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The combination of photothermal therapy (PTT) and photodynamic therapy (PDT) has recently gained
much attention due to its selective and localized therapeutic effects by light irradiation. The reagents for
phototherapy should have a large absorption coefficient in the near infrared region (NIR) (700 to 2500
nm) to maximize the depth of light penetration in tissues. In this study, we designed multifunctional
nanoparticles that can provide strong NIR absorbing capability for the combined treatment of PTT and
PDT. For the first time, FDA-approved photosensitizer methylene blue (MB) was conjugated with
photothermal material polypyrrole (PPy) to form a novel NIR photo-absorber. The obtained PPy—MB NPs
with an average size of 48.5 nm showed excellent biocompatibility, photothermal stability, and high NIR
absorbance for the combined PTT and PDT. Under a NIR laser (e.g., 808 nm laser) at 0.5 W cm™2, the
temperature of the aqueous solution containing 50 ng mt? PPy—MB NPs reached up to 50 °C within
a very short time and reactive oxygen species (ROS) were also generated. In vitro investigation confirmed
the effectiveness of the PPy—MB NPs in killing the cancer cells under the NIR laser. Further, the phantom
test of photoacoustic microscopy (PAM) used in conjunction with PPy—MB NPs showed a strong
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1. Introduction

Combined therapy using multifunctional nanoparticles can be
a highly promising strategy to enhance anticancer efficacy with
minimum side effects. Among several combined therapies
employed, the combination of photothermal therapy (PTT) and
photodynamic therapy (PDT) has recently attracted much
attention due to its selective and localized therapeutic effects by
light irradiation.* The contrast agents for phototherapy should
have a large absorption coefficient in the near infrared region
(NIR) (700-2500 nm) where the light has its maximum depth of
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penetration, in tissues.” Therefore, multifunctional nano-
particles that could provide strong NIR absorbing capability are
needed for the combined treatment of PTT and PDT. The
multifunctional nanoparticles can be also used for image-
guided combined therapy to target the treatment by taking
advantage of using the same NIR laser photo-absorbers.

Polypyrrole (PPy) has been emerging as a super material for PTT
because of its superior inherent features including strong NIR
absorption, photothermal stability, low cost, and biocompati-
bility.*” The photosensitizer-loaded on PPy has been recently
developed to design the nano-platform for biomedical applica-
tions. For example, the photosensitizer chlorin e6 loading on PPy
NPs which was used for a combination of PTT and PDT.* However,
the chlorin e6 is not cost-effective and not soluble in water. Also,
chlorin e6 is not approved by FDA for medicine. Moreover, their
study used two different wavelength lasers to excite PDT and PTT
separately which may cause difficulties in the treatment process-
ing. Another research group used chlorin e4 as a photosensitizer
loading on PPy NPs for PDT treatment.” Nonetheless, the costly
synthesizing processing due to the expensive photosensitizer is
a barrier for further applications of their system. Also, chlorin e4 is
not approved by FDA for medicine.
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Methylene blue (MB) is a common photosensitizer for PDT
in clinical use with the cheap price.’* MB is also a hydrophilic
photosensitizer with a high quantum yield of singlet oxygen
(*0,) generation.' Besides, MB is one of few PSs which were
approved by FDA."'> Generally, the ROS generated by MB
induces cell death following apoptosis pathway that is less
harmful to the patient than necrosis pathway. As most other
PSs, however, the weak absorption on near-infrared (NIR)
region of MB has narrowed the ability of light to penetrate into
tissues.

To overcome the limitation of MB-based PDT, we introduced
the facile and economic synthesis of MB encapsulated PPy
nanoparticles to fabricate a novel NIR photo-absorber for
a combination of PTT and PDT. We observed that the prepared
polypyrrole-methylene blue nanoparticles (PPy-MB NPs) enable
the remarkable generation of ROS by 808 nm laser irradiation
that improves the deep tissue treatment of MB. The PPy-MB
NPs also performed excellent photothermal behavior with the
rapid increase of temperature under NIR laser irradiation. In
vitro test confirmed the effectiveness of the PPy-MB NPs in
killing the cancer cells with NIR laser irradiation. Furthermore,
the phantom test of the photoacoustic microscopy (PAM) in
conjunction with PPy-MB NPs showed a strong photoacoustic
(PA) signal evenly with PPy-MB NPs at a quite low concentration
(63 pg ml™"), which shows the potential for PA imaging.
Therefore, the PPy-MB NPs have the potential as single multi-
functional nanoplatforms for NIR photo-induced therapy and
photoacoustic imaging.

2. Materials and methods
2.1. Material

Pyrrole (Py, reagent grade, 98%), methylene blue (MB), polyvinyl
alcohol (PVA, M,: 9000-10 000), ferric chloride hexahydrate
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(FeCl;-6H,0), dimethyl sulfoxide (DMSO), sodium dodecyl
sulfate (SDS), 1,3-diphenylisobenzofuran (DPBF), and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma-Aldrich (St. Louis, MO, USA), and
were used as received during experiment. Breast cancer cells
MDA-MB-231 and normal human dermal fibroblasts cells
NHDF-Neo were purchased from Korean Cell Line Bank and
Lonza, respectively. Cellular staining reagents including trypan
blue, propidium iodide (PI) Hoechst 33342, acridine orange
(AO), and dichlorodihydrofluorescein diacetate (DCFH-DA)
were also purchased from Sigma-Aldrich (St. Louis, MO, USA).
Dulbecco's modified Eagle's medium (DMEM), fetal bovine
serum (FBS), penicillin, streptomycin, 1x trypsin, and phos-
phate buffered saline (PBS) were purchased from HyClone
(South Logan, UT, USA). Distilled water (DW) was used for all
experiments.

2.2. Synthesis of polypyrrole-methylene blue nanoparticles

The uniform polypyrrole nanoparticles (PPy NPs) were synthesized
via one-step aqueous dispersion polymerization using PVA as
a stabilizer, as reported elsewhere.”® The use of PVA not only
enhances the biocompatibility but also prolongs the immune
response from PPy NPs."**> SDS plays an important role in the
loading of MB to PPy NPs. MB is a cationic photosensitizer which
has a strong interaction with an anionic surfactant SDS via the
electrostatic interaction. The anionic surfactant SDS interacted
with the cationic backbone of PPy. Consequently, MB can interact
with PPy via SDS link.

The overall synthesis procedure of PPy-MB NPs is schemat-
ically illustrated in Scheme 1a. Briefly, 10 mg of SDS and 1.50 g
PVA were dissolved in 20 ml DW at 60 °C for 20 minutes. At first,
the amount of MB was added to the above solution under the
continuous stirring condition for 10 minutes. To investigate the
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Scheme 1 Schematic representation for (a) the synthesis and (b) the applications of PPy—MB NPs.
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MB loading capacity, different amounts of MB (1, 1.5, 2, 2.5, and
3 mg) were used. Then the solution obtained was cooled to
room temperature. Next, 0.67 g FeCl;-6H,0 was added to the
stirred PVA solution. After 1 hour of equilibration, pyrrole
monomer (72 pL) was put into the above PVA/iron cation
complex. The mixture turned black after a few minutes and the
chemical oxidation polymerization of pyrrole was carried out for
4 hours. After that, the obtained nanoparticles were separated
from the mixture by centrifugation (15 000 rpm, 40 minutes)
and were washed several times with hot water to extrude
impurities. All wash solution was collected to calculate the
unload amount of MB by the UV-Vis absorption of the MB at
668 nm. The 668 nm-based standard curve of MB was provided
in Fig. S1a (ESIt). The amount of loaded MB was computed by
subtracting unloaded MB. The loading ratio of MB was calcu-
lated using the formula (mass of MB/mass of PPy-MB NPs) x
100%. The as-prepared PPy-MB NPs were re-suspended in DW
at desired concentration.

In the synthesis processing, SDS was introduced as an
emulsifier and it worked as a negative link between positive-
photosensitizer and positive-polypyrrole core. We expected the
increasing of the adding amount of SDS led to the increasing of
the loading amount of MB onto the PPy NPs. Hence, we also
examined 50 mg of SDS linker for the synthesis of PPy-MB NPs.

The release of MB was investigated by dialysis method. We
kept the solution containing PPy-MB NPs on the dialysis bag
(molecular weight cutoff is 7000 Da) and put on the baker
containing the 200 ml PBS (pH 7.2 and pH 5.5). The above
system was stirred for 48 hours. Then, the PBS buffer was
collected and its UV-Vis absorption was recorded.

2.3. Characterization

The morphology of the synthesized particles was observed using
a field emission scanning electron microscopy (FESEM; JSM-6700,
JEOL, Japan). To analyze the functional groups of the prepared
nanoparticles, a sample of the dried nanoparticles was mixed with
KBr for the FTIR analysis over a wavelength range of 500-4000
em ' at a resolution of 4 cm ™" (Perkin-Elmer 1320 FTIR spectro-
photometer). The particle size was determined by the dynamic
light scattering (DLS) method using electrophoretic light scattering
spectrophotometer (ELS-8000, OTSUKA Electronics Co. Ltd.,
Japan). The zeta potential was measured with an electrophoretic
light scattering spectrophotometer (ELS-8000, OTSUKA Electronics
Co. Ltd., Japan) using ELS FlatBoard cell. UV-Vis-NIR spectra were
measured by using a UV-Vis-NIR spectroscopy (Thermo Biomate 5
Spectrophotometer). Laser irradiation was performed using an
optical-fiber-coupled power-tunable diode laser (808 nm, contin-
uous wave) (maximal power = 5 W, Hi-TechOptoelectronics Co.,
Beijing, China).

2.4. Singlet oxygen generation test: DPBF assay

DPBF assay'®"” was used to measure the efficacy of singlet
oxygen (*O,) generation of PPy-MB NPs under NIR laser irra-
diation. Briefly, 3 ml of 10 ug ml~' PPy-MB NPs was put in
a cuvette with an optical path length 1 cm along with 10 uM of
DPBF dissolved in DMSO. The cuvette was irradiated by an NIR
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laser at 0.5 W cm ™2 power density for every 5 minutes and the
corresponding absorbance at 418 nm was recorded. A sample of
PPy-MB NPs which had not been exposed to the laser irradia-
tion was also prepared for comparison.

2.5. Photothermal test

For measuring the photothermal performance, a suspension (1
ml) containing the PPy-MB NPs with different concentrations
(10, 20, 30, 50, 70, and 100 pg ml~') was put in a 12-well plate.
Then each well was irradiated by NIR laser at a different power
density of 0.5, 1, and 1.5 W cm ™ for 6 minutes. The tempera-
ture was recorded by a thermometer (MASTECH, CA, USA) via
a thermal fiber.

2.6. Long-term storage stability

The aqueous suspension PPy-MB NPs at 60 pg ml " concen-
tration was stored at 4 °C for 60 days to evaluate its stability in
long-term storage. For the comparison, the UV-Vis absorption
spectra and the particles size of PPy-MB NPs were observed for
the 1% day and the last day. In addition, the zeta potential of
stored PPy-MB NPs was monitored every 3 days during 12 days.
The DPBF assay also was performed using the PPy-MB NPs of
the last day for evaluating the stability of singlet oxygen
generation of PPy-MB NPs. Besides, PPy-MB NPs on different
media including distilled water, DMEM media, and PBS were
stored at 4 °C for 20 days to evaluate the stability of prepared
PPy-MB NPs.

2.7. Photostability tests

Three different ways were employed to evaluate the photo-
stability of PPy-MB NPs. As the first way, the long-term irradi-
ation under laser was conducted. The suspension PPy-MB NPs
at 30 pg ml~' concentration was exposed to NIR laser at power
density 0.5 W cm ™ till the highest temperature was achieved
and then it was allowed to return to the room temperature by
turning the laser off. The heating and cooling cycles were
repeated 6 times. As the second way, the PPy-MB NPs at the
same concentration was exposed to NIR laser at power 0.5 W
cm ™2 for 25 minutes. The UV-Vis absorption spectra of PPy-MB
NPs were recorded for 5 minutes each. As the third way, the
PPy-MB NPs in aqueous solution was irradiated with 808 nm
laser at power density 1 W cm™ > for 1 hour. Then, the samples
were centrifuged and dried under vacuum before recording the
FTIR.

2.8. In vitro cell cytotoxicity assay

The cell cytotoxicity assay on the model normal cell line and
model cancer cell line to test the biocompatibility of PPy-MB
NPs were performed. In this test, NHDF-Neo cells were used as
a model normal cell line and MDA-MB-231 breast cancer cells
were used as a model cancer cell line. The cells were cultured in
DMEM medium containing 10% FBS and 1% antibiotics in
a humidified atmosphere at 37 °C with 5% CO,. A standard MTT
assay'® was used to quantify the cell cytotoxicity. The cells were
seeded in 96-well plates at 1 x 10* cells per well. After cell
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attachment, the PPy-MB NPs suspended in growth medium at
different concentrations (0, 50, 100, 200, 300, 400, 500, 600, 700,
800, 900, and 1000 pg ml~") were added to cell cultures and the
treated cells were then incubated for 24, 48 and 72 hours. Next,
100 ul MTT dissolved in PBS at 0.5 mg ml ™" was added to each
well and the microplates were further incubated for 4 hours at
37 °C with 5% CO,. Dissolved MTT was converted to insoluble
purple formazan product by cleavage of the tetrazolium ring via
dehydrogenase enzyme that is present in the mitochondria of
the active cells. The insoluble purple formazan was dissolved in
100 pl DMSO and its absorbance was recorded at 570 nm using
a plate reading spectrophotometer to quantify the percentage of
cell viability.

In addition, the fluorescent images of MDA-MB-231 breast
cancer cells with AO and PI staining also were captured to
analysis the biocompatibility of the prepared PPy-MB NPs.

2.9. Invitro combined photothermal and photodynamic
therapy

The MTT assay was performed to compare the efficacy of PPy
NPs and PPy-MB NPs on Kkilling capability of MDA-MB-231
breast cancer cells. Briefly, the MDA-MB-231 cells were seeded
in a 96-well plate at a density of 1 x 10 cells per well. Then, the
cells were treated with the PPy NPs and PPy-MB NPs for 24
hours and unbound nanoparticles were washed with PBS. After
that, the cells were exposed to NIR laser at a power density of
0.5 W cm ™ for 6 minutes. To obtain the results, the following
steps were conducted in accordance with the in vitro cell cyto-
toxicity assay in Section 2.8.

In addition, the damaged and the dead cells were deter-
mined using the double staining of Hoechst 33342 and PI to
evaluate the efficacy of combined photothermal and photody-
namic treatment. Concretely, the MDA-MB-231 cells were
seeded in a 12-well plate at a density of 1 x 10> cells per well.
Then, the cells were treated with the PPy NPs (50 pg ml~") and
PPy-MB NPs (50 pg ml™") for 24 hours and unbound nano-
particles were washed with PBS. After that, the cells were
exposed to NIR laser at a power density of 0.5 W em™ > for 6
minutes. Cells with and without nanoparticles which had not
been exposed to the laser irradiation were also prepared for the
comparison. Next, the cell plates were kept for further 4 hours in
the incubator and then the treated and untreated cells were
stained with Hoechst 33342 and PI The cell culture plate was
added 1.5 ml Hoechst 33342 (10 ug ml™ ") and then kept in the
incubator for 20 minutes. After that, the cells were washed with
PBS to remove the excess stain. Following this, the cells were
continuously stained with 1.5 ml PI (10 ug ml~*) and incubated
at room temperature for 5 minutes. Finally, the cells were
carefully washed with PBS and the fluorescent images were
taken by a fluorescence microscope (Leica Microsystems
GmbH, Wetzlar, Germany).

2.10. Intracellular ROS detection: DCFH-DA staining

To detect the generated ROS, dichlorodihydrofluorescein diac-
etate (DCFH-DA), which is the most commonly used probe,*
was employed. First, MBA-MD-231 cells (1 x 10°) were seeded in
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a 12-well plate and treated with the PPy-MB NPs (50 ug ml™%).
After 24 hours incubation, the treated cells were washed with
PBS to remove unbound nanoparticles, then each well was
illuminated with an NIR laser at a power density of 0.5 W cm >
for 6 minutes. Irradiated cells were incubated for 1 hour. Next,
10 mM DCFH-DA was added to the cell culture plate and the
cells were incubated for further 30 minutes. Finally, the
stained cells were washed with PBS (3 times) and the fluo-
rescent images were captured using the fluorescence micro-
scope. Samples of the irradiated cells with PPy-MB NPs and
non-irradiated cells without nanoparticles also
prepared for the comparison.

were

2.11. In vitro photoacoustic imaging

Based on the previous study,* we built the PAM high power
laser diode with some modifications. Fig. S10 (ESIT) shows the
optical resolution of PAM system which was configured with
a transmission mode where the laser is opposite to the trans-
ducer. A high power pulsed laser diode (LD, Laser Components,
905D5S2L3J08U) was employed as an excitation source. It uses
the stacked arrays with five active elements, which provides the
emitting area of 800 x 440 um®. A driver (PicoLAS, LDP-V 240-
100 V3) helps the pulsed laser diode operate normally at a 905 +
15 nm, which produces a peak power output up to 650 W. The
PRF trigger 800 Hz, with duty factor 0.1%, allows the LD to work
with a pulse duration of 150 ns. A group of lens consisting of the
collimation tube (Thorlabs, LTN330-C) and focusing lens (S.
Plan 40x, NA = 0.1) was used to collimate and focus the beam
onto the phantom. A function generator (HP, 33120A) triggered
the driver and the data acquisition (NI-DAQ) board at the same
time through TTL (Transistor-Transistor-Logic) trigger. The
photoacoustic signal was collected by the commercially focused
transducer (Olympus Panametrics, NDT-V308) with a center
frequency of 5 MHz. Firstly, the signal was magnified by
a preamplifier (26 dB) (Mini-Circuits, ZFL - 500LN). Next, it was
amplified once again by pulser/receiver with an amplified gain
of 54 dB at low noise input at 1 kHz to 20 MHz bandwidths.
Finally, these signals were acquired by DAQ PC to reconstruct
the 2D images by PXI-5122 (National Instruments, USA) features
with a 12 bit analogue-to-digital converter with a maximal
sampling rate of 100 MHz. The scanning was performed by two
DC motors (Newport Motor) that move the phantom in X and Y
directions as a raster scan. In the transmission mode, the
distance between the optical lens, the ultrasound transducer
and the sample was adjusted to achieve the maximum ampli-
tude signal. The total system operation and data procession
were performed on Labview Full Development System (Version
14, NI, USA).

To get the in vitro photoacoustic imaging, different concen-
trations of PPy-MB NPs were applied in a phantom which was
made of silicon tubes (N = 5). Various concentrations of PPy-
MB NPs were filled in the tubes (Fig. 8a) and tested (i.e., 63 pg
ml™, 125 pg ml™*, 250 ug ml~*, and 500 pug ml~*). The phan-
toms were placed in a water tank for PAM. For the comparison,
the same concentrations of PPy NPs were also prepared in the
same way.

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion

3.1. Synthesis and characterization of polypyrrole-
methylene blue nanoparticles

The synthesis of uniform PPy-MB NPs is illustrated in Scheme
1a. The monodisperse PPy-MB NPs were prepared via chemical
oxidation polymerization using Fe*" as the oxidizing agent and
PVA as the stabilizer. The surface charge at each stage of the
synthesizing process is shown in Fig. S3a (ESIt). The zeta
potential of pure PPy NPs was +14.77 mV, which was caused by
the positive backbone of PPy. After SDS adding, the zeta
potential of the system changed to —37.71 mV. This indicated
that the adsorption of negatively charged SDS molecules
assigned the nanoparticles an overall negative charge. It is
observed that the loading of MB, cationic dye, led to the change
of surface charge to —28.47 mV. As expected, the less negative
zeta potential presented when a positively charged compound
was loaded. The average diameter of nanoparticles increased
about 2 nm after adding SDS molecules (Fig. S3a, ESIT). It is
found that the particle size remained nearly-unchanged before
and after loading MB.

The UV-Vis-NIR absorption spectra of MB, PPy, and PPy-MB
NPs are given in Fig. 1a. It is observed that MB had a strong
absorption peak at 668 nm and the presence of this peak in the
PPy-MB NPs confirmed the success of loading of MB onto PPy
NPs. The formation of the matrix PPy-SDS-MB formed novel
nanoparticles which enable high near-infrared absorbing
properties (Fig. 1a). We found that the loading capacity of MB
on PPy NPs was saturated at 2.4% with 2.5 mg feeding amount
of MB (Fig. S1b, ESI{). To increase the loading amount of MB
onto the PPy NPs, 50 mg of SDS linker was used as a description
in Section 2.2. As expected, the PPy-MB with the higher feeding
amount of SDS exhibited higher absorption amplitude which
indicated the higher loading amount of MB (Fig. 1b). However,
when feeding amount of SDS was 50 mg, the PPy-MB particles
with micrometer diameter (~2 um) were formed (Fig. 2c and d).
Meanwhile, with 10 mg feeding amount of SDS, the nano-
particles exhibited the uniform spherical morphology within 30
and 70 nm. The size of nanoparticles should be designed
between 10 and 50 nm in diameter to increase bloodstream
circulation time.”* Furthermore, the micrometer-size particles
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can lead to capillary blockade and embolism that could cause
serious damages to patients. Thus, the PPy-MB NPs with an
average of 48.5 nm (Fig. 2a) will be used in all the following
experiments.

The stable binding of MB on PPy NPs is really important for
the PDT at NIR range. The de-attached MB can be detected by
dialysis method. The collected PBS buffer (pH 7.2 and pH 5.5)
after 48 hours stirring did not emit any absorbance peak for MB,
indicating the stable binding of MB on PPy NPs. This experi-
mental observation was consistent with the previous report,
which suggested that the cation drug, rhodamine 6G, cannot be
released out of PPy NPs on a range of biological pH tested.**

The optical properties of PPy-MB in aqueous dispersions
with different concentrations (10 to 100 pg ml~") were studied
by the UV-Vis-NIR spectroscopy. As plotted in Fig. 3a, with the
increase of PPy-MB NPs concentration, the photoabsorption
intensity went up in the entire UV-Vis-NIR region and all spectra
exhibited the absorption peak of MB at approximately 668 nm.
The standard curve of PPy-MB NPs following the 808 nm
absorption point (Fig. S2, ESIt) has validated that the absorp-
tion amplitude increased linearly with the PPy-MB concentra-
tion (R* = 1).

FTIR was also implemented to confirm the loading of MB
onto the PPy NPs by examining the FTIR frequency changes.
Fig. 3b shows the FTIR spectra of the synthesized PPy and PPy-
MB NPs. Overall, the prominent peaks were observed for both
PPy and PPy-MB NPs spectra. Specifically, the FTIR vibration
bands at 1554 cm™ ' and 1465 cm ' were assigned to N-H
stretching vibrations of PPy ring. The band at 1173 cm ™' was
attributed to C-N stretching vibration and the band at 783 cm ™"
indicated that the presence of polymerized pyrrole.”® The FTIR
vibration bands at 2855 and 2919 cm ™" were corresponding to
C-H stretching, and the C-H stretching vibration the intensity
of this group was increased in the case of PPy-MB NPs due to
the presence of SDS and the methyl group of MB. The broad
peak at 1318 cm ™" for the sample PPy-MB NPs indicated that
the MB molecules interacted with SDS groups through electro-
static interactions. The FTIR spectra confirmed the formation of
PPy NPs and the presence of loaded MB molecules onto the PPy
NPs.
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Fig.1 (a) The UV-Vis absorption methylene blue, PPy, and PPy—MB NPs. (b) The UV-Vis absorption of 100 g ml~* PPy—MB NPs two conditions
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We evaluated the photothermal effect of PPy-MB NPs at
different concentrations under NIR laser at 0.5, 1, and 1.5 W

3.2. Photothermal performance of polypyrrole-

blue nanoparticles
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cm %), the temperature of the solution containing 10 pg ml™*
PPy-MB NPs increased to 38 °C while that containing 50 pg
ml~" PPy-MB NPs reached up to 50 °C. It is also observed that
when the NIR laser power density was increased, the tempera-
ture of the photothermal material also went up. As the laser
power density increased up to 1.5 W cm ™2, the temperature of
the solution containing 50 ug ml~* PPy-MB NPs rapidly reached
50 °C within a short time (2 minutes). These experimental
results revealed that the exposure time, the concentration of
nanoparticles and the laser power intensity are important
parameters that significantly influenced the photothermal
performance of PPy-MB NPs.

3.3. Photodynamic property of polypyrrole-methylene blue
nanoparticles

Polypyrrole is the conducting polymers (also called synthetic
metals) which owns electronic properties of metals while
keeping the mechanical characterizations of conventional
polymers.* In other words, polypyrrole has high free-electron
mass as metal. Thus, PPy-MB NPs could generate 'O, under
808 nm irradiation because PPy-MB NPs has a strong absorp-
tion at NIR region (Fig. 1a) which facilitates the electron transfer
from the PPy to the MB molecules.

DPBF interacts with 'O, and converts to o-dibenzoylbenzene
(DBB).>* The amount of DPBF consumption can be monitored
by measuring the absorbance at 418 nm. In other words, the
decrease of the UV-Vis absorption of DPBF at 418 nm indicated
the 'O, generation of the sample. When the DPBF and PPy-MB
NPs mixture exposed to an NIR laser during 25 minutes, the
dramatic decrease of the absorbance at 418 nm was observed, as
shown in Fig. 5a and b. The fast decreased absorbance
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confirmed the remarkable generation of 10, of nanoparticles
after irradiation. In contrast, no consumption of DPBF was
observed in the sample containing only DPBF. The non-
irradiated DPBF along with PPy-MB NPs sample also showed
negligible DPBF consumption.

3.4. Long-term storage stability tests of polypyrrole-
methylene blue nanoparticles

To evaluate the stability, the zeta potential, the size, and the UV-
Vis-NIR absorption of the prepared nanoparticles were moni-
tored over the storage. Fig. S3 (ESIT) shows the zeta potential of
the PPy-MB NPs recorded within 12 days of storage. According
to the figure, the surface charge of the nanoparticles was found
nearly-constant during the storage. The particle size after 60
days in storage was measured, as shown in Fig. S4d (ESI}). After
60 days, the average particle size was found as around 49.5 nm,
which was almost the same as the one of the first day. So far, the
PPy-MB NPs in DW at 60 pg ml~" concentration did not show
any change in its UV-Vis-NIR spectra (Fig. S4a, ESIT) after two
months of storage. Furthermore, the ability in the singlet
oxygen generation of PPy-MB NPs of the last day (after 60 days)
was similar with that of the first day, as reported in Fig. S4b
(ESIT). And, no aggregation was observed in all solution con-
taining PPy-MB NPs (Fig. S4c, ESIT). All the above results proved
the inherent stability of the prepared nanoparticles.

3.5. Photostability tests of polypyrrole-methylene blue
nanoparticles

After six cycles of heating and cooling under an NIR laser irra-
diation at the power density of 0.5 W cm ™2, the thermal curve of
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Fig.4 The photothermal decay of PPy—MB NPs with different concentrations and different power densities. All solutions were irradiated with (a)
0.5Wcm™2 (b) 1Wcm™2 and (c) 1.5 W cm~2 808 nm laser for 6 minutes. (d) The real-time temperature record of 6 heating/cooling cycles of 30

ng mli~t PPy—MB NPs under on/off laser experiment (1L W cm~2).
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concentration) without laser (blue) and with 808 nm laser at 0.5 W cm™~2 (red). (b) The production of singlet oxygen by PPy—MB NPs (at 50 pg m(~*
concentration) with 808 nm laser at 0.5 W cm~2 and the reaction mechanism of 1O, with DPBF were inserted at the top-right corner of the graph.

PPy-MB NPs remained almost the same for each cycle, indi-
cating good photothermal stability of PPy-MB NPs (Fig. 4d).
This property is important for the PTT treatment.

To the PDT treatment, the amount of ROS induced by irra-
diated nanoparticles is an essential parameter. To obtain the
stable amount of ROS, the PPy-MB NPs should resist the pho-
tobleaching of the MB under the light. NIR laser excitation of
PPy-MB NPs during 25 minutes showed a stable absorption
band (Fig. S5, ESIT). This result indicated that the PPy-MB NPs
remained the ability to generate the stable amount ROS.

The FTIR before and after laser exposure was shown in
Fig. S6 (ESIT). As shown in the figure, the peak positions and
intensities of the irradiated sample are well-consistent to those
of the non-irradiated sample. This result revealed that the
chemical structure of PPy-MB NPs was stable even after 1 hour
of irradiation.

3.6. Invitro cell cytotoxicity assay

As shown in Fig. S7 (ESIt), PPy-MB NPs have a low cytotoxicity
to MDA-MB-231 breast cancer cells and also low cytotoxicity to
NHDF-Neo normal cells. No significant cytotoxicity of PPy-MB
NPs was observed even at a highest tested concentration (1000
pg ml~"), where the cell viability of NHDF-Neo cells was still
higher than 85%. Under 100 pg ml~", PPy-MB NPs have really
low cytotoxicity to both normal and cancer cells. In addition, the
fluorescent images of MDA-MB-231 cells incubated with PPy-
MB NPs for 24 hours were shown in Fig. S8 (ESIT). The green
indicated the live cells and the red indicated the dead cells. The
number of dead cells is trivial. The above observations indicated
that PPy-MB NPs are biocompatible nanoparticles.

3.7. Invitro combined photothermal and photodynamic
therapy

The MTT assay was performed to compare the efficacy of irra-
diated PPy and PPy-MB NPs on killing capability of MDA-MB-
231 breast cancer cells. As shown in Fig. S9 (ESIf), the
percentage of cell viability was gradually decreased when the
concentration of treated nanoparticles was increased. More
than 60% of cell died at a 50 mg ml ' concentration of

35034 | RSC Adv., 2017, 7, 35027-35037

irradiated PPy-MB NPs; meanwhile, only about 30% of cell
death was observed for the same concentration of the irradiated
PPy NPs. This result indicated that the irradiated PPy-MB NPs
can kill much more cells than the irradiated PPy NPs at the
same concentration.

In addition, we compared the killing capability of cancer
cells by the fluorescence imaging techniques of five groups: the
control groups (only cells), the laser only group (cells were
treated with 808 nm laser), the PPy NPs group + 808 nm laser
(cells were treated with PPy NPs + 808 nm laser), the PPy-MB
NPs group (cells were treated with PPy-MB NPs), and the PPy-
MB NPs + 808 nm laser group (cells were treated with PPy-MB
NPs + 808 nm laser). Based on the heating curve and the ROS
generation graph of PPy-MB NPs, we selected 50 pg ml™*
concentration, the power density of 0.5 W cm ™2, and 6 minutes
irradiation to set up the experiment. As shown in Fig. 4a and 5a,
after exposing for 6 minutes at 0.5 W cm ™2, the sample con-
taining 50 pg ml~" PPy-MB NPs reached up to 50 °C and the
DPBF consumption was around 10%. As shown in Fig. S9 (ESIY),
higher than 60% of cell death at a 50 mg ml~" concentration of
irradiated PPy-MB NPs was observation. Furthermore, non-
irradiated PPy-MB NPs at a 50 pg ml~" concentration showed
a high biocompatible property with nearly 100% viable cells
after 24 hours incubation (Fig. S7, ESIt).

Double staining of Hoechst 33342 and PI was used to explore
the damaged and dead cells. Hoechst 33342 dye specific to DNA
staining, which can be permeable in both dead and viable
cells.* The changes in the size and shape of nuclei of the
Hoechst 33342 stained cells can be observed under a fluores-
cence microscopy. PI dye also binds to DNA, but it only
permeates through the membrane of damaged and dead cells.””
So, double staining can reveal the damaged and dead cells by
each treatment method. As shown in Fig. 6, only a few dead cells
with the red nuclei were observed in the control, laser only, and
the PPy-MB NPs group. In contrast, almost cells in the PPy-MB
NPs + 808 nm laser group died with the red nuclei, as observed
in Fig. 6e. For the PPy NPs + 808 nm laser group, not many dead
cells were seen in Fig. 6¢, even at the same concentration (50 pg
ml ") and laser treatment (at 0.5 W cm ™2 for 6 minutes) with the

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Fluorescence images of MDA-MB-231 cells under different conditions. (a) Control, (b) laser only (808 nm laser), (c) PPy NPs + 808 nm
laser, (d) PPy—MB NPs, and (e) PPy—MB NPs + 808 nm laser. The concentration of PPy—MB NPs and PPy NPs were 50 ng ml~* and the 808 nm

laser (0.5 W cm™2) irradiation was carried out for 6 minutes.

PPy-MB NPs + 808 nm laser group. Without 808 nm irradiation,
PPy-MB NPs were not able to kill the cancer cell, as observed in
Fig. 6d.

The cancer cell death by PPy-MB NPs group could be due to
two main factors, including ROS, owing to MB; and heating,
owing to PPy. The data clearly indicated that the PPy-MB NPs
can be used for NIR-induced combined therapy and much more
effective than a single therapy.

3.8. Intracellular ROS detection

Dichlorodihydrofluorescein diacetate (DCFH-DA) is the most
common probe to detect intracellular ROS.* Due to its excellent
permeability through cell membranes, DCFH-DA easily enters
the cells and it is deacetylated to form DCFH carboxylate anion.
When the ROS is presented in the cells, DCFH reacts with it and
forms 2',7'-dichlorofluorescein (DCF) which is fluorescent
green.”® After irradiating the cells with the NIR laser, the fluo-
rescent images of DCF were taken, as shown in Fig. 7a-d. There
were weak fluorescence images of DCF in the control group,
laser only group, and PPy-MB NPs group. On the other hand,
the strong fluorescent images were observed in PPy-MB NPs +
808 nm laser group. To quantify the DCF signals in the cells, the

This journal is © The Roy

y of Chemistry 2017

intensity of green fluorescent DCF was analyzed using Image]
program. As plotted in Fig. 7e, the PPy-MB NPs induced the
highest ROS level among all the groups, indicating the prom-
ising effectiveness of PPy-MB NPs for the PDT.

3.9. In vitro photoacoustic imaging

PA imaging is an emerging imaging modality and can be used to
assist phototherapy.” The PA imaging of the phantom with
PPy-MB NPs is shown in Fig. 8b. All the samples containing
nanoparticles were clearly visible, whereas the controlled tube
with DW did not produce any PA signal. The image contrast was
increased when the concentration of nanoparticles went up.
The measured PA amplitudes increased linearly with the PPy-
MB NPs concentrations with simple linear regression R* = 0.91
(Fig. S12, ESIt). For the comparison, the PA signal of phantom
study with PPy NPs alone also was acquired. As shown in
Fig. S10b (ESIf), PPy-MB NPs produced stronger PA signals
than the PPy NPs. This phenomenon was caused by the UV-Vis
absorption of PPy-MB NPs at 905 nm which was stronger than
that of PPy NPs at the same concentration (Fig. S11a, ESI}).
The ability to image PPy-MB NPs inside phantom with the
PAM system is very promising for image-guided photo-induced

RSC Aadv., 2017, 7, 35027-35037 | 35035
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Fig. 7 Fluorescence images of DCF in MDA-MB-231 cells under
different conditions. (a) Control, (b) laser only (808 nm laser), (c) PPy—
MB NPs and (d) PPy—-MB NPs + 808 nm laser. The concentration of
PPy—MB NPs was 50 pg ml™! and the 808 nm laser (0.5 W cm™2)
irradiation was carried out for 6 minutes. (e) ROS level (fluorescence
intensity per area) in each group (data are presented as a mean +
standard deviation).

cancer therapy. The laser system (905 nm) for PAM which was
used in conjunction with PPy-MB NPs, also show a potential for
the future implementation.
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Fig. 8 Evaluations on PA responses of PPy—MB at various concen-
trations: (a) phantom (b) corresponding PA images.
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4. Conclusion

In this study, we have newly developed multifunctional nano-
particles with broad NIR absorbing property that can be used to
overcome the limitation of traditional PDT. The proposed
system PPy-MB NPs showed the great potential for the deep
tissue treatment using the combined photo-induced cancer
therapy with a single near-infrared wavelength. The PPy-MB
NPs not only generated heat effectively but also produced the
remarkable amount of ROS under NIR laser irradiation. In vitro
tests proved that combined PTT and PDT treatment was more
effective than an individual treatment. Moreover, the strong PA
signal of PPy-MB NPs was found to be promising for guiding
photo-induced therapy. The proposed system is also cost-
effective, biocompatible, and stable. In the future, in vivo
studies will be conducted to evaluate the performance of the
proposed system for photoacoustic image-guided combined
photo-induced cancer therapy.
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