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Conjugated polymer nanoparticles (PPEs nanoparticles) are fabricated by self-assembly of a novel
amphiphilic poly(phenyleneethynylenes). The morphology and cytotoxicity of PPEs nanoparticles were
investigated. Moreover, confocal fluorescence microscopy and flow cytometry assay revealed the

effective internalization of PPEs nanoparticles. PPEs nanoparticles were also used as a carrier for drug

delivery system. Upon encapsulating an anticancer drug, DOX, PPEs nanoparticles exhibited high drug
loading efficiency (26.6 wt%) and good release properties. Subsequently, DOX loaded PPEs
nanoparticles were investigated by employing dynamic light scattering and transmission electron
microscopy. Finally, cell uptake, cytotoxicity and Western blotting were carried out, which revealed that

PPEs nanoparticles successfully deliver drug into cancer cells and keep the anticancer bioactivity of DOX.
All these results indicated that this new type of PPEs nanoparticles would be a promising drug delivery

system for therapeutic delivery and/or bioimaging applications.

Introduction

Chemotherapy has become an important cancer treatment due to
its effective cancer cells killing potential. The major
disadvantages of chemotherapeutic drugs is poor solubility,
severe toxicity, high dosage, nonspecific delivery, and short
circulating half-lives." To overcome these shortcoming of
conventional chemotherapy, polymeric nanoparticles have been
utilized as drug delivery vehicles based on their unique
properties, such as higher bioavailability of the drug in the
tumour owing to an enhanced permeation and retention (EPR)
effect, controlled release of the drug, longer circulation times, and
overcoming multidrug resistance.?> Over the past few decades, a
series of polymeric nanoparticles have been exploited as
chemotherapeutic drug delivery carriers, and they are generally
formed by self-assembly of amphiphilic polymers in aqueous
solution while the hydrophobic drug is loaded in the hydrophobic
core of nanoparticles.’

However, there are still some disadvantages by using
polymeric nanoparticles in therapeutic applications. For
example, the process of drug released from polymeric
nanoparticles cannot be tracked because no specific signals can
be captured.* On the other hand, the integration of fluorescent
signal reporters with drug into polymeric nanoparticles can
provide an approach to simultaneously intracellular trace and
therapy which benefit the treatment and study of cancer.
Recently, small fluorescent dyes and quantum dots have been
employed to integrate into polymeric nanoparticles for cellular
imaging which make the possibility of real time tracking of
therapy agents and visualizing the therapeutic effects in vitro and

in vivo.> However, poor photostability of small fluorescent dyes
and inherent toxicity of quantum dots limit their broad
applicability.

50 Therefore, new fluorescent materials with improved

properties (nontoxicity, highly fluorescent, photostable, good
biocompatible and minimal perturbation to biological systems)
are in high demand. Among them, poly(phenyleneethynylenes)
(PPEs) seem to be interesting candidates due to their unique
ss properties. PPEs are conjugated polymers which contain
delocalized m-electron main chain, exhibit high fluorescence
quantum yield, large extinction coefficients, photostability, and
efficient optical signal transduction.® In addition, the synthetic
versatility of PPEs allows a wide selection of functional side
groups such as triethylene glycol monomethyl ether groups,
sugars, carboxyl group, thioureas, 2-thiohydantoins, amino and
DNA.” Given these properties, PPEs have attracted much
attention in biomedical applications involving in bioimaging,
biomolecules detection, and gene delivery.®
65 In this work, we design and synthesize diiodobenzene
derivative 1, which contains hydrophilic groups such as amino
group and triethylene glycol monomethyl ether group (Scheme
2), and polymerize it with para-diethynylbenzene to obtain the
corresponding amphiphilic PPEs [poly(1)]. It is anticipated that
poly(1) will self assemble to fabricate
poly(phenyleneethynylenes) nanoparticles (denoted PPEs
nanoparticles). The chemical composition and structures of
poly(1) were fully characterized. The morphology and
cytotoxicity of PPEs nanoparticles were investigated. To further
75 explore their potential biomedical applications, the
biocompatibility, cell uptake behaviour and bioimaging of PPEs
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nanoparticles were further evaluated. Our results showed that
PPEs nanoparticles could be a fluorescent reporter for cellular
imaging.

In addition, DOX was chosen as the model drugs, to explore
the potential applications of PPEs nanoparticles as drug carriers.
In vitro drug release studies were carried out at pH 7.4
(physiological pH) and pH 5.5 (endolysosomal pH). The
morphology of DOX loaded PPEs nanoparticles were
investigated. Cellular uptake, cytotoxicity and apoptosis studies
of DOX loaded PPEs nanoparticles were also performed. Our
experiments indicated that PPEs nanoparticles could deliver
drugs into cancer cells and keep the anticancer bioactivity of
DOX (scheme 1).
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Scheme 1 Schematic illustration of the formation of DOX loaded PPEs
nanoparticles, as well as the release of payloads in cell.

Experimental

Materials

For use as polymerization solvents, DMF and Et;N were distilled
over CaH,. para-Diethynylene benzene, Pd(Ph;),Cl,, Cul, PPhs,
doxorubicin (DOX) were purchased from Sigma-Aldrich. All
other reagents were commercially obtained and used without
further purification. Deionized (DI) water produced by Milli-Q
water purification system and has a resistivity of 17.9 mQ/cm.
2,5-Diiodobenzene-1,4-diol was synthesized according to
reference 9. 2-(2-(2-Methoxyethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate was prepared according to reference 10.
2-(2-((tert-Butoxycarbonyl)amino)ethoxy)ethyl 4-
methylbenzenesulfonate was synthesized according to reference
11.

Characterization.

'H (400 MHz) and *C (100 MHz) NMR spectra were recorded
on a Bruker Avance/DMX 400MHz NMR spectrometer with
DMSO-d; and tetramethylsilane as an internal reference. IR
spectra were measured using a Shimadzu FTIR-8100
spectrophotometer. The melting points (mp) were determined on
a Yanaco micro-melting point apparatus and elemental analysis
was performed on an Eager 300 elemental microanalyzer. UV-
vis spectra were recorded in a quartz cell (thickness: 1 cm) at
room temperature using a JASCO J-820 spectrophotometer.
Fluorescence spectra were obtained using a FluoroMax-4
spectrofluorometer with a xenon lamp and 1.0cm quartz cells.
The number- and weight-average molecular weights (M, and M,,,
respectively) of the polymer were determined using gel
permeation chromatography (GPC) on a Jasco Gulliver system
(PU-980, CO-965, RI-930, and UV-1570) equipped with
polystyrene gel columns (Shodex columns K804, K805, and

J806) and calibrated by polystyrene standards at 40 °C using THF
so as the eluent.

Synthesis of Diiodio Benzene Derivatives (1).

2,5-Diiodohydroquinone (10.83 g, 30 mmol), K,CO5(8.28 g, 60
mmol), and 2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate (6.36 g, 20 mmol) were dissolved in

ss CH;CN, and the mixture was refluxed for 48 h. The mixture was

then filtered, followed by concentration of the filtrate using a

rotary evaporator. The residue was purified via silica gel column

chromatography with n-hexane/AcOEt(1:2, v/v) as the eluent to

obtain diiodobenzene derivative b as a pale gray powder in 80%

yield (8.07g, 15.9 mmol).

Diiodobenzene derivative b (5.08 g, 10 mmol), K,CO;(2.76

g, 20 mmol), and 2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethyl

4-methylbenzenesulfonate (3.59 g, 10 mmol) were dissolved in

CH;CN, and the mixture was refluxed for 48 h. The mixture was

os then filtered, followed by concentration of the filtrate using a
rotary evaporator. The residue was purified via silica gel column
chromatography with n-hexane/AcOEt(1:4, v/v) as the eluent to
obtain diiodobenzene derivative ¢ as a pale gray powder in 89 %
yield (6.18 g, 8.9 mmol).

70 Diiodobenzene derivative ¢ (5.56g, 8 mmol) was dissolved in
CH,Cl,/CF;COOH(1/1, v/v), and the mixture was stirred at room
temperature overnight. The mixture was concentrated on a rotary
evaporator. The residue was dissolved in CH,Cl,. The organic
layer was washed with saturated aqueous NaHCO3, and

75 evaporated to dryness. The crude product was recrystallizated in
MeOH to obtain monomer 1 in 97% yield (4.62 g, 7.76 mmol).

Mp 175~176.5 °C,

"H NMR (400 MHz, DMSO-d;) ¢ 10.10(s, 1H), 7.28 (s, 1H),
7.24(s, 1H), 4.05(s, 2H), 3.73(s, 2H), 3.67~3.59 (d, J=4.5Hz, 2H),

s0 3.58~3.47(dd, J=8.8, 4.4Hz, 4H), 3.46~3.30 (m, 13H).

3C NMR (100 MHz, DMSO-d¢) J 151.98, 151.16, 123.85,
122.91, 86.93, 84.17, 71.26, 70.14, 69.85, 69.77, 69.61, 68.98,
58.05, 40.11, 39.90, 39.69, 39.48, 39.28, 39.07, 38.86.

IR (KBr, cm'): 3372, 3103, 2907, 1725, 1582, 1444, 1361,

ss 1243, 1101, 1015, 908, 827, 801, 687.

Anal. Calced for Ci7H,;,I,NOg: C, 34.30; H, 4. 57; N, 2.35.
Found: C, 34.15; H, 4.62; N, 2.44.

o
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Synthesis of Poly(phenyleneethynylenes).

All polymerizations were performed in a glass tube equipped
9 with a three-way stopcock under nitrogen. A representative
experimental procedure for the polymerization of 1 with para-
diethynylbenzene is given below.
A solution of 1 (595 mg, 1.00 mmol), para-diethynylbenzene
(126 mg, 1.00 mmol), PdC1,(PPhs), (35 mg, 50 umol), Cul (4.7
os mg, 25 pmol), PPh; (26.2 mg, 100 pmol), and Et;N (2.00 mL,
14.3 mmol) in DMF (3.00 mL) was stirred at 60 °C for 24 h. The
resulting mixture was poured into MeOH/acetone [4:1v/v, 300
mL] to effect precipitation of the formed polymer, which was
separated by filtration using a membrane filter (ADVANTEC
H100A047A) and dried under reduced pressure.
Poly(1): GPC (THF, polystyrene standard): M,,=35108,
M,=13400, PDI =2.62.
'H NMR (400MHz, DMSO-dg, ppm): & 7.69~7.38 (m, 4H,
Ar), 7.01~ 6.86 (m, 2H, Ar), 4.15~4.09 (d, 2H), 3.87~3.76 (d,
105 4H), 3.59~3.46(m, 6H), 3.30~3.25 (m, 11H).
IR (KBr, cm™'): 3548, 3157, 2943, 2278, 1655, 1602, 1503,
1461, 1431, 1412, 1312, 1266, 1168, 1010, 830, 741, 690, 518.
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Preparation and Characterization of
Poly(phenyleneethynylenes) Nanoparticles (PPEs
Nanoparticles)

Preparation of PPEs Nanoparticles

PPEs nanoparticles were prepared via dialysis method. Briefly,
10 mg poly(1) were first dissolved in 10 mL DMSO. The mixture
was stirred for 2 h at room temperature. 5 mL of DI water was
then drop-wise under magnetic stirring. The mixture was placed
into a dialysis bag (MWCO = 3500) and dialyzed against DI
water for 24 h to remove DMSO. After that, the solution was
frozen and lyophilized.

Characterization of PPEs Nanoparticles

Prepared PPEs nanoparticles were characterized using dynamic
light scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments
Ltd., UK) and transmission electron microscope ([TEM] H-7650;
HITACHLI, Tokyo, Japan) operating at 200 kV.

Dynamic light scattering (DLS) measurements were carried
out operating at a wavelength of 632.8 nm and a 173° detection
angle equipped with a Peltier temperature control unit. The
hydrodynamic radius of nanoparticles was determined with a
Laplace inversion program (CONTIN).

TEM samples were prepared by dripping PPEs nanoparticles
solution onto a copper grid cover with carbon. The solvent was
gently absorbed away by a filter paper. The grids were then
allowed to dry in air at room temperature before observation.

Cytotoxicity of PPEs Nanoparticles

Cell Culture

PC3 cells were obtained from American Type Culture Collection
and cultured according to the manufacturer’s recommendations.

30 Cytotoxicity of PPEs Nanoparticles

The cell viability of PPEs nanoparticles on PC3 cells was
evaluated by cell counting kit-8 (CCK-8) assay. Briefly, cells
were seeded in 96-well microplates at a density of 5x10* cells/mL
in 160 puL of media containing 10% FBS. After 24 h of cell
attachment, the cells were incubated with PPEs nanoparticles for
24 h. Then PPEs nanoparticles were removed and cells were
washed with PBS three times. 10 pL of CCK-8 dye and 100 puL
of DMEM cell culture medium were added to each well and
incubated for 2 h at 37 °C. Plates were then analyzed with a
microplate reader (Victor, Perkin-Elmer) at 450 nm.
Measurements of formazan dye absorbance were carried out at
450 nm, with the reference wavelength at 620 nm. The values
were proportional to the number of live cells. The percent
reduction of CCK-8 dye was compared to controls (cells not
exposure to PPEs nanoparticles), which represented 100% CCK-8
reduction. Three replicate wells were used per microplate, and
the experiment was repeated three times. Cell survival was
expressed as absorbance relative to that of untreated controls.
Results are presented as mean standard deviation (SD).

Confocal Microscopic Imaging of Cells Incubated with PPEs
Nanoparticles

To visualize the cellular uptake of PPEs nanoparticles, confocal
laser scanning microscopy was employed. PC3 cells were seeded
in Petri plates with a glass bottom at a density of 1x10*
cells/plate, and the plates were incubated at 37 °C for 24 hin a
CO, incubator. Cells were incubated with PPEs nanoparticles at
a final concentration of 50 pg/mL for 12 h at 37 °C. Afterward,
the cells were rinsed three times with PBS to remove excess PPEs
nanoparticles. Cells were then stained with 150 uL. of DAPI for
6 30 min with intermediate washing with PBS and observed under
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the confocal laser scanning microscope (Olympus IX81 with
DU897 mode). Images were obtained at 100x magnification
from the fluorescence emitted by PPEs nanoparticles (460 nm)
and DAPI (505 nm).

Flow Cytometry Analysis

PC3 cells were seeded in 24-well plates at a density of 1 x 10*
cells per well and cultured with 1 mL of DMEM containing 10%
FBS for 24 h. PPEs nanoparticles were added to the plates (at 50
png/mL). After 12 hours of treatment, the medium was discarded
and the cells were washed three times with PBS. All the cells
were digested by trypsin and collected in centrifuge tubes for
centrifugation at 1000 rpm for 5 min. The supernatant was
discarded and the bottom cells were washed twice with PBS. The
suspended cells were then filtered and examined by flow
cytometry (BD FACSAria™ III, USA). The instrument was
calibrated with non-treated cells (negative control) to identify
viable cells, and the cells were determined from a fluorescence
scan performed with 1 x 10* cells using the FL1-H channel.

Preparation and Characterization of DOX Loaded PPEs
Nanoparticles

Preparation of DOX Loaded PPEs Nanoparticles

In Vitro DOX was loaded into PPEs nanoparticles during the
nanoparticles formation. Briefly, 10 mg poly(1) were dissolved
in 10 mL DMSO containing 3 mg DOX. Then, 5 mL DI water
was added dropwise to the mixture, followed by dialysis against
DI water for 48 h at room temperature (MWCO = 3500) to
remove the unloaded drugs and DMSO. After that, the solution
was frozen and lyophilized.

Characterization of DOX Loaded PPEs Nanoparticles

Prepared DOX loaded PPEs nanoparticles were characterized
using dynamic light scattering (DLS) (Zetasizer Nano ZS,
Malvern Instruments Ltd., UK) and transmission electron
microscope ([TEM] H-7650; HITACHI, Tokyo, Japan) operating
at 200 kV.

The amount of DOX was determined using a UV—-vis JASCO
J-820 spectrophotometer at 485nm. For determination of drug
loading content, lyophilized DOX loaded PPEs nanoparticles
were dissolved in DMSO and analyzed with UV spectroscopy,
wherein the calibration curve was obtained with DOX in DMSO
solutions with different DOX concentrations. Drug loading
content (DLC) and drug loading efficiency (DLE) were
calculated according to the following formula:

DLC(wt%)=(weight of loaded drug/weight of polymer) x100%
DLE(wt%)=(weight of loaded drug/weight of drug in feed) x
100%

The cell viability of DOX loaded PPEs nanoparticles on PC3
cells was evaluated by cell counting kit-8 (CCK-8) assay.

In Vitro Release of DOX from DOX Loaded PPEs
Nanoparticles

The release profiles of DOX loaded PPEs nanoparticles were
studied using a dialysis tube (MWCO = 3500) at 37 °C in pH 7.4
or 5.5 PBS. Briefly, Smg DOX loaded PPEs nanoparticles were
added into a dialysis tube. Then, the dialysis tube was put into a
centrifuge tube with 20 mL PBS. At predetermined time
intervals, 2 mL aliquots of the aqueous solution were withdrawn
from the release media and another 2 mL fresh PBS was added
into the release media. The amount of DOX released was
calculated by determining the DOX concentration in the external
buffer using a UV spectrophotometer at 485 nm.

This journal is © The Royal Society of Chemistry [year]
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Intracellular Release of DOX from DOX Loaded PPEs
Nanoparticles

The ability of PPEs nanoparticles to transport DOX into PC3
cells was assessed by confocal laser scanning microscopy. PC3
cells were seeded in Petri plates with a glass bottom at a density
of 1 x 10* cells/plate, and the plates were incubated at 37 °C for
24 h in a CO, incubator. The DOX loaded PPEs nanoparticles
(with a DOX dosage of 2.5 pg/mL) were added to the plate.
After co-incubation for 12 h, the medium was removed and the
cells were washed with PBS three times. Cells were then stained
with 150 uL of DAPI for 30 min with intermediate washing with
PBS and observed under the confocal laser scanning microscope
(Olympus IX81 with DU897 mode). Images were obtained at
100x magnification from the fluorescence emitted by PPEs
nanoparticles (460 nm), DAPI (505 nm), and DOX (560 nm).

Western Blotting Analysis

All the cell apoptosis in PC3 cells was evaluated by Western
Blotting analysis. A representative experimental procedure for
the DOX loaded PPEs nanoparticles is given below.

PC3 cells were seeded in two 6-well plates with 1x10° cells in
2 mL of DMEM medium per well. After attachment, the medium
was replaced fresh medium containing DOX loaded PPEs
nanoparticles solution. The remaining well of the plate was set as
a control without any treatment. The final concentration of DOX
is 2.5 uM in 2 mL culture medium of each well. After 24 h of
incubation, DOX loaded PPEs nanoparticles solution was
replaced with the fresh medium for another 60 h. After that, cells
in each well were washed with cold PBS and lysed with a cell
lysis buffer. Protein was extracted with 2 x SDS sample buffer at
100 °C for 10 min and analyzed by immuoblotting to detect as
indicted antibody. Briefly, the proteins were separated by gel
electrophoresis on a 10% polyacrylamide gel containing SDS and
then were blotted onto a polyvinylidenedifluoride (PVDF)
membrane according to a standard protocol. After blocking in
5% milk in phosphate buffer saline tween 20 (PBST) for 1 h at
room temperature, the membrane was incubated with primary
antibody (1 : 1000~1:2000) overnight at 4 °C. After being
washed with PBST three times, the membrane was incubated
with corresponding secondary antibody (1:2000) for 1 h at room
temperature. After the PBST was washed again, the signal of the
membrane was detected by enhanced chemiluminescence
substrates (Perkin Elmer).

Statistical analysis

All statistical analyses and figures were completed using
GraphPad Prism V software. The unpaired ¢ test was used to
determine the significance of differences in cell viability assay, A
P value of less than 0.05 was considered statistically significant.

Result and Discussion
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Scheme 2 synthesis of 1

Synthesis and Characterization of Poly(phenylenethynylenes)

Diiodobenzene monomer 1 was synthesized using the route
illustrated in Scheme 2. First, 2,5-diiodobenzene-1,4-diol was
reacted consecutively with 2-(2-(2-methoxyethoxy)ethoxy)ethyl
4-methylbenzenesulfonate and 2-(2-((tert-
butoxycarbonyl)amino)ethoxy)ethyl 4-methylbenzenesulfonate to
afford corresponding diiodobenzene derivative d. Then,
diiodobenzene derivative d was deprotected to afford
diiodobenzene monomer 1. The monomer was obtained as a pale
gray powder and characterized by spectroscopic methods;
satisfactory data corresponding to its molecular structure were
obtained (see Figure S1-S3).

da
X PdCly(PPhy),, Cul, PPhy o%f
o3
ogf DMF/Et;N O _ O _
60°C, 24h = =
I |+ }@{ —_— g n
d o~/
o/
S~ HoN
poly(1)

HoN 1

Scheme 3 Synthesis of poly(phenyleneethynylenes) from 1 and para-
diethynylbenzene
Sonogashira-Hagihara polycondensation of 1 with para-

diethynylbenzene was carried out in DMF at 60 °C for 24 h
(Scheme 3). The corresponding polymer [poly(1)] was obtained
in 82 % yield with an M, of 13400 and PDI of ~2.6. The structure
of poly(1) was spectroscopically characterized (see Figure S4 and
S5). The '"H NMR and IR spectra of poly(1) exhibited signals that
reasonably correlate with the structure illustrated in Scheme 3.

Absorbance
Fluorescence Intensity (a.u.)

450 500

Wavelength (nm)
Figure 1 UV-vis and emmision spectra of poly(1) in water

Figure 1 shows the absorption and emission spectra of poly(1)

in water containing 10% DMSO. The absorption spectrum of

poly(1) features a strong absorption band with a maximum at 410

nm, which is assigned to the m—=n* transition of the conjugated

1 1
350 400 550 600
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polymer chains. The fluorescence spectra are structured with

I i
maximum intensity peaks at 470 nm. 100 < =
Preparation and Characterization of PPEs Nanoparticles 80 = 1
In order to form the self-assembled nanoparticles, poly(1) was 2
s solubilised in DMSO and the DI water was added drop wise in :;' 60 11
the resulting solution, followed by dialysis against DI water. |
50 - 2> 40|
| (a) . g
40 20U
30 ] 0 ! . ! . ! . 1 . 1 . 1

20 40 60 80 100 120
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Figure 3 Cell viability of PC3 cells incubated with PPEs nanoparticles at
various concentrations.

Intensity (%)
N
o
T

=
o
T

/ 30 In Vitro Cell Imagine of PPEs Nanoparticles

Ll R | We used PC3 cells as a model cell to study the subcellular
10 100 1000 distributions of PPEs nanoparticles by confocal laser scanning
_ Liameter (nm)‘ microscopy. The cell internalization study was carried out with
(b) PPEs nanoparticles concentration of 50 ug/mL. Cultured PC3
. 35 cells were incubated with PPEs nanoparticles for 12 h at 37 °C.
Then DAPI (10 pg/mL) was also used to co-stain the cells. As
L shown in Figure 4, PPEs with green fluorescence were cell
. membrane permeable and localized in the cytoplasm region.
-> These results clearly showed that PPEs nanoparticles have good
40 cell membrane permeability and good biocompatibility.

o E
‘ DAPI PPEs Nanoparticles Merge

b ) (a) (b) (©
5 ¢
» 45
»” -
-
- «

] Figure 4 Fluorescence images of PC3 cells after incubation with PPEs
s0 nanoparticles for 12 h. For each panel, images from (a) were cells with
o/ 0 nuclear staining with DAPI (blue), (b) cells with PPE-nanoparticles
Figure 2 (a) Size distribution of PPEs nanoparticles as determined by (green), (c) overlays of blue and green fluorescence channels.
10 DLS measurements, (b) Transmission electron micrographs of PPEs ey
nanoparticles.
TEM and DLS measurements were used to investigate the

morphologies and sizes of PPEs nanoparticles. As shown in

@ | (b)

i

Figure 2a, PPEs nanoparticles have an average hydrodynamic & ]
15 diameter of 117 nm determined by DLS analysis. According to . .
Figure 2b, the sizes from TEM measurement are smaller than 55 8

those from DLS analysis. This phenomenon may be due to the
more extended hydrophilic side chains in water phase in DLS g
measurement, while they tend to collapse at the dry state.
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Cytotoxicity of PPEs Nanoparticles .
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The cytotoxicity of PPEs nanoparticles was evaluated in PC3 Figure 5 Flow cytometry profiles of PC3 cells that were incubated with
cells using the CCK-8 assay at concentration from 0~120pg/mL ) PBS]EE);’E;I?VECS ntzr;)lré? lczlllrslsaib)s?st i&?ascalf;)(l; 102'(1rhr.ied out to evaluate
of PPEs nanoparticles for 24 h, respectively, and the results are . yrometry Y .

shown in Figure 3. PPEs nanoparticles showed limited the cell internalization of PPEs nanoparticles by PC3 cells. PC3

cytotoxicity. Around 80% of PC3 cells were still viable, when cellls VlvllthOUt gny treatment se r.ved' as z}blanlﬁ conﬁol,Fs'hown;g
PPEs nanoparticles concentration reached 100 pg/mL only the auto uorescence originating from fhe cefls (Figure 5a).
P Hg/mL. ¢ PPEs nanoparticles were incubated with PC3 cells at 37 °C for 12

h. As shown in Figure 5, the relative geometrical mean
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fluorescence intensity of cells pretreated with PPEs nanoparticles

is almost 100-flod higher than that of non-pretreated cells, 0 -
indicating PPEs nanoparticles can be easily internalized by PC3
cells. The cytometry examination agreed very well with the 40
s CLSM observation concerning the high cellular uptake of PPEs g
nanoparticles. § 30
3 —s—pH 5.5
Drug Loading and In vitro Drug Release o - ——pH74
[ @ §
4G i 10 14,
30+ 0 —
0 10 20 30 40 50 60 70 80
e Time (h)
Z20F 30 Figure 7 Release profiles of DOX from PPEs nanoparticles at 37 °C in pH
E i 7.4 and pH 5.5 buffer solutions.
o The release studies were carried out at 37 °C in different
= 10 ; buffers (pH 5.5 and pH 7.4). As presented in Figure 7, the
L / release is not obvious both in pH 5.5 and pH 7.4 conditions, and
0 35 the release of DOX increases with the increasing time. At pH
i wsiial s v el 7.4, DOX loaded PPEs nanoparticles showed a cumulative
release of DOX about 33% after 50 h, while the value obviously
1 b a increased to 48% in pH 5.0 medium at the same time. The
Diameter (nm) release rates increased in PBS at pH 5.5 due to the improved
(b)) 40 solubility of protonized DOX in water.
. Cytotoxicity and Cell Internalization Studies DOX Loaded
: : PPEs Nanoparticles.
. E ’ To evaluate the cell uptake of DOX loaded PPEs nanoparticles,
;an . ; S confocal laser scanning microscopy observation was performed.

DOX loaded PPEs nanoparticles were incubated with PC3 cells.
The concentration of DOX in DOX loaded PPEs nanoparticles

: was kept at 2.5 pg/mL. As shown in Figure 8, the presence of
. o DOX loaded PPEs nanoparticles in PC3 cells is observed by the
: red colour emitted from DOX in the nuclei and green colour

so emitted from PPEs in the cytoplasm after incubation for 12 h.

1 These results indicated that DOX loaded PPEs nanoparticles are

efficiently internalized and released in PC3 cells.
DAPI DOX

‘ (a) (b)

4

@

.

10 Figure 6(a) Transmission electron micrographs of DOX loaded PPEs
nanoparticles (b) Size distribution of DOX loaded PPE nanoparticles as
determined by DLS measurements.
DOX loading was performed by dropwise addition of DI water
into DMSO solution of poly(1) and DOX followed by dialysis.

15 DOX could be encapsulated into polymer nanoparticles self-
assembled from amphiphilic polymer containing hydrophobic
main chain and hydrophilic side groups due to the strong
intermolecular interaction between DOX and polymer main
chain'?. It seems that the n-7 stacking interaction between PPEs

20 main chain and DOX promote the loading of DOX into the PPEs

nanoparticles. The loading capacity and efficiency of PPEs

nanoparticles were measured to be 5.1% and 26.6%, respectively.

Figure 6 shows TEM images and corresponding particle size

distribution curve of DOX loaded PPEs nanoparticles,

respectively. DLS measurement showed that the diameter of

DOX loaded PPEs nanoparticles in aqueous solution increase to

around 158 nm. Thus the loading of DOX did not change the

nanoparticle size significantly.

PPEs Nanopaticles Merge

2:

G

Figure 8 Confocal microscopy images of PC3 cells after incubation with
ss DOX loaded PPE nanoparticles for 12 h. For each panel, images from (a)
were cells with nuclear staining with DAPI (blue), (b) cells with PPEs

6 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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nanoparticles (green), (c), cells with DOX (red), (d) overlays of blue,
green and red fluorescence channels.

Efficacy of DOX Loaded PPEs Nanoparticles in Killing PC3
Cells

s In addition, the growth inhibition test of PC3 cells was carried out
to evaluate the antitumor activity of DOX loaded PPEs
nanoparticles and free DOX. As shown in Figure 9, the cell
viabilities decrease with increasing DOX concentrations and
DOX loaded PPEs nanoparticles exhibited lower cytotoxicity to

10 PC3 cells compared with free DOX at the same dosages, which
may be resulted from the prolonged release of DOX from PPEs
nanopartcles. It should be noted that the IC50 of DOX loaded
PPEs nanoparticles (4.23pg/mL) is higher than that of free DOX
(1.71 pg/mL) in PC3 cells. These results suggested that PPEs

15 nanoparticles could maintain the drug activity to effectively
inhibit the growth of cancer cells and reduce the toxicity of drug.

80} n
¢\!

—8— DOX Loaded PPEs Nanoparticles
—e— Free DOX

/-
/

Cell Viability (%)
B
o

N
o
T

0 2 4 6 8 10

DOX Concentration (ug/mL)
Figure 9 In vitro cytotoxicity of DOX loaded PPEs nanoparticles and free
DOX in PC3 cells.

20 PPEs Nanoparticles Mediated DOX Delivery System
Strengthens Cell Apoptosis in PC3 Cells
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25 Figure 10 Western blots of the PC3 cells. The lanes were loaded with
PBS as control sample, DOX, PPEs nanoparticles, and DOX loaded PPEs
nanoparticles.

DOX is most widely used in the treatment of solid tumor, '* the
mitochondria dependent apoptotic pathway was believed the

30

4

=3

4

o

=y
3

o
%

=
S

-
S

main mechanism underlying DOX-induced apoptosis, **
accompanied by a significant upregulation of the Bax and cleave-
caspase9 expression and down regulation of the BCL-2
expression (Figure 10). In addition, PARP is a protein involved
in many cellular processes as DNA repair and cell apoptosis, and
cleaved PARP, a marker of apoptosis, increased in DOX induced
apoptosis. The western blot analysis was also performed to
evaluate the antitumor activity of DOX loaded PPEs
nanoparticles. As shown in Figure 10, comparing with control,
DOX loaded PPEs nanoparticles caused a marked increase in
cleavage PARP and apoptotic proteins, including cleave-caspase9
and Bax, while the anti-apoptotic protein Bcl-2 were strongly
blocked, drastically leading to apoptotic cell death. Next we
tried to determine the influence of PPEs nanoparticles on
apoptosis of PC3 cells. As exhibited in Figure 10, no significant
change in expression of indicated proteins compared to control,
which is consisted with the results above from CCK-8. Taken
together, the present results implied that PPEs nanoparticles
delivery system could deliver DOX into cells and efficiently
result in cell apoptosis.

Conclusions

In summary, a novel amphiphilic poly(phenyleneethynylenes) has
been designed and synthesized. The amphiphilic
poly(phenyleneethynylenes) could self assemble into
nanoparticles, named PPEs nanoparticles. The morphology of
PPEs nanoparticles was investigated. In vitro cell viability assay
showed that PPEs nanopaticles exhibited good biocompatibility
and low toxicity. Moreover, confocal laser scanning microscopy
and flow cytometry assay revealed the effective internalization of
PPEs nanoparticles in PC3 cells. This suggests that PPEs
nanoparticles can be used as cell imaging agent.

Furthermore, the potential of PPEs nanoparticles for use as a
drug carrier was also investigated using DOX as a model
hydrophobic therapeutic drug. DOX loaded PPEs nanoparticles
were characterized and drug release behaviour was evaluated.
The study by live cell imaging system further revealed that DOX
loaded PPEs nanoparticles successfully entered into cells and
DOX was efficiently released. More importantly, cytotoxicity
and cell apoptosis in PC3 cells illustrated that DOX loaded PPEs
nanoparticles exhibit higher therapeutic efficiency than free
DOX. All the results demonstrated that the delivery systems
based on PPEs nanoparticles would be a promising platform for
therapeutic delivery and/or bioimaging applications.
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A novel PPEs nanoparticles self-assembled from amphiphilic poly(phenyleneethynylenes ) would
be a promising drug delivery system for therapeutic delivery and/or bioimaging.



