 1. In the aqueous mixture, the
ESA spectrum was completely positive (Figure 8d) and the existence of small negative
regions in ESA spectrum of 1 in DMSO (Figure 8c) was not sufficient to reach real
amplification. Therefore, superfluorescence and lasing properties of 1 were investigated in
nonpolar media, such as hexane, cyclohexane, and polystyrene films.

Efficient superfluorescence and lasing effects under longitudinal pumping at 355 nm were
observed for 1 in hexane and cyclohexane solutions placed in 10 mm regular
spectrofluorometric cuvettes. The corresponding fluorescence and amplified stimulated
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emission spectra are presented in Figure 9. The lasing spectra of 1 (curves 1) are
characterized by spectral width ~ 8-10 nm (FWHM), which are typical for organic dyes in a
nondispersive resonator (consisting of the exit uncoated surfaces of the cuvette).38 Under the
experimental conditions, a low resonator quality facilitated simultaneous observation of
superfluorescence phenomenon in the pumping direction, which was not completely
suppressed by resonator’s oscillation.

Polystyrene samples with small thickness (< 100 um) were used in order to check
superfluorescence potential of 1 in the case of small length amplification, which may have
application in bioimaging if the probe were contained within a hydrophobic medium (such
as the micelles above). The superfluorescence spectra of 1 in the polystyrene films with
different thicknesses are presented in Figure 10. According to these spectra, even for a5 um
polymeric layer, some degree of amplification was observed for 1. This suggests that
sufficiently high amplification per unit length in nonpolar medium can be utilized for
increasing of the spectral brightness of fluorescence labels. These amplification conditions
potentially can be realized inside specially constructed micelles with high concentrated
solution of 1 and high reflective envelope. The development of such fluorescent labels for
bioimaging with increased spectral brightness is currently ongoing in our lab.

4. Conclusions

The synthesis, linear photophysical, and nonlinear optical properties of a new fluorene-based
probe 1 with alkynyl bonds in the chromophore system were investigated in organic solvents
and aqueous solution as a potential fluorescent label for two-photon bioimaging
applications. The shape and maximum extinction coefficients of the absorption spectra of 1
were independent of solvent polarity and no molecular aggregation effects were observed in
the range of concentrations up to 102 M. The fluorescence spectra of relatively symmetrical
probe 1 were independent of 4¢, and exhibited noticeable solvatochromic behavior with
substantial changes in their shape. The values of the fluorescence quantum yields were
sufficiently high in organic media (® ~ 0.7-0.8) and independent of solvent polarity, while
single-exponential fluorescence decays were observed. In contrast, an aqueous solution of 1
exhibited a dramatic decrease in quantum yield accompanied by a bi-exponential decay in
fluorescence emission.

The excitation anisotropy spectra revealed a complicated nature of the main long
wavelength absorption band of 1, consisting of more than one electronic transition. A weak
dependence of the fundamental anisotropy rg on the solvent properties and nearly constant
effective rotational molecular volume V in all investigated organic solvents were shown.
Importantly, a high level of photostability (®pp, ~ (3 - 7)-106) was observed for probe 1
under one-photon excitation conditions in several of the investigated solvents.

The 2PA spectra of 1 were obtained under femtosecond excitation over a broad spectral
range (~ 640-920 nm) by a 2PF method. 2PA efficiency was characterized by the one well
defined two-photon allowed absorption band at 680-720 nm with corresponding maxima
Cross sections dopa * 800-900 GM.

The potential that probe 1 has for 2PFM is based on its promising linear and nonlinear
photophysical properties, on the excellent contrast obtained with it both in one- and two-
photon fluorescence micrographs, and its selectivity to cell lysosomes of HCT 116 cells
when encapsulated in Pluronic® F-127. The simplicity of micelle encapsulation and
straightforward synthesis make it a probe that can be promptly prepared by the methods
described. Furthermore, 2PFM facilitated the observation of cell features that were not
entirely resolved in the epifluorescence counterpart. This probe is certainly amenable to
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other applications in selective imaging of tissue, where further functionalization of the
Pluronic® 127 (with a peptide or an antibody for example) could be employed for in vitro or
in vivo tissue 2PFM imaging.

The ESA spectra revealed the possibility of potential light amplification in nonpolar
solutions of 1. Efficient lasing and superfluorescence effects were shown in hexane,
cyclohexane, and polystyrene films under the longitudinal pumping at 355 nm. A possibility
for amplification was shown for 1 in thin polymer films up to 5 um thickness, which can be
used for the development of new fluorescent labels with increased spectral brightness. Based
on these results, the new probe 1, with its high fluorescence quantum yield, 2PA cross
section, photochemical stability, and efficient superfluorescence properties is a promising
fluorescent label for two-photon bioimaging applications.
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Figure 1.

Experimental setups for ESA, superfluorescence and lasing measurements: picosecond laser
(1); 100% reflection mirrors (2); beam splitters (3); delay line (4); focusing lens (Lq - 15 cm;
L, - 25 cm); neutral density and color filters (5); water cell (6); silicon detectors (7);
spectrometer (8).
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Figure 2.
Multistep synthesis of probe 1.
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(a) Excitation anisotropy spectra of 1 in pTHF (1), DMSO (2), cyclohexane (3), toluene (4),

THF (5), DCM (6), hexane (7), and ACN (8). (b) Dependences r/rnex =f(1ex) for 1 in
cyclohexane (1), THF (2), DCM (3), and ACN (4). (c) Dependence 1/r(A:)=£(1/m) for 1

in organic media. (d) Dependences r/rnex =f(1ex) for 1 in DMSO (1), toluene (2), and pTHF
(3). Normalized one-photon absorption spectrum of 1 in hexane: (a) curve 9; (b) 5, and (d) 4.
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Figure 5.
2PA spectra of 1 in cyclohexane (1), DMSO (2), and aqueous solution (95 wt% water and 5

wt% DMSO) (3). Normalized one-photon absorption spectrum of 1 in cyclohexane (4).
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Figure 6.

Confocal fluorescence images of HCT 116 cells incubated with probe 1 encapsulated in
Pluronic® F-127 (25 uM, 3 h) and Lysotracker™ Red (100 nM, 3 h). (a) differential
interference contrast (DIC) image; (b) one-photon fluorescence image showing
Lysotracker™ Red; (c) probe 1 encapsulated in Pluronic® F-127 micelles, and (d)
colocalization (overlay of b and c).
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Figure 7.

One-and two-photon fluorescence micrographs of HCT 116 cells incubated with probe 1
encapsulated in Pluronic® F-127 (50 uM, 3 h). (a) DIC image; (b) one-photon fluorescence
and (c) 3D reconstruction from overlaid 2PFM images, 76 MHz, 200 fs laser, 700 nm, 60x
objective (NA= 1.35, Olympus).
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Figure 8.

Normalized absorption (1), fluorescence (2), and ESA (3) spectra of 1 in hexane (a),
cyclohexane (b), DMSO (c), and aqueous solution (95 wt% water and 5 wt% DMSO) (d).
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Figure 9.

Lasing (1), superfluorescence (2), and fluorescence (3) spectra of 1 in hexane (a) and
cyclohexane (b) under 355 nm longitudinal pumping in 10 mm quartz cuvettes.
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Fluorescence (1) and superfluorescence (2) spectra of 1 in polystyrene films with
thicknesses: 85 um (a), 50 um (b), 15 um (c), and 5 um (d) under 355 nm longitudinal

pumping.
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