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Microwave-assisted ultrafast fabrication of high-performance
polypyrrole nanoparticles for photothermal therapy of tumors in
vivo
Cai Zhang,a Haiyan Pan,b Xu Wang*c and Shao-Kai Sun*b
Photothermal therapy with minimal invasiveness and high selectivity has been regarded as a powerful technique for tumor
therapy to overcome the risks of toxic side effects and limited therapeutic efficacy of clinic cancer treatments. Among
various photothermal therapeutic agents, polypyrrole (PPy) nanoparticles show a promising prospect in tumor ablation in
vivo due to their admirable biocompatibility and outstanding photothermal performance. Besides, polypyrrole
nanoparticles are extensively applied in biosensors, electrochemical sensors, tissue engineering, flexible microelectronics,
and so on. However, the available synthesis methods of PPy nanoparticles are all time-consuming and seriously hindered
their high-efficient production for diverse applications. Here we present a microwave-assisted strategy for the fabrication
of PPy nanoparticles in 2 mins, and the required synthesis time is shortened by 120-720 times compared to that in
traditional ways. The prepared PPy nanoparticles possess uniform size, favorable aqueous solubility, and enhanced
photothermal performance derived from the stronger near-infrared absorbance. Low cytotoxicity and in vivo toxicity of
the nanoparticles were confirmed via comprehensive assessments. The PPy nanoparticles-based photothermal therapy in
vitro led to a remarkable death of tumor cells, and in vivo tumor ablation using the nanoparticles was achieved under a
mild laser irradiation with a FDA-approved safe power. The proposed microwave-assisted synthesis strategy opens up a
facile and ultrafast way for the construction of organic nanoparticles and facilitates a wide range of applications of them in
biomedicine and other fields.

Introduction
Photothermal therapy, which employs optical absorbing
agents to convert optical energy to heat for tumor ablation,
has attracted considerable interests due to the merits of
negligible systemic side effects, minimally noninvasive
1
operation and multiple tumor-targeted approaches. A wealth
2-6
of photothermal therapeutic agents, such as organic dyes,
7-9
10
noble-metal materials,
carbon nanostructures,
metal
11-12
13-17
oxides,
and semiconductor nanomaterials,
have been
fabricated for tumor hyperthermia. Despite admirable
photothermal therapeutic efficacy, these photothermal agents
encounter numerous obstacles to achieve clinical
implementation owing to their tedious synthesis procedures,
poor photostability, and potential long-term toxicity.
In recent years, organic nanoparticles have received great
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attention for PTT owing to their fascinating features.18-20
Typically, polypyrrole (PPy) nanoparticles with impressing
biocompatibility and outstanding photothermal conversion
efficiency are recognized as an ideal candidate for PTT.18, 20 The
low cytotoxicity and in vivo toxicity have been intensively
demonstrated, and efficient photothermal therapy was
achieved using low dose of PPy nanoparticles with excellent
photothermal conversion efficiency.18, 20-21 Besides, PPy
nanomaterials with intense light absorption, inherent high
electronic conductivity, large active electrochemical strain and
good biocompatibility have been extensively explored and
applied in the field of other biomedical applications and
bioelectronics, such as biosensors,22 electrochemical sensors,23
neural probes,24 nerve conduits,25 artificial muscle
microactuators, scaffolds for tissue and nerve regeneration,26
and flexible microelectronics.27
Great efforts have been devoted to develop precise
synthesis routes and conditions for a high quality of PPy.18, 20-21,
28-34
Electrochemical synthesis has been proved to be a robust
and simple way for pyrrole polymerization with controlled
thickness, electrical conductivity and ion transport.28, 32
However, the electrochemical oxidative polymerization of
pyrrole favors to obtain conductive PPy film on diverse
substrates, the size of which is not suitable for PTT in vivo.
Recent developed radiation initiation technique is capable of
removing chemical initiator and polymer stabilizer in the
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preparation of PPy NPs.34 Although the decreased size of PPy
can meet the need in vivo, the morphology is hardly
controlled. The potential security risk of radical initiator is
another problem involved in the radiation initiation technique.
For obtaining morphology- and size-controllable PPy, current
preparation of PPy NPs for biomedical applications is mainly
based on the chemically oxidative polymerization.21, 29-31, 33
Benefiting from the efforts of controlling the morphology,
improving chemical stability and ease of synthesis in the past
decades, monodisperse PPy nanoparticles with the diameters
of 20-400 nm could be fabricated in aqueous solution.18, 20-21
Despite the significant breakthroughs in synthesis of PPy
nanoparticles with charming features, the available
approaches are all time-consuming, and seriously restricted
the high-efficient production of PPy nanoparticles in an
ultrafast manner.
Microwave-assisted synthesis is a breakthrough technology
for the building of nanostructures in an ultrafast and effective
way.35-36 Microwave irradiation based on dipolar polarization
mechanism enhances the energy transfer to the reactants and
leads to an instantaneous internal temperature rise. Compared
to conventional heating methods, microwave-assisted
synthesis significantly shortens the reaction time, improves
production yield and reduces byproducts.35-36 Moreover, the
nucleation and growth of nanomaterials can be easily
controlled, facilitating the fabrication of desired shapes and
sizes of nanostructures with preferable features.35-36 In the
past decades, microwave-assisted approach has been
employed to fabricate diverse nanomaterials, such as carbon
nanostructures, noble metal nanoparticles, metal oxides,
metal chalcogenides, hydroxyapatite and calcium phosphates,
silica nanomaterials, and so on, for various applications.35-47
Therefore, it is highly desired to synthesize PPy nanoparticles
with enhanced photothermal performance using microwave
irradiation in an ultrafast and highly-efficient way.
Herein, we report a microwave-assisted strategy for the
synthesis of high-performance PPy nanoparticles in 2 mins.
The synthetic time is shortened by approximate 120-720 times
compared to that in conventional synthetic protocols. The asprepared PPy nanoparticles own uniform size and favorable
aqueous ability, and the strong near-infrared (NIR) absorption
endows
as-prepared
PPy
nanoparticles
with
high
photothermal performance. Impressive biocompatibility of the
PPy nanoparticles was proved by cytotoxicity assessment and
systematic evaluation of toxicity in vivo. The PPy nanoparticles
were employed in tumor cells ablation in vitro successfully,
and enabled high-efficient photothermal therapy of tumors in
vivo with low dose of PPy nanoparticles under FDA-approved
laser illumination. To the best of our knowledge, this is the first
time that PPy nanoparticles were synthesized by microwave
irradiation in such a short time. The proposed microwaveassisted strategy paves a new way for the synthesis of organic
nanoparticles in a facile and ultrafast manner for promising
applications.

Fig. 1 Schematic illustration of microwave-assisted fabrication of PPy nanoparticles for
tumor ablation in vivo.

Experimental
Materials
All reagents used are of at least analytical grade. Ultrapure water
was used throughout this work (Hangzhou Wahaha Group Co. Ltd.,
Hangzhou, China). Poly (vinyl alcohol) was bought from Sigma
Aldrich (St. Louis, MO, USA). Pyrrole, 3-(4, 5-dimethylthiazol-2thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT), indocyanine
green (ICG), NaOH and FeCl3∙6H2O were purchased from Aladdin
Reagent Co. Ltd. (Shanghai, China). DMSO was obtained from
Concord Technology (Tianjin, China).
Characterization
Morphologies and sizes of PPy nanoparticles produced by
microwave-assisted and traditional ways were characterized by a
Philips Tecnai G2 F20 (Philips, Holland) field emission highresolution transmission electron microscopy (TEM). Fourier
-1
transform infrared (FT-IR) spectra (400-4000 cm ) were recorded
on a Nicolet IR AVATAR-360 spectrometer (Nicolet, USA) with pure
KBr as the background. A Dynamic light scattering (DLS) and zeta
potential analysis were carried out with Malvern Zetasizer (Nano
series ZS, UK). Absorption spectra were recorded on a UV-3600 UVVis-NIR spectrophotometer (Shimadzu, Japan).
Preparation of the PPy nanoparticles using microwave-assisted
and traditional methods
For the synthesis of polypyrrole nanoparticles via a facile and
ultrafast microwave-assisted way on a CEM Discover SP Microwave
Synthesizer, 250 mg PVA was dissolved in 5 mL ultrapure water
under magnetic stirring, and 315 mg FeCl3∙6H2O was added to the
solution. Then, 35 µL of pyrrole monomer was added dropwise into
the above mixture before the solution was heated by microwave
irradiation at a power density of 10 W for 2 mins. After cooled to
room temperature, the resulting solution was centrifuged and
washed with ethanol for 3 times. Finally, the prepared polypyrrole
nanoparticles were dried in vacuum and then stored at 4 °C for
further use. For producing traditional PPy nanoparticles according
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to reported protocols, all steps were the same except that the
mixture of PVA, FeCl3 and pyrrole monomer reacted at room
temperature 37 °C for 24 h.

Published on 27 August 2018. Downloaded by Gazi Universitesi on 8/27/2018 11:35:54 AM.

Photothermal heating experiments
In order to investigate photothermal heating effect, various
concentrations (10, 25, 30, 50, 200, 500 µg/mL) of microwaveassisted synthesized PPy nanoparticles were irradiated by an 808
2
nm laser at a power density of 3 W/cm for 10 mins. Pure water was
exposed to the laser with the same power as control. The
temperature change of all samples were monitored by an IR
thermal camera and recorded by a digital thermometer with a
thermocouple probe inserted in to the solutions at each time point.
In contrast, the photothermal heating capability of traditional PPy
nanoparticles was also investigated as above-mentioned. The
photothermal conversion efficiency of as-prepared PPy
48
nanoparticles was determined according to a previous report.
To compare the photostability between the PPy nanoparticles
and ICG (a FDA-approved NIR dye for clinical use), 500 µg/mL of PPy
and 50 µg/mL ICG solutions were both illuminated by an 808 nm
2
laser at the power density of 3 W/cm for 10 mins (LASER ON).
Subsequently, the above solutions were cooled down to ambient
temperature naturally (LASER OFF). Five LASER ON/OFF cycles were
repeated, and the temperature change of all of the solutions in the
whole process were monitored by a digital thermometer. The
aborption spectra of the PPy and ICG solutions before and after the
repeated laser irradiation were also recorded to evaluate their
photostability.
Cell culture
4T1 cells were used in in vitro experiments, which were maintained
in RPMI-1640 medium (GIBCO) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin at 37 °C in the presence of
5% CO2. The cells were resuspended in fresh medium before being
seeded to each well.
Cytotoxicity assessment of PPy nanoparticles
The MTT assay was used to evaluate the cytotoxicity of PPy
nanoparticles. 4T1 cells (1×104 cells per well) were cultured in 96well culture plates for 24 h, and then various concentrations of PPy
nanoparticles were added to the 4T1 cells and incubated for
another 24 h. Afterwards, the cells were washed with PBS, followed
by being treated with the new culture medium containing MTT
reagent (10 µL, 5 mg/mL) for 4 h. After the addition of 120 µL
DMSO, the tested plate was kept at room temperature for about 15
mins. Finally, the absorbance of each well was measured by a
multimode microplate reader at 490 nm.
In Vitro Photothermal Therapy using PPy Nanoparticles
MTT assay and live/dead cells dual staining were performed to
evaluate the photothermal therapeutic efficacy of PPy
nanoparticles in vitro. For MTT assay, 4T1 cells were incubated in
4
96-well culture plates with a density of 1×10 cells per well at 37 °C
with under 5% CO2 for 24 h before the addition of 100 µg/mL PPy
nanoparticles solution. Then the cells were exposed to an 808 nm
2
laser irradiation with the power density of 1 or 3 W/cm for 5 mins.
After washed with PBS, MTT agent was added to each cell and
incubated for 4 h at 37 °C, followed by the introduction of DMSO to

dissolve formazan for 15 mins at room temperature. Thereafter, the
absorbance of each cell was measured by a multimode microplate
reader, and the viabilities of cells with different treatments were
calculated. For live/dead cells dual staining, the cells with different
treatments as mentioned above were incubated with Calcein AM
and PI for the labeling of live and dead cells, respectively. The
fluorescent images were acquired by an inverted luminescence
microscope to investigate the photothermal therapeutic efficacy in
vitro intuitively.
In vivo toxicity
All experiments were performed according to the Regulations of
Tianjin Municipality on Laboratory Animal Management and Tianjin
Medical University guidelines for animal research, and were
approved by Tianjin Medical University institutional ethical
committee. In order to study in vivo toxicology of PPy nanoparticles,
the main organs including heart, liver, spleen, lungs, and kidneys of
the Kunming mice injected with PPy solution (20 μL, 4 mg/mL) and
the control group of mice without any treatment were both
collected at 7, 15 and 30 days. Then the organs were stained with
hematoxylin and eosin (H&E) for histopathology analysis. In
addition, the weight changes of the experimental and control
groups of Kunming mice were also monitored for 15 days to
evaluate the potential in vivo toxicity caused by PPy nanoparticles.
In vivo photothermal therapy of the PPy nanoparticles
The Balb/c mice inoculated subcutaneously with 4T1 cells were
used as the tumor model. The tumor-bearing mice were injected
intratumorally with 20 µL of the PPy nanoparticles solution (4
mg/mL) or PBS, and then the tumors were irradiated with an 808
2
nm laser with a FDA-approved power density of 0.33 W/cm for 10
mins. During the irradiation process, the surface temperature
changes of the tumors were monitored by an IR thermal camera
every 60 s. The tumor sizes were examined and calculated by a
caliper and the tumor photos were taken every two days before
and after the photothermal treatment to evaluate the therapeutic
efficacy of PPy nanoparticles.

Results and discussion
Synthesis and characterization
The PPy nanoparticles were readily prepared by microwave-assisted
method in only 2 mins, in which PVP and FeCl3 was used as the
stabilizer and oxidant respectively (Fig. 1). According to the TEM
images, the size of the PPy nanoparticles produced by microwave
method was a little smaller than those fabricated via traditional way,
and the average diameters of them were about 50 and 70 nm
respectively (Fig. 2A and Fig. S1). However, both of the PPy
nanoparticles using different methods exhibited similar morphology
and uniform size, which indicated microwave irradiation was an
efficient technique for the synthesis of PPy nanoparticles. FT-IR
spectra demonstrated the presence of PVA, ensuring the good
water solubility of PPy nanoparticles (Fig. S2). The hydrodynamic
size of the microwave-assisted synthesized PPy nanoparticles was
measured to be 100 nm, which is an appropriate size for biological
application. More importantly, the required synthesis time is
shortened by 120-720 times compared to that in a traditional way,
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tissue penetration depth. When irradiated with the 808 nm laser,
the temperatures of the microwave-assisted synthesized PPy
nanoparticles solutions increased with the concentration
dramatically, and the maximum temperature enhancement of 0.5
mg/mL nanoparticles PPy solution could achieve to 37.7 °C. In
contrast, the temperature of pure water was only increased by 8.7
°C under the same conditions (Fig. 2C and 2D). We also compared
the photothermal heating effect of PPy nanoparticles synthesized
by different methods. Fig. S6 showed traditional PPy solutions
exhibited a similar concentration-dependent temperature increase,
however, the temperature enhancement was lower 1.6 to 5.3 °C
than that of the microwave-assisted manufactured ones under the
same conditions. The photothermal conversion efficiency of asprepared PPy nanoparticles was determined to be 21.47% (Fig. S7).
These results demonstrated microwave irradiation not only
shortened the reaction time remarkably, but also produced PPy
nanoparticle with preferable photothermal performance.
Photothermal stability of the as-prepared PPy nanoparticles was
further investigated compared to a FDA-approved dye ICG, which
also served as a NIR fluorescent imaging and photothermal therapy
agent. Fig. 2E showed no significant decrease of photothermal
heating ability after repeated laser irradiation, and the highest
temperature during the laser irradiation process in each cycle of
LASESR ON/OFF kept at about 68.8 °C. The absorption and color of

Fig. 2 (A) TEM images of the PPy nanoparticles prepared by microwave method (10 W,
2 mins). (B) Absorption spectra of various concentrations of the microwave-assisted
prepared PPy nanoparticles. (C) IR thermal images of the PPy nanoparticles prepared
by microwave method with different concentrations and water under NIR laser
irradiation (3 W/cm2, 10 min). (D) Photothermal heating curves of PPy nanoparticles
prepared by microwave method with different concentrations and pure water with 808
nm laser irradiation (3 W/cm2, 10 mins). (E) Photostability of PPy prepared by
microwave method and pure ICG after five cycles of LASER ON/OFF treatment. (F)
Absorption spectra of PPy nanoparticles prepared by microwave method and pure ICG
before and after repeated laser irradiation. Inset: photos of PPy solutions and ICG
before and after laser illumination.

enabling producing PPy nanoparticles in an ultrafast manner for a
plenty of applications.
In order to obtain the PPy nanoparticles possessing the strongest
absorption in NIR region, which is closely related to impressive
photothermal therapeutic efficacy, microwave power and reaction
time used in the synthesis procedure were optimized. Fig. S3 and S4
2
showed the microwave power density of 10 W/cm and reaction
time of 2 mins were the optimum synthesis condition, facilitating
the production of PPy nanoparticles with strongest NIR absorption.
The NIR absorption showed the NIR absorbance of PPy
nanoparticles synthesized by the microwave method was higher
than that produced by traditional way (Fig. 2B and Fig. S5), and
demonstrated the microwave method facilitated the producing of
preferable PPy nanoparticles with enhanced NIR absorption, which
is benefit to higher efficient photothermal therapy performance.
Measurement of photothermal performance
An 808 nm laser was chosen to evaluate the photothermal heating
effect of the PPy nanoparticles due to the neglectable temperature
change of water under an 808 nm laser irradiation and its high

Fig. 3 (A) Relative cell viabilities of 4T1 cells treated with different concentrations of
PPy nanoparticles. (B) Relative cell viabilities after treated with PPy nanoparticles and
2
2
laser irradiation at the power density of 1 W/cm or 3 W/cm . (C)-(F) 4T1 cells treated
with different combinations of PPy nanoparticles and laser irradiation were stained
with calcein AM and PI, and the live and dead cells were dyed green and red
respectively. (C) Without the treatment of PPy nanoparticles and laser irradiation. (D)
Treated with PPy nanoparticles alone. (E) Treated with laser irradiation alone. (F)
Treated with PPy nanoparticles combined with laser irradiation.
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Fig. 4 Histopathological images of the major organs in mice treated with PPy
nanoparticles (4 mg/mL, 20 µL) at different time points.

PPy naoparticles after five cycles of heating and cooling process
exhibited a neglectable change (Fig. 2F), which indicated their
excellent photothermal stability and great potential as a robust and
high-performance photothermal agent. In contrast, after repeated
irradiation, the strong absorption of ICG almost disappeared and
the color of the solution changed from deep green to faint yellow.
The maximum temperature elevation of ICG solution remarkably
decreased from 48.6 °C to 13 °C after five cycles of treatment due
to the inferior photothermal stability of ICG. The results
demonstrated that as-prepared PPy nanoparticles exhibited
admirable photothermal heating ability and photostability.
Cytotoxicity evaluation of PPy nanoparticles
Besides favorable photothermal performance, a desirable
photothermal therapeutic agent should be low-toxic for biological
applications. We then evaluated the cytotoxicity of the as-prepared
PPy nanoparticles via the standard MTT assay. High cell viabilities
(>90%) were obtained when the concentrations of the PPy
nanoparticles were less than 500 µg/mL, and the cell viability was
still above 87.5 % when the concentration of the PPy nanoparticles
reached to 1000 µg/mL (Fig. 3A). These results indicated the PPy
nanoparticles possessed low cytotoxicity, and showed great
potential for biological applications.
In vitro photothermal therapy using PPy nanoparticles
The admirable photothermal heating ability, outstanding
photostability and low cytotoxicity of the PPy nanoparticles
encouraged us to investigate in vitro photothermal therapy of
tumors using the nanoparticles. 4T1 cells were incubated with
different concentrations of the PPy nanoparticles, followed by the
irradiation with an 808 nm laser at power densities of 1 W/cm2 or 3
2
W/cm for 5 mins. Afterwards, the cell survival rate was measured
by MTT test and live/dead dual staining. Fig. 3B showed the cells
treated with either the PPy nanoparticles (100 µg/mL) or laser
2
irradiation (3 W/cm ) alone exhibited neglectable cell death, and
the cell viabilities were both above 90 %. In contrast, 4T1 cells
exposed to the PPy nanoparticles plus laser irradiation were
experienced substantial death, and only 1% cells were survived
when they were treated with 100 µg/mL PPy nanoparticles and

Fig. 5 (A) IR thermal images of the mice before and after the treatments of PBS or PPy
2
nanoparticles (4 mg/mL, 20 μL) and laser irradiation (0.3 W/cm for 10 min, n=4). (B)
The photos of mice at different time points before and after treated with PBS or PPy
2
nanoparticles (4 mg/mL, 20 µL) plus laser irradiation (0.33 W/cm ).

2

laser irradiation (1 or 3 W/cm ) for 5 mins. The live and dead cells in
each well were also stained with Calcein AM and PI, respectively,
and fluorescent imaging was performed on an inverted
luminescence microscope to assess the cell survival. Fig. 2C-F
showed the cells in control group and treated with PPy
nanoparticles or laser alone were almost all alive, while the cells
treated with combined PPy nanoparticles and laser irradiation were
almost completely destroyed. These experiment results indicated
that the as-prepared PPy nanoparticles could serve as an excellent
photothermal therapeutic agent for tumor cells ablation in vitro.
In vivo toxicity
Prior to in vivo application, the potential in vivo toxicity of the PPy
nanoparticles was evaluated via weight monitoring and
histopathological analysis of the major organs of the mice. Fig. S8
suggested there was no dramatic difference in weight change
between the mice treated with the PPy nanoparticles and the
control group in 15 days. Furthermore, the major organs of the
mice in experimental and control groups were collected at 7, 15 and
30 days after the administration of the PPy nanoparticles, and then
stained with hematoxylin and eosin (H&E). No significant
histological changes of the major organs were observed in the mice
at different time points post injection of the nanoparticles (Fig. 4).
These results revealed that the as-prepared PPy nanoparticles
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Photothermal therapy in vivo
Encouraged by the outstanding photostability, favorable
photothermal heating and therapeutic effect in vitro, and admirable
biocompatibility of PPy nanoparticles, we carried out in vivo
photothermal therapy of tumors using the nanoparticles on 4T1
tumors-bearing mice. 20 µL of 4 mg/mL PPy nanoparticles or PBS
were intratumorally injected to the mice, and then the tumors were
exposed to an 808 nm laser irradiation for 10 min. To minimize the
possible damage to normal tissues, a FDA-approved safety power of
2
49
0.33 W/cm was chose for laser irradiation of the tumors. The
surface temperature of the tumors was recorded by an IR thermal
camera every 60 s during the irradiation. Fig. 5A indicated the
temperature elevation of the tumors treated with the PPy
nanoparticles was significantly higher than that treated with PBS at
different time points. The surface temperature of the tumors
treated with PPy nanoparticles reached 50.5 °C after laser
illumination, however, the tumors treated with PBS only exhibited a
temperature elevation of 3.6 °C (Fig. 5A and Fig. S9). The tumors
treated with PPy nanoparticles in combination with laser irradiation
began to scab at 2 days post-injection, and were almost
disappeared 12 days later, while the tumors in the control group
kept growing all the time (Fig. 5B). Besides, the tumor sizes of mice
in both experimental and control groups were quantitatively
monitored by a caliper (Fig. S10), and the results further
demonstrated the PPy nanoparticles combined with laser
irradiation offered a remarkable tumor inhibiting effect. These
results indicated that the as-prepared PPy nanoparticles with
impressive photothermal therapeutic effect offered great
opportunities for tumor ablation in vivo in a noninvasive and safe
manner.

new way for the fabrication of high-performance organic
nanoparticles in a facile and ultrafast manner for their extensive
applications in diverse fields.
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