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ABSTRACT: Near-infrared (NIR) fluorophores attract increasing attention as a molecular marker (or probe) for in vivo and in
vitro biological fluorescence imaging. Three types of new NIR fluorescent conjugated oligoelectrolytes (COEs: Q-FlTBTTFl, Q-
FlBBTFl, and Q-FlTBBTTFl) are synthesized with quaternized ammonium ionic groups in their side-chains for water solubility.
The emission wavelength is modulated in the range 600−1300 nm, by adjusting the intramolecular charge transfer in the
molecular backbone based on the electron-rich fluorene (and/or thiophene) and electron-deficient benzo[2,1,3]thiadiazole (or
benzo[1,2-c:4,5-c′]bis[1,2,5]thiadiazole) moieties. The COEs show a remarkably larger Stokes shift (147−276 nm) compared to
commercial rhodamine and cyanine dyes in water, avoiding self-quenching and interference from the excitation backscattered
light. The photoluminescence (PL) quantum efficiency is improved substantially by up to 27.8% in water by fabricating a
vesicular complex, COE/v, with a block ionomer, poly[(ethylene oxide)-block-(sodium 2-acrylamido-2-methyl-1-propane-
sulfonate)]. In vitro cellular uptake images with the COEs are obtained with good biocompatibility by confocal single-photon and
two-photon microscopy. The ex vivo and in vivo images of a mouse xenograft model treated with the Q-FlBBTFl/v exhibit a
substantially stronger fluorescence signal at the tumor site than at the other organs, highlighting the potential of the COE/v as an
NIR fluorescent imaging agent for the diagnosis of cancer.
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1. INTRODUCTION

The development of fluorescent probes for bioassays with the
visualizing targets of interest, both in vitro and in vivo, has been
encouraged to unveil a range of biological events.1−7 In
particular, near-infrared (NIR) fluorophores, which emit in the
range of 650−900 nm, the so-called “biological window”, are of
great importance for potential applications in in vivo biological

imaging, because of several advantages including deep tissue

penetration of NIR light, minimal interference from the

background signals (because of the negligible autofluorescence
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of biomolecules), low light scattering, less photodamage to
biological samples, etc.8−16 Despite the extensive research on
the molecular design, synthesis and optical characteristics,
fluorescent sensors, and imaging applications of visible light-
emitting fluorophores, relatively few NIR fluorescent structures
have been reported, including rhodamine, 4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene dyes (BODIPY), squaraine, and cyanine
derivatives.17−21 As those NIR fluorophores show several
limitations, i.e., poor water solubility and low fluorescence
quantum efficiency in water, low photostability, undesired
intracellular localization (or poor cell permeability), small
Stokes shift, etc., new searches for brilliant water-soluble NIR
fluorescent alternatives to overcome those concerns are of great
interest.22−24

Recently, there has been growing attention in conjugated
oligoelectrolytes (COEs), which are delocalized π-conjugated
molecules with ionic functionalities. Many potential applica-
tions in organic electronic devices, bioimaging, biosensors, and
bioelectronics systems have been identified owing to their
useful electrical and optical properties and water solubility.25−30

COEs with conjugated electron donor (D) and acceptor (A)
moieties in their backbone exhibit broad, strong, and red-
shifted absorption/emission with a large Stokes shift via
intramolecular charge transfer (ICT) interactions.31−33 Their
absorption and photoluminescence (PL) characteristics can be
tuned easily by adjusting the ICT through the appropriate
choice of electron-rich and poor D/A pairs. Finally, the fine
adjustment of electron-donating and -accepting ability in the
D−A molecular framework controls the bandgap of the
resulting fluorophores. For water solubility, positive or negative
ionic groups are often attached as side-chains. The PL
wavelength and quantum efficiency of D−A type COEs are
sensitive to the solvent polarity, suggesting the potential use of
COEs as a microenvironment probe in biological media.34,35

This paper reports the synthesis and photophysical character-
ization of three kinds of water-soluble NIR COEs and their
application to in vitro and in vivo NIR fluorescence (NIRF)
imaging. The COEs showed absorption and PL spectra in the
range 300−1000 nm and 600−1300 nm in water, respectively,
depending on the ICT interactions in their molecular structures
based on fluorene, thiophene, benzothiadiazole, and benzobis-
thiadiazole moieties. The COEs also showed a remarkably
larger Stokes shift (147−276 nm in water) compared to
commercial rhodamine and cyanine dyes. By increasing the
ICT interactions, the absorption and emission spectra were red-
shifted, showing a gradual decrease in PL quantum efficiency in
both toluene (77 → 13.1%) and water (5.7 → ∼0.1%) due to
the energy gap law.36 The COEs were also incorporated in a
polymeric vesicle (COE/v) to improve the PL efficiency via
microenvironment modulation near the COEs in water,37

showing substantially improved PL efficiency (1.2−27.8%).
The COEs and COEs/v showed a good biodistribution, low
cytotoxicity, and good passive targeting for tumor cells in the
mouse model, highlighting their potential as NIR in vivo
imaging agents.

2. EXPERIMENTAL SECTION
2.1. General. 1,2,4,5-Tetraaminobenzene tetrahydrobromide (95%

purity) was purchased from Hangzhou Trylead Chemical Technology
Co., Ltd. All other chemical reagents were obtained from Aldrich
Chemical Co., Junsei Chemical Co., or Tokyo Chemical Industry Co.,
Ltd. 4,8-Dibromobenzo[1,2-c:4,5-c′]bis[1,2,5]thiadiazole (1), 4,7-
dibromobenzo[2,1,3]thiadiazole (2), and 2-bromo-9,9-bis(6′-

bromohexyl)fluorene (3) were synthesized using the reported
procedures.38−40 The 1H and 13C nuclear magnetic resonance
(NMR) spectra were recorded on a JEOL (JNM-AL300) FT-NMR
system operating at 300 and 75 MHz, respectively. The mass spectra
were recorded using a Bruker ultraflextreme matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectrom-
eter. The dynamic light scattering (DLS) and zeta-potential measure-
ments were performed using a Malvern Zetasizer Nano-ZS instrument.
Cyclic voltammetry (CV) measurements (Versa STAT 3 analyzer,
AMETEK) were carried out in 0.1 M tetrabutylammonium
tetrafluoroborate (Bu4NBF4) in acetonitrile with a conventional
three-electrode configuration employing a platinum wire as a counter
electrode, platinum electrode as a working electrode, and Ag/Ag+

electrode as a reference electrode. The UV−vis absorption spectra
were measured using a Jasco (V-630) spectrophotometer. The
photoluminescence (PL) spectra were obtained on a HORIBA
(Fluorolog-3) spectrofluorometer with a xenon lamp as the excitation
source using a 90° angle detection for the solution samples. The PL
quantum efficiency (ΦPL) was determined relative to indocyanine
green (ICG) (ΦPL = 0.13 in dimethyl sulfoxide), rhodamine 101 (ΦPL
= 0.96 in ethanol), and fluorescein (ΦPL = 0.92 in phosphate buffered
saline (PBS), pH = 10) as a standard.

2.2. Vesicular complex formation. Synthesis and character-
ization of poly[(ethylene oxide)-block-(sodium 2-acrylamido-2-methyl-
1-propanesulfonate)] (E45-A70) were reported in our previous
report.37 Briefly, the vesicular complex (COE/v) containing the NIR
COEs was prepared in water as follows.37 An aqueous E45-A70 (0.5
mM, stock solution) solution (20 μL) was added to an aqueous
solution of NIR COE (5 μM, 2 mL) in a cuvette ([E45-A70] = 5 μM),
and the required amount (until saturation of PL intensity change) of
aqueous hexadecyltrimethylammonium bromide (C16) solution (5
mM, stock solution) was added into the above mixture ([C16] = 375
μM). The vesicular complex formation was completed around a charge
ratio ([−] = 70 × 5 μM = 350 μM in E45-A70: [+] = (4 × 5 μM in
COE + 375 μM in C16 = 395 μM) of ∼1:1, at which the highest PL
signal was measured for COE/v.

2.3. Cell culture. Human embryonic kidney 293 cells were
cultured in a high glucose−Dulbecco’s modified Eagle’s medium
(DMEM) medium supplemented with 10% fetal bovine serum (FBS)
and 1× penicillin-streptomycin. Mouse embryonic fibroblasts (MEFs)
were isolated from E13.5 CF1 mouse embryos after removing the
brain and visceral tissue and maintained in MEF medium (DMEM
with high glucose, 1× Glutamax-1, 10% FBS, and 1× penicillin-
streptomycin). Human endothelial progenitor cells (EPCs) were
isolated from human umbilical cord blood and maintained in
endothelial cell basal medium-2 (EBM-2) (Clonetics, San Diego,
CA) supplemented with EGM-2 MV SingleQuots containing 5% FBS,
human VEGF-1, human fibroblast growth factor-2, human epidermal
growth factor, insulin-like growth factor-1, and ascorbic acid.

2.4. Confocal single-photon and two-photon microscopy.
Single-photon and two-photon microscopy images of EPCs were
acquired after incubation with 10 μM of Q-FlTBTTFl for 12 h. A
custom-designed confocal laser scanning microscope for single- and
multiphoton imaging (TCS SP5 II, Leica) with both 514 nm argon
laser and IR-tunable Ti-Sapphire laser (Chameleon Vision II,
Coherent) was used. The excitation and emission spots were raster-
scanned in 0.5 mm steps over the selected regions of interest to
generate the emission wavelength scans. A two-photon excitation laser
(140 fs pulse width, 80 MHz repetition rate) was tuned to 1 100 nm,
and the emission signals were acquired using nondescanned detectors
by splitting a long-pass dichroic filter LP 620. A mean laser power at
the cell surface was ∼5−20 mW depending on the depth of recording
and the field of view. The 12-bit two-photon fluorescence images were
acquired with a spatial resolution of 1024 × 1024 pixels and a scan
speed of 400 Hz. Image processing was performed using LAS AF Lite
(Leica, Germany).

2.5. In vivo and ex vivo fluorescence imaging. In vivo and ex
vivo NIR fluorescence imaging was conducted using an eXplore Optix
system (ART Advanced Research Technologies). A solution
containing the NIR COE or its vesicular complex was prepared in a
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1.5 mL centrifuge tube. The laser power and count time settings were
optimized at 0.04 μW, and the temporal point spread function
integration time was set to 1 s per point. The excitation and emission
spots were raster-scanned in 0.5 mm steps over the selected regions of
interest to generate the emission wavelength scans. The filter sets used
were λex = 665 nm/λem = 693 nm. All animal experiments were
conducted with the approval of the Association for Assessment and
Accreditation of Laboratory Animal Care International. To establish
the tumor-bearing mouse xenograft model, fibrosarcoma HT1080 cells
(5 × 106 cells) were implanted into the proximal thigh of female mice
(6-week-old BALB/c-nude mice). When the tumor size reached ∼500
mm3, the targeting efficiency of COE to the tumor was investigated by
a back injection (40 μL of 50 or 5 μM, respectively) or intravenous
injection (40 μL of 5 μM) into the tail vein of the mouse.
2.6. Cytotoxicity and stability test. EPCs, human embryonic

kidney 293 cells, and MEFs were plated in 24-well plates.
Subsequently, the cells were treated with various concentrations of
dyes for 48 h. The cells were then incubated with 1 mg/mL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in the
medium for 4 h. The surviving cells were converted to formazan by
MTT, forming a blue−purple color when dissolved in dimethyl
sulfoxide. The intensity of formazan was measured at 590 nm using a
microplate reader. The relative percentage of cell viability was
calculated by dividing the absorbance of the treated cells by that of
the control sample. FBS was purchased from GIBCO Life
Technologies, Carlsbad, CA. To prepare rat plasma, whole blood
samples collected from lateral tail vein of 7-week-old male SD
(Sprague−Dawley) rats (randomly assigned) were centrifuged at 3 000
rpm for 10 min using a refrigerated centrifuge (4 °C). After
centrifugation, the nonhemolyzed plasma (yellowish appearance)
was properly eluted from the whole blood avoiding disturbing the
underlying red and white blood cell layers. The stability of COEs/v
was checked with increasing [FBS] (or [rat plasma]) = 1−10 vol % in
deionized (DI) water.
2.7. Synthesis. 2-Tributyltin-9,9-bis(6′-bromohexyl)fluorene (4).

2-Bromo-9,9-bis(6′-bromohexyl)fluorene (3) (5.1 g, 8.93 mmol) was
dissolved in anhydrous tetrahydrofuran (THF, 40 mL) and cooled to
−78 °C. Subsequently, n-butyllithium (in 2.5 M hexane, 3.6 mL, 1
equiv) was added dropwise. After stirring the mixture at −78 °C for 1
h, tributyltin chloride (2.1 mL, 1.05 equiv) was added in one portion.
The reaction solution was allowed to warm to ambient temperature
and stirred overnight. The resulting solution was poured into water
and extracted with dichloromethane twice. The combined extract was
dried over anhydrous magnesium sulfate, and the solvent was removed
under reduced pressure to yield compound 4 as a light yellow oil (6.37
g, 91.2%). Compound 4 was used in the next step without further
purification. 1H NMR (300 MHz, CDCl3, δ): 7.62−7.70 (m, 2H),
7.40−7.46 (m, 1H), 7.38 (s, 1H), 7.28−7.34 (m, 3H), 3.26 (t, J = 6.7
Hz, 4H), 1.96 (t, J = 8.1 Hz, 4H), 1.51−1.69 (m, 10H), 1.28−1.40 (m,
6H), 1.06−1.23 (m, 14H), 0.85−0.93 (m, 9H), 0.57−0.67 (m, 4H).
2-(9,9-Bis(6′-bromohexyl)fluoren-2-yl)thiophene (5). Into a mix-

ture of 2-bromo-9,9-bis(6′-bromohexyl)fluorene (3) (5.34 g, 9.34
mmol) and PdCl2(PPh3)2 (328 mg, 5 mol %) was added 40 mL of
degassed anhydrous chlorobenzene in a glovebox. Subsequently, 2-
(tributylstannyl)thiophene (3.56 mL, 11.2 mmol, 1.2 equiv) was
added, and the reaction solution was refluxed overnight. After the
solution was cooled down to room temperature, the reaction mixture
was poured into water and extracted with dichloromethane. The
combined extract was washed with diluted hydrochloric acid and water
and dried over anhydrous magnesium sulfate. After removal of the
solvent under reduced pressure, the residue was purified by column
chromatography on silica gel (dichloromethane/hexane = 1/10, v/v)
to give a sticky oil (3.6 g, 67.1%). 1H NMR (300 MHz, CDCl3, δ):
7.67−7.70 (m, 2H), 7.58−7.61 (m, 1H), 7.54 (s, 1H), 7.37−7.39 (m,
1H), 7.28−7.37 (m, 4H), 7.06−7.12 (m, 1H), 3.26 (t, J = 6.9 Hz, 4H),
2.00 (t, J = 8.1 Hz, 4H), 1.64 (m, 4H), 1.02−1.26 (m, 8H), 0.60−0.67
(m, 4H). 13C NMR (75 MHz, CDCl3, δ): 150.90, 150.25, 144.85,
140.46, 140.41, 133.05, 127.85, 127.00, 126.76, 124.76, 124.32, 122.69,
122.55, 119.90, 119.82, 119.56, 54.81, 40.02, 33.73, 32.39, 28.81,
27.52, 23.28.

2-(5-Tributyltinthiophen-2-yl)-9,9-bis(6′-bromohexyl)fluorene (6).
Compound 6 was prepared similarly as described for compound 4.
Yield: 82.2%. 1H NMR (300 MHz, CDCl3, δ): 7.66−7.70 (m, 2H),
7.59−7.62 (m, 1H), 7.55 (s, 1H), 7.50 (d, J = 3.3 Hz, 1H), 7.28−7.36
(m, 3H), 7.16 (d, J = 3.3 Hz, 1H), 3.26 (t, J = 6.7 Hz, 4H), 2.00 (t, J =
8.1 Hz, 4H), 1.57−1.72 (m, 10H), 1.31−1.43 (m, 6H), 1.06−1.26 (m,
14H), 0.83−1.00 (m, 9H), 0.60−0.71 (m, 4H).

4,7-Bis(5-(9,9-bis(6′-bromohexyl)fluoren-2-yl)-thiophen-2-yl)-
benzo[2,1,3]thiadiazole (N-FlTBTTFl). Compound 2 (758 mg, 2.57
mmol), compound 6 (4.76 g, 6.45 mmol, 2.5 equiv), and Pd(PPh3)4
(356 mg, 0.308 mmol, 12 mol %) were added into 50 mL of degassed
chlorobenzene. The mixture was stirred at 100 °C for 36 h. After being
cooled to room temperature, the mixture was poured into water and
extracted with dichloromethane. The organic layer was washed with
brine and water and dried over anhydrous MgSO4. After evaporation
of the solvent, the residue was purified by column chromatography on
silica gel (ethyl acetate/hexane = 1/9, v/v) to afford N-FlTBTTFl
(2.89 g, 87.5%) as a red solid. 1H NMR (300 MHz, CDCl3, δ): 8.15
(d, J = 3.6 Hz, 2H), 7.95 (s, 2H), 7.70−7.73 (m, 6H), 7.65 (s, 2H),
7.51 (d, J = 3.9 Hz, 2H), 7.33−7.36 (m, 6H), 3.28 (t, J = 6.9 Hz, 8H),
2.01−2.07 (m, 8H), 1.61−1.71 (m, 8H), 1.07−1.26 (m, 16H), 0.65−
0.71 (m, 8H). 13C NMR (75 MHz, CDCl3, δ): 152.42, 151.03, 150.34,
146.15, 140.92, 140.37, 138.16, 132.78, 128.46, 127.16, 126.82, 125.57,
125.13, 124.70, 123.76, 122.60, 120.02, 119.66, 54.91, 40.07, 33.80,
32.41, 28.83, 27.55, 23.32. MALDI-TOF (C64H68Br4N2S3): 1282.399
(most abundant mass).

4,8-Bis(9,9-bis(6′-bromohexyl)fluoren-2-yl)benzo[1,2-c:4,5-c′]bis-
[1,2,5]thiadiazole (N-FlBBTFl). Compound 1 (1.10 g, 3.13 mmol),
compound 4 (6.37 g, 8.15 mmol, 2.6 equiv), and Pd(PPh3)4 (433 mg,
0.375 mmol, 12 mol %) were dissolved in 50 mL of degassed
chlorobenzene and reacted similarly as described for N-FlTBTTFl.
The crude product was purified by column chromatography on silica
gel (ethyl acetate/hexane = 1/9, v/v) to afford N-FlBBTFl (458 mg,
12.4%) as a blue solid. 1H NMR (300 MHz, CDCl3, δ): 8.28 (d, J =
6.6 Hz, 4H), 7.97 (d, J = 8.1 Hz, 2H), 7.82 (d, J = 6.9 Hz, 2H), 7.33−
7.43 (m, 6H), 3.28 (t, J = 6.7 Hz, 8H), 1.98−2.19 (m, 8H), 1.65−1.74
(m, 8H), 1.32−1.09 (m, 16H), 0.78−0.95 (m, 8H). 13C NMR (75
MHz, CDCl3, δ): 153.11, 151.47, 150.35, 141.96, 140.74, 133.99,
130.99, 127.73, 127.18, 123.05, 121.86, 120.37, 119.68, 55.29, 40.17,
34.15, 32.74, 29.23, 27.87, 23.85. MALDI-TOF (C56H62Br4N4S2):
1178.149.

4,8-Bis(5-(9,9-bis(6′-bromohexyl)fluoren-2-yl)-thiophen-2-yl)-
benzo[1,2-c:4,5-c′]bis[1,2,5]thiadiazole (N-FlTBBTTFl). Compound 1
(603 mg, 1.71 mmol), compound 6 (3.85 g, 4.45 mmol, 2.6 equiv),
and Pd(PPh3)4 (238 mg, 0.21 mmol, 12 mol %) were reacted in 50 mL
of degassed chlorobenzene similarly as described for N-FlTBTTFl.
The crude product was purified by column chromatography on silica
gel (dichloromethane/hexane = 1/1, v/v) to afford N-FlTBBTTFl
(327 mg, 14.3%) as a green solid. 1H NMR (300 MHz, CDCl3, δ):
9.08 (d, J = 4.2 Hz, 2H), 7.83 (d, J = 8.1 Hz, 2H), 7.72−7.77 (m, 6H),
7.64 (d, J = 4.2 Hz, 2H), 7.32−7.41 (m, 6H), 3.28 (t, J = 6.7 Hz, 8H),
2.05−2.13 (m, 8H), 1.62−1.72 (m, 8H), 1.09−1.28 (m, 16H), 0.62−
0.75 (m, 8H). 13C NMR (75 MHz, CDCl3, δ): 151.08, 151.01, 150.42,
149.70, 141.28, 140.40, 137.11, 133.96, 132.88, 127.29, 126.88, 124.90,
124.13, 122.64, 120.09, 119.75, 113.03, 54.99, 40.11, 33.82, 32.41,
28.85, 27.57, 23.37. MALDI-TOF (C64H66Br4N4S4): 1340.488.

Synthesis of cationic COEs. 4,7-Bis(5-(9,9-bis(6′-N,N,N-
trimethylammoniumhexyl)fluoren-2-yl)thiophen-2-yl)benzo[2,1,3]-
thiadiazole tetrabromide (Q-FlTBTTFl), 4,8-bis(9,9-bis(6′-N,N,N-
trimethylammoniumhexyl)fluoren-2-yl)benzo[1,2-c:4,5-c′]bis[1,2,5]-
thiadiazole tetrabromide (Q-FlBBTFl), and 4,8-bis(5-(9,9-bis(6′-
N,N,N-trimethylammoniumhexyl)fluoren-2-yl)thiophen-2-yl)benzo-
[1,2-c:4,5-c′]bis[1,2,5]thiadiazole tetrabromide (Q-FlTBBTTFl) were
prepared by a simple quaternization reaction with trimethylamine in a
mixture of THF and methanol. The neutral precursor (∼0.1 mmol)
was dissolved in 1 mL of THF, and trimethylamine (25 wt % solution
in methanol, 2 mL) was added dropwise with stirring. During reaction,
methanol (1 mL) was added to dissolve the precipitated compound
every 2 h for 12 h. The reaction mixture was stirred for another 24 h.
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After removing the solvent under reduced pressure, the quaternized
COEs were precipitated into diethyl ether.
Q-FlTBTTFl. Yield: 97.2%. 1H NMR (300 MHz, CD3OD, δ): 8.22

(d, J = 2.0 Hz, 2H), 8.10 (s, 2H), 7.75−7.85 (m, 8H), 7.62 (d, J = 1.8
Hz, 2H), 7.31−7.44 (m, 6H), 3.12−3.20 (m, 8H), 2.98 (s, 36H),
2.07−2.24 (m, 8H), 1.50−1.60 (m, 8H), 1.10−1.25 (m, 16H), 0.65−
0.75 (m, 8H).
Q-FlBBTFl. Yield: 89.9%. 1H NMR (300 MHz, CD3OD, δ): 8.31−

8.38 (m, 4H), 7.99 (d, J = 8.1 Hz, 2H), 7.87−7.89 (m, 2H), 7.37−7.51
(m, 6H), 3.14−3.20 (m, 8H), 3.01 (s, 36H), 2.13−2.30 (m, 8H),
1.50−1.62 (m, 8H), 1.15−1.34 (m, 16H), 0.70−1.00 (m, 8H).
Q-FlTBBTTFl. Yield: 99.2%. 1H NMR (300 MHz, CD3OD, δ): 9.17

(d, J = 4.2 Hz, 2H), 7.76−7.89 (m, 10H), 7.33−7.46 (m, 6H), 3.12−
3.17 (m, 8H), 2.98 (s, 36H), 2.15−2.23 (m, 8H), 1.50−1.60 (m, 8H),
1.10−1.28 (m, 16H), 0.65−0.75 (m, 8H).
Synthesis of diblock copolymer (E45-A70). E45-A70 was synthesized

via the previous procedures involving an atom transfer radical
polymerization (ATRP) of poly(ethylene oxide) macroinitiator (E45-
MI) and 2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt
(AMPS) with an aid of 2,2′-bipyridine and Cu(I)Cl (yield: 70%).37

The molecular structure and molecular weight of E45-A70 were
characterized by 1H NMR and gel filtration chromatography (GFC).
1H NMR (300 MHz, D2O, δ): 4.45 (br, 2H), 4.2−3.8 (m, 181H),
3.8−3.2 (br, 140H), 2.6−2.1 (br, 70H), 2.1−1.0 (br, 566H). The
number-average molecular weight (Mn) of the block copolymer was
determined to be 18 000 g mol−1 (PDI = 1.73) by GFC in 0.02 M
NaNO3 aqueous solution at 30 °C.

3. RESULT AND DISCUSSION

3.1. Synthesis of water-soluble NIR COEs. Chart 1 and
Scheme 1 present the molecular structures and synthetic routes
to three types of NIR fluorescent COEs. To decrease the
bandgap by modulating the ICT interaction, fluorene (and/or
thiophene) was conjugated with benzo[2,1,3]thiadiazole (BT)
(or benzo[1,2-c:4,5-c′]bis[1,2,5]thiadiazole (BBT)) as the
electron-rich and -poor units in a molecular framework,
respectively. Dibromo-BBT (1) was prepared by a reaction of
thionyl bromide and 1,2,4,5-tetraaminobenzene tetrahydrobro-
mide in the presence of pyridine in chloroform.38 The
bromination of BT with bromine in hydrobromic acid
produced compound 2.39 Compound 3 was synthesized by
the alkylation of 2-bromofluorene with 1,6-dibromohexane,40

and the successive stannylation with n-butyllithium and
tributyltin chloride produced compound 4 in 91% yield.
Compound 6 was prepared by the Stille coupling of compound
3 and 2-(tributylstannyl)thiophene using PdCl2(PPh3)2 as a
catalyst in chlorobenzene (67% yield), and a successive
stannylation reaction by following a similar way for compound
4. The neutral precursors were obtained via Stille coupling
using Pd(PPh3)4 as a catalyst in chlorobenzene: 4,7-bis(5-(9,9-
bis(6′-bromohexyl)fluoren-2-yl)thiophen-2-yl)benzo[2,1,3]-
thiadiazole (N-FlTBTTFl) from 2 and 6 (yield: 87%), 4,8-
bis(9,9-bis(6′-bromohexyl)fluoren-2-yl)benzo[1,2-c:4,5-c′]bis-
[1,2,5]thiadiazole (N-FlBBTFl) from 1 and 4 (yield: 12%), and
4,8-bis(5-(9,9-bis(6′-bromohexyl)fluoren-2-yl)thiophen-2-yl)-
benzo[1,2-c:4,5-c′]bis[1,2,5]thiadiazole (N-FlTBBTTFl) from
1 and 6 (yield: 14%). The final water-soluble NIR fluorescent
COEs, 4,7-bis(5-(9,9-bis(6′-N,N,N-trimethylammoniumhexyl)-
fluoren-2-yl)thiophen-2-yl)benzo[2,1,3]thiadiazole tetrabro-
mide (Q-F lTBTTFl) , 4 , 8 -b i s (9 , 9 -b i s (6 ′ -N ,N ,N -
trimethylammoniumhexyl)fluoren-2-yl)benzo[1,2-c:4,5-c′]bis-
[1,2,5]thiadiazole tetrabromide (Q-FlBBTFl), and 4,8-bis(5-
(9,9-bis(6′-N,N,N-trimethylammoniumhexyl)fluoren-2-yl)-
thiophen-2-yl)benzo[1,2-c:4,5-c′]bis[1,2,5]thiadiazole tetrabro-
mide (Q-FlTBBTTFl) were synthesized in ∼95% yield by a

simple quaternization reaction of the neutral precursors with
trimethylamine in a mixed solvent of tetrahydrofuran and
methanol at room temperature. A block ionomer, poly-
[(ethylene oxide)-block-(sodium 2-acrylamido-2-methyl-1-pro-
panesulfonate)] (E45-A70), was synthesized using the procedure
reported elsewhere (Scheme S1).37 The molecular structures of
the intermediates and final compounds were characterized by
1H NMR spectroscopy, 13C NMR spectroscopy, and MALDI-
TOF mass spectroscopy, showing a good agreement with the
suggested structures.

3.2. Characterization of neutral precursors. Three
kinds of NIR fluorophores with different ICT interactions
within the backbone were designed by modulating the D−A
molecular combination. As shown in Figure S2, N-FlTBTTFl
shows a clear solvatochromic effect where the λPL is gradually
red-shifted (λPL = 646 nm in toluene and 698 nm in dimethyl
sulfoxide (DMSO)), indicating a strong ICT interaction.
Similarly, N-FlTBBTTFl shows a red-shifted emission in
polar solvents (λPL = 1026 nm in toluene and 1086 nm in
DMSO). On the contrary, N-FlBBTFl shows a relatively small
shift in λPL with changing solvents, due to weak ICT
interaction. In N-FlBBTFl, the fluorene moiety is a weak
donor and the resulting ICT is weaker than those in N-
FlTBTTFl and N-FlTBBTTFl containing the strong donor of
thiophene. The PL spectral changes in different solvents are

Chart 1. Molecular Structures of NIR COEs, E45-A70, and C16
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summarized in Table S1. In the case of absorption in different
solvents, negligible changes were measured in λabs (compared
to PL spectra), because the energy level of ground state (less
polar than the excited state) is less sensitive to polarity of
solvents (Figure S1). We measured the highest occupied
molecular orbital (HOMO)/lowest unoccupied molecular
orbital (LUMO) energy levels of N-FlTBTTFl, N-FlBBTFl,
and N-FlTBBTTFl by cyclic voltammetry (CV) in acetonitrile.

The HOMO/LUMO levels were determined to be −5.49/−
3.50, −5.65/−3.78, and −5.30/−4.00 eV for N-FlTBTTFl, N-
FlBBTFl, and N-FlTBBTTFl, respectively. The electro-
chemical band gap was determined to be 1.99, 1.88, and 1.30
eV for N-FlTBTTFl, N-FlBBTFl, and N-FlTBBTTFl,
respectively, suggesting a gradual increase in the ICT
interaction with decreased band gap from N-FlTBTTFl to N-
FlTBBTTFl.

Scheme 1. Synthetic Routes to Water-Soluble NIR COEs

Figure 1. Normalized (a) absorption and (b) PL spectra of cationic NIR fluorescent COEs in water. PL spectrum of Q-FlTBBTTFl was measured in
DMSO due to low PL quantum yield in water.
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3.3. Optical properties of NIR COEs. Figure S3 and
Figure 1 present the absorption and PL spectra of the neutral
and quaternized NIR fluorophores in toluene and in water, and
Table 1 summarizes the optical data. The maximum absorption

was measured at λabs = 363 and 512 nm for N-FlTBTTFl in
toluene and at 368 and 510 nm for Q-FlTBTTFl in water. The
peak at ∼360 nm is attributed to the π→ π* transition, and the
peak at a longer wavelength (∼510 nm) originates from an ICT
interaction.41,42 The corresponding emission of N-FlTBTTFl
in toluene and Q-FlTBTTFl in water was observed at λPL = 630
and 657 nm, respectively. By incorporating the stronger
acceptor, BBT, in place of BT (N (or Q)-FlBBTFl and
FlTBBTTFl), substantially red-shifted absorption and PL
spectra were obtained through the considerably enhanced
ICT interactions in a conjugated molecular backbone. In water,
the maximum absorption was measured at λabs = 341 and 596
nm for Q-FlBBTFl and λabs = 422 and 814 nm for Q-
FlTBBTTFl, respectively. The PL spectra were red-shifted
further to a range of NIR wavelengths showing λPL = 780 nm
and ∼1090 nm for Q-FlBBTFl and Q-FlTBBTTFl in water,
respectively. Because the accepting ability of BBT is much
stronger as compared to BT, Q-FlTBBTTFl shows the most
red-shifted PL at λPL ≈ 1090 nm. The strong ICT interaction
induced a low bandgap and PL spectra in the NIR range with a
large Stokes shift. The Stokes shift for the NIR fluorophores in
water (147−276 nm) was substantially larger than those in
toluene (118−184 nm). These values are much larger than
those (10−30 nm) of cyanine-, BODIPY-, and rhodamine-
based commercial NIR fluorescent dyes.43 This large Stokes
shift avoids self-quenching and decreases the interference from
the excitation backscattered light.22,23 Interestingly, an aperture
around 1200 nm was measured for N- and Q-FlTBBTTFl in
toluene and in DMSO. No aperture was observed when the PL
spectrum of N-FlTBBTTFl was measured in CCl4, indicating
that its origin may be the second overtone of C−H (1143,
1170, 1195, 1215, and 1225 nm) stretching (Figure S4).44

Moderate or high PL quantum efficiency was determined to
be 77, 55, and 13.1% for N-FlTBTTFl, N-FlBBTFl, and N-
FlTBBTTFl, respectively, in toluene (Table 1). In water, the
PL efficiency for Q-FlTBTTFl, Q-FlBBTFl, and Q-
FlTBBTTFl was decreased significantly to 5.7, 3.3, and
∼0.1%, respectively, due to ICT-related quenching with an
increase in the nonradiative decay rate in highly polar media

(energy gap law).45,46 The poor PL efficiency is a common
problem for NIR fluorophores in water that needs to be
overcome to allow bioimaging with high resolution. To
improve the PL efficiency of the NIR dyes in water, a vesicular
complex containing the NIR COE was also prepared, where the
microenvironment near the COE is hydrophobic (similar to
organic media) and the PL efficiency of NIR COEs is expected
to increase. The block ionomer, E45-A70, was prepared
according to the previously reported procedure.37 The polymer
vesicle containing the NIR COE was self-organized via
electrostatic and hydrophobic/hydrophilic interactions among
the cationic NIR COE, anionic E45-A70, and cationic surfactant
C16 (Scheme S1). Positively charged COEs undergo electro-
static adhesion onto the anionic block of E45-A70. Similarly, the
cationic C16 molecules form the electrostatic complexes with
the remaining negative sulfonate groups in E45-A70. As the net
charge becomes zero, the ionic blocks are neutralized to be
hydrophobic and the hydrophilic poly(ethylene oxide) blocks
(in the other block of E45-A70) surround it, resulting in the
vesicular structure. The hydrophobic vesicular membrane is
formed via electrostatic and hydrophobic interactions of
cationic C16 and anionic sulfonate groups in E45-A70. The
cationic COE is also located inside the membrane where the
positive ammonium groups show the electrostatic complexation
with anionic sulfonate groups in E45-A70. Finally, the hydro-
philic poly(ethylene oxide) blocks on the outer and inner
surfaces of the vesicle stabilize the vesicular structure in
aqueous media. The detailed synthesis and characterization data
(including zeta potential and transmission electron microscope
images) were reported in our previous report.37 By forming the
vesicular complexes (NIR COE/v), the PL intensity increased
greatly (Figure 2). The PL quantum efficiency increased
substantially (by 5−10 times), up to 27.8, 13.4, and 1.2% for Q-
FlTBTTFl, Q-FlBBTFl, and Q-FlTBBTTFl in water,
respectively (Table S2). The mean size of the vesicles was
measured to be ∼68 nm (in diameter) by dynamic light
scattering (Figure S5). The vesicular complex might have
additional advantages, i.e., the ability to encapsulate hydrophilic
and hydrophobic drug molecules, biocompatibility, easy
preparation, and controllable size, suggesting further extended
multifunctional biological applications for drug delivery
systems, etc.47−49

3.4. In vitro cell imaging by single-photon and two-
photon fluorescence microscopy. To evaluate the
applications of the water-soluble NIR COEs to the visualization
of cells, single- and two-photon excited fluorescence-imaging
experiments were performed after incubating endothelial
progenitor cells (EPCs) with 10 μM NIR fluorescent Q-
FlTBTTFl and Q-FlBBTFl for 12 h. Fluorescence imaging
with Q-FlTBBTTFl could not be tested because no
commercial imaging instrument covering its PL spectral range
(λPL ≈ 1 090 nm) was available. The fluorescence images of
EPCs were collected by both confocal single-photon
fluorescence microscopy (excited at 514 or 712 nm) and
two-photon fluorescence microscopy (excited at ∼1 100 nm)
(Figure 3). Two-photon microscopy has several advantages
over its single-photon counterpart including negligible back-
ground due to cellular autofluorescence, better spatial
resolution, larger penetration depth, reduced photodamage,
and ability to image turbid samples.50−52 In single-photon
fluorescence microscopy, EPCs were clearly visualized via
staining of intracellular structures by both Q-FlTBTTFl and Q-
FlBBTFl, suggesting their potential as fluorescent tags for

Table 1. Summary of Optical Properties of Neutral and
Quaternized NIR Fluorophores

compound solvent
λabs

a

[nm]
λPL

b

[nm]
ΦPL

c

[%]
Stokes shiftd

[nm]

N-FlTBTTFl toluene 363, 512 630 77 118
Q-FlTBTTFl water 368, 510 657 5.7 147
N-FlBBTFl toluene 347, 623 763 55 140
Q-FlBBTFl water 341, 596 780 3.3 184
N-
FlTBBTTFl

toluene 424, 838 1022 13.1 184

Q-
FlTBBTTFl

water 422, 814 ∼1090 <0.1 ∼276

aMaximum absorption wavelength. bMaximum PL wavelength. cΦPL
(PL quantum efficiency) was measured relative to fluorescein (ΦPL =
92% in water at pH = 10) for N-, Q-FlTBTTFl, rhodamine 101 (ΦPL
= 96% in methanol) for N-, Q-FlBBTFl, and indocyanine green (ΦPL
= 10.6% in DMSO) for N-, Q-FlTBBTTFl. dStokes shift was
estimated by the wavelength difference between λPL and λabs.
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molecular probes. In two-photon fluorescence microscopy with
EPCs, Q-FlTBTTFl showed two-photon induced signals and

generated similar images with those from single-photon
confocal fluorescence microscopy (Figure 3b). On the other
hand, Q-FlBBTFl did not generate a detectable signal with
two-photon fluorescence microscopy. These results suggest that
both Q-FlTBTTFl and Q-FlBBTFl are cell-permeable with low
cytotoxicity (detailed data will be discussed in the following
section) and can be used for visualizing cells with fluorescence
microscopy. In addition, Q-FlTBTTFl can be utilized as a
fluorescent tag for bioimaging with two-photon fluorescence
microscopy.

3.5. In vivo and ex vivo fluorescence imaging. To
further evaluate the in vivo fluorescence imaging capability of
the synthesized COEs, the in vivo fluorescence signals of Q-
FlBBTFl and Q-FlBBTFl/v were collected in the back of
mouse model by injecting the NIR COEs (50 μM)
subcutaneously into the back region of a BALB/c nude
mouse (Figure 4). Q-FlBBTFl and Q-FlBBTFl/v were chosen
as the NIR imaging probe because of its adequate PL
wavelength for in vivo imaging. The fluorescence signal at the
Q-FlBBTFl/v-injected site (right back side of the mouse in
Figure 4a) showed ∼4 times higher intensity than the Q-
FlBBTFl-injected site (left back side of mouse) in 10 min after
the injection. The COE/v complex showed much brighter PL
emission in a mouse model, suggesting its great potential as a
NIR fluorescent agent for in vivo optical imaging with high
imaging resolution. Therefore, further in vivo imaging experi-
ments were conducted using Q-FlBBTFl/v to evaluate its
capability as an in vivo NIR imaging probe. Human
fibrosarcoma HT1080 cells were transplanted into the proximal
thigh region of a BALB/c nude mouse to prepare the tumor-
bearing xenograft mouse model. After implanting the HT1080
cells, the vesicular complex (Q-FlBBTFl/v) was injected
intravenously into the tail vein of the xenograft mouse model
and NIR in vivo images were taken using an in vivo optical
imager. The NIR fluorescence signal at the tumor site was
enhanced by ∼20 times compared to the signal intensity of the
preinjection state (Figure 4c and d). The PL signal was
maximized at 30 min after injection. Although there was no
targeting moiety conjugated to the COE/v, such as an antibody,
aptamer, and peptide, the strongest fluorescence signal was
detected at the tumor region due to the enhanced permeability
and retension (EPR) effect.53−55 The EPR effect is related to
the cell structures of fast growing tumors compared to normal
cells, showing efficient accumulation of molecules in tumor.
The tumor has an abnormally high density of angiogenetic
blood vessels for the violent supply of nutrients for the growth

Figure 2. Absorption (dashed) and PL (solid) spectra of (a) Q-
FlTBTTFl, (b) Q-FlBBTFl, and (c) Q-FlTBBTTFl (black) and their
vesicular complexes (red) in water.

Figure 3. Fluorescence microscope images of EPCs. (a) Confocal single-photon and (b) two-photon microscope images of EPCs after incubation
with 10 μM of Q-FlTBTTFl for 12 h. The wavelengths for single-photon and two-photon excitation were 514 nm and 1 100 nm, respectively. (c)
Confocal single-photon microscope image of EPCs after incubation with 10 μM of Q-FlBBTFl for 12 h. The excitation wavelength was 712 nm.
Scale bar is 50 μm.
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and proliferation of cancerous cells.56 In addition, the general
absence of functional lymphatic vessels in most tumors
contributes to nanocarrier entrapment and retention. Thus, in
the last few decades, EPR effect has been considered the “royal
gate” for cancer control because bionanoparticles can be
accumulated inside a tumor and reduce the side effects
compared to conventional treatments.57 The fundamental
features of EPR physiology are ascribed to hyperpermeable
vasculatures in tumors, allowing the concentration and the
decrease of a renal clearance of bionanoparticles. Thus, our

nanoscale Q-FlBBTFl/v might be extravasated and accumu-
lated within the interstitial space of tumors by transiting
through submicroscale endothelial pores. As shown in Figure
4e and f, the ex vivo image of the tumor treated with the Q-
FlBBTFl/v demonstrates a substantially higher fluorescence
signal than the other organs, such as the brain, liver, kidney, and
spleen. These results strongly suggest that the Q-FlBBTFl/v
has great potential as a NIR imaging probe for the diagnosis of
cancer. Furthermore, the utility of the Q-FlBBTFl/v can be
extended to molecular bioprobes for the quantification of

Figure 4. (a) In vivo fluorescence images and (b) a graph of average photon counts for the injected back sites of Q-FlBBTFl (left) and Q-FlBBTFl/
v (right). (c) In vivo fluorescence images and (d) a graph of relative photon counts in tumor-bearing mouse model after intravenous injection of Q-
FlBBTFl/v into tail vein. (e) Ex vivo fluorescence image and (f) a graph of relative average photon counts of indicated tissues after intravenous
injection of Q-FlBBTFl/v for 1 h; tumor-bearing mouse (upper) and normal mouse (lower).
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tumors and for targeting a specific type of tumor by conjugation
with the targeting ligands.
3.6. Cytotoxicity and stability test. To test the

cytotoxicity of the NIR COEs, EPCs, human embryonic kidney
293 cells (293 cells) and MEFs were treated with different
concentrations of Q-FlTBTTFl or Q-FlBBTFl (1 μM−1 mM,
37 °C, 24 h) and subjected to a MTT assay. At concentrations
of 10 μM or lower, neither Q-FlTBTTFl nor Q-FlBBTFl
affected the viability of tested cells (Figure 5). However, at 100

μM and higher concentrations, Q-FlTBTTFl and Q-FlBBTFl
decreased the cellular viability compared with the untreated
controls. Little subcellular apoptotic changes or significant cell
death were observed at the concentrations used for in vitro (10
μM) or in vivo (50 μM) visualizaion. These results suggest that
Q-FlTBTTFl and Q-FlBBTFl can be applied for visualizing
cells in vitro and tumors in vivo with low cytotoxicity when
used within a certain range of concentrations. We also tested
the stability of Q-FlTBTTFl/v and Q-FlBBTFl/v in FBS and
in rat plasma by measuring PL intensity change with increasing
[FBS] (or [rat plasma]) = 1−10 vol % in DI water (Figure 6).
Both COE/v structures show almost no decrease in the PL
intensity up to the addition of 5 vol % of FBS or rat plasma in
water. The fluorescence was substantially decreased to
approximately half of the original PL signal in the presence
of 10 vol % of FBS or rat plasma. The COE/v may show
nonspecific adhesion onto proteins, antibodies, etc. in blood
serum and the structure might be changed, inducing PL
quenching.

4. CONCLUSION
Three kinds of water-soluble fluorescent conjugated oligoelec-
trolytes (COEs) were designed and synthesized as a NIR
fluorescence imaging agent. The cationic ammonium groups
were attached to their side-chains, and the emission wavelength
was modulated by adjusting the intramolecular charge transfer
interaction by incorporating the electron-rich fluorene (and/or
thiophene) and electron-poor BT (or BBT) moieties in their
molecular framework. The COEs showed PL spectra in the
range 600−1300 nm, with a remarkably larger Stokes shift
(147−276 nm) compared to commercial rhodamine and
cyanine dyes in water, avoiding self-quenching and interference
from the excitation backscattered light. The PL quantum
efficiency was improved substantially (1.2−27.8% in water) by
incorporating the COEs in a polymeric vesicle. In particular, Q-

FlTBTTFl and Q-FlBBTFl showed good biodistribution and
low cytotoxicity and successfully demonstrated their potential
in in vitro confocal microscopy. In addition, the Q-FlBBTFl/v
exhibited great potential as an in vivo biological imaging agent
for the mouse xenograft model. Significant opportunities and
great challenges in the development of water-soluble NIR
COEs still remain. The application of COEs can be further
extended to active targeting and the delivery of therapeutics by
conjugation with specific ligands, such as small molecules,
peptides, proteins, and antibodies.
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