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One-Step Synthesis of Iodinated Polypyrrole Nanoparticles
for CT Imaging Guided Photothermal Therapy of Tumors
Quan Zou, Jiani Huang, and Xuejun Zhang*
cells. The cells may repair the damage
caused by heating at lower temperature
(e.g., 45 °C) due largely to the stress-induc
ible molecular chaperones and abundant
expression of heat shock proteins.[11] In the
past decades, lots of inorganic (e.g., gold
nanostructures, palladium nanosheets,
and metal sulfide nanoparticles) and
organic materials (e.g., carbon-based
nanomaterials, NIR dye, polydopamine,
polyaniline, and polypyrrole (PPy)) have
been explored for effective PTT applica
tion.[8,9] Among them, PPy nanoparticles
as the most promising conjugated polymer
with strong NIR absorbance, high photo
thermal conversion efficiency, and excel
lent photostability have been regarded as
an excellent photothermal agent for in vivo
PTT with high therapeutic efficacy.[12–42]
To realize more effective, safe, and per
sonalized PTT, imaging tools are needed
to accurately identify the location and size
of tumors, real-time monitor the distribu
tion of photothermal agents, and evaluate
the therapeutic efficacy.[2,3,43] In particular,
magnetic resonance imaging (MRI) and
computed tomography (CT) imaging with
noninvasive property, high tissue penetra
tion depth, and good 3D spatial resolution are the most widely
used in clinic and are the excellent candidates for the fabrica
tion of theranostic agents.[44–48]
Currently, great efforts have been devoted to the develop
ment of imageable PPy nanoparticles by incorporation of MR or
CT imaging agent with PPy nanoparticles. Up to now, diverse
multifunctional theranostic agents, such as Fe3O4@PPy,[23]
Gd-PEG-PPy,[41] ZrO2@PPy,[39] TaOx@PPy,[38] and Bi@PPy[42]
that integrate MR or CT imaging capability with PTT func
tionality of PPy have been developed for imaging-guided PTT
of tumors. Despite inspiring therapeutic efficacy, traditional
multifunctional PPy agents are mainly built by the combina
tion of preprepared PPy nanoparticles with other imaging
agents, which suffered from tedious synthesis procedures, poor
morphological control, and time/reagent-consuming process,
poor reproducibility, and complicated in vivo degradation and
excretion behaviors.[43] Therefore, it is highly desired and sig
nificant to develop a novel facile strategy for the construction
of multifunctional PPy theranostic nanoparticles with excellent
imaging and therapeutic performance.
Iodinated compounds are the most commonly used contrast
agents in clinic for CT-enhanced imaging due to the favorable

Theranostic materials are of great significance to a personalized precise medicine. However, conventional theranostic agents are mainly fabricated by combining presynthesized independent imaging probes and therapeutic agents,
suffering from multiple synthesis procedures, poor morphological control,
and time/reagent-consuming process. Herein, iodinated polypyrrole (I-PPy)
nanoparticles are fabricated via a one-step synthesis strategy combining
chemical oxidation and iodination for computed tomography (CT) imagingguided photothermal therapy. Iodic acid with a high standard electrode potential enables the chemical oxidation polymerization of pyrrole monomers.
Meanwhile, the iodination of PPy induced by the corresponding reduction
product I2 takes place during the polymerization process to generate I-PPy
nanoparticles. The prepared I-PPy nanoparticles possess a uniform size,
excellent colloidal stability, intense near-infrared absorption, strong X-ray
attenuation ability, and favorable biocompatibility. The as-synthesized I-PPy
nanoparticles not only guarantee remarkable contrast-enhanced CT imaging
of blood pool and tumors, but also realize effective tumor suppression in vitro
and in vivo by I-PPy nanoparticles-mediated CT imaging-guided photothermal
therapy. To the best of the authors’ knowledge, it is the first time that multifunctional PPy nanoparticles are fabricated through a one-step synthesis process.
The proposed strategy opens up a new way for the fabrication of highperformance theranostic agents via a one-step strategy under mild conditions.

1. Introduction
Theranostics refers to a material that combines the modalities
of therapy and diagnostic imaging, and has a promising pros
pect to propel the biomedical field toward personalized medi
cine.[1–4] Conventional cancer therapy methods, such as surgery,
radiation therapy, and chemotherapy, suffer from the risk of
toxic side effects, incomplete tumor eradication, and therapy
resistance.[5,6] Photothermal therapy (PTT), which converts
near-infrared (NIR) light energy into heat to thermal ablation of
cancer cells, is standout from cancer treatment methods owing
to its unique advantages including minimal invasiveness, high
specificity, effective tumor ablation, and low side effects to
normal tissues.[7–10] For effective PTT, the temperature higher
than 50 °C is required to introduce complete necrosis of tumor
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X-ray attenuation property and good biocompatibility of
iodine.[49,50] However, conventional small molecular iodinated
contrast agents are rapidly excreted through the kidney pre
dominantly, resulting in a very short blood circulation time.[51]
Nanoparticles showed many advantages over conventional con
trast agents like prolonged vascular residence time, low rates
of renal clearance, tumor enhanced permeability, and retention
effect. It is of great significance to synthesize iodine contained
PPy nanoparticles via a one-step strategy for CT imaging and
therapy.
Generally, PPy nanoparticles were produced via chemical
oxidative polymerization of pyrrole (Py) monomer with low
oxidation potential (+0.760 V)[52] by various oxidizers, such as
(NH4)2S2O8,[53] FeCl3,[54] H2O2,[55] and Pd(NH3)4Cl2.[56] The
rational choice of oxidizers provides great opportunities for
introducing the imaging units into PPy nanoparticles to pro
duce theranostic nanoagents during the pyrrole polymerization
process. Recently, PPy@Fe3O4 nanoparticles were prepared via
a FeCl3-mediated two-step method for MR imaging-guided PTT
of tumors.[35] Besides, PPy@BSA-Gd nanoparticles have been
fabricated via an oxidation and biomineralization-based twostep approach for MR imaging and PTT of tumors rather than
via the rational choice of oxidizers.[25] It is still challenging to
synthesize imageable PPy nanoparticles, especially capable of
CT imaging, via a one-step strategy under mild conditions.
Herein, we showed a one-step iodic acid (HIO3)-triggered
chemical oxidation and iodination method to construct image
able iodinated polypyrrole (I-PPy) nanoparticles for theranostic
application (Scheme 1). HIO3 was employed as a versatile
oxidizer to initiate the polymerization of pyrrole monomer to
produce PPy conjugated polymer due to the higher standard
electrode potential (+1.19 V)[57] of HIO3 than the oxidation
potential of pyrrole monomer (+0.760 V). Meanwhile, the
reduction product I2 of HIO3 generated during the pyrrole
polymerization process enabled substituting the hydrogen
atoms on the pyrrole ring to give rise to I-PPy nanoparticles.
The fabricated I-PPy nanoparticles with a uniform size of about
15.24 ± 3.77 nm exhibited good monodispersity, favorable water
solubility, appealing colloidal stability, and excellent biocompat
ibility. The I-PPy nanoparticles with intense NIR absorbance
offer admirable photothermal effect for PTT, and the I element

in the I-PPy nanoparticles provides strong X-ray attenuation for
CT imaging-guided PTT. Besides, the I-PPy nanoparticles can
serve as an excellent contrast agent for blood pool CT imaging
in vivo. The proposed strategy lays down a new way for the
fabrication of high-performance theranostic nanoparticles in a
facile and mild method.

2. Results and Discussion
2.1. Synthesis and Characterization

Monodisperse I-PPy nanoparticles were synthesized via HIO3initiated combined chemical oxidation and iodination strategy.
The standard electrode potential of HIO3 (+1.19 V)[57] is higher
than commonly used oxidizing agents FeCl3 (+0.771 V),[57,58]
demonstrating the capacity of HIO3 oxidating and polymer
izing pyrrole monomer to PPy conjugated polymer. It has been
demonstrated that I2 can substitute the hydrogen atoms of
pyrrole ring to generate iodide.[59,60] Therefore, in our experi
ment the reduction product I2 of HIO3 generated during the
PPy polymerization process can substitute the hydrogen
atoms on the pyrrole ring to generate final I-PPy nanoparticles
(Figure 1A). When the HIO3 solution was added dropwise to
polyvinyl alcohol (PVA)@Py complex, the color of the solution
changed from colourless to black, demonstrating the formation
of PPy nanoparticles via an oxidation reaction. The chemical
composition and element valence state of iodine in the synthe
sized I-PPy nanoparticle were analyzed by X-ray photoelectron
spectroscopy (XPS). The wide region spectroscopy indicated
I-PPy nanoparticles contained C, N, O, and I elements (Figure 1B).
The binding energy at 620.65 and 632.15 eV is associated
with CI bond in the I 3d spectrum (Figure 1C), and other
valence states of iodine, such as I− (3d5/2, 618 eV), IO3− (3d5/2,
623 eV), and I2 (3d5/2, 619.9 eV) were not detected in the XPS
spectrum.[61,62] Moreover, the binding energy at 285.4 eV in the
C 1s spectrum further confirmed the formation of CI bond
(Figure 1D),[61] and the starch-I2 colorimetric reaction and
AgNO3-I− precipitation reaction revealed the absence of I− or
I2 in the as-prepared I-PPy nanoparticles[63] (Figure S1A, Sup
porting Information). These results demonstrated that iodine
was covalently bound to the C atom in the
form of CI bond in I-PPy nanoparticles.
In order to obtain monodisperse I-PPy
nanoparticles with good photothermal and
CT contrast effects, the amounts of PVA
and HIO3 were optimized. The size of I-PPy
nanoparticles was increased from 9.78 ± 2.67
to 15.24 ± 3.77 nm when PVA content
decreased from 100 to 25 mg (Figure 1E, and
Figure S1B–F, Supporting Information).
Meanwhile, the CT contrast and photothermal
effects of I-PPy showed a remarkable improve
ment with the decrease of the PVA content
(Figure S1G–I, Supporting Information),
demonstrating that the 25 mg of PVA was the
optimal content for I-PPy nanoparticles syn
Scheme 1. Schematic illustration of one-step formation of I-PPy nanoparticles for CT imaging- thesis for the CT imaging and PTT. In prin
ciple, the oxidation reaction between HIO3
guided PTT of tumors.
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Figure 1. A) Chemical oxidation and iodination strategy initiated by HIO3. XPS spectra of B) wide region, C) I 3d, and D) C 1s of I-PPy nanoparticles.
E) TEM image of I-PPy nanoparticles (synthesized with 25 mg PVA and 0.866 mmol HIO3). F) XRD pattern and G) FTIR spectra of I-PPy nanoparticles.

and pyrrole undergoes with stoichiometric ratio of 0.4:1 (mole
ratio of HIO3 to pyrrole). In order to investigate the influence
of HIO3 content on the particle size, CT imaging, and photo
thermal effects of I-PPy nanoparticles, the molar ratio of HIO3 to
pyrrole monomer was varied from 0.5 to 4 and 8, which is corre
sponding to the HIO3 content of 0.108, 0.866, and 1.732 mmol.
The results showed HIO3 content had little effect on the size of
the I-PPy nanoparticles (Figure 1E, Figure S2A–D, Supporting
Information). The CT contrast effect and photothermal ability
of I-PPy nanoparticles had great improvements with the HIO3
content increasing from 0.108 to 0.866 mmol (Figure S2E–G,
Supporting Information). However, photothermal capacity was
decreased when the HIO3 content further increased from 0.866
to 1.732 mmol, which is due to the decreased absorbance of
I-PPy nanoparticles in NIR region (Figure S2G,H, Supporting
Information), so 0.866 mmol of HIO3 was used to synthetize
I-PPy nanoparticles for the CT imaging and PTT application.
Comprehensively considering about the size, CT contrast, and
photothermal abilities, 25 mg PVA and 0.866 mmol HIO3 were
chosen as the optimal condition to synthesize I-PPy nanoparti
cles for the following experiments.
The as-prepared I-PPy nanoparticles showed a high-mono
dispersity sphere-like morphology with an average size of
15.24 ± 3.77 nm (Figure 1E, and Figure S1D, Supporting Infor
mation), which is much smaller than the conventional PPy
nanoparticles oxidated by FeCl3 (20–100 nm).[18,54] The hydrody
namic size of I-PPy was 35.63 ± 7.41 nm, which was an appro
priate size to avoid rapid removal by the reticuloendothelial
system, and increase bloodstream circulation time in in vivo

Small 2018, 1803101

application (Figure S2I, Supporting Information). The X-ray
diffraction (XRD) pattern indicated the typical stemmed
broad peak of PPy at about 24°, which was corresponding to
the previous report (Figure 1F).[64] As shown in Fourier trans
form infrared (FTIR) spectra, the characteristic peaks of PVA
like CH stretching (2945 cm−1) of the alkyl groups and CO
stretching (1735 cm−1) all appeared in the spectrum of I-PPy
nanoparticles, demonstrating the presence of PVA in I-PPy
nanoparticles (Figure 1G).[65] The content of I in the I-PPy nano
particles was determined to be 16.18% via inductively coupled
plasma mass spectrometer (ICP-MS) measurement.
2.2. Solubility and Colloidal Stability
Good solubility and colloidal stability are essential for the
biomedical applications of nanoparticles. I-PPy nanoparti
cles were dispersed in water, phosphate buffered saline (PBS)
(10 × 10−3 m pH 7.4), Roswell Park Memorial Institute (RPMI1640) culture medium, and fetal bovine serum (FBS) for 21 d.
No visible aggregates and hydrodynamic diameter change were
observed for I-PPy nanoparticles in various media for 21 d
(Figure S3A,B, Supporting Information). These results demon
strated the favorable solubility and excellent long-term colloidal
stability of I-PPy nanoparticles.
2.3. Photothermal Performance
I-PPy nanoparticles show a high and broad absorbance band
from UV to NIR region (Figure 2A), and the NIR absorption
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Figure 2. A) UV–vis–NIR spectra of various concentrations of I-PPy solution. B) Photothermal heating curves and C) thermal IR images of I-PPy solution (1 mg mL−1) and H2O under 808 nm laser irradiation. D) Temperature elevation of I-PPy solution (1 mg mL−1) during five on/off cycles laser (in
each cycle, laser on time: 10 min, laser off time: 10 min). E) UV–vis–NIR spectra of I-PPy solution before and after laser irradiation (inset: photos of
I-PPy solution before and after irradiation). F) Plot of cooling time versus negative natural logarithm of the driving force temperature obtained from a
cooling stage. Time constant for heat transfer (τs) of the system is calculated to be 172.9 s.

at 808 nm increased linearly with the increase of I-PPy concen
tration (Figure S4A, Supporting Information), indicating the
good dispersity and photothermal heating potential of I-PPy
nanoparticles. To assess the photothermal performance, 1 mL
of I-PPy solution (1 mg mL−1) was irradiated with an 808 nm
laser at various power densities (1.0, 1.5, 2.0, 2.5 W cm−2) for
10 min. I-PPy solution showed a strong laser-power-dependent
photothermal effect and the temperature could increase by
29.1 °C at a power density of 2.5 W cm−2. On the contrary, pure
water only had a slight temperature increase by 8.6 °C after the
laser irradiation at a power density of 2.5 W cm−2 for 10 min
(Figure 2B,C). Then different concentrations of I-PPy solution
(0.25, 0.5, 1.0, 2.0 mg mL−1) were exposed to NIR laser irradia
tion (808 nm) at 2.0 W cm−2 for 10 min. With the increased con
centration of I-PPy solution, obvious concentration-dependent
temperature increase was observed, and 2 mg mL−1 I-PPy
solution could raise by nearly 33 °C in 10 min (Figure S4B,C,
Supporting Information).
To investigate the NIR photostability of I-PPy, five laser on/off
cycles of 808 nm laser irradiation were performed (Figure 2D).
In the first cycle, the temperature was elevated from 24.1 to
55.0 °C, and no significant change of the highest temperature
was observed in the next four cycles. Meanwhile, the absorb
ance at 808 nm and the color of I-PPy solution revealed no
obvious change after five cycles irradiation (Figure 2E). These
results demonstrated the outstanding photostability of I-PPy
nanoparticles.
The photothermal conversion efficiency (η) was measured
according to a previous reported method.[66] I-PPy solution
(1.0 mg mL−1) was irradiated with an 808 nm laser (2.5 W cm−2)
until the temperature of the solution reached a steady state.
Then the solution naturally cooled down to the ambient temper
ature after the stoppage of laser irradiation. The photothermal
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conversion efficiency (η) was calculated as follows: η = (hs(Tmax −
Tsurr) − Q0)/(I(1−10−A)), where h is the heat transfer coefficient
and s is the surface area of the container. The value of hs is
gained from Figure 2F. Tmax−Tsurr is the temperature change of
the I-PPy solution at the maximum steady-ambient temperature
(Figure S4D, Supporting Information). Q0 represents heat dis
sipated from light absorbed by the solvent and the container. I is
the power density of the laser and A is the absorbance of I-PPy
at 808 nm. According to the equation, the photothermal conver
sion efficiency of I-PPy nanoparticles at 808 nm is calculated
to be 25.51%, which is similar to Au@Fe3O4@PPy (23.9%),[40]
Cu2-xSe (22%), and significantly higher than previously reported
gold nanoshells (13%) and gold nanorods (21%).[66]

2.4. In Vitro Cytotoxicity
In vitro cell viabilities of different concentrations of I-PPy nano
particles on murine breast cancer cell line (4T1 cells), human
cervical carcinoma cell line (Hela cells), and 3T3-Swiss albino
cell line (3T3 cells) were carried out by 3-(4,5-dimethylthi
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The
three cell lines incubated with I-PPy nanoparticles showed no
obvious cytotoxicity and cell viabilities were all above 90% even
at the high concentration of 200 mg L−1 (Figure 3A). When the
incubation time prolonged from 24 to 48 h, the cell viability
still kept above 90%, indicating the superior biocompatibility of
I-PPy nanoparticles (Figure 3B).
2.5. In Vitro Hemolysis Assay
The hemolysis assay is a standard technique to assess the bio
compatibility of nanomaterials through monitoring the lysis of
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Figure 3. A) Cell viability of 4T1 cells, Hela cells, and 3T3 cells after incubated with various concentrations of I-PPy nanoparticles (0, 25, 50, 75, 100,
150, and 200 mg L−1) for 24 h. B) MTT cell viability of 4T1 cells after incubation with different concentrations of I-PPy nanoparticles for 24 and 48 h.
C) Hemolytic activity of the I-PPy nanoparticles at different particle concentrations. Taking water and normal saline (NS) as positive and negative controls, respectively. D) Hemolytic percent of red blood cells after incubating with various concentrations of I-PPy nanoparticles for 3 h. (Inset: photos
for direct observation of hemolysis.) E) Cell viability and F) fluorescence images (AM/PI satin) of 4T1 cells, which were cultured with I-PPy solution
(200 mg L−1, 1 h) and irradiated with NIR laser (808 nm, 5 min) at various power density (0, 1, 2, 3, 4 W cm−2; *** = p < 0.001). G) Pharmacokinetics
profile of I-PPy nanoparticles in the blood. H) CT values of I-PPy solution at various concentrations (Inset: corresponding CT images of I-PPy solution).
I) CT images of 4T1 cells treated with I-PPy nanoparticles.

red blood cells (RBCs). The hemolysis effect of I-PPy was sim
ilar to that of the negative normal saline control (Figure 3C,D).
According to the absorbance of the supernatant at 541 nm, the
hemolytic rate of I-PPy nanoparticles is only 2.5% at the con
centration of 200 mg L−1, indicating good hemocompatibility of
I-PPy nanoparticles.

These results were consistent with the calcein AM/PI staining
test results (Figure 3F). On the contrary, the cells treated with
laser irradiation or I-PPy nanoparticles alone showed negligible
cellular destruction. All above results proved the significant
photothermal therapy efficacy of I-PPy nanoparticles in vitro.
2.7. Pharmacokinetics

2.6. In Vitro Photothermal Ablation of Cancer Cells
To evaluate the photothermal therapy efficacy on living cells, the
concentration-dependent and laser power density-dependent
photothermal ablation of cancer cells were carried out by both
MTT and calcein acetoxymethyl ester (calcein AM)/propidium
iodide (PI) staining tests, respectively. About 49% cells were
killed with 100 mg L−1 of I-PPy nanoparticles, and about 94%
cancer cells were destroyed with 200 mg L−1 of I-PPy nanoparti
cles at the laser power density of 3.0 W cm−2 (Figure S5A,B, Sup
porting Information). Most cells were ablated after irradiation
with an 808 nm laser when the power density was higher than
3.0 W cm−2 at the 200 mg L−1 of I-PPy nanoparticles (Figure 3E).
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Pharmacokinetics analysis was carried out to evaluate the
blood circulation of I-PPy nanoparticles in vivo. The half decay
time (t1/2) was determined to be 9.74 h, which is longer than
clinical small molecular contrast agents iohexol (t1/2 = 3.0 h)
(Figure 3G).[67] The results proved I-PPy nanoparticles have suf
ficiently long retention time in the blood, which is amenable
for the further in vivo theranostic applications.

2.8. In Vivo Biodistribution
To access the biodistribution of I-PPy nanoparticles, the major
organs (heart, liver, spleen, lung, and kidney) of the Kunming
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mice treated with I-PPy nanoparticles for 0.5, 1, 2, 7, and 14 d
were harvested, weighed, and solubilized by aqua regia for the
measurement of iodine concentrations via ICP-MS. I-PPy had
long circulation time in blood and many I-PPy nanoparticles
are still in the blood at 0.5 d post-injection, resulting in the high
I concentration at heart. As the time prolonged, high levels of
iodine mainly accumulated in mononuclear phagocyte systems
like liver and spleen (Figure S6A, Supporting Information). The
iodine levels in all measured organs constantly decreased over
time after 1 d, revealing the I-PPy nanoparticles could be gradu
ally excreted from the treated mice.

2.9. In Vitro and In Vivo CT Imaging
To access the CT contrast efficacy of I-PPy nanoparticles, X-ray
attenuation ability and in vitro CT imaging were carried out.
Figure 3H indicated the CT values increased linearly with the
concentration of I-PPy solution, and the CT images of I-PPy
solution showed an obvious concentration-dependent bright
ening effect. Subsequently, we evaluated the CT imaging
ability of I-PPy nanoparticles in cellular level. After incubated
with various concentrations of I-PPy for 24 h, the 4T1 cells
were washed with PBS and centrifuged for CT imaging. The

CT images of 4T1 cells were brighter than the control due to
the dose-dependent cellular uptake of the I-PPy nanoparticles
(Figure 3I). These results proved the great potential of I-PPy
nanoparticles as CT contrast agent for in vivo CT application.
The excellent in vitro CT imaging performance prompts us
to apply the I-PPy nanoparticles for in vivo CT imaging. As
soon as the Balb/c mice were intravenously administrated with
I-PPy nanoparticles, the contrast enhancement of the heart,
aorta arch, postcava, and kidney vein were observed (Figure 4A).
Even after 2 h, the above structures still had an apparent con
trast enhancement, indicating the great potential of I-PPy for
blood pool imaging (Figure 4A and Figure 5A). Meanwhile,
the long circulation time of I-PPy nanoparticles in vessels pro
vides more opportunities for probes to reach their ideal targets,
favoring the diagnosis and therapy of various diseases. A clear
liver enhancement was observed at 5 min post-injection of
I-PPy nanoparticles and lasted for over 12 h (Figure 4A). The
contrast enhancement of liver was mainly owing to the phago
cytosis of mononuclear phagocyte system, and the long-lasting
contrast enhancement of the I-PPy nanoparticles provided a
wide imaging time window for the diagnosis of hepatic dis
eases. Besides, the CT contrast enhancement of other organs at
various time points makes it possible to diagnosis the diseases
in diverse organs using I-PPy nanoparticles (Figure 5A).

Figure 4. In vivo serial CT view images of Balb/c mice after intravenous injection of A) I-PPy solution or B) iohexol solution at different time intervals.
Different structures are indicated by arrows (1. aorta arch, 2. liver, 3. postcava, 4. heart, 5. kidney vein, 6. kidney).
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Figure 5. CT values of heart, liver, kidney, and postcava after intravenous injection of A) I-PPy solution or B) iohexol solution at different time points.
C) CT values and D) CT images of tumor area on 4T1-tumor bearing Balb/c mice after the intravenous injection of I-PPy solution for 1, 6, and 24 h
(200 mg I kg−1, the arrow points to the tumor site).

For comparison, in vivo CT imaging was also performed
using a clinical small molecule CT contrast agent iohexol
(200 mg I kg−1). Unlike the I-PPy nanoparticles with pro
longed blood circulation time, the small molecular contrast
agents with short imaging time window could be excreted
rapidly through renal metabolic pathway. After intravenous
injection, the iohexol was mainly accumulated in kidney at
5 min post-injection, and no significant enhancement was
observed in the vessels, heart, and liver. At 2 h post-injection,
most iohexol had already metabolized to the bladder and the
CT values of kidney decreased and finally recovered to the
original intensities (Figures 4B and 5B). The circulation time
of iohexol in blood was not prolonged even when the injec
tion content of iohexol increased to 300 and 400 mg I kg−1
(Figure S6B,C, Supporting Information). The kidney and
postcava were enhanced as soon as the iohexol was injected,
but excreted rapidly through the renal in 2 h due to the short
blood circulation time of iohexol. Thus, I-PPy nanoparticles
with long blood circulation time and good CT contrast efficacy
provided a wide time window for blood pool imaging and the
diagnosis of diseases.
Motivated by the good CT contrast efficacy in vitro and in
vivo, tumor imaging of 4T1 tumor-bearing Balb/c mice was
carried out. An obvious inhomogeneous enhancement in
tumor site was observed at 1 h after the injection of I-PPy
nanoparticles (Figure 5D). The whole tumor area exhibited
a uniform enhancement and CT values increased from 43 to
70 HU (Figure 5C,D) at 6 h post-injection. After 6 h, the CT
values of tumor decreased slowly and almost recovered at 24 h
post-injection. The good tumor imaging performance mani
fested that I-PPy reached the highest accumulation in tumor
site at 6 h post-injection, thus enabling guiding PTT of tumors
accurately.
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2.10. In Vivo Photothermal Therapy
Encouraged by the favorable biocompatibility and good in vitro
photothermal performance, an FDA-approved laser power
intensity of 0.3 W cm−2 for 808 nm laser was employed for PTT
in vivo to avoid the damage of normal tissue. 4T1 tumor bearing
Balb/c mice were chosen to evaluate the antitumor effect of
I-PPy in vivo. 12 mice were divided into four groups randomly
and three mice in each group, which were treated with PBS
alone (PBS (L−) group), I-PPy alone (I-PPy (L−) group), and
PBS with NIR irradiation (PBS (L+) group), and I-PPy with NIR
irradiation (I-PPy (L+) group), respectively. According to in vivo
CT tumor imaging results, 6 h post-injection was chosen as the
optimum time point for PPT due to the maximum accumula
tion of I-PPy nanoparticles in tumor. An IR thermal camera
was used to monitor the temperature change of tumors during
laser irradiation. In the I-PPy (L+) group, the temperature of
the tumor increased to 52 °C after the irradiation for 1 min
and kept at 52–55 °C in the next 4 min. In contrast, the tumor
temperature in PBS (L+) group only slightly increased to 40 °C,
which is difficult to damage the cancer cells (Figure 6A,B).
The photos of mice in each group were taken and the tumor
volumes were calculated at different time points. The tumor
volume of mice in the I-PPy (L+) group decreased remarkably
after the treatment of PTT, and the tumors were suppressed
remarkably after 14 d without relapse in the following days.
However, the tumors in other three groups grew quickly all
the time (Figure 6C; Figure S7, Supporting Information). At
14 d after PTT, the tumors of mice in each group were collected
and weighted. The tumors of mice in I-PPy (L+) group merely
weighted about 0.05 g, which were tenfold smaller than the
other three groups (Figure 6D,E). The hematoxylin and eosin
(H&E) staining of tumors in each group was carried out at
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Figure 6. A) Thermal IR images of 4T1-tumor bearing Balb/c mice with or without I-PPy nanoparticles injection (25 mg I kg−1) and exposed to the
808 nm laser (0.3 W cm−2, 5 min). B) Temperature change of the tumor site during the irradiation (0.3 W cm−2, 5 min) in the PTT. C) Tumor growth
curves of 4T1-tumor bearing Balb/c mice. The tumor volumes were normalized to their initial sizes. D) Photograph and E) weights of tumors in the four
groups after various treatment and harvested at 14th d. F) Representative photos and tumor H&E staining images of 4T1-tumor bearing Balb/c mice
after the various treatments for 14 d. G) Survival curves of 4T1-tumor bearing mice after various treatments (* =p < 0.05, ** =p < 0.01, *** =p < 0.001).

14 d post-injection. Figure 6F demonstrated most tumor cells
were severely destroyed and large area of necrosis was formed.
However, tumor cells of the other three groups largely retained
their normal morphology, and cell nucleus and chromatin were
all clearly visible. Moreover, the mice in the I-PPy (L+) group
after PTT treatment kept survival for over 60 d, while the mice
in other three groups all showed a short average life span
(Figure 6G). These results demonstrated the remarkable photo
thermal therapy efficacy of I-PPy nanoparticles under the guid
ance of CT imaging.

2.11. In Vivo Toxicity Assay
The potential in vivo biotoxicity of I-PPy was evaluated by body
weight changes and pathologic analysis. After 14 d, the mice in
PBS (L+) and I-PPy (L−) groups showed body weight decreasing
(Figure S8, Supporting Information), but the mice with I-PPy
injection and 808 nm laser treatment had no obvious body
weight loss. The H&E staining of major organs including heart,
liver, spleen, lung, and kidney of the mice in I-PPy (L+) group
illustrated no obvious histopathological damage (Figure S9,
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Supporting Information). All of these results unambiguously
proved the excellent biocompatibility of I-PPy nanoparticles as a
high-performance theranostic nanoagent.

3. Conclusion
In summary, we proposed a smart strategy for one-step syn
thesis of I-PPy nanoparticles via HIO3-triggered combined
chemical oxidation and iodination for CT imaging-guided
photothermal therapy. HIO3 as an oxidizer initiates the
polymerization of pyrrole monomer to produce PPy nanopar
ticles, and the reduction product I2 of HIO3 substituted the
hydrogen atoms on the pyrrole ring to generate I-PPy nanopar
ticles. The as-prepared I-PPy nanoparticles not only possessed
uniform particle size and high monodispersity, but also exhib
ited good water solubility, colloidal stability, and favorable bio
compatibility. In vitro and in vivo experiments demonstrated
that the I-PPy nanoparticles possess prominent CT imaging
ability of blood pool and tumors, and obvious cancer cell ablation
capability under NIR laser irradiation. The proposed strategy
will lay the foundation for further work to develop PPy-based
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theranostic nanoparticle via a facile and mild way for precision
cancer treatment.

4. Experimental Section
Materials and Reagents: All chemicals were at least analytical grade and
used without further purification. PVA (molecular weight 9000–10 000)
was purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Iodic
acid (HIO3), pyrrole monomer (Py, 98%), and MTT were obtained
from Aladdin Reagent Co., Ltd. (Shanghai, China). RPMI-1640 medium
basic was purchased from GIBCO Co. (USA). FBS was purchased from
Lanzhou Bailing Biotechnology Co., Ltd. (Lanzhou, China). Dimethyl
sulfoxide (DMSO) was purchased from Tianjin Concord Technology Co.,
Ltd. (Tianjin, China). Other cell culture related reagents were obtained
from Hyclone (Logan, UT). Ultrapure water was purchased from Tianjin
Wahaha Foods Co. Ltd. (Tianjin, China).
Synthesis of I-PPy Nanoparticles: The I-PPy nanoparticles were
synthesized through HIO3-initiated combined chemical oxidation
polymerization and iodination method. Typically, 13.8 µL of Py monomer
was added into PVA solution (25 mg, 3 mL H2O) in a one-neck flask
under vigorous stirring. After 10 min, HIO3 solution (0.866 mmol, 2 mL
H2O) was added dropwise into the above solution. The polymerization
and iodination proceeded simultaneously and the mixture solution
turned black within a few minutes. After stirring for 24 h at room
temperature, the obtained black colloidal dispersion was centrifuged
at 5000 rpm for 10 min, and the supernatant was dialyzed (molecular
weight cutoff, 300 kDa) against deionized water for 24 h to remove
excess reactants. Finally, the purified I-PPy nanoparticles were freezedried and stored in 4 °C for following experiments.
Characterization: The morphology and size of the I-PPy nanoparticles
were characterized by a Philips Tecnai G2 F20 microscope (HRTEM,
Philips, Holland) with an accelerating voltage of 200 kV. The XPS
measurement was performed on an Axis Ultra DLD (Kratos Analytical
Ltd., UK). XRD analysis was carried out on a D/max-2500 diffractometer
(Rigaku, Tokyo, Japan). Dynamic light scattering (DLS) was determined
on a Malvern Zetasizer (Nano series ZS90, UK). The FTIR spectra
(400–4000 cm−1) were obtained on a Nicolet IS 10 spectrometer
(Thermo Scientific, Madison, USA) with pure KBr as the background. A
UV-3600 Plus spectrophotometer (Shimadzu, Japan) was used to record
the UV–vis–NIR absorption spectra. The laser irradiation was provided
by a LOS-BLD-0808-10W-C/P laser diode source (Hi-Tech Optoelectronic
Co., Ltd., Beijing, China). The content of I element in the prepared I-PPy
nanoparticles was measured by an ICP-MS (Thermo Scientific, Madison,
USA).
Solubility and Colloidal Stability: I-PPy nanoparticles were dispersed
in water, PBS (PH = 7.4, 10 × 10−3 m), FBS, and RPMI-1640 culture
medium, respectively. The photos were taken at different days (0, 1, 7,
14, and 21 d) and DLS measurements were performed to evaluate the
colloidal stability.
Photothermal Performance of I-PPy Nanoparticles: To evaluate
the photothermal performance, the I-PPy solution with different
concentrations (0, 0.25, 0.5, 1.0, and 2.0 mg mL−1) placed in a quartz
cuvette (the thickness of 1.0 cm) was irradiated with an 808 nm
laser at various power densities (1.0, 1.5, 2.0, and 2.5 W cm−2) for
10 min. Magnetic stirring was applied to insure the homogeneous of
temperature distribution. The temperature of the solution was recorded
with a thermocouple probe linked with digital thermometer every 30 s,
and the IR thermal images were taken by a thermal imaging camera at
the same time.
To evaluate the photostability of I-PPy nanoparticles, 1 mL of
1 mg mL−1 I-PPy solution was treated with five cycles of turn on/off
irradiation with an 808 nm laser (2.5 W cm−2). In each cycle, the 808 nm
laser turned on for 10 min, and subsequently turned off followed by
naturally cooling down for 10 min. The solution temperature was
recorded every 30 s during each cycle. The UV–vis–NIR absorption
spectra of I-PPy solution were determined before and after the five cycles
treatment.
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In Vitro CT Imaging: To assess CT contrast efficiency, different
concentrations of I-PPy nanoparticles ranging from 0 to 64 mg mL−1 in
centrifuge tubes were scanned on a CT (GE HDCT750 imaging) system.
Imaging parameters were set as follows: thickness, 1 mm; voltage,
80 kV; current, 210 mA. The HU values were determined by an AW
volumeshare4 software.
Cell Culture: 4T1 cells, Hela cells, and 3T3 cells were regularly cultured
in RPMI-1640 cell medium containing 10% FBS and 1% streptomycinpenicillin at 37 °C in an atmosphere of 5% CO2.
Animal Models: All the small animal experiments were carried out
according to the permission of Tianjin Medical University Animal
Care and Use Committee. The 4T1 murine breast tumor models were
established by the subcutaneous injection of 1.0 × 107 4T1 cells into the
right rear flanks of each Balb/c mouse (20 g, Beijing HFK Bioscience Co.
Ltd., China). When the tumor volume reached about 0.5–0.8 cm3, the
mice were used for in vivo animal experiments.
In Vitro Cytotoxicity: The cytotoxicity of I-PPy nanoparticles was
determined by a standard MTT assay using Hela, 4T1, and 3T3 cells.
The cells were seeded in 96-well plate (1 × 104 cells, 200 µL medium per
well) and incubated at 37 °C in a humidified atmosphere containing 5%
CO2 for 24 h. Then each well was washed with PBS and incubated with
fresh medium containing different concentrations of I-PPy nanoparticles
(25, 50, 75, 100, 150, and 200 mg L−1). After culturing for another 24 h
under 5% CO2 at 37 °C, each well was washed with PBS, followed by the
addition of 200 µL fresh media and 10 µL MTT (5 mg mL−1). 4 h later,
DMSO (120 µL per well) was added to dissolve the purple formazan
crystals. Then the absorbance of each well at 490 nm was determined by
a microplate reader (Bio-tek, USA), and the cell viability was calculated.
In Vitro Hemolysis Assay: Fresh blood of mice was collected and
anticoagulated with heparin. RBCs were separated from serum by
centrifuging at 3000 rpm for 5 min at 4 °C. Then the RBCs were further
purified by centrifuging another five times with normal saline (0.9%
NaCl solution). 200 µL of diluted RBCs suspension was mixed with (I)
0.8 mL of I-PPy nanoparticles (25, 50, 75, 100, 150, and 200 mg L−1)
dispersed in normal saline, (II) 0.8 mL of normal saline (negative
control), and (III) 0.8 mL of water (positive control), respectively.
Then the mixtures were gently shaken at 37 °C for 3 h, followed by
centrifuging at 3000 rpm for 5 min. The absorbance of the supernatants
at 541 nm was measured by an UV–vis–NIR spectrophotometer. The
hemolysis percent of RBCs was calculated as the formulation: hemolysis
(%) = (Asample − Anegative control)/(Apositive control − Anegative control) × 100%.
The Apositive control, Anegative control, and Asample were the absorbance of the
positive control, negative control, and experimental groups at 541 nm,
respectively.
In Vitro Photothermal Ablation of Cancer Cells: 4T1 cells were seeded
in 96-well plate (1 × 104 cells, 200 µL medium per well) and incubated
under 5% CO2 at 37 °C for 24 h. Then the 4T1 cells were washed with PBS
and incubated with fresh medium containing different concentrations
of I-PPy nanoparticles (25, 50, 100, 200 mg L−1) and treated with an
808 nm laser (3.0 W cm−2) 1 hour later. Furthermore, the influence of
the various laser power densities (1.0, 2.0, 3.0, 4.0 W cm−2) on the
PTT of 4T1 cells was carried out using I-PPy nanoparticles with the
concentration of 200 mg L−1. Cell viability was determined by the MTT
assay as aforementioned. Meanwhile, PI and Calcein AM were used to
stain live (green) and dead (red) cells, respectively, and the fluorescence
images were acquired on an inverted fluorescence microscope.
In Vivo Pharmacokinetics: For blood circulation measurements,
Kunming mice (23–25 g) were intravenously injected with I-PPy
dispersion (200 mg I kg−1). At various time points (5 min, 5 h, 16 h,
24 h, 48 h, 72 h) post-injection, three mice were sacrificed. The blood
samples were collected and centrifuged at 1000 rpm for 3 min to remove
blood cells. The concentration of residual I-PPy nanoparticles in serum
was determined by a microplate reader. The concentrations of I-PPy
nanoparticles in blood at different time points were plotted and fitted
with monoexponential decay to calculate the decay half-life of I-PPy
nanoparticles in the blood.
Biodistribution: To assess the biodistribution of I-PPy nanoparticles,
15 Kunming mice (23–25 g) were intravenously injected with I-PPy
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solution (50 mg I kg−1). At the time points of 0.5, 1, 2, 7, and 14 d postinjection, three mice were sacrificed. The major organs (heart, liver,
spleen, lung, and kidney) were collected and solubilized by aqua regia
for determination of iodine content by ICP-MS.
In Vivo CT Imaging: 4T1 tumor-bearing Balb/c mice (20 g) were
anesthetized and intravenously injected with I-PPy nanoparticles
dispersed in PBS (200 mg I kg−1). Then CT images of tumor-bearing
mice at different time points were acquired using a CT (GE HDCT750)
imaging system.
In Vivo Photothermal Therapy: The 4T1 tumor-bearing Balb/c mice
were randomly divided into four groups (n = 3). The mice in first group
(I-PPy (L+) group) were intravenously injected with I-PPy (25 mg I kg−1).
6 h later, each mouse was irradiated with an 808 nm laser (0.3 W cm−2)
for 10 min. The second group (PBS (L+) group) was intravenously
injected with the same volume of PBS and treated with the laser
irradiation. The third (I-PPy (L−) group) and fourth (PBS (L−) group)
groups were injected with I-PPy nanoparticles (25 mg I kg−1) and PBS
without NIR laser irradiation, respectively. The temperature of tumor
sites during PTT process was monitored by an IR thermal camera, and
tumor volumes were determined by a vernier caliper according to the
formulation: Tumor volume (V) = (Tumor length) × (Tumor width)2/2.
Relative tumor volume was calculated as V/V0 (V0: the initial tumor
volume before treatment; V: the volume measured after treatment). The
photos of the mice in each group were taken at specific time points, and
their body weights were recorded every day.
Histology Analysis: 4T1 tumor-bearing Balb/c mice were intravenously
injected with I-PPy nanoparticles (25 mg I kg−1) and treated with 808 nm
laser irradiation. The age-matched normal Balb/c mice (without the
injection of I-PPy nanoparticles) were used as the control. 14 d later,
major organs (heart, liver, spleen, lung, and kidney) were harvested and
fixed in 10% neutral buffered formalin, followed by staining with H&E for
digital microscope examination.
Statistical Analysis: All data were presented as mean ± standard
deviation of the mean. Statistical analysis was evaluated using Student’s
t-test and considering as statistically significant at P-value < 0.05.
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