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pplication of near-infrared (NIR)
Aﬂuorescence in biology enormously
enhances the sensitivity of in vivo
measurements and optical imaging'~” be-
cause monitoring NIR fluorescence mini-
mizes interference from autofluorescence
in biological tissues.> The most prevalent
NIR fluorescent markers are organic dyes,
such as cyanines and phthalocyanines.”'°
The NIR spectra of these organic molecules
are determined by the length of their 7—x
conjugation structures. Based on this prin-
ciple, various NIR dyes of different emission
wavelengths have been designed and syn-
thesized for bioimaging and diagnosis.'®
However, the direct employment of NIR
dyes in bioimaging is still challenging for
several reasons. First, the large conjugation
system of NIR dyes makes them floppy and
thus decreases their quantum yield. At the
same time, the conjugation system also
increases the hydrophobicity of these dyes
and induces self-aggregation in aqueous
solution, which in combination with the
low quantum yield dramatically reduces
the brightness of NIR dyes in a physiological
environment.!" Second, these dye mole-
cules require sophisticated chemical mod-
ifications to create functional groups for
attaching them to biological targeting enti-
ties, such as antibodies and proteins. Cur-
rently, only a few functionalized NIR dyes
are commercially available for bioconjuga-
tion. Finally, most NIR dyes, such as phtha-
locyanines, have a small Stokes shift, which
can cause crosstalk between the excitation
light and the resulting fluorescence signals.
One method to tackle these challenges is
to encapsulate NIR dyes into nanoparticles,
which can trap and stabilize NIR dyes inside
their matrices without aggregation.>'*'3
Additionally, the surface of NIR dye-doped
nanoparticles can be easily modified with
targeting molecules. For example, indocya-
nine green (ICG) dyes were doped inside
calcium phosphate nanoparticles for in vivo
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ABSTRACT Near-infrared (NIR) fluorescence sensing is desirable for in vivo biological measure-

ments, but the method is currently limited by the availability of NIR fluorescent markers as well as by

their poor performance, such as self-aggregation and dim fluorescence, in a physiological

environment. To address this issue, this paper describes a NIR fluorescent polymer dot (Pdot) that

emits at 777 nm. This Pdot was comparable in size to a water-soluble NIR quantum dot that emits at

800 nm (ITK Qdot800) but was about four times brighter and with a narrower emission peak. We

formed the NIR Pdot by doping the NIR dye, silicon 2,3-naphthalocyanine bis(trihexylsilyloxide)
(NIR775), into the matrix of poly (9,9-dioctylfluorene-co-benzothiadiazole) (PFBT) as the Pdot
formed using a nanoscale precipitation technique. Free molecules of NIR775 aggregate in aqueous

solution, but encapsulating them into the hydrophobic Pdot matrix effectively introduced them into

aqueous solution for use in biological studies. Most importantly, the brightness of NIR775 was

dramatically enhanced because of the excellent light-harvesting ability of PFBT and the very efficient

energy transfer from PFBT to NIR775. We anticipate this bright NIR Pdot will be useful in biological

measurements and cellular imaging where strong NIR emission is beneficial.

KEYWORDS: near-infrared fluorescence - semiconducting polymer nanoparticles -
Pdots - energy transfer - large stokes shift - in vivo imaging

imaging of human breast cancer.>'® The
nanoparticle encapsulation enhanced the
quantum yield and photostability of the
doped ICG dyes and also improved the reten-
tion and permeability of the NIR dyes during
deep tissue imaging. Other nanomater-
ials, such as silica nanoparticles and poly-
mer nanoparticles, were also employed
to trap NIR dyes and improve their perfor-
mance, including their photostability.'*'*
However, these encapsulating nanoma-
terials simply functioned as carriers and
surface modifiers and did not fundamen-
tally improve the fluorescence property of
NIR dyes.

Semiconducting polymer dots (Pdots) re-
present a new class of highly fluorescent
nanomaterials, which we believe provide
the ideal matrix for entrapping NIR dyes.'>~ %
Pdots retain the fluorescence properties of
their bulk counterparts, the semiconducting
polymers, which possess large absorption
cross-sections and highly efficient quantum
yields.">'9?* We recently reported Pdot bio-
conjugates and clickable Pdots for specific
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Scheme 1. Preparation of NIR dye-doped Pdots using a nanoscale precipitation technique. Semiconducting polymer PFBT,
amphiphilic polymer PS-PEG-COOH, and NIR775 dyes were mixed together in THF and then coprecipitated in water under
sonication to form NIR775 dye-doped PFBT Pdots. The Pdot matrix can absorb blue light and transfer the energy to the doped
NIR dyes (indicated by green arrows), which then emit strong NIR fluorescence (indicated by red arrows).

cellular targeting.*>** However, Pdots made from
these polymers can so far only fluoresce in the visible
range. Doping organic NIR dyes into Pdots can mod-
ulate the fluorescence properties of Pdots and extend
their emissions into the NIR region. In this case, we take
advantage of the highly efficient energy transfer from
the excited Pdot matrix to the doped dyes that are in
close proximity to the semiconducting polymer. This
efficient energy transfer quenches the fluorescence
from the Pdot matrix and enhances the brightness
of the dye dopant. Therefore, Pdots not only stabilize
the hydrophobic dyes and serve as functionalization
agents for bioconjugation but also act as efficient light-
harvesting agents that transfer their energy to the
doped dyes to improve their fluorescence brightness.

In principle, this strategy can be used to generate
a panel of dye-doped Pdots that emit at different
wavelengths by varying either the Pdot matrix or the
dopant. For emission in the NIR region, we screened
a number of NIR dyes (Figure S1, Supporting Infor-
mation) and found silicon 2,3-naphthalocyanine
bis(trihexylsilyloxide) (NIR775) offered the best per-
formance. We also found poly (9,9-dioctylfluorene-
co-benzothiadiazole) (PFBT) to be an excellent matrix
that offered a large Stokes shift (excitation max at
457 nm and emission max at 777 nm), which reduced
the crosstalk between the excitation source and the NIR
fluorescence emission. Importantly, Pdots have exception-
ally large two-photon absorption cross-sections,”, and
thus it is possible to employ NIR775-doped PFBT
Pdots for in vivo imaging in which two-photon excita-
tion is used in combination with NIR detection. Here,
we describe the optical performance and physical
stability of this bright NIR nanoparticle.

JIN ET AL.

RESULTS AND DISCUSSION

Preparation of NIR Dye-Doped Pdots. Scheme 1 illus-
trates our strategy for preparing NIR-emitting dye-doped
Pdots where we encapsulated NIR775 into the matrix of
PFBT Pdots using the nanoprecipitation method. PFBT
formed the hydrophobic core of the Pdot and served as
a host for the NIR dyes. The surface of the Pdot was also
functionalized with carboxyl groups by blending PFBT
with a carboxyl-functionalized amphiphilic polymer (PS-
PEG-COOH) during Pdot formation, which provided the
Pdot with a hydrophilic surface as well as an abundance
of functional groups for further bioconjugation.

NIR775 fluoresces in hydrophobic solvents, but its
fluorescence is greatly diminished in aqueous environ-
ments due to self-aggregation.'’ The aggregation was
significantly reduced when these dyes were doped
inside the Pdot matrix during nanoprecipitation. We
chose the nanoscale precipitation approach because
of its simplicity, good reproducibility, and ability to
form small Pdots with excellent photophysical properties.
In this method, we simply dissolved all the components
for forming the dye-doped Pdots in anhydrous THF
and then injected the THF solution into buffer to form
the Pdots under sonication. This sudden change of
solvent environment, together with vigorous sonica-
tion, led to the formation of nanometer-sized semi-
conducting polymer particles and simultaneously
entrapped the hydrophobic NIR dye (NIR775) within
the Pdot matrix. The carboxylate surface was also
generated as the amphiphilic polymer, PS-PEG-COOH,
embedded its hydrophobic portion within the hydro-
phobic core of the Pdot while exposing its hydrophilic
functional groups at the surface of the Pdots.
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Figure 1. Characterization of NIR775 dye-doped PFBT Pdots. (A) TEM image of NIR775 dye-doped Pdots; the average

diameter of the Pdots was 18 nm. (B) Average diameter of NIR775 dye-doped Pdots measured by DLS. (C) Electrophoresis of
bare PFBT dots, carboxyl PFBT dots, and NIR dye-doped PFBT Pdots ran in an agarose gel containing 0.7% of agarose and 0.2%
of PEG under an applied field strength of 10 V/cm in 20 mM HEPES for 15 min. Bare PFBT dots ran slower because they lacked
surface carboxyl groups; carboxyl PFBT dots and NIR dye-doped PFBT Pdots both contained carboxyl groups on their surfaces

so they ran faster.

Both transmission electron microscopy (TEM) imag-
ing and the dynamic light scattering (DLS) measure-
ments of the NIR dye-doped Pdots indicated they were
quite monodispersed with an average diameter of
18 nm (Figure 1). We verified that the NIR dyes were
successfully encapsulated within the Pdot matrix by
the following experiments: First, the Pdot solution was
filtrated with a 100 K molecular weight cutoff centrifu-
gal membrane, which only allowed free NIR dyes to
pass through but not the doped ones that were held
inside the Pdots. After filtration, we found the filtrate
did not contain NIR dyes as monitored by UV—uvis; the
absorbance of NIR dye was clearly evident in the
solution that contained the NIR dye-doped Pdots
(Figure S2, Supporting Information). This result sug-
gests NIR dyes were completely associated with the
Pdots. Furthermore, the surface of Pdots was function-
alized with carboxylate groups from the amphiphilic
polymer PS-PEG-COOH. This surface functionalization
significantly decreased the & potential of the Pdots
from —35.4 mV (bare PFBT dots) to —46.0 mV (Pdots
with PS-PEG-COOH coating). Gel electrophoresis also
showed the carboxylate Pdots moved much faster
than the bare PFBT Pdots of similar size toward the
positive electrode (Figure 1C). The NIR dye doping did
not affect the ¢ potential of the carboxylate Pdots,
suggesting that the majority of NIR dyes were only
located inside the Pdots and not on the surface.

Modulating Fluorescence Spectra of Pdots. Pdots are no-
table for their extraordinary fluorescence properties,
such as efficient light harvesting and high bright-
ness.'®?* Pdots with various fluorescence emissions
(from blue to red) have been developed using different
semiconducting polymers. However, in the context of
in vivo biological applications, NIR emissions are often
needed. But NIR is a wavelength region in which Pdots
currently do not emit. It is conceivable that semicon-
ducting polymers can be designed and synthesized to
create NIR-emitting Pdots, and we are actively pursuing
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this approach. Unfortunately, this direction has yet to
yield a Pdot with good emission properties in the NIR.
But conventional NIR dyes usually have poor water
solubility and are prone to aggregation in an aqueous
environment, which have so far hindered the direct
employment of NIR dyes in biological applications. As a
result, we thought doping NIR dyes in Pdots offered a
simple and effective way to overcome both challenges
as well as to take advantage of the NIR dyes that are
currently available.

By directly contacting the semiconducting polymer
matrix, NIR dyes were able to efficiently receive energy
from the matrix and shift the Pdot fluorescence to the
NIR region. We chose the green fluorescent poly-
mer (PFBT) as the host and the phathalocyanine dye
(NIR775) as the guest. PFBT is a semiconducting poly-
mer that can be conveniently excited in the blue
wavelength region (e.g., 457 or 488 nm) and emits
fluorescence at 546 nm. NIR775 exhibits strong NIR
fluorescence (777 nm peak) in a hydrophobic environ-
ment. As mentioned before, the hydrophobic nature of
the NIR dye molecules was important in their stable
entrapment inside the hydrophobic Pdot matrix. More-
over, once inside the PFBT matrix, NIR775 received
energy from PFBT and converted it into NIR fluores-
cence more efficiently than other NIR dyes we screened
( Figure S1, Supporting Information). The excitation
and emission spectra of free NIR775 dye molecules in
THF, PFBT Pdots, and NIR775-doped PFBT Pdots in
20 mM HEPES buffer indicated that energy was trans-
ferred efficiently from the PFBT matrix to the doped
NIR775 and that the fluorescence emission of PFBT dot
could be modulated using NIR dye doping (Figure 2).

We found NIR775 efficiently quenched Pdot fluo-
rescence even at a low concentration. Figure 3A shows
the reduction in Pdot fluorescence as the concentra-
tion of NIR775 was increased from 0.2 to 2%. The
intensity of NIR emission of the Pdot-NIR775 was also
modulated as the concentration of NIR775 was varied.
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Figure 2. Excitation and emission spectra of PFBT Pdots in 20 mM of HEPES buffer, free NIR775 dyes in THF, and NIR775 dye-
doped Pdots in 20 mM of HEPES buffer. The upper panel shows the excitation spectrum of PFBT dots (black dashed line with
shadow), excitation spectrum of NIR775 dyes (dark-yellow dashed line with shadow), emission spectrum of PFBT dots (blue
solid line), and emission spectrum of NIR775 dyes (red solid line). The lower panel shows the excitation (black dashed line with
shadow) and the emission (red solid line) spectra of 0.2% NIR775 dye-doped Pdots.

Doping high concentrations of NIR775 into the Pdot
matrix resulted in a decrease in NIR fluorescence
because of self-quenching of the NIR dyes (Figure 3E).
On balance, we found the best concentration range for
dye doping to be 0.2—1%, which offered strong NIR
fluorescence.

Energy Transfer from Pdot Matrix to NIR Dyes. One im-
portant underlying reason for the high NIR emission we
observed from Pdot-NIR775 is the amplified energy
transfer exhibited by Pdots. Semiconducting polymers,
such as PFBT, are constructed of numerous fluorescent
residues that form a large conjugated system. This
structure allows the excitons to move along the poly-
mer chain until they encounter a quencher molecule.
This migration of excitons facilitates the energy trans-
fer from the polymer to the dopants over even rela-
tively long distances.>?'*® For example, for poly(9,
9-dihexylfluorene) Pdots the exciton diffusion distance
has been simulated to be around 8 = 1 nm."® In our
system, similarly, even a small doping concentration of
2% w/w (which corresponds to an average of 27 NIR
dyes per Pdot) of NIR dyes was sufficient to quench the
polymer fluorescence by over 95%. Additionally, the
hydrophobic nature of the dye and the Pdot matrix
ensured close interaction between the acceptor dye
and the donor matrix, which also enhanced efficient
energy transfer.

We examined the quenching efficiency using the
Stern—Volmer equation (eq 1):%

Fo/F = 1+KqylA] M

where Fy and F represent the fluorescence intensity of
donor without and with the acceptor, respectively. The
value [A] stands for the concentration of the acceptor,
and K, is the Stern—Volmer quenching constant.
Figure 3D shows that our experimental results were

JIN ET AL.

in good agreement with the Stern—Volmer relation-
ship. The K,, value indicates that one NIR775 dye
molecule could potentially quench six PFBT polymer
chains in the Pdot, confirming the amplified energy
transfer from PFBT to NIR775.

We also measured the change in the fluorescence
lifetime of the Pdots before and after the doping of NIR
dyes. The lifetime of PFBT dots was initially 2.4 ns,
which decreased to 1.2 ns after doping with 0.2% of
NIR775 into Pdot matrix (Figure 3C). At 0.2% doping
concentration, the fluorescence quantum yield of PFBT
at 540 nm also dropped from 0.368 to 0.08 (Table 1).

Accompanying the quenching of PFBT fluorescence
was a concomitant generation of NIR emission. The
amplified energy-transfer process was further favored
by the large extinction coefficient of the NIR dye (5.2 x
10° M~ 'em™"). As a result, we observed highly efficient
energy transfer despite the poor spectral overlap be-
tween the PFBT's fluorescence and the NIR775's absor-
bance (Figure 3B). We calculated the Forster radius (Ro)
of the pair to be 3.7 nm. The quantum yield of the NIR
emission from PFBT—NIR775 was around 0.11 (Table 1).

Fluorescence Enhancement. The fluorescence intensity of
NIR775 was greatly enhanced because of Pdot doping.
When excited at 457 nm in aqueous solution, the
PFBT—NIR775 exhibited 40 times stronger fluorescence
over the equivalent amount of free NIR dye excited at
763 nm in THF, an organic solvent in which NIR775 is well
dispersed (Figure 4A). The improvement was even great-
er if an aqueous solution was used instead. Such a large
enhancement is attributed to the excellent light-harvest-
ing ability of PFBT and the efficient energy transfer to the
NIR dyes.

The hydrophobic core of the host Pdot matrix also
provided an excellent hydrophobic environment that
stabilized NIR775. The absorbance spectrum of NIR775
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Figure 3. Fluorescence properties of NIR775 dye-doped PFBT Pdots. (A) Fluorescence spectra of NIR775-doped PFBT Pdots at
different doping concentrations presented as the weight percentage of NIR775 in the Pdot. (B) Spectral overlap between the
normalized emission spectrum of PFBT Pdot (donor) and the normalized absorption spectrum of NIR775 (acceptor); the
calculated Forster radius between the donor and acceptor (Ro) is 3.7 nm. (C) Fluorescence lifetime measurements of PFBT
Pdots and NIR775-doped PFBT Pdots. The lifetime of bare PFBT Pdots is 2.4 ns (experimental data: green dots; fitting: blue
solid line), which is reduced to 1.2 ns after doping with 0.2% of NIR775 dyes (experimental data: red dots; fitting: red solid line).
Black solid line represents the internal reference (IRF). (D) Quenching of NIR775 in Pdot matrix. The ratio of the fluorescence
intensity of the original Pdots without dye doping (F,) and with NIR775 doping (F) is proportional to the concentration of the
dopant (hollow dots with error bar). Data were fit with the Stern—Volmer equation (solid line). (E) Fluorescence intensity of
NIR775-doped PFBT Pdots as a function of dopant concentration. The black column with asterisk represents the 546 nm

emission of PFBT Pdots without dye doping.

TABLE 1. Fluorescence Quantum Yield of NIR775 Dyes,
PFBT Pdots, and NIR775 Dye-Doped PFBT Pdots

NIRdye  NIR dye- PFBT  0.2% NIR775 dye-doped
in THF  doped PS dots  dots PFBT Pdots

PFBT emission n/a n/a 0.368 0.080

NIR775 emission 0.07 0.07 n/a 0.110

doped in Pdot and dispersed in water was similar to the
spectrum of free NIR dyes dissolved in THF, which
indicated the dyes did not aggregate inside the Pdots
as the free NIR dyes would do if exposed to an aqueous
environment (Figure S2, Supporting Information). In
addition, the quantum yield of the doped NIR dyes was
0.11 in the PFBT matrix and 0.07 in a polystyrene
matrix, which was fairly close to the 0.07 value of free
NIR dyes measured in THF (Table 1). This result indi-
cates the doped NIR dyes were free of aggregation. If
they were not, then a much reduced quantum yield
would have been observed.

The excellent light-harvesting efficiency and ampli-
fied energy transfer offered by Pdots allowed us to
design a bright NIR emitting PFBT—NIR775 Pdot with a
large Stokes shift (excitation peak: 457 nm; emission
peak: 777 nm) that is difficult to achieve with traditional

JIN ET AL.

dye molecules (Figure 2). To understand the enhance-
ment offered by the Pdot matrix, we carried out a
control experiment in which we employed a hydro-
phobic matrix made of polystyrene (PS) instead of PFBT
for doping NIR775; aside from the change in polymer
matrix, all other parameters of the experiment re-
mained constant. The PS matrix can stabilize NIR dyes
and prevent them from aggregation, similar to the
PFBT matrix, but PS cannot harvest light or transfer
energy to the doped NIR dyes. The fluorescence of the
NIR775-doped PS dots excited at 763 nm was over 100
times dimer than the PFBT—NIR775 Pdots excited at
450 nm (Figure 4A). Additionally, NIR775-doped PS
dots cannot be efficiently excited at 450 nm as antici-
pated. Both PS and PFBT offer an excellent hydropho-
bic matrix for hosting NIR775, but this experiment
shows clearly the advantages of light harvesting and
amplified energy transfer offered only by Pdots.
Brightness of PFBT-NIR775. We found the NIR775-
doped PFBT Pdots possessed very strong NIR fluores-
cence that was much brighter than conventional dyes.
As mentioned before, on a per molecule basis, NIR775
molecules doped in Pdots were about 40 times bright-
er than free NIR775 molecules dissolved in an organic
solvent. On a per particle basis, the emission intensity
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of free NIR775 dyes, NIR775 dyes doped in PS dots, and NIR775 doped in PFBT Pdots. For PFBT Pdots, excitation was at 450 nm
(blue columns), and for free NIR775 and NIR775 doped in PS, excitation was at 763 nm (black patterned columns). The
fluorescence of free NIR dyes was measured in THF, while the others were measured in 20 mM HEPES buffer (pH 7.4). (B)
Fluorescence emission intensities, using identical particle concentration, of bare PFBT Pdots, NIR775-doped Pdots, and
Qdot800. (C) The peak fluorescence intensity of bare PFBT Pdots, NIR775-doped Pdots, and Qdot800 normalized by the

particle concentration.

of the NIR775-doped PFBT Pdots was comparable to
bare Pdots without dye doping and was several times
brighter than NIR quantum dots (Qdot800 from Invi-
trogen, Inc.). For example, NIR775-doped PFBT Pdots
had about four times more intense fluorescence than
Qdot800 (Figure 4C). In addition to being brighter,
NIR775-doped PFBT Pdots also had a much narrower
fluorescence emission spectrum than Qdot800 (Figure 4B).

Given the intense fluorescence in the NIR, the large
Stokes shift that minimizes crosstalk between excita-
tion light and NIR fluorescence emission, and the
narrow emission spectrum, we anticipate NIR775-PFBT
Pdots will find applications in molecular detection and
cellular imaging. In additional to improving the optical
properties of NIR dyes, their encapsulation into Pdots
also allows for easy functionalization and bioconjuga-
tion. Therefore, we believe the strategy we outlined
here can be broadly applied to improving the perfor-
mance and versatility of a wide range of other NIR dyes.

Stability of PFBT-NIR775. One concern we had with
dye-doped Pdots was the potential for the doped dyes
to leak out from the Pdots. In this scenario, the energy
transfer from the Pdot to the dyes would be reduced
and would decrease the NIR emission peak. To examine
this potential issue, we monitored the normalized NIR
fluorescence of 0.2% NIR775-doped PFBT Pdots in
20 mM of HEPES buffer for 72 h (blue striped columns
in Figure 5). Because the NIR dye-doped Pdots may be
attractive for in vivo applications, we also carried out
the leakage test in human blood plasma at 37 °C for
72 h. Again, we did not observe any noticeable leakage
(red cross-hatched columns in Figure 5). These results

JIN ET AL.
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Figure 5. Studies of potential leakage of NIR775 dye dopant
from PFBT Pdots. The leakage of 0.2% NIR dye-doped Pdots
was tested both at room temperature in 20 mM HEPES
buffer (pH 7.4, blue striped columns) and at 37 °C in human
blood plasma (red cross-hatched columns).

indicate that the hydrophobic NIR dyes were tightly
and stably held within the hydrophobic Pdot core and
did not leak into the aqueous solution under our
experimental conditions.

CONCLUSIONS

This paper describes a versatile and simple method
for tuning the fluorescence properties of Pdots by
doping the hydrophobic matrix of Pdots with hydro-
phobic dyes. This strategy offers several important
advantages: (1) The hydrophobic matrix of Pdots effec-
tively disperses and stabilizes the doped dyes and
allows the dyes to be used in an aqueous environment;
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(2) The functional groups present on the surface of
Pdots allow the dye-doped nanoparticles to be labeled
with a wide range of biomolecules; (3) Pdots act as
extremely efficient light harvesters that greatly en-
hance the brightness of the doped dyes; and (4) Pdots
offer amplified energy transfer to the dopant, thus
enabling efficient tuning of the emission properties
of Pdots using the dopant. Using this strategy, we have
developed a NIR-emitting Pdot that is much brighter
than the free dye and also has a narrower emission
spectrum than a comparable Qdot. Although potential
leakage of the doped dyes from the Pdot matrix was
initially a concern, we have demonstrated that the

MATERIALS AND METHODS

Materials. Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-
(2,1,3)-thiadiazole)] (PFBT; MW, 157 000 Da; polydispersity, 3.0)
was purchased from ADS Dyes Source, Inc. (Quebec, Canada).
Polystyrene (PS) and polystyrene graft ethylene oxide functio-
nalized with carboxyl groups (PS-PEG-COOH; MW 21 700 Da of
PS moiety; 1200 Da of PEG-COOH; polydispersity, 1.25) were
purchased from Polymer Source Inc. (Quebec, Canada). NIR dye,
silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) was pur-
chased from Sigma Aldrich, Inc. (St. Louis, MO). Qdot800-COOH
was purchased from Invitrogen Corporation (Carlsbad, CA).
Human whole blood was purchased from Plasmalab Interna-
tional. All the other chemicals were purchased from Sigma
Aldrich, Inc. (St. Louis, MO) and used without purification.

Preparation of NIR Dye-Doped Pdots. NIR dye-doped Pdots were
prepared using a nanoscale precipitation technique. In a typical
procedure, a tetrahydrofuran (THF) solution containing 50 xg/mL
of PFBT, 50 ug/mL of PS-PEG-COOH, and 0.2 ug/mL of NIR775 dye
was prepared. A 5 mL aliquot of the mixture was then quickly
dispersed into 10 mL of water under vigorous sonication. The
extra THF was evaporated at an elevated temperature (lower than
100 °C) with the protection of nitrogen gas. The THF-free Pdot
solution was filtrated through a 0.2 um cellulose membrane filter
and adjusted to the appropriate concentration.

Preparation of Control Pdots. Two types of Pdots, PFBT dots
(with and without carboxyl functionalization) and NIR dye-
doped polystyrene dots (PS dots), were prepared as controls
using the aforementioned nanoscale precipitation method. A
THF solution containing PFBT or PFBT and PS-PEG-COOH was
injected into water to produce PFBT dots with or without
carboxyl groups. Similarly, PS instead of PFBT was mixed with
NIR dyes and PS-PEG-COOH in THF for preparing the NIR dye-
doped PS dots. The rest of the protocol and conditions was kept
unchanged for the preparation of Pdots.

Characterization of Pdots. The size and morphology of the
Pdots were investigated using TEM (FEI Tecnai F20, 200 kV).
TEM samples were prepared by dripping the Pdot solution onto
a carbon-supported copper grid (FEl Tecnai, Inc.) and drying it at
room temperature before observation. The hydrodynamic size
of the Pdots was also measured in aqueous solution using a DLS
instrument (Malvern Zetasizer Nano ZS). UV—vis absorption
spectra of Pdots and NIR dyes were taken in water with a DU 720
scanning spectrophotometer (Beckman Coulter, Inc., CA). The
carboxyl surface of Pdots was verified by measuring the §
potential using the Malvern Zetasizer. Pdots with and without
carboxyl surfaces were also tested in a gel electrophoresis
experiment. The gel was prepared using 0.7% of normal melting
agarose, 0.2% of PEG (MW 3350), and 20 mM HEPES buffer. The
Pdot samples were loaded into the electrophoresis channels
with the help of 30% glycerol and run in 20 mM HEPES buffer
(pH 7.4) under an applied field strength of 10 V/cm for 15 min
using a Mupid-exU submarine electrophoresis system. The gel
was then developed using a Kodak image station 440CF system.
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strong hydrophobic interaction between the matrix
and the dopant effectively confines the dopant to the
Pdot matrix. We anticipate this simple strategy can be
generally applied to a broad range of dye dopants as
well as Pdots. For in vivo imaging, itis important to note
that Pdots have exceptionally large two-photon ab-
sorption cross-sections, which together with the large
Stokes shift demonstrated here makes NIR775-doped
PFBT Pdots ideally suited for two-photon imaging,
where two-photon excitation is followed by detection
in the NIR. The new NIR-emitting Pdot should therefore
find broad utility in cellular labeling and in vivo fluo-
rescence imaging.

Fluorescence Measurements. Fluorescence spectra of Pdots and
NIR dyes were taken with a Fluorolog-3 fluorospectrometer
(HORIBA JobinYvon, NJ). All the Pdots and PS dots were
measured in 20 mM HEPES buffer at the same particle concen-
tration (pH 7.4). The NIR dye-doped pdots and the NIR dye-
doped PS dots were excited at 457 nm with a xenon lamp, and
the autocorrected emission spectra were recorded from 500 to
850 nm. The free NIR dye in THF and NIR dye-doped PS dots in
HEPES buffer were also examined with excitation light of both
457 and 763 nm. Fluorescence lifetime data of NIR dye-doped
Pdots and PFBT dots were obtained using a time-correlated
single-photon counting instrument (TCSPC). Fluorescence
quantum yields of PFBT Pdots and NIR dye-doped Pdots were
collected using an integrating sphere (model C9920—02, Ha-
mamatsu Photonics) with a 457-nm excitation from a 150 W CW
xenon lamp. The quantum yield of free NIR dye in THF was also
measured using 763-nm excitation.

Leakage Test of NIR Dye-Doped Pdots. Potential leakage of NIR
dye from the Pdot matrix was studied by tracking the change in
the ratio of the acceptor-to-donor fluorescence. The 0.2% NIR
dye-doped Pdots were kept at room temperature in 20 mM
HEPES buffer (pH 7.4) for three days as well as in blood plasma at
37 °Cfor three days. Their fluorescence spectra were monitored
using a HORIBA Jobin Yvon fluorospectrometer.
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