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ABSTRACT: Semiconducting polymer dots (Pdots) represent a new
class of fluorescent nanoparticles for biological applications. In this
study, we investigated their size-dependent fluorescence and cellular
labeling properties. We demonstrate that the polymer conformation in
solution phase largely affects the polymer folding and packing during
the nanoparticle preparation process, resulting in solution-phase
control over the fluorescence properties of semiconducting polymer
nanoparticles. The resulting Pdots exhibit apparent size dependent
absorption and emission, a characteristic feature of different chain
packing behaviors due to the preparation conditions. Single-particle

fluorescence imaging was employed to perform a side-by-side

comparison on the Pdot brightness, indicating a quadratic dependence of single-particle brightness on particle size. Upon
introducing a positively charged dye Nile blue, all the three type of Pdots were quenched very efficiently (K, > 1 X 10’ M™") in
an applied quenching process at low dye concentrations, but exhibit apparent difference in quenching efficiency with increasing
dye concentration. Furthermore, Pdots of different sizes were used for cell uptake and cellular labeling involving biotin—
streptavidin interactions. Fluorescence imaging together with flow cytometry studies clearly showed size dependent labeling
brightness. Small-sized Pdots appear to be more effective for immunolabeling of cell surface, whereas medium-sized Pdots exhibit
the highest uptake efficiency. This study provides a concrete guidance for selecting appropriate particle size for biological imaging

and sensing applications.
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B INTRODUCTION

Fluorescent semiconducting polymer dots (Pdots) have
recently attracted a great deal of attention because of their
superior characteristics as fluorescent labels. Salient features
include their extraordinary brightness, fast emission rate,
excellent photostability, nonblinking, and nontoxic features.! >
The Pdots are made primarily from hydrophobic polymers and
their formation results from collapse of polymer chains due to
sudden decrease in solvent hydrophobicity." Consequently, the
internal structures of the Pdots are highly complex because of
morphological effects, such as chain—chain packing, conforma-
tional defects, aggregation, bending and kinking of the polymer
chain, and so forth. The polymer chain morphology and
packing behavior significantly affect the optical properties of
semiconducting polymers, as confirmed by a number of studies
indicating that the emission color and quantum yield of
solution-processed conjugated polymer thin films are highly
dependent on various factors and processing steps such as
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choice of solvent, polymer concentration, and thermal
annealing.é_8 The emission mechanism of conjugated polymers
in solid state (dense packed films and nanoparticles) is
primarily due to singlet excitons that are trapped in dilute,
low-energy chain segments (red sites). The “red sites” are
attributed to the local tightly packed regions having relatively
close chain—chain contacts, where the chain—chain electronic
interactions lower the energy.9 The absorption, however,
originates predominately from more plentiful high-energy
segments (blue sites), which can transfer energy to the red
sites with very high efficiency (approaching unit in many
cases).'” As inorganic quantum dots exhibit pronounced
variations in band gap because of the quantum size effect, the
optical properties of conjugated polymer nanoparticles can also
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be tuned by their particle size, in particular the chemical
alteration of the m-conjugated molecular structures and their
intermolecular interactions.""

Fluorescent conjugated polymers have also been extensively
used for biosensor applications. In this aspect, considerable
interest has been focused on water-soluble conjugated polymers
(conjugated polyelectrolytes), which exhibit amplified quench-
ing (superquenching) when interacting with ionic species such
as organic dyes, metal nanoparticles, and biopolymers.”>~"
The high quenching sensitivity was attributed to a combined
effect of efficient energy/exciton migration with strong
association between the polymer and the quenchers. In
comparison with single polymer chain, the quenching in
aggregated polymer chains can be greatly enhanced because
interchain exciton migration occurs and the quenching volume
of single quencher increases.'® Pdots represent a typical
multichromophoric system with densely packed polymer chains
and 3D exciton migration pathways, as confirmed by efficient
energy transfer in fluorescent dye-doped Pdots.”>*' By
selecting dye molecules of certain sensing functions, novel
dye-doped Pdots have been developed for ratiometric
determination of important cellular parameters such as oxygen,
pH, temperature, and reactive oxygen species.n_25 Very
recently, Pdots as nanoparticle donors were employed to
develop FRET based molecular beacons for detection of tumor
marker such as carcinoembryonic antigen (CEA).>® These
results indicate that Pdots are promising platforms for
quenching based sensor applications.

For fluorescence quenching induced by surface acceptors, the
physical size of Pdots is deemed to affect the quenching
efficiency as well as the sensor sensitivity because the quenchers
(large biomolecules in particular) may only be able to approach
certain sites on particle surface (not the interior of Pdots). In
addition, the per-particle brightness of Pdots is also dependent
on the particle size, but the brightness-size relationship has not
been experimentally explored. Selection of appropriate particle
size is particularly important for single-particle based sensors,””
as one has to play a trade-off between the quenching sensitivity
and signal level determined by single-particle brightness. It has
been demonstrated that fluorescent Pdots are efficient probes
for cellular recognition, imaging and drug delivery.>" It is
essential to understand the effect of particle size on cellular
uptake and labeling to enable rational design of the Pdot-based
agents. As a result of these issues, investigation of the size-
dependent property and performance of Pdots remains an
important subject for their widespread sensor and imaging
applications.

In this paper, we attempt to prepare Pdots with relatively
controlled size and explore the size effect on their fluorescence
and cell labeling applications. A series of Pdots from small (~16
nm) to large particle size (~59 nm) were prepared by a two-
step reprecipitation method. The resulting Pdots exhibit
apparent size dependent absorption and emission, a character-
istic feature of different chain packing behaviors due to the
preparation conditions. We employed single-particle fluores-
cence imaging to perform a side-by-side comparison on the
Pdot brightness, revealing a quadratic dependence of the per-
particle brightness on the particle size. We performed
fluorescence imaging and flow cytometry to investigate cellular
uptake and cell-surface labeling using the Pdot-bioconjugates,
which indicate apparent difference in cell labeling brightness
upon their size change.

B EXPERIMENTAL SECTION

Materials. The semiconducting polymer used in this study is
polyphenylenevinylene derivative poly[2-methoxy-S-(2-ethylhexy-
loxy)-1,4-(1-cyanovinylene-1,4-phenylene)] (CN-PPV, average molec-
ular weight: 235,000, polydispersity: 8.0). The polymer was purchased
from American Dye Source, Inc. (Quebec, Canada). The functional
polymer poly(styrene-co-maleic anhydride) (PSMA, cumene termi-
nated, average MW =~ 1700, styrene content 68%), fluorescent dye
Nile blue (dye content 95%) and the solvent tetrahydrofuran (THF,
anhydrous, >99.9%) were purchased from Sigma-Aldrich. The solvent
ethanol (analytical reagent, >99.7%) was purchased from Beijing
Chemical Works (Beijing, China). All chemicals were used without
further purification and all experiments were performed at room
temperature unless indicated otherwise.

Preparation of Semiconducting Polymer Nanoparticles.
Preparation of the aqueous dispersion of semiconducting polymer
nanoparticles was performed using a two-step reprecipitation method
modified from previous reports.”®* The semiconducting polymer
CN-PPV and functional polymer PSMA were dissolved in THF by
stirring overnight under inert atmosphere, respectively. The solutions
were the filtered through a 0.7 um glass fiber filter in order to remove
any insoluble material. Then the solution of CN-PPV was mixed with
the solution of PSMA to produce a solution mixture with a CN-PPV
concentration of 1 mg/mL and a PSMA concentration of 0.2 mg/mL.
In order to prepare Pdots of different size, the above solution was
further diluted in solution mixtures of THF and water with water
volume fraction of 0, 30, and 50%, respectively. The diluted solutions
have a CN-PPV concentration of S0 ug/mL and a PSMA
concentration of 10 ug/mL. A S mL quantity of the above solution
was added quickly to 10 mL of Milli-Q water in a bath sonicator while
sonicating the mixture. The sudden decrease in solvent quality results
in nanoparticle formation. The suspension solution was filtered with a
0.2 ym membrane filter. The solvent THF was removed by nitrogen
stripping, and the solution concentrated to S mL on a 90 °C hot plate
followed by filtration through a 0.2 um filter. The Pdot dispersions
were clear and stable for months without signs of aggregation.

The fluorescent dye, Nile blue (S mg), was dissolved in anhydrous
ethanol to make a 500 pg/mL solution. The precursor solution was
further diluted to different concentrations (50 ppm, 10 ppm, 1 ppm,
0.1 ppm) using solvent ethanol. Varying amounts of dye solutions
were mixed with aqueous suspensions of CN-PPV Pdots of different
sizes, respectively. The final solution mixtures have a constant Pdot
concentration of 6.7 ppm (absorbance of ~0.2) and dye fractions
ranging from 0 to 8 wt % relative to the Pdots. The mixtures were
agitated to form homogeneous solutions for spectroscopic character-
izations.

Characterization Methods. The particle size and morphology of
the CN-PPV Pdots were characterized by dynamic light scattering
(DLS) and transmission electron microscopy (TEM). Dynamic light
scattering was performed using a 1 cm disposable polystyrene cuvette
at 25 °C with a Malvern Nano ZS instrument. Samples for TEM
measurements were prepared by drop casting the Pdots dispersion
onto copper grids. The samples were allowed to dry at room
temperature, and then the TEM images were obtained using a Hitachi
H-600 microscope operated at 120 kV. UV—vis absorption spectra
were recorded with a Schimadzu UV-2550 scanning spectropho-
tometer using 1 cm glass cuvette. Fluorescence spectra were obtained
using a Hitachi F-4500 fluorescence spectrophotometer.

Single-particle fluorescence imaging was performed by custom built
Total Internal Reflection Fluorescence (TIRF) microscope. A 488 nm
Sapphire laser beam (Coherent, USA) was directed into an inverted
microscope (Olympus IX71, Japan) using steering optical lenses. The
objective used for illumination and light collection was a 1.49 NA
UAPON 100X TIRF objective (Olympus, Japan). Laser excitation
power was measured at the nosepiece before the objective.
Fluorescence signal was filtered by a 500 nm long pass filter and
imaged on an Andor iXon3 frame transfer EMCCD (Andor
Technology, UK). Fluorescent samples were diluted in Milli-Q
water, dried under vacuum on cleaned glass coverslips, and imaged
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on the TIRF microscope. Fluorescence intensity emitted per frame for
a given particle was estimated by integrating the CCD signal over the
fluorescence spot.

Nanosecond fluorescence lifetime experiments were performed by
the time-correlated single-photon counting (TCSPC) system under
right-angle sample geometry. A 405 nm picosecond diode laser
(Edinburgh Instruments EPL37S, repetition rate 2 MHz) was used to
excite the samples. The fluorescence was collected by a photo-
multiplier tube (Hamamatsu H5783p) connected to a TCSPC board
(Becker & Hickel SPC-130). The combination of the detector and
electronics results in an instrument response function (IRF) with a
width of 300 ps (fwhm). Subpicosecond time-resolved emission were
measured by the femtosecond fluorescence upconversion method. A
mode-locked Ti:sapphire laser/amplifier system (Solstice, Spectra-
Physics) was used. The output of the amplifier of 1.5-m]J pulse energy,
100 fs pulse width, at 800 nm wavelength is split into two equal parts;
the second harmonic (400 nm) of one beam was focused in the sample
as excitation. The resulted fluorescence was collected and focused onto
a 1 mm thick BBO crystal with a cutting angle of 35 degree. The other
part of the RGA output was sent into an optical delay line and served
as the optical gate for the upconversion of the fluorescence. The
generated sum frequency light was then collimated and focused into
the entrance slit of a 300 mm monochromator. A UV-sensitive
photomultiplier tube 1P28 (Hamamatsu) was used to detect the
signal. The fwhm of instrument response function was about 400 fs.

Cell Culture and Nanoparticle Uptake. Breast cancer cell line
MCE-7 cells were ordered from American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were cultured in an atmosphere of
air/CO, (95:5) at 37 °C, by using Dulbecco’s modified Eagle Medium
(DMEM) with 10% Fetal Bovine Serum (FBS), S0U/mL penicillin,
and 50 pg/mL streptomycin. For cell uptake, 1.5 X 10* MCF-7 cells
were plated onto a glass-bottomed microscope dishes and allowed to
grow overnight. Sterile-filtered Pdot dispersions with different sizes
was added to the cell culture media at the same weight concentration
of ~25 ppm and allowed to incubate for 24 h. The cells were then
washed with warm PBS buffer before viewing on a fluorescence
microscope.

Pdot Bioconjugation and Immunofluorescent Labeling. We
performed bionconjugation by utilizing the EDC-catalyzed reaction
between carboxyl groups on Pdot surface and amine groups on
biomolecules. Three types of Pdots were conjugated with strepatvidin,
respectively, by the same protocol. In a typical bioconjugation reaction,
20 uL of poly(ethylene glycol) (5%w/v PEG, MW 3350) and 20 uL of
concentrated HEPES buffer (1 M) were added to 1 mL of
functionalized Pdot solution (50 pg/mL in Milli-Q water), resulting
in a Pdot solution in 20 mM HEPES buffer with a pH of 7.4. Then, 60
UL of streptavidin (purchased from Sigma-Aldrich) was added to the
solution and mixed well on a vortex. 20 uL of freshly prepared EDC
solution (S mg/mL in Milli-Q water) was added to the solution, and
the above mixture was left on a rotary shaker for 4 h at room
temperature. Finally, the resulting Pdot-streptavidin bioconjugates
were separated from free biomolecules by gel filtration using Sephacryl
HR-300 gel media. For labeling the surface marker EpCAM, MCE-7
cells were harvested from the culture flask, washed, centrifuged, and
resuspended in a labeling buffer (1x PBS, 1% BSA). The MCF-7 cells
were dispersed in 100 uL of labeling buffer in a 5 mL round-bottom
tube, and sequentially incubated with a biotinylated primary anti-
EpCAM (0.5 mg/mL) and Pdot-streptavidin. The Pdot-tagged cells
were then fixed with 4% para-formaldehyde for 15 min, and then
imaged on a fluorescence microscope and analyzed by flow cytometry.

Fluorescence Imaging and Flow Cytometry. Fluorescence
imaging was performed on an inverted fluorescence microscope
(Olympus IX71) with a 0.95 NA UPLSAPO 40X objective. The
excitation light was provided with a Mercury Lamp, and filtered by a
band-pass filter (Semrock FF01—445/45—25). Fluorescence signal
was filtered by a band-pass filter (Semrock FF01—609/57—25), and
imaged on an Andor iXon3 frame-transfer EMCCD (Andor
Technology, UK). Flow cytometry was operated on a BD AccuriC6é
flow cytometer (BD Biosciences, San Jose, CA, USA). A 488 nm laser
was used for excitation and emission was collected through PE channel

equipped with a 580/40 nm bandpass filter. Data were analyzed using
the CFlow software (Accuri Cytometers).

B RESULTS AND DISCUSSION

Nanoparticle Preparation and Size. Semiconducting
polymer nanoparticles have been prepared by the reprecipita-
tion method, in which rapid mixing of the polymer in THF
solution with water result in nanoparticle formation driven by
hydrophobic interactions.”® A variety of semiconducting
polymer nanoparticles have been demonstrated and their
particle sizes can be generally controlled by ad%'usting the
polymer concentration in the precursor solution."* However,
this trend as well as the specific size distribution are dependent
on the polymer species such as their molecular weight and
backbone rigidity. Regarding the backbone rigidity of the
polymer, rapid mixing of a dilute solution of polyfluorene
(PFO, MW ~146 000) polymer in THF (400 ppm, 200 uL)
with water (8 mL) under sonication results in the nanoparticles
of ~50 nm diameter, and these nanoparticles can be well
reproduced. Under the same preparation conditions, much
smaller Pdots (~16 nm) were obtained for the CN-PPV
polymer (MW ~235,000), indicating the apparent effect of
polymer species (backbone rigidity) on particle size. The
molecular weight for a given polymer also affects the particle
size. For example, we can reproducibly prepare CN-PPV Pdots
as small as ~10 nm by using a precursor polymer of low
molecular weight (~15 000).*° However, the smallest particle
size obtained by varying experimental conditions is about 16
nm when using the CN-PPV polymer of high molecular weight
(~235000). These results indicate that the preparation method
for different sized particles has to be optimized for each
polymer on a case-by-case basis. In present study, we attempt to
prepare different-sized Pdots together with controlled chain
folding behavior, as revealed by single molecule spectroscopy
that the emission profile of conjugated polymers evolves in the
size range between single polymer chain and the bulk material.”

We choose CN-PPV polymer (MW ~235000, chemical
structure shown in Figure 1a) because this type of Pdots exhibit
high fluorescence quantum yield (~50%).>> To obtain CN-
PPV Pdots of different size, we employed a two—stezp
reprecipitation strategy modified from previous reports.”®
First, the polymer precursor solution was completely dissolved
in THEF, but further diluted in THF containing certain volume
fractions of water. Presumably, the slight decrease in solvent
quality may lead to the formation of small polymer aggregates
with relatively extended chain conformation in the solution.
Further mixing this solution with water can produce polymer
nanoparticles with relative large sizes and maintain their
extended chain conformation. Indeed, CN-PPV nanoparticles
of three different sizes were prepared by using the two-step
reprecipitation approach. As indicated by DLS measurements
(Figure 1b), an average particle size of 16 nm was determined
for the CN-PPV Pdots prepared from the polymer (MW ~235
000) in pure THF solution. With the same experimental
conditions but increasing water fraction in the polymer
precursor solutions, the resulting Pdots show increased particle
size, ~33 nm for those prepared from polymer in THF/water
(2:1) and ~59 nm for THF/water (1:1), respectively. While
there are batch-to-batch variations in some cases, a general
trend observed in our experiments is that the particle size is
increased with increasing the water content in the precursor
solution. These results indicate the Pdot size can be successfully
tuned by adjusting the precursor solvent quality. For the
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Figure 1. (a) Chemical structure of semiconducting polymer CV-PPV
and Nile blue dye. (b) Dynamic light scattering (DLS) results of the
semiconducting polymer dots obtained by the two-step reprecipitation
method. The top, middle, and bottom show the DLS data of Pdot16,
Pdot33, and PdotS9, respectively. (c) Typical transmission electron
microscopy (TEM) image of PdotS9. A magnified image is shown in
the inset.

convenience in our discussion, these nanoparticles are
abbreviated as Pdotl6 for 16 nm diameter nanoparticles,
Pdot33 for 33 nm diameter nanoparticles, and Pdot59 for 59
nm diameter nanoparticles, respectively. The particle size and
morphology were further characterized by transmission
electron microscopy (TEM). The Pdot59 nanoparticles were
drop-cast onto copper grids and a representative TEM image is
shown in Figure lc. The TEM image show comparable particle

size and distribution in that the lateral size of the collapsed
particle from TEM is largely consistent with the hydrodynamic
size from DLS.*' The TEM image also indicate spherical
morphology of the CN-PPV particles, in good agreement with
the previously reported observation that the equilibrium shape
for conjugated polymer nanoparticles tends to be spherical
because surface tension effects determine the morphology in
this size range.””

Polymer Conformation and Spectroscopy. Conjugated
polymers are characterized as rigid rodlike polymers due to the
rigidity of the sm-conjugated backbone. The real polymer
conformation in solution and films, however, do not have the
ideal extended structures because they tend to twist and coil.
An intuitive description of a conjugated polymer chain is that of
a series of linked chromophores, each of which has a different
extent of 7-electron delocalization. The longer segments have
lower 7—7* energy gaps according to a 1D particle-in-a-box
picture of electron delocalization along these segments. As a
result, the absorption spectrum of a conjugated polymer
consists of an inhomogeneous superposition of absorptions
from segments with different conjugation lengths. In contrast,
the emission spectrum is highly Stokes-shifted because excitons
on high-energy segments will undergo rapid energy transfer to
lower-energy segments, so that nearly all the emission comes
from low energy, long conjugation length chromophores. In
densely packed polymer films and nanoparticles, the presence
of chain defects as well as interchain interactions result in
complex polymer conformation, which has a large impact on
the optical and electronic properties of the polymer. As
demonstrated in previous reports,”® the degree of interchain
interactions and morphology in conjugated polymer films can
be controlled by varying the solvent and polymer concentration
of the solution from which the films are cast. These studies led
us to ask whether the strategy can be used to tailor the optical
properties of conjugated polymer nanoparticles.
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Figure 2. Absorption and fluorescence spectroscopy of CN-PPV polymer in solution phase and nanoparticle form. (a, b) Absorption and emission
spectra of the polymer in THF solutions containing different fractions of water. (c, d) Absorption and emission spectra of the Pdots with different

sizes obtained by varying the precursor solvent quality.
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We demonstrate the polymer conformation and spectro-
scopic properties of Pdots can be controlled by altering the
chain conformation in the solution from which the nano-
particles are prepared. In a good solvent such as THF, the CN-
PPV polymer adopts a relatively open and straight
conformation, which is best to maximize the solvent—solute
interactions. With gradually decreasing the solvent quality by
adding water to the solution, the polymer chains may curl up to
a much tighter coil or form chain—chain aggregates, depending
on the polymer concentration. This change in conformation
can be identified by spectroscopy as the tight coil usually
exhibits blue-shifted absorption and emission due to decreased
conjugation length while both spectra of chain aggregates are
red-shifted because of increased interchain interactions. Panels
aand b in Figure 2 show the absorption and emission spectra of
the CN-PPV in THF solutions containing different fractions of
water. With increasing the water content in the solution, the
absorption spectra of the CN-PPV polymer are slightly red-
shifted and broadened, accompanied by an apparent appear-
ance of red tail. This observation is a characteristic of the
formation of interchain aggregation rather than self-aggregation
caused by coiling. The increased interchain interactions are also
reflected by the emission spectra which show a clear red-shift as
the water content is increased (Figure 2b). The red shift in
both absorption and emission spectra indicate the polymer
molecules form chain—chain aggregates in the precursor
solutions by the addition of water.

Pdots of variable sizes were accordingly obtained by rapid
mixing the above precursor solutions with water. Fluorescence
spectroscopy indicates that the polymer conformation in
solution phase largely affects the polymer folding and packing
during the nanoparticle preparation process, resulting in
solution-phase control over the morphology and photophysics
of semiconducting polymer nanoparticles. Panels ¢ and d in
Figure 2 show the absorption and emission spectra of the
Pdotl6, Pdot33, and PdotS59, respectively. It is apparent that
smaller Pdots show blue-shifted absorption and red-shifted
emission as compared to the larger particles. We believe this
trend is closely related to the polymer conformation in the
precursor solutions. Presumably, the polymer molecules in pure
THF experience the largest drop of solvent quality during
nanoparticle preparation, resulting in more kinking and
bending of polymer backbones. Consequently, this preparation
yielded small particles with densely packed chromophores. The
observed blue-shift in absorption for Pdot16 is consistent with
an overall decrease in the conjugation length and the red-shift
in emission agrees well with the strong interchain interactions.
In contrast, chain—chain aggregates were preformed in the
THEF/water mixtures, and the memory of this solution phase
conformation was largely retained during nanoparticle prep-
aration because of the mild change in solvent quality as
compared to the preparation using pure THF. As a result, the
emission spectrum of PdotS9 particles is similar to that of their
precursor solution, whereas Pdot33 and Pdotl6 exhibit
apparent red-shifts in emission spectra (Figure 2b and 2d). It
is worth noting that Pdot16 show emission peak centered 610
nm, a red-shift of ~20 nm from that of PdotS59. Fluorescence
quantum yield measurements indicate the Pdotl6 show a
slightly decreased quantum yield (~42%) as compared to that
of PdotS9 (~49%). These results suggest that highly
fluorescent Pdots of tunable emission colors can be obtained
for the semiconducting polymer CN-PPV by tailoring the
preparation conditions.

Size-Dependent Single-Particle Brightness. Selection of
appropriate particle size is particularly important for single-
particle tracking and imaging applications. However, the
brightness-size relationship has not been experimentally
explored for semiconducting polymer nanoparticles. The
fluorescence brightness is generally estimated by the product
of the per-particle absorption cross section and the fluorescence
quantum yield. Bulk spectroscopic measurements indicate that
three types of Pdots have comparable fluorescent quantum
yield (~40—50%), therefore the per-particle brightness is
primarily determined by the absorption cross-section. Assuming
the same packing density for the polymer chromophores, the
number of chromophores in a particle is scaled with the particle
volume. Thus, the absorption cross section is expected to
follow a cubic dependence on the particle diameter, i.e., a 2-fold
increase in particle diameter would yield an 8-fold increase in
absorption cross-section. On the basis of the above estimation,
the single-particle brightness of Pdot33 is estimated to be ~8.8
times brighter than that of Pdotl6. However, the actual
brightness difference is likely deviated from this estimation and
a side-by-side brightness comparison should provide a useful
reference.

We performed single-particle brightness measurements to
compare the actual brightness with those estimated from bulk
spectroscopy and particle size. First, we measured the single-
particle fluorescence brightness of Pdot33 and Pdotl6,
respectively. Fluorescence imaging of the two types of Pdots
was conducted on a TIRF microscope under identical
excitation and detection conditions (Figure 3a, b). As shown
by the fluorescence images, Pdot33 exhibited an obvious
improvement in signal-to-background ratio compared to
Pdot16. This improvement is primarily due to the high per-
particle absorption cross section of large sized Pdots. Intensity
histograms were obtained by statistical analyses of hundreds of
particles in single-particle images. As indicated by the intensity
histograms (Figure 3d and 3e), the measured average
fluorescence brightness of Pdot33 is about 3.6 times higher
than that of Pdotl6. This value is much lower than the
estimated ratio (8.8 times) based on the particle size.

Single particle imaging indicates the majority of Pdot59
particles saturated the CCD detector under the same
experimental conditions for Pdotl6 and Pdot33. To make
reliable measurements, we perform single particle imaging on
Pdot33 and PdotS9 by using low excitation power. After
statistical analysis, the brightness intensities of Pdot59 were
back-calculated according to the fluorescence intensity ratio of
Pdot33 under the two excitation densities. In this way, the per-
particle brightness of the three types of Pdots can be compared
directly by the intensity histogram (Figure 3d-3f). As seen from
the Figure, Pdot59 nanoparticles are 3.4 times brighter than
Pdot33, and 12.8 times brighter than Pdotl6, primarily
following a quadratic dependence on the particle size. The
experimentally determined brightness ratio is deviated from
those estimated by considering a cubic dependence of
brightness on particle size. The discrepancy can be attributable
to the excitation profile of the TIRF microscope. Because the
excitation in a TIRF microscope is due to the evanescent field,
which decays exponentially as a function of the distance from
the coverslip surface, the excitation for large particles is not as
effective as that for small particles. Other reasons may also
contribute to the discrepancy, for example, the DLS measure-
ment is generally biased for large nanoparticles, therefore the
obtained particle sizes may be deviated from the actual size
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Figure 3. Size -dependent single-particle brightness of different-sized
Pdots. (a—c) Single-particle fluorescence images of Pdot16, Pdot33,
and Pdot59, respectively, obtained under identical excitation and
detection conditions. (d—f) Intensity histograms by analyzing single-
particle brightness of hundreds of nanoparticles. The blue curves were
obtained by fitting a log-normal distribution to the histogram, resulting
in average intensities of 1286, 4573, and 16401 counts for the three
types of Pdots, respectively. Scale bar represents 5 ym.

distributions. In addition, the particle size determined by DLS
is hydrated diameter, and the hydration of these hydrophobic
Pdots may vary upon size change. Nevertheless, the single-
particle imaging experiments reveal that 2-fold increase in
particle diameter yield at least 4-fold increase in fluorescence
brightness for the CN-PPV Pdots. As Pdots exhibit exceptional
tracking uncertainty (~1 nm) for single particle tracking,>® this
information is useful for considering the size effect for a broad
range of particle tracking and imaging applications.

Size-Dependent Fluorescence Quenching. We choose
CN-PPV Pdots as donor and Nile blue dye as acceptor to
investigate the size-dependent quenching and energy transfer
from the nanoparticle to the surface-adsorbed dye. Zeta
potential measurements show that the bare CN-PPV Pdots
have a negatively charged surface with a zeta potential of —40
mV. For the three types of Pdots, PSMA functionalization
results in an increase of the surface charge to approximately
—55 mV, with little dependence on the particle size. The highly
charged Pdots can complex with the oppositely charged
molecules through electrostatic interactions, a requirement for
efficient quenching in many conjugated polyelectrolytes via the
amplified energy transfer. As shown by the spectral overlap (see
the Supporting Information, Figure 1), efficient energy transfer
via Forster mechanism is highly possible. Indeed, fluorescence
quenching was observed in CN-PPV nanoparticles mixed with a
small fraction of Nile blue dye (1 wt % relative to the Pdots).
The normalized absorption spectra, fluorescence excitation and
emission spectra of Pdotl6 nanoparticles mixed with 1 wt %
Nile blue dye support the fact that the Pdots and dye molecules
form stable Pdot-dye complex driven by electrostatic
interactions between the negatively charged Pdots and
positively charged dye molecules (see the Supporting
Information, Figure 2).

Highly efficient energy transfer is evident in the evolution of
the fluorescence spectra with increasing dye concentration.
Figure 4a shows the absorption spectra of the Pdot16 solution
containing varying concentrations of Nile blue dye. The
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absorption profile from the CN-PPV Pdots remains almost
constant and the absorption peak of fluorescence dye molecule
is increased with increasing dye content. Figure 4b—d shows
the fluorescence emission spectra of the three types of CN-PPV
nanoparticles mixed with Nile blue dye of varying concen-
trations. As exemplified by the Pdot16 particles (Figure 4b), the
fluorescence from the Pdots decreases with increasing dye
content, whereas fluorescence from the dye appears and
becomes evident at the dye concentration around 0.5 wt %. As
the dye concentration is increased from 0.5 to 8 wt %, the
fluorescence of Pdotl6 nanoparticles is greatly quenched. The
emission intensity of the dye also drops at this concentration
range, consistent with the formation of dye aggregates with low
fluorescence quantum yield. When the dye concentration is
greater than 4 wt %, both the Pdotlé and the dye are
completely quenched, with negligible fluorescence observed
from the solution. The Pdot33 and Pdot59 show similar trends
in the evolution of the fluorescence as the fraction of the dye is
increased (Figure 4c, d). At the dye concentration of 0.12 wt %,
both the two types of nanoparticles were quenched by ~50%,
comparable to that of Pdotl6. However, at high dye
concentration, the quenching efficiency of both Pdot33 and
PdotS9 was apparently lower than that of Pdot16. For example,
at the final dye concentration of 8 wt %, the fluorescence
intensities of Pdot33 and Pdot59 were quenched to 5% and
14% of the emission intensity in absence of the dye,
respectively. These values are higher than that of the Pdotl6
(~2%), indicating that the quenching efficiency is decreased
with increasing the particle size.

The size-dependent quenching efficiency can be explained by
an intuitive description based on quenching volume. Consid-
ering a system without energy migration, ie. the quenching
occurred by one-step Forster energy transfer, the quenching
volume would be determined by the Forster radius, which is
calculated to be ~6.0 nm for the Pdot16 and Nile blue dye
according to their spectral overlap. Calculation using the
spectral overlap and quantum yields of Pdot33 and PdotS9 as
donors show little change as compared to Pdot16, and similar
Forster radii were obtained for the two types of larger particles,
6.0 nm for Pdot33 and 5.9 nm for PdotS9, respectively.
However, excitons in semiconducting polymers can migrate
along the polymer chain and hop between chains, processes
characterized by an exciton diffusion length, tygically on the
order of 5—6 nm for various PPV derivatives.”* The exciton
diffusion can result in an effective energy transfer distance that
is larger than Forster radius, for example, by a factor of 15—20%
for an exciton diffusion length of 8 nm.*' According to these
values, the effective energy transfer distances in the three types
of Pdots are approximately the same and estimated to be ~7
nm. For a dye molecule located at the particle surface, the
quenching volume equals to the intersected volume between
the particle sphere and that defined by the effective energy
transfer distance. At low dye concentrations, the quenching
efficiencies in the three types of Pdots are comparable because
the dye molecules are sparsely adsorbed on the surface and
quench similar numbers of fluorophores in the quenching
volume. With increasing the dye concentration, the Pdot
surface may be covered by a monolayer of dye molecules. At
this stage, the quenching volume approaches a constant,
dependent on the nanoparticle size. Small particles such as
Pdotl6 were completely quenched because their size is
comparable to the effective energy transfer distance. However,
Pdot33 and Pdot59 were not completely quenched, as the

peripheral layer of these larger particles can be quenched, but
fluorophores in their cores remain fluorescent. In the high
concentration range, the Pdot surface can be fully covered, with
a portion of dye molecules free-floating in solution. In addition,
the surface to volume ratio may also contribute to the size-
dependent quenching, as smaller particles tend to adsorb more
dye molecules for a given Pdot weight concentration.

Quenching Mechanism by Stern—Volmer Analysis
and Time-Resolved Study. Fluorescence quenching can be
described by two primary mechanisms, static and dynamic
quenching, respectively.”> The former results from the
formation of a nonfluorescent ground-state complex, while
the latter occurs as a result of diffusive encounters between the
fluorophore and quencher during the lifetime of the excited
state. For a pure static or dynamic pathway, the quenching can
be modeled using the Stern—Volmer relation, which can be
expressed as>

R/F =1+ Kg[Q]

where F, and F are fluorescence intensities in the absence and
presence of quencher, respectively. Kgy is the Stern—Volmer
quenching constant, and [Q] is the concentration of the
quencher. In the case of dynamic quenching, Kgy = k47, where
kq is the biomolecular quenching constant and 7, is the
fluorescence lifetime of the fluorophore in absence of the
quencher. In the case of static quenching, Ky equals to the
binding constant of the nonfluorescent ground-state complex.

Figure Sa presents the Stern—Volmer quenching plots for the
three types of Pdots by Nile blue dye in the entire
concentration range. Again, these plots exhibit apparent size
dependent behavior, and they all deviate from the linear
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Figure 5. (a) Fluorescence quenching of different-sized Pdots by Nile
blue dye. The downward curvatures at high concentrations indicate
higher quenching efficiency for smaller particles. (b) Stern—Volmer
plots of the fluorescence quenching versus the molar ratio of quencher
to polymer repeating unit (PRU). The scattered points are
experimental results and the solid lines represent fits to the Stern—
Volmer equation. The obtained Ky, values show each dye acceptor can
quench 400—600 PRUs, indicating highly efficient quenching of Pdots
by single dye molecules.
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Figure 6. Fluorescence imaging of human breast cancer cells incubated with different sized Pdots. (a) Control samples where the cells were
incubated in absence of Pdots. (b—d) Fluorescence images of live MCF-7 cells incubated with (b) Pdot16, (c) Pdot33, and (d) PdotS9, respectively.
(e—h) Combined bright-field and fluorescence image. Scale bar represents 20 ym.

relationship with downward curvatures toward the [Q] axis at
high concentrations (>0.16 uM, 1 wt %). This deviation is
indicative of the presence of two quencher populations and one
population is not bound to the Pdots. Careful examinations of
the Stern—Volmer plots indicate that the quenching of Pdot16
is clearly curved upward around 0.04 uM (0.25 wt %). As
Stern—Volmer plot of Fy/F vs [Q] is linear for a purely static or
dynamic pathway, upward curvature is generally a characteristic
feature of the occurrence of mixed static and dynamic
quenching.*> To provide a quantitative measure of the
quenching efficiency, we discuss the quenching at low quencher
concentrations where the plots are nearly linear. Ky values
obtained by linear fittings are 3.9 X 10" M™" for Pdot59, 4.5 X
107 M™! for Pdot33, and 5.7 X 107 M™' for Pdotl6,
respectively. These values are comparable or higher than
those determined in the amplified quenching of various
conjugated polyelectrolytes by small molecule such as methyl
viologen, cyanine and rhodamine dyes.">***” The further
increased quenching efficiency is perhaps due to the enhanced
exciton diffusion distance in polymer nanopartilcles as
compared to the one-dimensional migration in polyelectrolytes.
Kgy values sometimes depend on polymer concentration,
meanwhile molecular weights of polymer molecules are
generally polydisperse and can vary from batch to batch. We
use the ratio of quencher to polymer repeating unit (PRU) to
avoid this difficulty. If the quencher concentration is expressed
as a molecule fraction of [Q]/[PRU], K, represents the
number of polymer repeating units quenched by a single
quencher. Fitting of the Stern—Volmer plots (Figure Sb)
indicated that approximately 436—632 PRUs are quenched by
single dye molecules. Considering that the fluorophores are
densely packed with a density of ~1 g/ cm®?® the PRU number
quenched by single dye is consistent with the quenching
volume by intersecting the particle volume with the effective
energy transfer distance (~7 nm). Taken together, these results
indicate surface dye molecules can quench Pdots with
efficiencies comparable or higher than polyelectrolytes and
suggest that Pdots are promising platforms for energy transfer-
based sensors or molecular beacons.

Stern—Volmer analysis also provides insight into the
mechanism for the amplified quenching in the Pdots. When

the quenching is fully dynamic, Kgy is determined by the
product of diffusion rate constant k, (typically <1 X 10 M
s7!) and fluorescence lifetime 7, (~2.2 ns for CN-PPV Pdots).
This places an upper limit on Kg (~20 M™'). The
experimentally observed Kgy values for Pdot quenching are
significantly larger than 20 M}, which cannot be accounted for
by a diffusion-controlled process. Association of the cationic
dye quenchers with the anionic Pdots must be involved in the
quenching mechanism. Static quenching can be further
confirmed by time-resolved studies. As static quenching results
from the formation of nonfluorescent complex, the fluorescence
is only from the uncomplexed fraction, and hence the
fluorescence lifetime remains unchanged. In contrast, for
dynamic quenching Fy/F = 7o/7. The fluorescence decays of
the Pdotl6 mixed with different dye concentrations are
measured by a time-correlated single-photon counting instru-
ment (TCSPC, see the Supporting Information, Figure 3). At
low dye concentration such as 0.01 uM (0.06 wt %), where F,/
F = 1.6, the fluorescence lifetime was nearly identical with that
in absence of the dye (~2.2 ns), indicating static quenching is a
dominant pathway at low concentrations. As further increasing
the dye concentration, dynamic processes make contribution to
the overall quenching, as indicated by the fluorescence lifetime
decreases to ~1.2 ns for the Pdot solution containing 0.08 M
dye (0.5 wt %, Fy/F = 8.3), and ~0.4 ns for the solution
containing 1.28 uM dye (8 wt %, Fy/F = 52.8).

Picosecond time-resolved fluorescence experiments were
performed to explore the energy transfer mechanism from
the Pdots to Nile blue dye. By using a laser excitation
wavelength of 400 nm, where the absorption of Nile blue is
minimal, fluorescence from the surface dye (inset of Figure 4b)
is created almost exclusively by energy transfer from the
polymer with concomitant quenching of the Pdots. Figure 4 in
the Supporting Information shows the fluorescence decay
detected at 610 nm with 400 nm excitation for Pdot-dye
solutions parallel to the TCSPC measurements. As shown in
the figure, the picosecond-resolved decay curve for 0.01 uM
dye concentration (0.06 wt %) remains the same to that of the
pure Pdot solution, whereas those at higher dye concentrations
decays more rapidly. Steady-state spectroscopy indicates the
Pdot fluorescence was quenched considerably (~38%) by

dx.doi.org/10.1021/am502733n | ACS Appl. Mater. Interfaces 2014, 6, 10802—10812



ACS Applied Materials & Interfaces

Research Article

Figure 7. Fluorescence imaging of cell surface marker (EpCAM) in human breast cancer cells labeled with Pdot-steptavidin bioconjugates. MCF-7
cells were incubated sequentially with biotinylated primary anti-EpCAM antibody and different sized Pdot-streptavidin bioconjugates. (a—d) Bright-
field images and (e—h) fluorescence images. (e) Control samples where the cells were incubated in absence of primary antibody. (f—h) Fluorescence
images of MCF-7 cells incubated with primary antibody and streptavidin conjugates of (b) Pdot16, (c) Pdot33, and (d) PdotS9, respectively. Scale

bar represents 20 um.

energy transfer at 0.01 uM dye concentration (0.06 wt %,
Figure 4b). Taken together, these results reveal that the Pdot-
to-dye energy transfer takes place on two distinct time scales. A
significant fraction of the excitation energy was transferred to
surface dye through a pathway that is too fast to be resolved
within the instrument response (~400 fs), while a slower
energy transfer pathway is present at higher dye concentrations,
as evidenced by the noticeable increase in their decay rates (see
the Supporting Information, Figure 4). Similar decay kinetics
was previously observed in fluorescence quenchin§ of
conjugated polyelectrolyte by cationic cyanine dyes.>”>® As
suggested in early reports,” the fast quenching pathway was
attributed to prompt quenching of excitons produced in the
dark region of a bound dye, whereas the slower quenching
pathway was proposed to be due to diffusion of excitons to the
quenching sites. In addition, diffusional quenching by free
acceptors in solution also becomes important at high dye
concentrations.

Size Dependent Cellular Labeling. The three types of
Pdots were employed to investigate the effect of nanoparticle
size on cellular uptake in cultured mammalian cells. This study
was stimulated by novel applications in biomedicine where
Pdots have been used to achieve drug delivery and photo-
dynamic therapy.*>** We attempt to address an important
question to the realization of Pdot-based therapeutic agents,
namely, what is the optimal particle size for optimal
endocytosis. As weight concentration is generally adopted for
drug delivery, we use the same weight concentration of Pdot
(~25 ppm) to incubate with MCF-7 cells for 24 h.
Fluorescence imaging (Figure 6) showed obvious Pdot
internalization after 24h incubation with the nanoparticles
(Pdots16, Pdots33, and PdotsS9), as compare with the control
group (without Pdots). These images indicate a staining pattern
consistent with perinuclear labeling and brightly fluorescent
vacuoles and organelles (e.g,, pinosomes and lysosomes). The
mechanism of cellular uptake of these fluorescent Pdots have
been systematically investigated in a previous report,*" in which
temperature-dependent uptake, colocalization study, and
inhibition of uptake by phosphoinositide 3-kinase inhibitors
indicated macropinocytosis as the operative endocytic mecha-

nism. To quantify the size-dependent cellular uptake, we
performed flow cytometry to analyze the fluorescence intensity
of these cells. As shown by the flow results (Figure 8a), the
maximum fluorescence intensity relative to the control was
observed for Pdot33, which indicates cellular uptake of the
medium-size Pdots is more effective than those of Pdot16 and
PdotS9 particles. The difference in cellular uptake is likely due
to the combined effect of several factors such as the surface
charge, functionalization, and surface-to-volume ratio related to
particle diameters.

We further investigate the size effect in specific labeling using
biotin—streptavidin interactions. The PSMA functionalization
generate surface carboxyl groups so that streptavidin can be
covalently conjugated to the different sized Pdots by a protocol
described before.>* The Pdot bioconjugates were used to label a
specific celllular target, EpCAM, an epithelial cell-surface
marker currently used for the detection of circulating tumor
cells. A biotinylated primary anti-EpCAM antibody and the
Pdot-streptavidin probes were sequentially incubated with
MCE-7 cells. Figure 7 shows fluorescence images of the
labeling cells as well as the control sample. Strong fluorescence
was observed on the cell surface compared to the control
sample (identical conditions but without the primary antibody),
indicating all the Pdot-streptavidin (Pdots16, Pdots33, and
PdotsS9) were highly specific for the target. It is worth noting
that the labeling pattern is also dependent on the particle size.
The small Pdot probes show a relatively uniform surface
labeling, whereas the large probes such as Pdot59 exhibit bright
clusters on cell surfaces. Steric hindrance due to the large
particle size is likely responsible for the different labeling
patterns. The labeling brightness of the three types of Pdot-
streptavidin probes was quantified using flow cytometry. As
shown in Figure 8b, the fluorescence intensity of Pdot-labeled
cells were clearly separated from the background, and shifted to
high intensity with decreasing the Pdot size, indicating that
small-sized Pdots are more efficient for cell-surface labeling
than the large Pdot-bioconjugates. The size dependent cell-
labeling brightness suggests appropriate particle size should be
selected for using the Pdot probes in biological applications.
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Figure 8. Flow cytometry analysis of cellular uptake and labeling
brightness. (a) Fluorescence intensity distributions of live MCF-7 cells
incubated with different sized Pdots. (b) Fluorescence intensity
distributions of MCF-7 cells labeled with primary anti-EpCAM
antibody and Pdot-streptavidin bioconjugates.

B CONCLUSION

We prepared fluorescent polymer dots of different sizes and
investigated the size effect on their fluorescence properties. The
polymer conformation in solution phase largely affects the
polymer folding and packing during the nanoparticle
preparation, resulting in the controlled chain-packing behavior
and photophysics of semiconducting polymer nanoparticles.
The resulting Pdots exhibit apparent size dependent absorption
and emission, consistent with the polymer conformation due to
different preparation conditions. We employ single-particle
fluorescence imaging to perform a side-by-side comparison on
the Pdot brightness. Quantitative analysis and statistics on
single particle imaging data indicate a quadratic dependence of
single-particle brightness on particle size. Upon introducing a
positively charged dye Nile blue, the Pdots were quenched very
efficiently (K, > 1 X 10 M™") by energy transfer to the
cationic surface dye in an applied quenching process. Steady-
state and time-resolved spectroscopy indicate that the efficient
quenching occurs primarily via static pathway due to the
formation of electrostatic nanoparticle-dye complex. The three
types of Pdots were used for cell uptake and cellular labeling
involving biotin—streptavidin interactions. Fluorescence imag-
ing and with flow cytometry studies clearly show that medium-
sized Pdots exhibit the highest uptake efficiency, whereas small-
sized Pdots are more effective for immunefluorescent labeling
of cell surface. These results emphasize that selecting an
appropriate particle size is significant for using Pdot probes in
fluorescence imaging and sensing applications.
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