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ABSTRACT: Fluorescent nanoprobes have become one of
the most promising classes of materials for cancer imaging.
However, there remain many unresolved issues with respect
to the understanding of their long-term colloidal stability and
photostability in both biological systems and the environment.
In this study, we report long-term-stable near-infrared
(NIR) polymer dots for in vivo tumor vasculature imaging.
NIR-emitting polymer dots were prepared by encapsulating an
NIR dye, silicon 2,3-naphthalocyanine bis(trihexylsilyloxide)
(NIR775), into a matrix of polymer dots, poly[2-methoxy-5-
(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), using a nanoscale precipitation method. The prepared NIR polymer
dots were sub-5 nm in diameter, exhibited narrow-band NIR emission at 778 nm with a full width at half-maximum of 20 nm,
and displayed a large Stokes shift (>300 nm) between the excitation and emission maxima. In addition, no significant uptake of
the prepared NIR polymer dots by either human glioblastoma U87MG cells or human non-small cell lung carcinoma H1299 cells
was detected. Moreover, these NIR polymer dots showed long-term colloidal stability and photostability in water at 4 °C for at
least 9 months, and were able to image vasculature of xenografted U87MG tumors in living mice after intravenous injection.
These results thus open new opportunities for the development of whole-body imaging of mice based on NIR polymer dots as
fluorescent nanoprobes.

In recent years, conjugated polymer dots have gained interest
as a new class of fluorescent probes due to their attractive

chemical and optical features, such as bright fluorescence
intensity, excellent photostability, high emission rates, and
minimal cytotoxicity. Along with quantum dots, metal nano-
clusters, carbon nanomaterials, up-conversion, and silicon
nanomaterials, polymer dots are promising nanosized probes
that have practical applications in biomedical research.
Polymer dots have been demonstrated in various applications
in bioimaging and biosensing.1−11 The Chiu laboratory has
developed fluorescent polymer dots for in vitro and ex vivo
imaging.12,13 We recently reported poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) dots for
in vivo lymph node imaging.14 To date, only a few studies on
whole-body imaging of polymer dots in living mice have been
reported, mainly due to the challenges of designing polymer dots
that show strong and narrow-band emissions in the near-infrared
(NIR) region, and their unfavorable in vivo performance after
systemic injection. Herein, for the first time, we report the
synthesis of long-term-stable ultrasmall NIR-emitting polymer
dots, which were successfully applied to whole-body tumor
vasculature imaging of mice even 9 months after synthesis.
Smaller nanoprobes are often more desirable due to their

favorable biodistribution characteristics in in vivo experi-
ments.15−18 Polymer dots prepared by nanoprecipitation are
usually smaller compared to those prepared by a miniemulsion
method and can be easily conjugated to biomolecules. We chose
a nanoprecipitation method to prepare ultrasmall sub-5 nm

polymer dots according to our previous work, with some
modification.14 Scheme 1 describes the synthesis of NIR polymer
dots. An amphiphilic polymer, polystyrene-graf t-ethylene
oxide functionalized with carboxyl groups (PS-PEG-COOH),
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Scheme 1. Chemical Structures of MEH-PPV, PS-PEG-
COOH, and NIR775, Depicting the Preparation of NIR
Polymer Dotsa

aThe NIR emission is based on a FRET system utilizing NIR775 as an
acceptor and MEH-PPV polymer as a donor.

Communication

pubs.acs.org/bc

© 2015 American Chemical Society 817 DOI: 10.1021/acs.bioconjchem.5b00163
Bioconjugate Chem. 2015, 26, 817−821



was introduced to coat NIR polymer dots with a biocompatible
shell. Narrow-band NIR emission was realized by doping the
NIR dye, silicon 2,3-naphthalocyanine bis(trihexylsilyloxide)
(NIR775), into the matrix of MEH-PPV dots.14,19 To minimize
the self-quenching effect among encapsulated NIR dyes and
simultaneously get the highest fluorescence resonance energy
transfer (FRET) efficiency, the optimal ratio of NIR775 to the
MEH-PPV matrix (by weight) was found to be 0.012:1.
Transmission electron microscopy (TEM) shows that the

NIR polymer dots were quite monodispersed, with an average
diameter of 3.6± 0.4 nm (Figure 1, and Supporting Information,

Figure S1). However, DLS data showed that the average
hydrodynamic diameter of NIR polymer dots reached ∼30 nm
(Supporting Information, Figure S2), which was larger than the
size determined by TEM. This increase in size is mainly due to
the hydration corona formed by the PEG coating around NIR
polymer dots. Further analysis revealed that the NIR polymer
dots had a zeta potential of greater than −34 mV in water,
indicating their good colloidal stability against aggregation
(Supporting Information, Figure S3).
The MEH-PPV polymers in dilute THF solution exhibit a

broad UV/vis band with a maximum at ∼501 nm (Supporting
Information, Figure S4). When the MEH-PPV chains are forced
to densely pack into the nanoparticles by injecting the solution
into an excess amount of water, the synthesized NIR polymer
dots exhibit a broad UV/vis band with a maximum at 511 nm and
a weak NIR peak at 773 nm (Figure 2). The appearance of this

red-shifted peak from 501 to 511 nm indicates the formation
of inter- and/or intrachain aggregates where some conjugated
segments or chromophores stack on top of each other. This
result is consistent with previous studies reported by Traiphol.20

Under excitation at 468 nm, these NIR polymer dots exhibited
distinctive MEH-PPV emission at 595 nm with a shoulder at
644 nm, and a strong and narrow-band NIR peak at 778 nm
with a full width at half-maximum (fwhm) as narrow as 20 nm.
The absorbance and fluorescence spectra of NIR775 doped
in MEH-PPV dots and dispersed in water were similar to the
spectra of free NIR775 dyes dissolved in THF (Supporting
Information, Figure S5). Conjugated polymers, such as MEH-
PPV, are constructed of numerous fluorescent residues that form
a large conjugated system and also exhibit very fast intra- and
interchain photoexcitation transport (exciton diffusion). This
structure allows the excitons to move along the polymer chain
until they encounter a quencher molecule. This migration of
excitons facilitates the FRET from the MEH-PPV polymer to the
NIR775 dye over even relatively long distances. The amplified
FRET process is further favored by the large extinction
coefficient of NIR775 (5.2 × 105 M−1 cm−1).19 Additionally,
the hydrophobic nature of NIR775 and the polymer dot matrix
ensures close interaction between the acceptor dye and the
donor matrix, which also enhanced efficient FRET. As a result,
we observed highly efficient FRET despite the poor spectral
overlap between MHE-PPV’s fluorescence and NIR775’s
absorbance. The highest emission intensity ratio of 778 nm to
595 nm was over 10, confirming that efficient FRET occurred
from the MEH-PPV matrix to NIR775 in the synthesized NIR
polymer dots. We calculated the Förster radius (R0) of the pair to
be 3.5 nm. The quantum yield of the 778 nm emission (NIR775)
from NIR polymer dots in water was about 0.09, slightly higher
than that from the free NIR775 dyes in THF.14 Furthermore,
FRET resulted in a large Stokes shift (>300 nm) between the
excitation and emission maxima, and thus can effectively reduce
the high fluorescence background during in vivo imaging. These
data demonstrate great potential of the synthesized polymer dots
for NIR imaging.
We carried out a stability test of the NIR polymer dots in Tris

buffer, HEPES buffer, PBS buffer, and Hanks’s solution at 37 °C
for 10 h each (Figure 3A). The results showed that the NIR
polymer dots had the highest intensity in PBS; the fluorescent
intensity in PBS was 1.32-fold higher than that in Tris buffer,
1.44-fold higher than that in HEPES buffer, and 1.16-fold higher
than that in Hanks’s solution. We then tested the temperature
stability of the NIR polymer dots in PBS at 4, 22, and 37 °C for
45 h each (Figure 3B). As expected, the NIR polymer dots had
the highest intensity at 4 °C; the fluorescent intensity at 4 °Cwas
1.30-fold higher compared with that at 22 °C, and 1.68-fold
higher compared with that at 37 °C.We also tested the long-term
stability of the NIR polymer dots at 4 °C: no aggregation was
observed after storage in water at a concentration of 50 μg/mL
for at least 9 months. These data further demonstrated excellent
long-term stability against aggregation of the NIR polymer dots.
The cytotoxicity of the NIR polymer dots was evaluated by the

CCK-8 assay in human glioblastoma U87MG cells and human
non-small cell lung carcinoma H1299 cells. No differences in cell
viability were observed in the absence or presence of the NIR
polymer dots at a concentration of 5−100 μg/mL at 37 °C for
24 h (Figure 3C). These data confirmed that the NIR polymer
dots exhibit negligible cytotoxicity.
To ascertain whether the NIR polymer dots were uptaken by

live cells, we used a confocal microscope to examine the uptake of

Figure 1. TEM image of the NIR polymer dots. Inset: average diameter
of the NIR polymer dots obtained from the TEM result.

Figure 2. UV/vis absorption and fluorescence spectra of the NIR
polymer dots. Insets are the room light and UV light photographs of the
NIR polymer dots. The fluorescence photograph was obtained under
365 nmUV excitation, which showed red emission from theMEH-PPV.
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the NIR polymer dots in two cell lines, U87MG and H1299.
After 6 h of incubation at a concentration of 10 μg/mL, nearly
no NIR fluorescence signal was detected in both cell lines
(Supporting Information, Figure S6). This is probably because
of the large negative surface charges arising from the carboxyl
groups. We further tested three NIR polymer dots samples with
different surface charges, −34.4, −21.7, and −15.3 mV, which
displayed fluorescence intensity similar to that of the background
by flow cytometry analysis (Supporting Information, Figure S7).
These data suggested that the NIR polymer dots were not taken
up by either U87MG cells or H1299 cells.
For in vivo imaging, we used the NIR polymer dots synthesized

and stored at 4 °C up to 9 months. Athymic nude mice (n = 3)
were administered the NIR polymer dots (∼50 μg per mouse)
through tail-vein injection. At 24 h post injection, the mice were
imaged using an IVIS spectrum imaging system with a 465 ±
15 nm excitation filter and a 780± 10 nm emission filter. Intense
NIR fluorescence signal was observed in the liver, bladder, and
lymph nodes (Supporting Information, Figure S8). Ultrasmall
sub-5.5 nm particles were reported to pass through the barrier
for renal clearance, and nanoparticles with sizes ranging from

10 to 200 nm show very high distributions in the liver and spleen
due to reticuloendothelial system absorption.21−29 The detected
NIR fluorescence signal in the liver and bladder suggested
the existence of both ultrasmall and large NIR polymer dots.
Furthermore, these NIR polymer dots showed lower uptake in
the lymph nodes compared with the lager polymer dots.14 This is
because the size of nanoparticles exhibits a strong effect on the
migration time during lymph node mapping, and the nano-
particles with a hydrodynamic diameter of 30−50 nm were
reported to exhibit long-time and high uptake into the lymphatic
system.14,30,31

For in vivo tumor imaging, the NIR polymer dots (∼25 μg per
mouse) stored after 3, 6, and 9 months were then injected
intravenously into nude mice bearing a U87MG tumor on the
left shoulder (stomach position). Thirty minutes post injection,
a strong NIR fluorescence signal was clearly observed in the
U87MG tumor vasculature of the mice (Figure 4, Supporting

Information, Figure S9). It is very interesting to observe that the
prepared NIR polymer dots were not taken up by live U87MG
cells in vitro but accumulated in the U87MG tumor in vivo. It is
probably because tumor tissue vasculatures are leaking and
hyperpermeable, allowing preferential accumulation of nano-
particles in the tumor vasculature and tumor interstitial space
(called passive nanoparticle tumor targeting). In particular,
no obvious fluorescence intensity changes were detected among
the three mice (Figure 4), indicating excellent long-term photo-
stability of the NIR polymer dots. Region of interest (ROI)
measurements (Supporting Information, Table S1) showed that
the tumor-to-liver signal intensity ratios in three mice were 0.76,
0.73, and 0.72, respectively. The tumor-to-skin signal intensity
ratios were 1.26, 1.49, and 1.77, respectively, and the tumor-to-
background signal intensity ratios were 28.78, 19.13, and 19.21,
respectively. The increase in the tumor fluorescence signal in
mice was further obtained 20 h post injection (Table S1).
These data demonstrated successful imaging of U87MG tumor
in living mice by using the NIR polymer dots. However, under
the same experimental conditions, nearly no fluorescence signal
was visualized in the H1299 tumor of the mice injected with
the NIR polymer dots (Supporting Information, Figure S10).
The difference observed between these two tumor types is likely
due to the different tumor microenvironments.
In conclusion, we prepared the NIR-emitting polymer dots by

encapsulating the dye NIR775 into the matrix of MEH-PPV dots
using a nanoprecipitationmethod. The synthesizedNIR polymer

Figure 3. (A) Stability of the NIR polymer dots in Tris buffer, HEPES
buffer, PBS buffer, and Hanks’s solution at 37 °C for 10 h (about 1 μg of
dots per sample). (B) Temperature stability of the NIR polymer dots in
PBS for 45 h (about 3 μg of dots per sample). (C) Viability values (%) of
cells estimated by CCK-8 assay versus incubation concentrations of the
NIR polymer dots. Data represent mean ± SD (n = 3).

Figure 4. In vivo fluorescence imaging of U87MG tumor-bearing mice
(n = 6, tumors are indicated by white arrows). (A) 30 min post injection
NIR polymer dots prepared after 3 months, (B) 30 min post injection
NIR polymer dots prepared after 6 months, and (C) 60 min post
injection NIR polymer dots prepared after 9 months (excitation filter,
465 ± 15 nm; emission filter, 780 ± 10 nm).

Bioconjugate Chemistry Communication

DOI: 10.1021/acs.bioconjchem.5b00163
Bioconjugate Chem. 2015, 26, 817−821

819



dots showed ultrasmall sub-5 nm size, exhibited narrow-band
NIR emission at 778 nm with a fwhm of 20 nm, and displayed
a large Stokes shift (>300 nm) of the emission maxima. In
addition, no significant uptake of the synthesized NIR polymer
dots by either U87MG cells or H1299 cells was observed.
Furthermore, these NIR polymer dots exhibited long-term
colloidal stability and photostability in water at 4 °C for at least
9months, and were successfully applied to imaging vasculature of
U87MG tumors in living mice after intravenous injection. To the
best of our knowledge, this is the first successful demonstration
of ultrasmall NIR polymer dots for in vivo tumor imaging. This
study provides a foundation for the development of whole-body
tumor imaging based on the use of polymer dots as fluorescent
nanoprobes.
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