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ABSTRACT: A facile and efficient strategy to prepare
multicolor and surface-functionalizable conjugated polymer
nanoparticles (PPVseg-COOH CPNs) was demonstrated. The
CPNs with tunable photoluminescence colors and carboxylate
groups were further covalently modified with a series of
specific molecules such as streptavidin, IgG and poly(ethylene
glycol) to show their generality for subsequent bioconjugation
and biological applications. The streptavidin coating can

significantly improve the photostability of the PPV,-SA
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CPNs, which indicates that specific biomolecules such as streptavidin functionalization of multicolor PPV, ,-COOH CPNs can

seg

be applied to achieve high optical stability of CPNs in various buffer solutions, metal ions for many biological applications.
Furthermore, the resulted PPV,,-SA CPNs also show efficient labeling ability in specific cellular imaging. The synthetic methods
present the feasibility and versatility for further developing surface-functionalizable CPNs probes with full-color tunability for

biological imaging and bioanalytical applications.
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1. INTRODUCTION

Convenient and cost-effective fluorescence techniques for
cellular assays and in vivo imaging are highly desired in
identification of cancer cells, medical diagnosis and therapy.l’2
For the past two decades, considerable attention has been paid
to small fluorescent molecules® ™ and inorganic nanocrystals®™®
for labeling biomedical entities such as bacteria, cells and
tissues. However, conventional or§anic dyes are limited by their
susceptibility to photobleaching.” The long-term toxicity of
inorganic fluorescent nanocrystals such as CdSe and CdTe may
cause serious damage to livin§ biosubstrates and impede their
final clinical application.'®™"* Another critical issue in the
application of inorganic nanocrystals is these nanoparticles
typically require surface modification, resulting in larger
diameters, which may cause problems such as poor tissue
penetration and nonspecific interaction."

Recently, fluorescent conjugated polymer nanoparticles
(CPNs) have emerged as a unique platform for nanoscale
sensors and optical bioimaging due to their high fluorescence
brightness, fast emission rates and lower toxicity.'*™'® Besides
the applications as fluorescent probe for metal ion detec-
tion,"”*® intracellular pH value'® and temperature sensing,20
CPNs have also been extensively used in cellular imaging and
immunofluorescent Iabeling.21 In general, multicolor CPNs are
produced from organic conjugated polymers with different
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chemical structures through tedious synthetic modification.
Furthermore, the surface functionalization and subsequent
bioconjugation of CPNs is also essential for their effective
utilization in biological applications. Using different strategies,
CPNs with specific fluorescence have been functionalized with
a variety of ligands.”>** However, these methods share the
drawbacks such as lack of universality and need of sophisticated
and respective functionalization for nanoparticles with different
fluorescence colors, and the functional macromolecules are
likely to dissociate from the formed CPNs due to the relatively
weak noncovalent interactions.”*

In this work, a simple strategy that allows the formation of
multicolor CPNs bioconjugates with specific biorecognition
was demonstrated. As shown in Scheme 1, multicolor CPNs
formed from such a method would directly have functional
groups available for subsequent bioconjugation, thus avoiding
the respective and sophisticated surface modification of the
nanoparticles and the dissociation of functional groups. The
multicolor and surface-functionalizable PPV,,,-COOH was also
successfully applied to prepare specific nanoparticle bioconju-
gates, thus indicating its general applicability and feasibility for
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Scheme 1. Schematic Illustration of the Preparation of Multicolor PPV, CPNs-Bioconjugates and PPV-SA for Target Cellular

Imaging
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biological imaging and bioanalytical applications. Compared
with bare CPNs, the streptavidin-modified PPV, ,-COOH
CPNs (PPVseg—SA CPNs) exhibit dramatically improved
photostability in buffer solutions and physiologically relevant
environments. The multicolor PPV -SA CPNs probes have
also been applied for targeted cellular imaging, which
demonstrates the ease of such functionalization can impart
multicolor and desired properties such as specific recognition or

biocompatibility simultaneously.

2. EXPERIMENTAL SECTION

Materials and Characterization. All reagents for polymer
preparation were used without further purification as purchased
from Sigma-Aldrich Chemical Co. and Aladdin reagent (Shanghai,
China). Distilled tetrahydrofuran (THF) was used for the preparation
of multicolor segmented PPV conjugated polymers to ensure
anhydrous conditions. The following materials and chemicals for
bioconjugation and cell study were used as received. Amine-terminated
poly(ethylene glycol) (PEG) (MW: 5000) was purchased from
Jenkem Technology (Beijing, China). Goat antimouse IgG was
purchased from Solarbio Science & Technology (Beijing, China). 1-
Ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride
(EDC) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) were purchased from Aladdin reagent for bioconjugation.
Streptavidin and biotinylated primary anti-EpCAM antibody were
purchased from Sigma-Aldrich Chemical Co. and Abcam Inc,
respectively. The human breast adenocarcinoma cell line MCEF-7
cells, 90% MEM Eagle for cell culture experiment and PBS buffer (pH
= 7.0) were purchased from KeyGEN Biotec (Nanjin, China). The
color changes in PL spectra were measured using a Shimadzu RF-
5301PC spectrophotometer. The NMR spectrum was recorded on a
Bruker AV 400 MHz NMR spectrometer. The gel permeation
chromatography (GPC) analysis was conducted at room temperature
on a Shim-pack GPC-80X column using polystyrene as a standard and
tetrahydrofuran (THF) as the eluant. The size and {-potential data of
CPNs were obtained from a Brukehaven ZetaPALS with a He—Ne
laser (633 nm). Confocal laser scanning microscope images of
multicolor PPV,,,-SA CPNs were taken on a Olympus Fluo-view 1000.
The PL quantum yields of PPV,,,-COOH in THF and PPV,,-COOH
CPNs in water were determined against 9,10-diphenylanthracene
(cyclohexane, QY = 0.90),>® coumarin-6 (ethanol, QY = 0.76)*® and
rhodamine 110 (ethanol, QY = 0.92)* depending on fluorophore. PL
spectra of PPV, -COOH, PPV, -COOH CPNs and dyes were taken
under identical spectrometer conditions. The absorbance was kept
lower than 0.08 for all QY measurements to avoid the self-quenching.
The integrated intensities of the emission spectra were used to
calculate the quantum yields.

General Procedure for Synthesis of PPV-COOH. The PPV-
COOH were synthesized by copolymerization of monomers 1,4-
bis(bromomethyl)-2-(2-ethylhexyloxy)-S-methoxybenzene (M1) and
ethyl 4-(2,5-bis(bromomethyl)-4-methoxyphenoxy)butanoate (M2)
by Gilch coupling according to the procedure described in literature.*®
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The molar fraction of side-chain carboxylic acid groups in the
polymers could be tuned by changing the feed ratios of monomers in
the synthesis step. Poly(p-phenylenevinylene) synthesized from 10%
M2 (abbreviated as PPV-C10) was used as an example: to a solution of
monomers M1 (0.45 g, 1.06 mmol) and M2 (0.0S g, 0.12 mmol) in 40
mL anhydrous THF under nitrogen was added 4 equiv of KO'Bu(0.4S
g, 4 mmol) dissolved in anhydrous THF (60 mL). The reaction
mixture was allowed to stir at room temperature for 24 h. The
obtained solution was poured into methanol. The formed solid was
collected and dried in a vacuum.

The obtained polymer solid (250 mg) was dissolved in THF (25
mL) and methanol (2 mL) and treated with NaOH (1 g, 25 mmol).
The mixture was then stirred at 70 °C for 12 h and acidied with
hydrogen chloride. The obtained solution was poured into ethanol and
collected to give PPV-C10 as a bright red solid.

Spectroscopic data and chemical structure of the obtained polymer
PPV-C10 is as shown in Figure S1 (Supporting Information).

Preparation of Multicolor Segmented Conjugated Polymer
Nanoparticles (PPV,,-COOH CPNs). Multicolor PPV, ,-COOH
CPNs in aqueous solution were prepared by a reprecipitation method.
In a typical preparation, PPV-C10 was first dissolved in anhydrous
tetrahydrofuran (THF) to make a 0.4 mg/mL stock solution. After
heat treatment at 50 °C for various times, the obtained multicolor
PPV,,-COOH solutions were further diluted in THF. A 2 mL
quantity of THF solution of PPV,-COOH was quickly added to 8
mL of Milli-Q water in a vigorous bath sonicator. The THF was
removed by partial vacuum evaporation, followed by filtration through
a2 0.22 pm filter. The PPV, ,-COOH CPNs were stable and could be
stored at 4 °C for more than 3 months without signs of aggregation.

Bioconjugation of PPV ,-COOH CPNs. All reagents were
immediately handled and used before bioconjugation. Bioconjugation
of PPV,,-COOH CPNs with different molecules was conducted by

seg
standard carbodiimde chemistry. The synthesis of PPV,,-SA CPNs

was used as an example. To a solution of PPV, —COOHgCPNs and
streptavidin in HEPES buffer (0.67 mM, pH = 7.3% solution containing
S wt % polyethylene glycol (PEG, MW: 3350), was added directly
EDC and the reaction mixture was stirred for 3 h in a dark room at
room temperature. Unbound streptavidin from the PPV,-SA CPNs
solution were removed by centrifugal washing with Milli-Q water
several times using a microcentrifuge tube (MWCO = 100 000).
Specific Cellular Imaging. For specific cellular imaging study, the
human breast adenocarcinoma cell line MCF-7 cells with overex-
pressed EpCAM receptors was chosen as an example. The MCF-7
cancer cells were cultured at 37 °C, 5% CO, in 90% MEM Eagle
supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin and 100 pg/mL streptomycin. The cells were precultured
prior to experiments until confluence was reached. The cells were
harvested from the culture flask by briefly rinsing with culture media
followed by incubation with 1 mL of trypsin—EDTA solution (0.25 w/
v % trypsin, 0.02% w/v EDTA) at 37 °C for 3 min. After complete
detachment, the cells were rinsed, centrifuged and resuspended in 90%
MEM Eagle. Ten thousand MCF-7 cells were plated on a 15 mm-
diameter glass-bottomed culture dish and cultured until the density
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Figure 1. (a) Transmission electron microscopy for PPV,,-COOH CPNs. (b) Dynamic light scattering measurements of PPV,,-COOH CPNs.

reached confluence for PPV -SA CPNs labeling and fluorescence
imaging.

MCE-7 cells were blocked with BlockAid blocking buffer for 30 min
and then were incubated sequentially with biotinylated primary anti-
EpCAM antibody and PPV,.,-SA CPNs for 30 min. After incubation,
the cells were washed twice with 1X PBS buffer solution and imaged
by confocal laser scanning microscopy (CLSM). The MCF-7 cells
incubated with PPV,,,-SA CPNs at 37 °C without biotinylated primary
anti-EpCAM antibody pretreatment, and MCF-7 breast cancer cells
treated with biotinylated primary antibody and free PPV, -COOH
CPNs in the absence of streptavidin were used as the control.

3. RESULTS AND DISCUSSION

Synthesis and Characterization of PPV,.,;-COOH CPNs.
After elaborately investigating the bioconjugation efficiency of
PPV,,-COOH CPNs to different molecules, it was found that
the effectiveness of bioconjugation depended on the carboxylic
acid ratio of the polymers. And considering that a higher
density of carboxylic acid groups may lead to nonspecific
binding in cellular labeling, * PPV-C10 was utilized for the
preparation of multicolor PPV, -COOH in this work. The
multispectral PPV, ,-COOH was first prepared by heat
treatment of PPV-C10 (the chemical structure of PPV-C10 is
shown in Figure S1 (Supporting Information)) in anhydrous
THEF at 50 °C as previously reported.”” The PL spectra of PPV-
C10 are shown in Figure S2(Supporting Information). It is
apparent that there is a continuous blue shift in the emission
maxima with decreases in the extent of conjugation during heat
treatment of PPV-C10, which is similar to that for previously
reported MEH-PPV.***° The fluorescence color tuning of
PPV-C10 solution from orange to blue under UV illumination
is shown in Figure S3 (Supporting Information) and this
phenomena could be ascribed to thermo/photo-oxidation of
PPV species.>' ~** Furthermore, the color changes of PPV-C10
could also be controlled upon addition of H,O, and the
fluorescence color changes of PPV, ,-COOH after heat
treatment at 50 °C with and without 50 yL H,O is shown in
Figure S4 (Supporting Information). The carboxylate-function-
alized and multicolor segmented conjugated polymers (PPVy,-
COOH, PPV, -COOH, PPV,,-COOH and PPVy,-COOH)
in the presence of H,O are stable and can be stored at 4 °C for
more than 3 months. The PL quantum yields of pristine PPV-
C10, PPVy,-COOH, PPV,-COOH, PPV,,-COOH and
PPVy,,-COOH in THF were determined to be 13.7%, 15.9%,
33.7%, 26.8% and 16.0%, respectively. The results demonstrate
that the fluorescence efficiency of the polymers could be
obviously improved by the heat treatment of PPV-C10, which
is probably due to the intrachain energy transfer in the presence
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of statistical distribution of conjugation lengths or the exciton
confinement in the “quantum well” of these segmented
conjugated polymers.””*° The effect of the heat treatment on
molecular weight of PPV-C10 was monitored with gel
permeation chromatography (GPC) and is summarized in
Table S1 (Supporting Information). The M, of the polymers
decreased with increased heating time, which is consistent with
improved solubility of PPV, ,-COOH and suggests that heat
treatment causes partially polymer backbone cleavage.

The multicolor PPV-C10 and PPV ,-COOH CPNs were
then formed by a reprecipitation procedure in which the
polymers in THF solution were injected quickly into water
under ultrasonication. After vacaum removal of the THF, a
stable aqueous suspension of PPV-C10 and PPV,-COOH
CPNs was obtained. To investigate their particle size and
morphologies, the as-prepared PPV-C10 and PPV,-COOH
CPNs were characterized by both TEM and dynamic light
scattering (DLS). Figure 1 shows representative TEM data and
size distribution of PPV,-COOH CPNs. The particle size
obtained from DLS indicated that the majority of PPVcy,-
COOH CPNs possessed hydrodynamic diameters in the range
of ~13 nm (Figure 1b). Under the same preparation
conditions, the bare PPV,-Cya CPNs without carboxylic
acid functionalization showed a hydrodynamic diameter about
5 nm. The hydrodynamic size difference between the two
CPNss species may be caused by differences in the hydrophilic
functional groups of the polymers and the molecular weight of
the original polymer precursors.>*

The changes in PL spectra upon particle formation are
shown in Figure 2. The PL spectra of PPV-C10 and PPV,,-
COOH CPNs are red-shifted as compared to those of the
corresponding polymers in THF solutions, which can be
attributed to the increased interchain interactions and multiple
energy transfer in nanoparticles as has often been observed in
thin films.*>*® For PPV-C10 and PPV,,-COOH CPNs, the
fluorescence spectra are devoid of any fine structure, which is
due to individual segment emission, even in the case of PPVyy,.
This was attributed to the more rapidly energy transfer between
flexible segmented chromophores in nanoparticles as in thin
films when compared to dilute solutions.”” Under UV
irradiation (365 nm), PPV-C10 and PPV,,-COOH CPNs
show multicolor fluorescence spanning from red to cyan, as
shown in Figure 2b. The PL quantum yield of PPV-C10 CPNs
was determined to be 1.8%, which was similar to a previous
report.'* And the PPVy,-COOH, PPV, -COOH, PPV,-
COOH and PPVg,-COOH CPNs all exhibit bright fluo-
rescence with PL quantum yields of 2.4%, 14.5%, 10.0% and

dx.doi.org/10.1021/am503004z | ACS Appl. Mater. Interfaces 2014, 6, 11129—11135
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Figure 2. (a) Normalized PL spectra of pristine PPV-C10 and PPV,
COOH CPNs. (b) Full emission colors of PPV-C10 and PPV,
COOH CPNs under UV illumination.
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3.0% respectively, which represents a general increase in
emission. The emission efficiency of CPNs is critically
important for many fluorescence-based imaging applications,
which make these multicolor CPNs promising for both future
bioimaging and bioanalysis.

Bioconjugation of PPV, -COOH CPNs and Specific
Cellular Imaging. To show this strategy is simple and versatile
for the generation of multicolor and surface-functionalizable
CPNs, subsequent bioconjugation of PPV, -COOH CPNs to
different molecules (such as streptavidin, IgG and aminated
PEG) have also been conducted via conventional bioconjuga-
tion chemistry using 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide hydrochloride (EDC) as a catalyst. Representative
electrophoresis images of streptavidin conjugated PPV-C10
CPNs (PPV-SA CPNs) are shown in Figure 3a and additional
electrophoresis data for multicolor PPV,,-SA CPNs are listed
in Figure 3b—e. In Figure 3a, lane 1 has only PPV-C10 CPNs
before streptavidin bioconjugation and shows the correspond-
ing red band. In lane 4, PPV-SA CPNs exhibit apparent slower
migration mobility compared to bare PPV-C10 CPNs. PPV-
C10 CPNs treated with free streptavidin and PPV-C10 CPNs
treated directly with EDC in the absence of streptavidin were
used as control as shown in lane 2 and lane 3. Aminated
poly(ethylene glycol) (PEG) was also selected as a ligand
because it has been widely used as effective biocompatible
building blocks to suppress nonspecific adsorption of biological
substances. Bioconjugation of PEG and antibody IgG to the
PPVy,-COOH CPNs surface was also performed and
confirmed by agarose gel electrophoresis (0.5%), which is
shown in Figure 4a. After conjugation to IgG and PEG, gel
electrophoresis showed shifted migration bands of the CPNs
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Figure 3. Gel electrophoresis of (a) PPV-SA and (b,c,d and e)
multicolor PPV,,.-SA CPNs. Photographs were taken under UV light
(excited at 365 nm) to visualize multicolor PPV,,-COOH CPNs and
PPV, -SA CPNs at the same time.
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conjugates, which was caused by the changes in surface charge
and different molecular weight of the molecules. The broad
feature of the band is likely to be the result of the polydispersity
of the polymers. These results clearly indicate successful
carboxylate functionalization of the CPNs as well as the
subsequent surface bioconjugation of multicolor CPNs with
specific molecules, which indicate the generality of this method
for preparing multicolor conjugated polymer nanoparticle
bioconjugates.

To demonstrate the nanoparticle stability of multicolor
PPV,,-COOH CPNs, we measured the ¢-potential of bare
PPV,-Yel CPNs without carboxylic acid functionalization,
PPVy,-COOH CPNs and PPVy,-SA CPNs to be —22.76,
—43.50 and —25.85 mV, respectively, which indicates that the
surface of PPVy,-COOH CPNs is more negative than that
prepared from bare PPV,,-Yel CPNs. No obvious aggregation
was observed for PPVy,-COOH CPNs in various buffers such
as PBS, Tris—HCI and in blood plasma. To further confirm the
improved colloidal stability of bioconjugated PPV ,-COOH
CPNgs, the intensity of fluorescence emission from bare PPV,-
Yel CPNs and PPVy,-SA CPNs were measured as an example.
Figure 4b shows the fluorescence intensities of bare PPV,,-Yel
CPNs and PPVy,-SA CPNs dispersed in PBS, Tris—HCI buffer
solution and in physiological conditions (e.g., 20 vol % serum).
The fluorescence intensity of bare PPV,,-Yel CPNs showed up
to 74% fluorescence quenching in PBS solution and nearly a
53% reduction in Tris—HCI and 20 vol % serum. On the
contrary, PPVy,-SA CPNs displayed a significant improvement
of optical stability and do not show obvious fluorescence
change in PBS and Tris—HCI. Furthermore, PPVy,-SA CPNs
display slightly enhanced fluorescence in the case of 20 vol %
serum and it may be due to the nonspecific interactions of
PPVy,-SA CPNs with biological macromolecules.>”*® For
evaluating the effect of different ions on the optical stability
of PPVy,-SA CPNs, PPVy,-SA CPNs solution was also titrated
with different metal ions such as 0.4 mM Fe(II) solution, 0.5
mM Cu(Il) solution, 0.5 mM Ca(II) solution and 0.5 mM
Mg(II) solution. As shown in Figure 4b, the addition of Fe(II)
and Cu(II) both lead to effective quenching of the bare PPV,-

dx.doi.org/10.1021/am503004z | ACS Appl. Mater. Interfaces 2014, 6, 11129—11135
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Figure S. Confocal images of live MCF-7 cells (a) positively labeled with PPVy-SA CPNs, (b) positively labeled with PPV¢,,-SA CPNs and (o)
negatively labeled with PPV,,-SA CPNs in the absence of biotinylated primary antibody. Scale bar: 10 ym.
Yel CPNs. The mechanisms of Cu(ll) and Fe(Il)-induced applied to achieve high optical stability of CPNs in various
-Yel CPNs may be due to buffer solutions, metal ions for many biological applications.
the screened charge repulsion of nanoparticles by the increase To further demonstrate the applicability of multicolor
in ionic strength and the specific interactions between CPNs bioconjugated PPV,,-COOH CPNs in biological analysis and
17,22 bioimaging, we use PPV,,,-SA CPNs for targeted imaging of
Fluorescence measurements 8 ) ¢
MCE-7 breast cancer cells. The detection of live MCF-7 breast

also shows no obvious change of fluorescence intensity for cancer cells was demonstrated by sequentially staining EpCAM
receptors with biotinylated primary anti-EpCAM antibody and

PPVy,-SA CPNs in the presence of Cu(Il) and Fe(Il)
solutions, which may be due to the combination of charge PPV,,-SA CPNs, and the corresponding fluorescence images
Ve SA CPNs are

fluorescence quenching of bare PPV,

and the biovalent metal ions.

and steric stabilization by streptavidin coating. These results are shown in Figure S. It is obvious that PPV,

demonstrate that specific biomolecules such as streptavidin
functionalization of multicolor PPV,,-COOH CPNs can be

more concentrated along the cell periphery than in the
cytoplasm of MCF-7 breast cancer cells, which indicates the

11133 dx.doi.org/10.1021/am503004z | ACS Appl. Mater. Interfaces 2014, 6, 11129-11135
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effective labeling of MCF-7 breast cancer cells by PPV -SA
CPN:ss. In the control experiments without biotinylated primary
antibody, no fluorescence on the cell surface was detected
(Figure Sc), confirming the specific interaction between PPV,-
SA CPNs and EpCAM receptors. Furthermore, MCF-7 breast
cancer cells treated with biotinylated primary antibody and free
PPV,,-COOH CPNs in the absence of streptavidin were also
used as a control for specific cellular labeling studies of MCE-7
cancer cells (data not presented). The CLSM image also reveals
that no fluorescence was observed on the cell surface,
confirming that the bioconjugation of streptavidin to PPV,
COOH CPNs was covalent and the conjugation of streptavidin
onto the cell surface was specific through biotin—streptavidin
interaction rather than the nonspecific interaction between

nanoparticles and cell surfaces.

4. CONCLUSIONS

In summary, we demonstrate the smart and versatile
preparation of covalently functionalized PPV,,-COOH CPNs
with tunable fluorescence simultaneously by just heat treatment
of PPV-C10 solution and further reprecipitation procedure. We
show that this strategy is simple and general enough to be
applied to prepare multicolor and surface-functionalizable
CPNs simultaneously. These multicolor PPV,,,-COOH CPNs
can then be conjugated to different biologically relevant
molecules such as streptavidin, IgG and PEG for specific
biological applications. Furthermore, the streptavidin function-
alization dramatically improves the photostability of the CPNs,
which indicates that specific biomolecules functionalization of
multicolor PPV,-COOH CPNs can be applied to achieve high
optical stability of CPNs in buffer solutions and other harsh
conditions. To show the applicability of multicolor PPV,
CPNs bioconjugates for specific cellular imaging and
bioanalysis, the PPV, -SA CPNs were then successfully used
for the targeting imaging of live MCF-7 cancer cells. As the
fluorescent properties of PPV,,-COOH can be fine-tuned
through addition of H,O and the recognition ability of PPV/,-
COOH CPNs can be desirably modified through conjugation
with diverse biorecognition moieties, this study provides a
novel molecular design concept to further develop multicolor
and surface-functionalizable CPNs probes simultaneously for

complicated biological imaging and detection.
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