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ABSTRACT We prepared a new conjugated polymer nanoparticle with the size of about 50 nm that is prepared by electrostatic
assembly of cationic conjugated polymer PFO and anionic poly(L-glutamic acid) conjugated with anticancer drug doxorubicin (PFO/
PG-Dox). The PFO exhibits good fluorescence quantum yield, photostability, and little cytotoxicity to meet the essential requests for
cell imaging. In PFO/PG-Dox nanoparticles, the fluorescence of PFO is highly quenched by Dox by electron transfer mechanism, and
thus the PFO is in the fluorescence “turn-off’ state. After PFO/PG-Dox nanoparticles are exposed to carboxypeptidase or are taken up
by cancer cells, the poly(.-glutamic acid) is hydrolysed to release the Dox, inducing the activation of PFO fluorescence to “turn-on”
state. This multifunctional nanoparticle system can deliver Dox to targeted cancer cells and monitor the Dox release based on
fluorescence “turn-on” signal of PFO, which concurrently images the cancer cells. The present work opens the door for new functional
studies of conjugated polymer in simultaneous imaging and disease therapeutics.
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INTRODUCTION
p to date, chemotherapy based on anticancer drugs

remains as one of the most effective treatments for

arange of neoplasms (1). However, the high efficacy
of anticancer drugs is associated with high systemic toxicity
to normal cells and healthy tissue. As a way to circumvent
the limitation, several targeted anticancer drug delivery
systems have been developed, such as polymeric systems
(2), liposomes (1b, 3), and inorganic nanoparticles (4). The
polymer-based delivery systems where anticancer drugs are
chemically encapsulated by covalent linking to polymers
have attracted much attention because of their biocompat-
ible, nonimmunogenic, biodegradable nature and controlled
drug release into targeted cancer cells or tumor tissues (5).
Furthermore, polymer—drug conjugates can facilitate higher
drug payloads, lower systemic toxicity, prolong drug circula-
tion time, and improve drug solubility and targeting (6). In
this respect, negatively charged poly(L-glutamic acid) is an
ideal drug carrier, and several poly(L-glutamic acid)—drug
conjugates have been developed and used in various stages
of clinical trials (7).

Biomedical imaging provides a tool for noninvasive and
real-time monitoring of drug delivery to tumors in vivo,
which is an ideal goal of chemotherapy treatment (8). In
recent years, there has been great interest in the develop-
ment of multifunctional therapeutic systems that integrate
drugs, molecular targeting, and imaging agents (e.g., fluo-
rescent dyes and magnetic resonance imaging agents)
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within one system (2, 4, 9). The simultaneous imaging and
therapeutic capabilities of these systems is advantageous
over conventional chemotherapy in improving the thera-
peutic outcome of drug therapy (10). Because the fluores-
cence technique is one of the most useful analytical tools in
bioanalysis and imaging (11), multifunctional polymer sys-
tems have been widely used to monitor the delivery and
release of anticancer drugs by loading or labeling polymeric
delivery with appropriate fluorescent imaging agents (12).
Typical fluorescent imaging agents include organic fluores-
cent dyes (13), silica nanoparticles (14), and quantum dots
(ODs) (15). Fluorescent dyes often suffer from photobleach-
ing and celluar toxicity (16). Although QDs have superior
brightness and photostability, they are cytotoxic by leaching
harmful metals from their nanocrystal core (17). These facts
provide the motivation for designing new fluorescent ma-
terials for fluorescence imaging. One promising strategy is
the development of fluorescent conjugated polymer materi-
als that have established themselves as useful sensitively
sesning platforms because of the signal amplification by a
collective system response (18—20). Very recently, several
conjugated polymers have been prepared for live-cell imag-
ing because of their high fluorescence brightness, good
photostability, and lower toxicity (21). Herein, we report a
novel and simple electrostatic complex of positively charged
conjugated polymer (PFO) and negatively charged poly(L-
glutamic acid) conjugated with the model anticancer drug
doxorubicin (PFO/PG-Dox, see Scheme 1). The conjugated
polymer PFO exhibits good fluorescence quantum yield,
photostability and little cytotoxicity that are the essential
requests for cell imaging. The PFO/PG-Dox complex forms
nanoparticles in water that can image cell, deliver Dox to
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Scheme 1.

(a) Schematic Illustration of PFO/PG-Dox Complex System, Where the Fluorescence of PFO Is

Highly Quenched by Dox Resulting in the Fluorescence “Turn-Off’ State; Chemical Structures of PG-Dox
Conjugate and PFO Are Also Shown; (b) Schematic Representation of Uptake of the Electrostatic Complex into
Cancer Cells; Hydrolysis of Poly(L-glutamic acid) by Hydrolase in Lysosome Releases the Dox to Induce the
Activation of PFO Fluorescence to “Turn-On” State, Thereby Sensing the Intracellular Delivery of Dox and
Simultaneously Achieving Fluorescent Imaging; (c) Synthetic Routine of Cationic Conjugated Polymer PFO

lung cancer (A549) cell and monitor the Dox release on the
basis of fluorescence “turn-on” signal of PFO.

RESULTS AND DISCUSSION

As illustrated in Scheme 1a, the PFO/PG-Dox complex is
composed of three components: (i) conjugated polymer PFO
for fluorescence imaging; (ii) poly(L-glutamic acid) as drug
carrier that is degraded by hydrolase in lysosome to release
the covalent linking drug (7); (iii) Dox, which is one of the
most effective chemotherapeutic anticancer drugs for vari-
ous of neoplasms. The Dox contains one quinone group that
is a highly efficient electron-transfer quencher (22). For PFO/
PG-Dox complex, the fluorescence of PFO is highly quenched
by Dox, and thus the PFO is in the fluorescence “turn-off’
state. After PFO/PG-Dox complex is taken up by targeted
cancer cells, the poly(L-glutamic acid) is hydrolysed to release
the Dox. At this case, the Dox is far away from the PFO and
the fluorescence of PFO is recovered, which induces the
activation of PFO fluorescence to “turn-on” state (Scheme
1b). This multifunctional complex system can deliver Dox
to targeted cancer cells and monitor the Dox release based
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on fluorescence “turn-on” signal of PFO, which concurrently
images the cancer cells.

The synthesis of PFO is illustrated in Scheme 1c. Suzuki
coupling reaction of equal equivalent of boronic ester 1 and
compound 2 in the presence of 2.0 M aqueous K,CO5 and
Pd(dppf)Cl; in toluene affords precursor polymer PFO-Br.
The gel permeation chromatography (GPC) analyses show
that the weight-average molecular weight (M,,) and number-
average molecular weight (M) of PFO-Br are 10280 and
7190, respectively, with the polydispersity index (PDI) of
1.43. The PFO-Br is treated with excessive trimethylamine
in THF to yield cationic conjugated polymer PFO.

The photophysical property of PFO was investigated in
water. As shown in Figure 1a, the absorption spectrum of
PFO exhibits a maximum peak at 378 nm with the extinc-
tion coefficient of 2.54 x 10* M~! cm™". Upon excitation at
380 nm, the emission spectrum shows a maximum peak at
454 nm. The PFO exhibits bright fluorescence in water with
a quantum yield of 24%. The photostability of PFO was
studied under strong UV irradiation by a mercury lamp (100
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FIGURE 1. (a) Absorption and emission spectra of PFO in water. The excitation wavelength is 380 nm. (b) Cell viability results after incubation

of A549 cells with various concentrations of PFO.
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FIGURE 2. Cell imaging using PFO: (a) phase contrast image; (b) fluorescence image; (c) the overlap image of phase contrast and fluorescence
of A549 cells treated with PFO. Fluorescence image was recorded on fluorescence microscopy (Olympus 1 x 71) using a 380/30 nm excitation

filter with 100 ms exposure time.

W). The PFO fluorescence remains 60 % upon continuously
irradiating at 380 nm for 30 s. Our previous study showed
that the fluorescence of representative dye fluorescein
quickly droped below undetectable level in only 5 s upon
irradiation by a mercury lamp (100 W) at 480 nm (18¢).
Electron-poor heterocyclic oxadiazole moiety in polymer
backbone may be responsible for the good photostability of
PFO because it can improve the electron transport and/or
stability of polymers (23). The cytotoxicity of PFO was
assayed using MTT method in which the conversion of
soluble MTT into formazan is directly related to mitochon-
drial activity and subsequently to cell viability (24). Figure
1b shows the quantitative effect of PFO on cell viability. The
cell viability decreases very less after 24 h incubation of lung
cancer A549 cells with various concentrations of PFO (0—16
uM). The lower toxicity of PFO is critical for its imaging
application. It is noted that most quantum dots and organic
dyes such as fluoresceins, rhodamines, and cyanine dyes
exhibit substantial cytotoxicity (16, 17).

On the basis of the lower cytotoxicity and good fluores-
cence performance of PFO, we applied this conjugated
polymer for A549 cell imaging. Figure 2 shows the phase
contrast image, fluorescence image and the overlap image
of phase contrast and fluorescence of A549 cells that was
treated with PFO (1 uM in repeated units (RUs)) at 37 °C for
4 h. From the fluorescence image, we can see that this
conjugated polymer mainly locates in cytoplasm, especially
around the perinuclear region and hardly enters nucleus.
Thus, we can conclude that the PFO has crossed cell mem-
branes to the interior of cells and concurrently imaged the
cancer cells.

For drug delivery and imaging applications, we prepared
the electrostatic complex of positively charged PFO with
negatively charged PG-Dox conjugate. The polymer PG-Dox
was synthesized by reacting poly(L-glutamic acid) with Dox
in the presence of 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC) (2¢). The polymer of PG-Dox
was purified by dialysis using membrane with molecular
cutoff of 3500 for two days. The weight content of Dox in
PG-Dox complex was assayed by absorption spectra to be
about 10%. Poly(L-glutamic acid) was selected because of
its biocompatible, nonimmunogenic, and biodegradable
nature (7). The microstructural characterization of PFO/PG-
Dox complex was performed by scanning electron micro-
scope (SEM). As shown in Figure 3a, b, the PFO/PG-Dox
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complex forms nanoparticles in water with the size of about
50 nm, although the nanoparticles adhere to each other
instead of dispersing well. As an initial step to validate that
the fluorescence recovery of PFO can be applied for moni-
toring drug release, the PFO/PG-Dox complex was subjected
to in vitro degradation under the conditions resembling
those inside living cells. The subcellular lysosomal compart-
ments (endosomes and lysosomes) of tumor cells often have
reducing environments and possess several hydrolytic en-
zymes at acidic pH (pH =5.8) (25). Therefore, we exposed
the complex to carboxypeptidase at 37 °C in phosphate
buffer (100 mM, pH 5.8) that can cleave the amide bonds
of poly(L-glutamic acid). As shown in Figure 3c, the PFO itself
emits strong fluorescence in phosphate buffer. For PFO/PG-
Dox complex, the fluorescence of PFO is efficiently quenched
because of the electron transfer from PFO to Dox. Upon
adding carboxypeptidase and allowing to incubate for 24 h,
about 80 % fluorescence of PFO is recovered because of the
hydrolysis of poly(i-glutamic acid) that makes the quencher
Dox far away from PFO.

To determine the drug release efficiency at various time
intervals, we first examined the Stern—Volmer constant (Ks,)
by monitoring measurable fluorescence changes of PFO
using Stern—Volmer eq , where Fy and F are the emission
intensity of PFO in the absence and presence of the quench-
er Dox, respectively, and [Q] is the concentration of the
quencher Dox (26).

FJF =1 + K,[O] (1)

As shown in Figure 4a, the fluorescence of PFO is gradually
quenched as additions of PG-Dox. A linear Stern—Volmer
plot is obtained with a K, value of 1.12 x 108 M~! (Figure
4b). For PFO/PG-Dox complex in the presence of carboxy-
peptidase, the concentration of Dox can be calculated from
the fluorescence intensity of PFO from the Stern—Volmer
curve to calculate the drug release efficiency. As shown in
Figure 4c, the anticancer drug Dox is released quickly at the
first six hours and gradually reaches a plateau after 24 h.
Thus we can monitor the Dox release quantitatively based
on the fluorescence “turn-on” signal of PFO using PFO/PG-
Dox complex.

The results obtained from in vitro Dox release studies
motivated us to further investigate the uptake of PFO/PG-
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FIGURE 3. (a) Lower- and (b) higher-magnification SEM images of PFO/PG-Dox complex. (c) Emission spectra of PFO, PFO/PG-Dox complex
before and after treatment with carboxypeptidase for 24 h. (d) Fluorescence intensity of PFO/PG-Dox complex at 454 nm as a function of
carboxypeptidase incubation time. The measurements are performed in phosphate buffer (100 mM, pH= 5.8). [PFO] = 1.0 x 10 ® M in RUs,
[Dox] = 1.03 x 10~7 M, 0.5 U of carboxypeptidase. The excitation wavelength is 380 nm. The error bars represent the standard deviation of
three measurements.
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FIGURE 4. (a) Fluorescence emission spectra of PFO with successive additions of PG-Dox. (b) K, plot of PFO in the presence of PG-Dox. [PFO]
= 1.0 x 107® M in RUs, [Dox] = 0—1.03 x 107 M. (c) Drug release profiles at various time intervals after adding carboxypeptidase. [PFO] =

1.0 x 107¢ M in RUs, [Dox] = 1.03 x 107 M, 0.5 U of carboxypeptidase. Fluorescence measurements were performed in phosphate buffer
(100 mM, pH 5.8) with excitation wavelength of 380 nm.

Dox complex into A549 cells and monitor the Dox release
in cells by fluorescence microscopy. In this experiment,
A549 cells were incubated with PFO/PG-Dox complex at 37
°C for 4 h and washed twice using PBS buffer to remove free
PFO/PG-Dox complex, and then the cells were imaged after
further incubation for certain times prior to fluorescence
imaging. As shown in Figure 5, with 0 h further incubation,
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the fluorescence of PFO was less observed (Figure 5a,
middle), whereas the fluorescence of Dox was clearly ob-
served (Figure 5a, right). These observations exhibited the
PFO/PG-Dox complex uptaked into cells and the PFO re-
mained largely in “turn-off’ state. After 24h further incuba-
tion, bright blue fluorescence of PFO was observed inside
the cells (Figure 5b, right) because of more Dox release from

Feng et al. Www.acsami.org
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FIGURE 5. Microscopy images of A549 cells after incubation with PFO/PG-Dox complex for 4 h at 37 °C, washed two times with PBS buffer,
and further incubated at 37 °C for (a) 0 and (b) 24 h. PFO and Dox are shown in blue and red, respectively. (c) The fluorescence recovery of
PFO in the cells with Dox release. [PFO] = 1.0 x 107¢ M in RUs, [PG-Dox] = 3.35 x 10 ¢ M. Fluorescence image of PFO was recorded by
fluorescence microscopy (Olympus 1 x 71) using a 380/30 nm excitation filter with 200 ms exposure time and that of Dox was recorded using

a 455/70 nm excitation filter with 1000 ms exposure time.

the complex in lysosome, showing the “turn-on” state of
PFO/PG-Dox complex. At this case, the weak fluorescence
of Dox was also observed. Thus, we can monitor the drug
release process by observing the fluorescence recovery of
PFO (Figure 5¢). Therefore, the multifunctional PFO/PG-Dox
complex system can deliver Dox to targeted cancer cells and
monitor the Dox release based on fluorescence “turn-on”
signal of PFO, which concurrently images the cancer cells.
It is noted that the PFO and the PFO/PG-Dox complex both
enter the cell via endocytosis mechanism.

CONCLUSIONS
In summary, a new fluorescent cationic polyfluorene

containing oxadiazole moieties (PFO) has been prepared and
characterized for live-cell imaging. It exhibits high fluores-
cence brightness, good photostability, and little cytotoxicity.
The PFO can form electrostatic complex with negatively
charged poly(L-glutamic acid) conjugated with anticancer
drug doxorubicin (PFO/PG-Dox). The PFO/PG-Dox complex
forms nanoparticles in water with the size of about 50 nm.
This multifunctional complex system can deliver Dox to
targeted cancer cells and monitor the Dox release based on
fluorescence “turn-on” signal of PFO, which concurrently
images the cancer cells. The present work initiates new
biological application of conjugated polymers and opens the
door for new functional studies of conjugated polymer in
simultaneous imaging and disease therapeutics.

EXPERIMENTAL SECTION

Materials and Measurements. All chemicals were purchased
from Alfa Aesar or Acros and used as received if not specially
stated. Compound 1 (27) and 2 (28) were prepared according
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to reported procedures. Water was purified using a Millipore
filtration system. The '"H NMR spectra were recorded on an AV
400 spectrometer. The gel permeation chromatography (GPC)
measurement was performed on a Water-410 system against
polystyrene standards with tetrahydrofuran (THF) as eluent.
UV—vis absorption spectra were taken on a JASCO V-550
spectrophotometer or the absorbance was recorded on a mi-
croplate reader (BIO-TEK Synergy HT, USA). Fluorescence emis-
sion spectra were recorded at room temperature with Hitiachi
F-4500 fluorescence spectrophotometer with a Xenon lamp as
excitation source. SEM images were taken on Hitachi S-4800
scanning electron microscopy. Phase contrast bright-field and
fluorescence images were taken with fluorescence microscopy
(Olympus 1 x 71) with a mercury lamp (100 W) as light source.

Synthesis of Polymer PFO-Br. To a mixture of compound 1
(100 mg, 0.134 mmol) and 2 (85.2 mg, 0.134 mmol) in 4 mL
of toluene and 2 mL of 2 M K,CO5 was added PdCl,(dppf) (15
mg) under a nitrogen atmosphere. The resulting mixture was
stirred at 80 °C for 2 days under nitrogen. After the mixture
was cooled to room temperature, chloroform was added and
the mixture was washed with water three times. The organic
layer was dried over anhydrous MgSO4 and the solvent was
removed, and then the residue was added into acetone to
precipitate the product. The crude polymer was purified by
precipitation from chloroform into acetone twice and dried
under vacuum to afford yellow solids. 'H NMR (400 MHz,
CDCls): 0 8.30—8.26 (m, 3H), 7.90—7.88 (m, 8H), 7.72—7.67
(m, 5H), 3.29 (s, 4H), 2.13 (s, 4H), 1.69 (s, 4H), 1.20 (d, 8H),
0.78 (s, 4H). GPC: M, = 7190, M,, = 10280, PDI = 1.43.

Synthesis of Polymer PFO. To a solution of PFO-Br (20 mg)
in tetrahydrofuran (THF) was added 10-fold excessive trimethyl-
amine, and the mixture was stirred overnight at room temper-
ature. Excessive trimethylamine and the solvent were removed
under vacuum to afford yellow solids. 'H NMR (400 MHz,
DMSO): 6 8.30 (s, 3H), 8.11 - 8.00 (m, 8H), 7.87 (s, 5H), 3.84
(s, 4H), 3.09 (s, 18H), 2.95 (s, 4H), 2.11 (m, 4H), 1.50 (s, 4H),
1.07 (s, 4H), 0.7 (s, 4H).
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MTT Assay. A549 cells were seeded in 96-well tissue culture
plates in a 5% CO, humidified atmosphere and maintained
overnight in DMEM medium. The PFO with varying concentra-
tions were respectively added into the cells followed by further
culture for 24 h at 37 °C. The culture media were discarded and
MTT (1 mg/mL, 100 uL/well) was added to the wells, followed
by incubation at 37 °C for 4 h. The supernatant was abandoned,
and 150 uL of DMSO per well was added to dissolve the
produced formazan and the plates were shaken for an ad-
ditional 10 min, and the absorbance of the purple formazan was
recorded on microplate reader (BIO-TEK Synergy HT, USA) at
a wavelength of 520 nm.

Dox Release In vitro. To a solution of PFO/PG-Dox complex
([PFO] = 1.0 x 107® M, [PG-Dox] =3.35 x 107¢ M) in 100 mM
PBS buffer (pH 5.8) was added 0.5 U carboxypeptidase, then
the solution was incubated at 37 °C for a certain period of time
(from O to 48 h). The fluorescence intensity of PFO at 454 nm
was measured at various time intervals with the excitation
wavelength of 380 nm. The fluorescence intensity of PFO was
converted into the concentration of Dox using Stern—Volmer
curve to calculate the drug release efficiency.

Cell Imaging. One microliter of 1.0 mM PFO was added into
1 mL of DMEM medium containing A549 cells in 35 x 35 mm
plate (the final concentration of PFO in medium is 1.0 uM). The
plate was incubated at 37 °C for 8 h, then the medium was
removed. The cells were washed with phosphate-buffered saline
(PBS, pH 7.4) for two times before taking image. The fluorescent
images were recorded on fluorescence microscopy (Olympus
1 x 71) using a 380/30 nm excitation filter with 100 ms
exposure time.

Dox Release in Living Cell. A549 cells were seeded onto 35
x 35 mm culture plates and incubated at 37 °Cina 5% CO,
humidified atmosphere for 24 h. The PFO/PG-Dox complex was
added to the cells followed by further incubation at 37 °C for
4 h. The medium was removed and the cells were washed two
times with PBS buffer. The cells were further incubated at 37
°C for a certain period of time, and then the images of PFO or
Dox were recorded by fluorescence microscopy (Olympus 1 x
71). Fluorescence image of PFO was recorded using a 380/30
nm excitation filter with 200 ms exposure time and that of Dox
was recorded using a 455/70 nm excitation filter with 1000 ms
exposure time.
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