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INTRODUCTION

Molecular imaging, which visualizes biological molecules, cells and
tissue, has recently attracted considerable attention.!~> Various tech-
niques, such as magnetic resonance imaging and positron emission
tomography, have been developed in the past few decades. Among
these techniques, the fluorescence imaging method is a useful mod-
ality for biological objects because the detection by fluorescence is
highly sensitive, and because various kinds of information are avail-
able from the spectrum and temporal profile of the fluorescence
signal. In the recent studies on molecular bioimaging probes and drug
delivery systems, nanoparticles have received considerable attention
because of their applicability in various imaging modalities and as
drug carriers in in vivo systems.*® The site specificity of the nano-
particles and their lifetime in the blood circulation system are
dependent on the size and the surface properties of the particles.”
Particles with a size of approximately 100nm is known to be
accumulated in tumor tissues by the enhanced permeability and
retention (EPR) effect.>!0 Moreover, the incorporation of one or
more chemicals in a single particle and the particle’s surface modifica-
tion could result in the multi-functional molecular probe. The
nanoemulsion method with polymer materials is one of the most
versatile technique, because the particle size can be precisely controlled
in the range of 10 nm or greater; the physical and chemical properties
are adjustable via the matrix polymer materials, and various low-
molecular-weight chemicals can be embedded in the particles. There-
fore, the polymer nanoparticles (PNPs) that contain a fluorescent
moiety are promising systems for the molecular imaging probes. The
following requirements should be met for the quantitative optical in
vivo imaging by a fluorescent molecular probe: (1) a large absorption
coefficient for the excitation light, (2) a high quantum efficiency of
fluorescence emission and (3) an excitation/emission wavelength
range in the near-infrared (NIR) region. To achieve high signal
intensity, the molecular probe should efficiently absorb photons.
This absorption could be attained by loading dye moieties into a
particle at high concentration. Not only the absorption efficiency but

also the fluorescence quantum vyield is an important factor. The NIR
region of 600-900 nm is the spectral window for the optical imaging
of living tissues, where the absorption and scattering are relatively
low;!112 therefore, the NIR excitation and emission enables the
detection of fluorescence from deep inside of a living body. Numerous
probes that operate in the NIR range, such as quantum dots, have
been already reported.!'>!* Here, we report the preparation of the
PNPs that consist of a fluorescent m-conjugated polymer. Low-
bandgap conjugated polymers developed in recent years have the
absorption and emission bands at the wavelengths greater than
600nm.'>1® We fabricated the PNPs using co-poly(2,3-diphe-
nylthieno[3,4-b]pyrazine-alt-9,9-dioctylfluorene) (CDPDOF)!7 as a
fluorescent molecular probe with a large absorption coefficient. More-
over, the emission quantum yield was enhanced by the fluorescent
resonance energy transfer (FRET) mechanism. The application of the
PNPs for the in vivo imaging of small animals is demonstrated.

EXPERIMENTAL PROCEDURE

A fluorescent-conjugated polymer CDPDOF (Figure 1a) was prepared by the
Suzuki coupling reaction of 2,3-diphenylthieno|3,4-b]pyrazine and 5,7-dibro-
mo-2,3-diphenylthieno[3,4-b]pyrazine, which were synthesized according to
the previously published method.!” The weight- and number-average mole-
cular weights, M,, and M,,, were 18600 and 9940, respectively. These values
were determined by size-exclusion chromatography calibrated with polystyrene
standards. Fluorescent-dye-doped PNPs were prepared by a nanoemulsion
method.'®2° CDPDOF (400 ig) and silicon 2,3-naphthalocyanine bis(trihex-
ylsilyloxide) (SiNc, 16-200 pg, Figure 1b) were dissolved in 0.8 ml of chloro-
form. The polymer/dye solution was added to 10 ml of an aqueous solution of
polyoxyethylene sorbitan monolaurate (Tween 20, Tokyo Chemical Industry,
Tokyo, Japan) at a concentration of 10mgml~!. After the solution was
vigorously stirred for 10 min, the nanoemulsion was prepared by the ultra-
sonication at a frequency of 22.5kHz and at a power of 20W (Microson
XL2000, Misonix, Farmingdale, NY, USA) for 30s at a temperature of 0°C.
The surfactant-stabilized PNPs were obtained after the removal of chloroform
by the heating and stirring of the sample solution. The ultraviolet-visible
absorption and fluorescence spectra of the PNP dispersions were recorded
with a UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan) and a FP-6500
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Figure 1 Chemical structures of co-poly(2,3-diphenylthieno[3,4-blpyrazine-
alt-9,9-dioctylfluorene (CDPDOF) and silicon 2,3-naphthalocyanine bis(trihexyl-
silyloxide) (SiNc).
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Figure 2 Size distribution for the polymer nanoparticle (PNP) of co-poly(2,3-
diphenylthieno[3,4-blpyrazine-alt-9,9-dioctylfluorene (CDPDOF) observed by
dynamic light scattering. The inset indicates the transmission electron
microscope image.

spectrofluorometer (Jasco, Tokyo, Japan), respectively. The average particle
sizes and size distributions were determined using the dynamic light scattering
with the histogram method (ELS-Z, Otsuka Electronics, Osaka, Japan). Direct
observation of the PNPs was conducted using a transmission electron micro-
scope (JEM-2100F, JEOL, Tokyo, Japan). The PNPs were deposited on a copper
grid covered with an elastic carbon support film. Transmission electron
microscope imaging was performed without staining at a working voltage of
200kV. In vivo fluorescence imaging of mice was performed using an IVIS-200
optical imaging system (Xenogen, Alameda, CA, USA). Normal nude mice (7
weeks old, male; BALB/c slc-nu/nu, Japan SLC, Hamamatsu, Japan) were
intravenously injected with 200 pl of PNP dispersed in phosphate-buffer saline
(PBS). During the imaging, the mice were kept on the stage under anesthesia
with isoflurane gas.

RESULTS AND DISCUSSION

Figure 2 shows the size distribution of the PNP of CDPDOF with SiNc
(the fraction of SiNc¢ was 1.0%). This result indicates that the average
diameter of the PNP was 82nm with s.d. of 21nm. The size
distribution of the PNP was not dependent on the SiNc fraction in
the range of 0.4-50%. Moreover, the size distribution was not altered
after 30 days, indicating high dispersion stability in water. The
transmission electron microscope image is shown in the inset of
Figure 2 and indicates that the particle size and particle-size distribu-
tion were similar to the dynamic light scattering result. The size of the
PNPs can be controlled in the range of 50-150 nm by adjusting the
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Figure 3 Absorption/fluorescence spectra for co-poly(2,3-diphenylthieno
[3,4-blpyrazine-alt-9,9-dioctylfluorene (CDPDOF) (a) and the dye content
dependence of the fluorescence intensity/fluorescent resonance energy
transfer (FRET) efficiency (b). In the panel a, the dashed and solid curves
indicate the absorption and emission spectra, respectively. The black, blue
and red curves indicate the spectra for a chloroform solution, CDPDOF-
polymer nanoparticle (PNP), and CDPDOF/SiNc-PNP with a dye content
of 0.15%, respectively. In the panel b, the open and filled circles
indicate the fluorescence intensity and the FRET efficiency, respectively.
The diameter of the PNP was 82 nm. SiNc, silicon 2,3-naphthalocyanine
bis(trihexylsilyloxide).

concentrations of the polymer and Tween 20. The dispersion stability
in PBS and fetal bovine serum solutions was examined. The PNPs
were dispersed in PBS and fetal bovine serum (10% in PBS) solutions
at PNP concentrations of 0.05 and 0.45mgml~!, and the dispersion
was kept at room temperature for one day. The dynamic light
scattering and optical measurements showed no significant difference
in the particle-size distribution or the absorption spectrum. These
results indicate that the PNPs of CDPDOF can be homogeneously
dispersed under in vivo conditions.

The ultraviolet—visible absorption and fluorescence spectra of a
chloroform solution of CDPDOF and PNPs with and without SiNc
are shown in Figure 3. Although the fluorescence spectra were
observed under the excitation of CDPDOF at a wavelength of
600 nm, the emission spectra were different from each other. The
chloroform solution of CDPDOF emitted fluorescence at 690 nm with
a quantum efficiency of 0.28. The PNP of CDPDOE, however, showed
another emission peak at 830 nm and a decreased intensity at the 690-
nm band (the blue curve in Figure 3a). The peak at 830 nm is due to
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inter-chain interactions among the conjugation system of CDPDOFE.
The m-conjugation is thought to be extended by stacking among the
main chain of CDPDOE resulting in the emission at a longer
wavelength. Light-absorbing polymer particles are available by disper-
sing a low-molecular-weight dye; however, the dye fraction should be
less than a few dozen percent to obtain PNPs with a narrow size
distribution and high dispersion stability. The PNPs of CDPDOF
consist only of the chromophoric monomer unit with a molar
absorption coefficient of 4.4x10*M~!cm™!, resulting in a high
absorption coefficient for the PNPs on the order of 101 M~1cm™1.
Although the PNP of the conjugated polymer absorbed the light with
a high efficiency, the fluorescence quantum efficiency decreased to
0.02 because of the stacked chromophoric moieties. For the PNP of
CDPDOF with SiNg, the fluorescence of SiNc was observed at 790 nm,
which resulted from FRET due to the large overlap of the emission
and absorption bands of CDPDOF and SiNg, respectively. Despite the
small fraction of SiNc (0.15%), the peak intensity attributed to SiNc is
larger than that of CDPDOF, indicating that the excitation energy of
CDPDOF was efficiently converged to the SiNc moiety. The open
symbols in Figure 3b show the energy transfer efficiency as a function
of the dye content. The FRET efficiency increased with the increase of
the dye content in the particle and reached a maximum value of about
85% at a concentration of 3%. At low dye concentrations, the exciton
is deactivated and emits fluorescence before reaching a SiNc molecule.
For example, the average distance between the SiNc molecules is
estimated to be 15nm at a concentration of 0.15%. This distance is
relatively large compared with the diffusion length for conjugated
polymers (on the order of 10 nm). Therefore, a part of the exciton on
CDPDOF cannot reach the SiNg, resulting in the low FRET efficiency
of 26%. The FRET efficiency increased with increasing the dye
concentration in the PNP. The fluorescence intensity of SiNc decreased
with the increase of the dye content larger than 1% (the filled circles in
Figure 3b), whereas the FRET efficiency from CDPDOF to SiNc
increased monotonically with the SiNc fraction up to a SiNc fraction
of 3%. This decrease is due to the self-quenching by the aggregation of
SiNc. The fluorescence intensity at the optimum condition of 1.1% is
2.2 times larger than that of the CDPDOF-PNP without SiNc.

In the neat CDPDOE-PNP, the chromophoric monomer units were
stacked with each other to form an excitation energy trap site,
resulting in a reduction of the emission quantum yield. In contrast,
in the PNPs of CDPDOF/SiNc, almost all the excitation energy was
converged to the SiNc¢, and the PNPs emitted the fluorescence with
relatively high quantum yield. Consequently, the emission intensity
was improved by the FRET mechanism. The PNP of the low-bandgap
polymer is compared with semiconductor quantum dots, which
are used as fluorescent probes with a strong emission intensity.'*
Quantum dots in NIR show a molar absorption coefficient of
0.5-5x10°M~! cm~! and an emission quantum yield of 0.8. Although
the CDPDOF/SiNc-PNP showed a 20-fold smaller quantum yield than
that of the quantum dots, the absorption coefficient was several
thousand times larger. Therefore, the emission intensity of the PNP
is estimated to be larger by two orders of magnitude under the same
excitation condition. Another advantage of the FRET mechanism is
the tunability of the emission wavelength. The excitation and emission
wavelengths are independently determined by the chemical structures
of the energy-donating conjugated polymer material and the acceptor
dye molecule, respectively. An appropriate selection of the dyes enables
the multi-color imaging.

To consider the feasibility of the PNPs of the m-conjugated polymer
as an in vivo imaging agent, whole bodies of mice were imaged. The
mice were injected with the PBS dispersions of the PNPs of neat
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Figure 4 Images of a mouse injected by co-poly(2,3-diphenylthieno[3,4-b]
pyrazine-alt-9,9-dioctylfluorene (CDPDOF)/silicon 2,3-naphthalocyanine bis
(trihexylsilyloxide) (SiNc)-polymer nanoparticle (PNP). The left and right
panels were acquired after O and 120min of the injection, respectively.
The fluorescence intensity from the PNP is indicated in color overlapped
with the gray-scale image of the whole body of the mouse. The excitation
and detection wavelengths were 605+ 15 and 780 = 10 nm, respectively.

CDPDOF and CDPDOF/SiNc with a diameter of 80 nm. For the
CDPDOF-PNP, no fluorescence signal was detected from the mouse
body because the fluorescence intensity was weak. Furthermore, as
shown in Figure 3a, the COPDOF-PNP show a broad emission band
in the NIR region longer than 850 nm. The biological sample strongly
absorbs the wavelengths longer than 900 nm because of the overtone
of the vibration band of water. Therefore, the emission was partially
absorbed by the tissue of the mouse. Moreover, the bandwidth of the
emission holds practical importance in the fluorescence imaging.
For the detection of the fluorescence from the CDPDOEF-PNP,
the light signal should be acquired over the broad wavelength range
of 650-900 nm; however, such a broadband detection is susceptible
to a large noise floor due to the autofluorescence from the tissue.
Thus, the fluorescence of the CDPDOF-PNP was not detectable.
On the other hand, the signal from the CDPDOF/SiNc-PNP was
clearly observed in the in vivo photoluminescence image shown in
Figure 4, indicating that the PNP accumulated in the liver after
120 min after the injection. The bright emission at a NIR wavelength
by an efficient energy-harvesting mechanism enabled the in vivo
fluorescence imaging. The narrow bandwidth of the fluorescence
from the energy acceptor dye moiety was effective in avoiding the
background emission, which enables the quantitative measurement of
the fluorescence intensity.

SUMMARY

Fluorescent nanoparticles at the NIR range were prepared from the
low-bandgap conjugated polymer CDPDOF. The emission intensity
was successfully enhanced by the FRET mechanism from CDPDOF to
an energy-acceptor dye moiety, SiNc, resulting in the strong fluores-
cence in the NIR region. The fluorescence from the CDPDOF/SiNc-
PNP was brightly observed through a living body in in vivo optical
imaging, indicating that the PNP accumulated in the liver of a mouse.
The ability to target a specific site can be added by the surface
modification of the PNPs with functional groups. The dye-doped
PNPs of the low-bandgap polymer are thus a promising candidate for
an in vivo molecular probe.
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