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ABSTRACT: Construction of multifunctional nanocompo-
sites as theranostic platforms has received considerable
biomedical attention. In this study, a triple-functional
theranostic agent based on the cointegration of gold nanorods
(Au NRs) and superparamagnetic iron oxide (Fe3O4) into
polypyrrole was developed. Such a theranostic agent (referred
to as Au/PPY@Fe3O4) not only exhibits strong magnetic
property and high near-infrared (NIR) optical absorbance but
also produces high contrast for magnetic resonance (MR) and
X-ray computed tomography (CT) imaging. Importantly,
under the irradiation of the NIR 808 nm laser at the power density of 2 W/cm2 for 10 min, the temperature of the solution
containing Au/PPY@Fe3O4 (1.4 mg/mL) increased by about 35 °C. Cell viability assay showed that these nanocomposites had
low cytotoxicity. Furthermore, an in vitro photothermal treatment test demonstrates that the cancer cells can be efficiently killed
by the photothermal effects of the Au/PPY@Fe3O4 nanocomposites. In summary, this study demonstrates that the highly
versatile multifunctional Au/PPY@Fe3O4 nanocomposites have great potential in simultaneous multimodal imaging-guided
cancer theranostic applications.
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1. INTRODUCTION

The successful treatment of cancer remains a tremendous
challenge for clinicians and researchers worldwide due to the
complexities and variability involved in cancer progression.
Conventional cancer therapies, comprising surgery, chemo-
therapy and radiotherapy, all encounter limitations such as
incomplete resection of cancer tissue, high systemic toxicity,
and multidrug resistance.1 Therefore, there is a need for the
development of new cancer therapies with greater therapeutic
efficiency and fewer adverse effects. Photothermal therapy
(PTT), which can convert absorbed light into localized heat to
ablate cancer cells, has been recognized as a noninvasive and
cancer-specific therapy by combining and using specific light
excitation with a well-designed photothermal agent.2,3 Among
different external light sources, near-infrared (NIR) light (λ =
700−1100 nm) is particularly attractive for photothermal
therapy because of its minimal absorbance by normal tissues,
thereby allowing for noninvasive and relatively deep tissue
penetration.4,5 As a result, increased efforts have been devoted
in the past decade to develop a new class of NIR-absorbing
nanomaterials for PTT applications.
The currently available photothermal agents mainly comprise

noble metal nanomaterials (Au,2,6,7 Ag,8 Pd,9−11 and Ge12),

carbon nanomaterials (carbon nanotube13−16 and gra-
phene17,18), semiconductor nanomaterials (CuxS,

19−21

CuxSe,
22 and CuxTe

23), and two-dimensional transition metal
dichalcogenides (MoS2

24 and WS2
25). However, the majority of

these currently used photothermal agents are nonbiodegradable
and would retain in the body for a very long period, probably
resulting in long-term toxicity of these materials.26 Therefore,
some conjugated polymers, such as polyaniline,27 dopamine-
melanin,28 poly(3,4-ethylenedioxythiophene) poly-
(styrenesulfonate),29 and polypyrrole (PPY) nanopar-
ticles,26,30−34 have been demonstrated to induce photothermal
effects both in vitro and in vivo. Among them, PPY is known as
a biocompatible conductive polymer, which has been widely
used in many biomedical applications, such as biosensors, tissue
engineering, and drug delivery.35−37 Benefiting from its high
conductivity and good biocompatibility, PPY has been
demonstrated to support the adhesion and growth of different
cell types and does not irritate the immune system of
mammalians in some previous in vitro and in vivo studies.37,38
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Recent in vivo studies have further demonstrated that PPY
nanoparticles have very low long-term cytotoxicity and are
attractive candidates for biomedical applications.30,39 In
addition, several recent studies have suggested that PPY can
potentially serve as a new PTT agent for photothermal
treatment of cancer owing to its strong NIR absorbance and
high photothermal conversion efficiency.26,30−34 However, the
photothermal application of PPY based materials is still in its
infancy; further research is required to develop new PPY-based
nanoplatforms for cancer treatment.
In recent years, theranostics, which combines diagnostic and

therapeutic modalities within a single platform so as to obtain
optimized therapeutic efficacy, has evolved as a new paradigm
in cancer therapies.40 Therefore, an ideal theranostic agent
should not only allow the treatment of cancer by photothermal
effect and/or targeted delivery of therapeutic agents but also
provide reliable assessment of the detailed tumor characteristics
such as location, size, and shape via various imaging
modalities.3,41 To this end, much effort has been dedicated to
explore new multifunctional photothermal platforms by
incorporation of different imaging modalities into NIR-
absorbing polymers for imaging-guided photothermal thera-
pies.5,34,42−45 Au and superparamagnetic iron oxide (Fe3O4)
nanomaterials have provided many exciting opportunities for
the development of theranostic agents due to their inherent
advantages.46−50 Since Au element provides almost three times
greater X-ray attenuation per unit weight than iodine, gold
nanomaterials hold great potential as contrast agents for X-ray
computed tomography (CT) imaging applications. Concur-
rently, Au nanomaterials with diversified morphologies are also
good photothermal agents because they have strong optical
adsorption in the red and NIR regions,40,51,52 while Fe3O4 is
currently considered as a promising contrast enhancement
agent for magnetic resonance imaging (MRI).40,53 Therefore, a
well-prepared nanocomposite by combining Au, Fe3O4, and
PPY into one agent would provide an attractive theranostic
platform for simultaneous imaging-guided diagnosis and
photothermal therapy. In such nanocomposites, Au and iron
oxide components may respectively enhance the capacity of
nanocomposites as contrast agents for magnetic resonance
(MR) and CT imaging, thus allowing a real-time imaging-
guided photothermal therapy and the following post-
therapeutic evaluation. In addition, the combination of both
photothermal agents PPY and Au into a single nanocomposite
would provide enhanced photothermal conversion efficiency.
Although few studies on the integration PPY with single
inorganic nanostructures for photothermal therapy and
imaging-guided therapy have been reported most re-
cently,32,34,42,45,54 the simultaneous integration of PPY, Fe3O4,
and Au nanorods (Au NRs) into a multifunctional theranostic
platform for dual-modal imaging-guided photothermal therapy
has not yet been demonstrated to our best knowledge.
Here, we report a very simple synthesis of monodisperse Au/

PPY@Fe3O4 nanocomposites. A NIR-absorbing conjugated
polymer, PPY, was first used to encapsulate Au NRs and obtain
Au/PPY nanoparticles by iron cation-mediated oxidation
polymerization. After this process, a large number of ferric
(Fe3+) and ferrous ions (Fe2+) remained in the obtained Au/
PPY nanoparticles. These residual Fe ions subsequently served
as precursors to form Fe3O4 crystals in situ on the surface of
presynthesized Au/PPY nanoparticles and thus obtain a
theranostic agent for simultaneous MR/CT dual-imaging and
photothermal therapy of cancer. Furthermore, the molar

extinction coefficient, NIR photothermal conversion efficiency,
and biocompatibility of the developed nanocomposites were
demonstrated by in vitro studies.

2. EXPERIMENTAL SECTION
2.1. Materials. Cetyltrimethylammonium bromide (CTAB),

poly(vinyl alcohol) (PVA, 88% hydrolyzed, average molecular weight
8800), Triton X-100, and bovine serum albumin (BSA) were
purchased from Sigma-Aldrich (Shanghai) Trading Co., Ltd.
(Shanghai, China). Pyrrole (99%) and iron(III) chloride hexahydrate
(FeCl3·6H2O, 99%) were both obtained from Aladdin (Shanghai,
China). Ammonium hydroxide (NH4OH, 28.0−30.0%), sodium
borohydride (NaBH4, 96%), L-ascorbic acid, silver nitrate (AgNO3),
and chloroauric acid tetrahydrate (HAuCl4·4H2O) were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Fetal
bovine serum (FBS), penicillin-streptomycin, trypsin, and Dulbecco’s
modified Eagle’s medium (DMEM) were purchased from Gibco Life
Technologies (Grand Island, USA). Paraformaldehyde was obtained
from Beijing Dingguo Changsheng Biotechnology Co., Ltd. (Beijing,
China). Alexa Fluor 488 conjugated phalloidin was obtained from
Molecular Probes (Invitrogen, USA). Trypan blue and Cell Counting
Kit-8 (CCK-8) were purchased from Beyotime Institute of
Biotechnology (China). All other chemicals and solvents were
obtained from Adamas-beta Inc. (shanghai, China). Deionized (DI)
water with resistivity of 18.2 Ω was used throughout the experiments.
All chemicals were used as received without further purification.

2.2. Preparation of Gold Nanorods (Au NRs). Au NRs were
foremost synthesized through a seed-mediated method as previously
described with some minor modifications.55,56 In a typical synthesis,
CTAB-modified gold seeds were first synthesized by chemical
reduction of HAuCl4 with NaBH4. HAuCl4 (3 mL, 411.9 mg/mL)
was added to a freshly prepared CTAB solution (5 mL, 72.8 mg/mL).
Then, ice-cold NaBH4 (1.2 mL, 378.3 μg/mL) was added to the above
stirred mixture solution. After vigorous stirring, seeds formed
immediately and were kept at room temperature within 2−5 h. The
growth solution for Au NRs was prepared by mixing CTAB (100 mL,
72.8 mg/mL), AgNO3 (5.6 mL, 679.5 μg/mL), HAuCl4 (10 mL, 5.1
mg/mL), and DI water (90 mL). Ascorbic acid (2.5 mL, 14.9 mg/mL)
was slowly added to the aforementioned mixture. This was followed by
addition of a 2 mL as-synthesized seeds solution to the growth
medium. The resulting solution was kept at 30 °C, and the color of the
solution gradually changed within 15 min. To remove excess CTAB
surfactant, the as-obtained Au NRs were collected by centrifugation of
30 mL aliquots at 12000 rpm for 30 min. After discarding the
supernatant, the precipitate was dispersed in 1 mL of DI water for the
next step to synthesize the polypyrrole-coated Au NRs hybrid
nanoparticles.

2.3. Preparation of Gold/Polypyrrole (Au/PPY) Nanopar-
ticles. The coating of PPY on Au NRs was carried out by iron cation-
mediated oxidation polymerization. As soon as Au NRs were
synthesized, 1 mL of aqueous solution of Au NRs, 373 mg of FeCl3,
and 10 mL of PVA (8%) aqueous solution were mixed under vigorous
stirring for 1 h and by sonication for another 0.5 h. Subsequently, 69.2
μL of pyrrole monomer was added dropwise into the above solution at
4 °C. After being stirred for 20 s, the reaction mixture was incubated at
the same temperature for 4 h to ensure pyrrole monomer complete
oxidative polymerization. The resulting dark Au/PPY nanoparticle
solution was directly used for the next step to synthesize the Au/
PPY@Fe3O4 nanocomposites.

2.4. Preparation of Gold/Polyrrole@Fe3O4 (Au/PPY@Fe3O4)
Nanocomposites. Briefly, 2 mL of the Au/PPY nanoparticle solution
obtained in the above step was diluted with 12 mL of DI water and 1.6
mL of ethanol, and the mixture was heated to 70 °C under N2
atmosphere with vigorous stirring. Following this step, 0.8 mL of
NH4OH (1%) solution was quickly added to the reaction solution at
70 °C under N2 atmosphere. After 0.5 h, an additional 0.8 mL of 1%
NH4OH was quickly injected, and the reaction was kept at 70 °C for
another 0.5 h. Then, the mixture aqueous dispersion of the Au/PPY@
Fe3O4 nanocomposites was cooled down and was kept under room
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temperature. The black precipitate was collected by sedimentation
with the help of an external magnetic field with water for several times
to remove excess reactants. The final products were dispersed in water
under ambient conditions. The concentration of the Au/PPY@Fe3O4
nanocomposites was measured as the following method. Briefly, a 5
mL centrifuge tube was first weighed and marked as M1 (mg). Then, 1
mL of as-synthesized Au/PPY@Fe3O4 nanocomposites solution was
placed in the preweighed centrifuge tube and freezed-dried. The
centrifuge tube with the freeze-dried nanocomposites was weighed and
marked as M2 (mg). Thus, the concentration of Au/PPY@Fe3O4
nanocomposites can be calculated in mg/mL as the difference between
M2 and M1. Data are from the experiment replicated three times.
2.5. Characterization. The morphology and size of the

synthesized nanocomposites were characterized by transmission
electron microscopy (TEM). TEM studies were performed on a
JEM-2100F (JEOL Ltd., Japan) transmission electron microscope
operating at an acceleration voltage of 200 kV. The particle size
distributions of Au/PPY@Fe3O4 nanocomposites were determined by
dynamic light scattering (DLS) using a BI-200SM multiangle
dynamic/static laser scattering instrument (Brookhaven, USA). The
average PPY shell thickness of nanocomposites was obtained from at
least 20 measurements on typical TEM images using ImageJ 1.4 G
software (NIH, USA). Fourier transform infrared spectroscopy
(FTIR) spectra were performed by a Nexus 670 (Thermo Nicolet,
USA) spectrometer using KBr pellets. A powder X-ray diffraction
(XRD) pattern was measured on a D/MAX-2550PC (Rigaku Inc.,
Japan) diffractometer with the Cu−Kα radiation at 45 kV and 40 mA.
The X-ray photoelectron spectroscopy (XPS) were performed by
using a PHI 5300 ESCA XPS (Philadelphia, USA) spectrometer with
monochromatic Mg−Kα radiation as the excitation source. The Raman
spectra were recorded at room temperature by using an inVia-Reflex
micro-Raman spectroscopy system (Renishaw, UK) with a 633 nm
solid laser of 50 mW power. UV−vis-NIR absorption spectra were
obtained using a Lambda 35 UV−vis spectrophotometer (PerkinElm-
er, USA) at room temperature under ambient conditions. The Fe and
Au concentration of the nanocomposite solution was analyzed using a
Leeman Prodigy Inductively Coupled Plasma-Atomic Emission
Spectroscopy (ICP-AES) system (Hudson, NH03051, U.S.A).
Magnetic property measurement was carried out at room temperature
using a vibrating sample magnetometer (VSM, Model 4 HF) with a
maximum field of 7 × 106 A/m. MRI in vitro was performed with a 0.5
T MicroMR-20 system (Shanghai Niumag Corporation, China). The
samples were diluted in water with iron (Fe) concentration in the
range of 0−0.5 mM. The instrumental parameters of a T2-weighted
MRI were as follows: point resolution of 156 mm × 156 mm, section
thickness of 0.8 mm, repetition time (TR) of 2000 ms, echo time (TE)
of 30 ms, and number of excitation of 1. The T2 relaxivity was
calculated by a linear fit of the inverse T2 (1/T2) relaxation time as a
function of Fe concentration (mM). The in vitro CT signal
measurement of Au/PPY@Fe3O4 was evaluated by using on a
multidetector CT scanner (Briliance 64, Philips Healthcare, The
Netherlands), with the following acquisition parameters: tube voltage
120 kV, X-ray energy 80 keV, tube current 179 mA, pitch 0.3, field-of
view (FOV) 233 mm, and slice thickness 0.8 mm. The X-ray
attenuation values of the samples were calculated on the same
workstation using the software supplied by the manufacturer in
Hounsfield Units. Each experiment was obtained in triplicate.
2.6. Photothermal Performance of Au/PPY@Fe3O4 Nano-

composites in Aqueous Solutions. To measure the photothermal
heating performances of the as-synthesized Au/PPY@Fe3O4 nano-
composites, an 808 nm NIR laser was employed to deliver
perpendicular through a quartz cuvette containing aqueous dispersion
(0.5 mL) of Au/PPY@Fe3O4 nanocomposites with different
concentrations (0, 0.05, 0.09, 0.18, 0.35, 0.70, 1.40, and 2.80 mg/
mL). Water was used as a control. The NIR laser light source was
equipped with an external adjustable power (0−5 W/cm2) 808 nm
semiconductor laser device with a 5 mm diameter laser module (Tours
Radium Hirsh Laser Technology Co., Ltd., Xi’an, China). The output
power was independently calibrated by using a hand-held model 1918-
C optical power meter (Newport Corp. CA, USA). The temperature

was measured one time per 10 s using a thermocouple thermometer
(DT-8891E, Shenzhen Everbest Machinery Industry Co., Ltd., China)
which was inserted into the aqueous dispersion perpendicular to the
path of the laser light with an accuracy of ±1 °C.

To measure the photothermal conversion efficiency (η), the
temperature change of the Au/PPY@Fe3O4 dispersion was recorded
as a function of time under continuous irradiation of the 808 nm laser
with a power density of 2 W/cm2 until the solution reached a steady-
state temperature. The η value was calculated by eq 157

η =
− −
− −

hS T T Q

I

( )

(1 10 )
S

A
max Surr

808 (1)

where h is the heat transfer coefficient, S is the surface area of the
container, Tmax is the equilibrium temperature, TSurr is the ambient
temperature of the surroundings, QS expresses the heat associated with
the light absorbance, I is the incident laser power, and A808 is the
absorbance of the Au/PPY@Fe3O4 nanocomposites at 808 nm.

2.7. In Vitro Hemolysis Assay. Fresh blood samples were
collected from mice and stabilized with heparin. For hemolysis assay,
red blood cells (RBCs) were obtained according to our previous
studies.58,59 Briefly, RBCs were separated from serum by centrifuga-
tion at 3000 rpm for 10 min at 4 °C and further purified more than
five times with phosphate buffered saline (PBS) buffer. The RBCs
were then diluted 10 times with PBS. After that, 300 μL of diluted
RBCs suspension was taken out to mix with (i) Au/PPY@Fe3O4
suspensions in 1.2 mL of PBS at concentrations from 0.05 to 2.80 mg/
mL, (ii) 1.2 mL of PBS as negative control, and (iii) 1.2 mL of DI
water as positive control, respectively. Then, all the mixtures were
gently shaken and kept for 3 h at 37 °C, followed by centrifugation at
3000 rpm for 3 min. The absorbance values of the supernatants at 541
nm were measured by using UV−vis spectrophotometer. The
hemolysis percent of RBCs in each sample was calculated as eq 2,
and the average value was obtained from five parallel samples

=
−

−
×

A A

A A
Hemolysis% 100%

Sample Negative control

Positive control Negative control (2)

where ASample, ANegative control, and APositive control are the absorbance of
samples and the negative control and positive control, respectively.

2.8. Cell Lines and Cell Culture. A human cervix adenocarcinoma
cell line (HeLa cell), a mouse leukemic monocyte macrophage cell line
(RAW 264.7), and a mouse fibroblast L929 cell line were obtained
from Shanghai Institute of Cell Biology, Chinese Academy of Sciences
(Shanghai, China). Cells were grown in normal DMEM culture
medium supplemented with 10% FBS, 1% 100 U/mL penicillin, and
100 μg/mL streptomycin. The cells were maintained in a humidified
atmosphere of 95% air and 5% CO2 at 37 °C. The culture medium was
changed every 2 days, and cells were passaged by trypsinization before
confluence.

2.9. In Vitro Cytotoxicity Assay of Au/PPY@Fe3O4 Nano-
composites. The in vitro cytotoxicity of the Au/PPY@Fe3O4
nanocomposites was performed by CCK-8 assay. Briefly, HeLa,
RAW 264.7, and L929 cells were respectively seeded into 96-well
plates at the densities of 104 cells per well and cultured for 24 h to
allow cells to attach. Afterward, the original culture medium was
changed with fresh medium (blank control), and Au/PPY@Fe3O4
dispersions were diluted with medium at the desired concentrations
(0.02, 0.05, 0.09, 0.18, 0.35, 0.7, 1.4, and 2.8 mg/mL, respectively) for
24 and 48 h. Then the medium was removed and replaced by 10 μL
CCK-8 solutions in 100 μL of serum-free medium. After incubation
for another 2 h at 37 °C, the absorbance of each well at 450 nm was
read by a microplate reader (MK3, Thermo, USA). The relative cell
viability was calculated by eq 3, and five replicates were carried out for
each treatment group

= ×
A

A
Cell viability (%) 100%Test

Control (3)

where ATest and AControl are the absorbance of cell treated with and
without Au/PPY@Fe3O4 nanocomposites, respectively.
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2.10. In Vitro Photothermal Ablation of Au/PPY@Fe3O4
Nanocomposites for Cancer Cells. HeLa cells were first plated in
a 24-well plate at a density of 2 × 104 cells per well for 24 h prior
treatment. Thereafter, the culture medium was changed, and cells were
divided into four groups: group 1 with cells only; group 2 incubated
with Au/PPY@Fe3O4 nanocomposites only; group 3 incubated with
NIR only; and group 4 incubated with Au/PPY@Fe3O4 nano-
composites + NIR. After incubation for 2 h, the cells of group 3 and 4
were exposed to an 808 nm laser at a power density of 2.0 W/cm2 for
5 min. For trypan blue staining, all the cells were stained by 0.4%

trypan blue solution for 5 min. Then trypan blue was washed by PBS,
and the images of the labeled cells were examined immediately using a
light microscope (Olympus, BH-2). Each experiment was performed
three times.

2.11. Assessing the Effect of Nanocomposites-Mediated
Photothermal Ablation on Cell Cytoskeleton. To assess the effect
of nanocomposites on cell cytoskeleton, HeLa cells (105 cells per dish)
were seeded into 20 mm glass bottom culture dishes and incubated for
24 h. After that, the medium was removed, and the cells were divided
into four groups as above-mentioned. Then the cells of group 3 and 4

Figure 1. (A) Schematic illustration of the synthetic route to the Au/PPY@Fe3O4 nanocomposites. TEM images of (B) Au NRs, (C) Au/PPY
composite nanoparticles, and (D) Au/PPY@Fe3O4 nanocomposites. The insets show the TEM images of the corresponding individual particle. (E)
The particle size distribution of Au NRs, Au/PPY nanoparticles, and Au/PPY@Fe3O4 nanocomposites measured by the DLS test.
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were exposed to an 808 nm laser at a power density of 2.0 W/cm2 for
10 min. All the cells were then incubated again at 37 °C for 12 h. After
this treatment, the culture medium was removed, and the HeLa cells
were rinsed twice with prewarmed PBS buffer and fixed with
paraformaldehyde (4%) for 20 min. The fixed cells were washed
two or more times with PBS and then permeabilized with 0.1% Triton
X-100 in PBS for 5 min, followed by blocking with 1% BSA in PBS for
30 min. After washing with PBS, the cells were subjected to F-actin
staining with Alexa Fluor 488 conjugated phalloidin for 30 min at
room temperature. After extensively washing with PBS to remove
unbound dyes, the stained cells were observed by a Carl Zeiss LSM
700 confocal lasers scanning microscope (CLSM, He−Ne and Ar
lasers). The untreated cells were used as the control in all the above
fluorescence staining experiments. The in vitro photothermal ablation
(PTA) efficiency of the Au/PPY@Fe3O4 nanocomposites against
HeLa cells was performed by CCK-8 assay.
2.12. Assessing the Integrity of the Lysosomal Membrane.

The integrity of the lysosomal membrane was examined by using
acridine orange (AO) staining. For AO staining, HeLa cells (105 cells
per dish) were seeded into 20 mm glass bottom culture dishes and
incubated for 24 h. After that, the medium was removed, and the cells
were divided into four groups in the same manner as above-

mentioned. HeLa cells were rinsed twice with PBS and were stained by
using AO (5 μg/mL) in complete medium at 37 °C for 15 min. After
further washing with PBS, serum-free medium was added into the
wells, and cells were observed by CLSM. AO was excited at 488 nm,
and emission signals were detected at 530 nm (green color) and 590
nm (red color).

2.13. Statistical Analysis. All quantitative values were expressed
as the mean ± standard deviation (SD). The statistical significance of
differences between experimental and control groups was carried out
by using one-way analysis of variance (one-way ANOVA) and
Scheffe’s post hoc test. The statistical significance for all tests was at *P
< 0.05 and **P < 0.01.

3. RESULTS AND DISCUSSION

3.1. Synthesis Au/PPY@Fe3O4 Nanocomposites. The
strategy designed in this study is iron cation-mediated PPY
oxidation polymerization on the surface of Au NRs and
subsequent forming magnetic iron oxide nanocrystals on the
outer shell of the Au/PPY nanocomposites in the presence of
Fe2+ and Fe3+ under alkaline conditions. Figure 1A schemati-

Figure 2. (A) Digital photographs of Au/PPY@Fe3O4 nanocomposites dispersions with a concentration of 0.5 mg/mL in (left) distilled water,
(middle) PBS buffer, and (right) cell culture medium for at least 7 days. (B) Digital photographs of the Au/PPY@Fe3O4 nanocomposite dispersion
with a concentration of 2.8 mg/mL in PBS buffer (left) before and (right) after being settled for one month. (C) TEM image of the Au/PPY@Fe3O4
nanocomposite stored in PBS buffer for one month. (D) UV−vis-NIR absorption spectra of the Au/PPY@Fe3O4 nanocomposite dispersed in
distilled water at various concentrations. (E) Linear fitting of the absorption strength of Au/PPY@Fe3O4 dispersion at 808 nm versus the particle
concentrations. (F) X-ray diffraction pattern of the Au/PPY@Fe3O4 nanocomposites, as reference by the standard face-centered cubic Fe3O4 phase
(JCPDS file number 65-3107). (G) Magnetization curve of the Au/PPY@Fe3O4 nanocomposites. The insets show that the Au/PPY@Fe3O4
nanocomposites can be collected from the dispersion by using a magnet.
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cally illustrated the overall synthetic protocol for Au/PPY@
Fe3O4 nanocomposites. Specifically, water-soluble PVA serves
as a dispersion aid for improving the stability of Au NRs
solution and FeCl3 was used to supply Fe3+ ions. The PVA/
Fe3+ complex could be spontaneously formed in an aqueous
phase. In the next step, the pyrrole monomer was introduced
into the complex aqueous solution, thus the PPY shell was
coated onto the outer surface of the Au NRs through oxidative
polymerization of pyrrole induced by Fe3+ ions. Meanwhile, the
formed Au/PPY nanocomposites were modified by PVA, which
functioned as a capping agent to make the particles highly
hydrophilic as well as to control the particles size.30,33,60 For the
subsequent experiment of forming Fe3O4 in situ on the Au/PPY
nanocomposites, an ammonia solution was dropped into the
system with moderate heating at 70 °C to coprecipitate the
reduced Fe2+ ions and unreacted Fe3+ ions without any
additional iron precursors.61,62

3.2. Characterization of Au/PPY@Fe3O4 Nanocompo-
sites. In order to confirm our hypothesis, TEM studies were
carried out by drop-casting sample solutions onto a carbon-
coated copper grid. First of all, a representative TEM image of
Au NRs with an average aspect ratio (length to diameter ratio)
of ∼3 is shown in Figure 1B. After being coated with a compact
PPY layer by oxidation polymerization of pyrrole, the obtained
Au/PPY nanocomposites with a PPY layer of ∼32 nm in
thickness exhibited a clear core−shell structure because of the
different electron contrast between Au NR and PPY as
illustrated in Figure 1C. Subsequently, as shown in Figure
1D, the resultant Au/PPY nanocomposites were further
hydrothermally reacted with an ammonia solution to generate
Fe3O4 nanocrystals with sizes ranging from 5 to 10 nm capped
on the outer surface of Au/PPY nanocomposites. Furthermore,
the obtained sandwich-shape core−shell structure with a mean
diameter of around 200 nm is composed of an Au NR core
about 60 nm in diameter, a Fe3O4 outer shell of around 70 nm
in thickness, and a PPY inner layer between the core and the
shell, as indicated by the DLS data revealed in Figure 1E. The
ICP-AES was employed to measure that Fe3O4 and Au
accounted for 22.5 ± 5.4% and 15.8 ± 3.1%, respectively.
The stability of nanocomposites in a biologic system is very

important for their biomedical applications. As shown in Figure
2A, the Au/PPY@Fe3O4 nanocomposites could be readily
dispersed in DI water, PBS buffer, and serum-containing cell
culture medium to form a homogeneous suspension, and no
sediment appeared for at least 7 days. Au/PPY@Fe3O4
dispersions exhibit a well-dispersed state in PBS even at the
concentration up to 2.8 mg/mL for one month (Figure 2B).
Note that after being dispersed in PBS for a long time, the
nanocomposites did not show any sensible changes including
particle size distribution (Figure S2) and morphology, and no
separation of Fe3O4 from the Au/PPY@Fe3O4 nanocompo-
sites, which is beneficial to MRI and CT application. The
optical property of the aqueous dispersion containing Au/
PPY@Fe3O4 nanocomposites with various concentrations were
examined by UV−vis-NIR spectroscopy, as shown in Figure
2D. The aqueous dispersion of the Au/PPY@Fe3O4 nano-
composites exhibited a minimum absorption of around 580 nm
and showed an intense and broad absorption band extending
from the visible to the NIR region with maximum at nearly 950
nm (Figure 2D), which is assigned to bipolaron band
transitions for PPY.63 Such a strong absorption of as-prepared
nanocomposites in the NIR region means the potential for
photothermal conversion performance upon 808 nm laser

irradiation. Moreover, the absorptions at 808 nm were linearly
enhanced with an increase of the particle concentration even
after having been settled for 7 days, which also means no
precipitate formed in this period and further demonstrated the
good dispersibility of the Au/PPY@Fe3O4 nanocomposites in
PBS (Figure 2E).33 The presence of characteristic chemical
groups on the samples is identified by using FTIR spectros-
copy. For the spectrum of the Au/PPY@Fe3O4 nano-
composites (Figure S3), a broad peak at about 3432 cm−1

corresponds to N−H stretching in the pyrrole ring or −OH
stretching vibrations in the PVA.64,65 Two peaks at 2855 and
2932 cm−1 are associated with the symmetric and asymmetric
vibrations of CH2.

66 The band at 1633 cm−1 is attributed to the
CN stretching vibrations, and the 1400 cm−1 peak is
associated with the stretching of C−N in polypyrrole67 or C−C
stretching vibrations. The band at 1554 cm−1 corresponds to
the ring stretching vibrations of the CC bond.68 The band at
1300 cm−1 corresponds to the C−H band in plane
vibration.69,70 The band appeared at 1076 cm−1, which may
be assigned to the C−N64 or Fe−O−C stretching vibrations.65

The adsorption band in 460 cm−1 corresponds to the stretching
vibrational frequency of the Fe−O bond introduced by Fe3O4
nanoparticles.64 Figure 2F shows the X-ray diffraction pattern
of the core−shell nanocomposites. Since the XRD patterns of
Fe3O4 and Fe2O3 are very similar,71 Raman spectroscopy and
XPS were further performed to confirm the growth of Fe3O4 in
the nanocomposites. Figure S4A indicates the Raman spec-
troscopy measured for the as-synthesized Au/PPY@Fe3O4
nanocomposites. It showed the characteristic peak at 670
cm−1, which is unambiguously attributed to the A1g vibrational
mode, confirming that the as-synthesized nanocomposites are
composed of the Fe3O4 phase.

71 Figure S4B showed the XPS
spectrum of the Au/PPY@Fe3O4 nanocomposites. The
appearance of the characteristic peaks of 713.6 and 726.4 eV,
corresponding to Fe 2p3/2 and Fe 2p1/2, respectively, further
supports that Fe3+ and Fe2+ states coexisted in the nano-
composites;72−74 and as mentioned above, the adsorption band
of 460 cm−1 in FTIR corresponds to the stretching vibrational
frequency of the Fe−O bond introduced by Fe3O4 nano-
particles. These combined results indicated that Fe3O4 has been
synthesized in the nanocomposites. From the above character-
ization, it could be deduced that Fe3O4 nanoparticles were on
the surface of the nanocomposites. In order to further reveal
the position of the Fe3O4 nanoparticles, the as-synthesized Au/
PPY@Fe3O4 nanocomposites solution was further treated with
2 mL of hydrochloric acid (HCl, 1 M) and then for TEM
imaging (Figure S5). Before the Au/PPY@Fe3O4 nano-
composites were treated with HCl, a typical sandwich structure
with an Au NRs core, a PPY layer in the middle layer, and many
Fe3O4 nanoparticles in the outer layer could be clearly observed
(Figure 1D, Figure S5A and B). Interestingly, after having been
treated with HCl, the nanocomposites exhibited a clear “core-
shell” structure with an Au NRs core and a nonporous PPY
outer shell (Figure S5C), indicating most of the Fe3O4
nanoparticles were on the surface of the nanocomposites; and
only a small percentage of Fe3O4 are randomly embedded in
the surface of a polymer matrix, because some holes could be
found on the outer layer of PPY in some nanocomposites
(Figure S5D).
The magnetization hysteresis (M-H) loop curve of the Au/

PPY@Fe3O4 nanocomposites was measured by sweeping the
external magnetic field between −50 to 50 kOe at 25 °C. As
shown in Figure 2G, the M-H loop showed no magnetization
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or coercivity, indicating that the superparamagnetic behavior
makes the nanocomposite easily controlled by external
magnetic field manipulation (the inset in Figure 2G). The M-
H loop also revealed the saturation magnetization (Ms) of Au/
PPY@Fe3O4 nanocomposites is 30.8 emu/g, which could
facilitate MRI and targeted delivery application. However, the
Ms value of nanocomposites is relatively low compared with the
value for Fe3O4 reported in the literature (more than 75 emu/
g).75,76 The decrease in Ms may be due to that the nonmagnetic
Au NRs and PPY were introduced into the nanocomposites.
3.3. MR Relaxometry and X-ray Attenuation Measure-

ment. The potential of the prepared Au/PPY@Fe3O4

nanocomposites as the contrast agents was further examined.
As shown in Figure 3A, the images revealed a clear iron
concentration-dependent darkening effect (Fe concentration
measured by ICP-AES). With the increase of iron concen-
trations, we noticed that the measured signal intensity of the
T2-weighted images was obviously decreased. Figure 3B
illustrates the corresponding transverse relaxation (1/T2, red
line) and longitudinal relaxation rates (1/T1, blue line) of
protons in Au/PPY@Fe3O4 aqueous solution as a function of
iron concentration, which were measured in a 0.5 T magnetic
field with a spin−echo pulse sequence, and accordingly, both of
the values of 1/T1 and 1/T2 were linearly increased. The
transverse relaxivity (r2, the transverse relaxation rate per mM
of iron) and longitudinal relaxivity (r1, the longitudinal
relaxation rate per mM of iron) value of the Au/PPY@Fe3O4
are 128.57 mM−1 S−1 and 7.99 mM−1 S−1, respectively, which
were calculated from the slope of this plot in Figure 3B.
Importantly, the r2/r1 ratio of the Au/PPY@Fe3O4 nano-
composites is 16.1. It should be noted that the relatively high r2
or high r2/r1 value demonstrates that Au/PPY@Fe3O4 has the
potential to be used as a good T2-weighted negative contrast
agent for sensitive MRI applications.
Since Au nanomaterials display a better X-ray attenuation

property,77 Au/PPY@Fe3O4 nanoparticles enriched with the
Au element was anticipated to be a good contrast agent to
enhance X-ray CT. The feasibility of Au/PPY@Fe3O4 as a CT
contrast agent was next explored via acquiring the X-ray CT
image of Au/PPY@Fe3O4 nanocomposites at different Au
concentrations in vitro (Au concentration measured by ICP-

AES). It can be seen that the brightness of the CT image for
Au/PPY@Fe3O4 nanocomposites in aqueous solution increases
with the molar concentration enhancement of Au (Figure 3C).
The CT values of Au/PPY@Fe3O4 increased linearly as the Au
concentration increases, as shown in Figure 3D, indicating that
the Au/PPY@Fe3O4 could be utilized as a positive X-ray CT
imaging contrast agent.

3.4. Measurement of Photothermal Performance.
Another important attribute of the Au/PPY@Fe3O4 nano-
composites is their tunable photothermal effect. We first
investigate the photothermal properties of aqueous solutions
loaded with Au/PPY@Fe3O4 nanocomposites at various
concentrations (0.05, 0.09, 0.18, 0.35, 0.7, 1.4, and 2.8 mg/
mL) exposed to an 808 nm NIR laser at a power density of 2
W/cm2. Remarkably, obvious concentration-dependent temper-
ature increases of Au/PPY@Fe3O4 nanocomposites were found
after continuous irradiation for 600 s, and the temperature of
the solution can be precisely controlled from 25.4 to 62.7 °C by
adjusting the composite content (Figure 4A and B). In marked
contrast, insignificant heating with a temperature rise of only
∼0.5 °C was observed for pure water under the same treatment
conditions. To further investigate the photothermal conversion
efficiency of those nanocomposites, as shown in Figure 4C and
D, an Au/PPY@Fe3O4 solution with a low concentration of 1.4
mg/mL was exposed to an 808 nm continuous-wave laser at
various laser power densities. The photothermal heating curves
measured also showed a strong laser-power-dependent photo-
thermal effect for Au/PPY@Fe3O4 nanocomposites with the
highest temperature increment up to 60.4 °C. These results
indicate that Au/PPY@Fe3O4 nanocomposites can rapidly and
efficiently convert the energy from 808 nm laser into thermal
energy. To further investigate the photothermal transduction
ability of the Au/PPY@Fe3O4 aqueous solution, we recorded
the temperature change of the sample solution with the
concentration of 1.4 mg/mL as a function of time under the
808 nm laser at the power density of 2.0 W/cm2 continuous
irradiation for 600 s (Figure 4E and F). According to the
obtained data and the reported method, the photothermal
conversion efficiency of Au/PPY@Fe3O4 nanocomposites can
reach 23.9% (Supporting Information). We thus believe these

Figure 3. (A) T2-weighted MRI photographs of the hydrophilic Au/PPY@Fe3O4 nanocomposites dispersed in PBS solution with different Fe
concentrations. (B) The T1 and T2 relaxation rate of the Au/PPY@Fe3O4 nanocomposites as a function of the Fe concentration. (C) CT images of
Au/PPY@Fe3O4 nanocomposites at different concentrations dispersed in PBS solution with different Fe concentrations. (D) X-ray attenuation
intensity (HU) as a function of concentration of the Au concentration.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am508837v
ACS Appl. Mater. Interfaces 2015, 7, 4354−4367

4360

http://dx.doi.org/10.1021/am508837v


nanocomposites have superior ability of NIR photothermal
transduction and could be used for photothermal therapy.
To estimate the contribution of both PPY and Au NRs to the

photothermal transduction of Au/PPY@Fe3O4 nanocompo-
sites, the UV−vis-NIR spectra of Au NRs, PPY nanoparticles,
and Au/PPY@Fe3O4 in DI water were recorded in the
wavelength range 400−1000 nm (Figure S6A). The as-
prepared Au NRs showed a typical longitudinal surface
plasmon resonance (SPR) peak at around 750 nm. In contrast,

both PPY and Au/PPY@Fe3O4 exhibited very similar strong
light absorption characteristics from 650 to 1000 nm in the
NIR region with a maximum light absorption peak at around
950 nm. The results suggest that PPY may play a predominant
role in the photothermal conversion of Au/PPY@Fe3O4
nanocomposites. A recent study demonstrated that PPY
nanoparticles showed higher photothermal conversion effi-
ciency and NIR photostability than Au NRs at the same mass
concentration.30 In addition, the photothermal effect of
different photothermal agents is dose-dependent.30,54 In this
study, the amount of PPY in the Au/PPY@Fe3O4 nano-
composites is about 61.7%, far more than 15.8% of the amount
of Au NRs in the nanocomposites. Therefore, the photothermal
conversion of the Au/PPY@Fe3O4 nanocomposites results
mainly from PPY and slightly from Au NRs. As shown in Figure
4G, no significant decrease for the temperature elevation was
observed for Au/PPY@Fe3O4 nanocomposites after four
repeated laser on-and-off cycles (the laser was on for about
10 min in each cycle). The TEM image (Figure S6B) also
indicates that the “rod-like” structure of Au NRs retained well
in the nanocomposites after four cycles of laser irradiation.
Thus, the synthesized Au/PPY@Fe3O4 nanocomposites
possess good photostability and constant photothermal
conversion behavior.

3.5. Hemocompatibility of Au/PPY@Fe3O4 Nano-
composites. Biocompatibility is an essential concern when it
comes to the development of nanomaterials for biomedical
application. Characterization of in vitro hemocompatibility of
the nanocomposites has been considered to be one of the most
important issues because biomedical applications require those
nanocomposites contacting with blood. The influence of Au/
PPY@Fe3O4 nanocomposites on hemolytic behavior of red
blood cells (RBCs) was carried out to evaluate their
biocompatibility, where DI water and PBS were denoted as
positive and negative controls, respectively. As shown in Figure
5 A and B, when Au/PPY@Fe3O4 nanocomposites with
different concentrations (0.05, 0.09, 0.18, 0.35, 0.7, 1.4, and 2.8
mg/mL) were exposed to the RBCs suspension, negligible
hemolysis phenomenon is detected, similar to the negative PBS
control. The hemolysis percentages of nanocomposites at
different concentrations were quantified based on the
absorbance of the supernatant at 541 nm (Figure 5A). It is
found that the hemolysis percentages of particles are all less
than 4% in the tested concentration range (0.05−2.8 mg/mL),
indicating that Au/PPY@Fe3O4 nanocomposites possess
admirable blood compatibility.

3.6. In Vitro Cytotoxicity of Au/PPY@Fe3O4 Nano-
composites. The ideal photothermal agent should be nontoxic
or low-toxic for biological application. To evaluate the
cytotoxicity of Au/PPY@Fe3O4 nanocomposites, the CCK-8
assay method was used. In order to get a reliable result, three
kinds of cells including HeLa, L929, and RAW 264.7 cells were
carried out in the cytotoxicity measurement experiment.
According to the viabilities of the cells in Figure 5C-E, no
obvious differences were found with and without the presence
of Au/PPY@Fe3O4 nanocomposites, indicating that the
synthesized Au/PPY@Fe3O4 nanocomposites appear to be
largely biocompatible. The percentages of viable cells for HeLa
cells, L929 cells, and RAW 264.7 cells were 81.9 ± 5.4%, 85.6 ±
7.6%, and 79.6 ± 10.7%, respectively, even exposure to
nanocomposites with the concentration as high as 2.8 mg/mL
for 48 h. The result strongly demonstrates that the Au/PPY@
Fe3O4 nanocomposites have very low cytotoxicity. The good

Figure 4. Photothermal profiles of Au/PPY@Fe3O4 nanocomposites.
(A) Temperature profiles of pure water and Au/PPY@Fe3O4
dispersions with different concentrations (2.8, 1.4, 0.7, 0.35, 0.18,
0.09, and 0.05 mg/mL) as a function of 808 nm laser irradiation time
for 10 min at a power density of 2 W/cm2. (B) Plot of temperature
change (ΔT) over a period of 10 min versus the particle
concentration. (C) Photothermal heating curves of pure water and
an Au/PPY@Fe3O4 solution at the concentration of 1.4 mg/mL under
808 nm laser irradiation at various power densities (0.25, 0.5, 0.75, 1,
1.5, and 2 W/cm2) for 10 min. (D) Plot of temperature change (ΔT)
over a period of 10 min versus the irradiation power density. (E)
Photothermal effect of an aqueous dispersion of Au/PPY@Fe3O4
nanocomposites irradiated by using an 808 nm laser at a power density
of 2 W/cm2. The laser was turned off after irradiation for 10 min. (F)
Plot of cooling time (after 600 s) versus negative natural logarithm of
the driving force temperature obtained from a cooling stage as shown
in (E). The time constant (τs) for heat transfer of the system is
determined to be 153.5 s. (G) Temperature monitoring of an Au/
PPY@Fe3O4 aqueous suspension at the concentration of 1.4 mg/mL
during for successive cycles of an on-and-off laser.
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biocompatibility of the Au/PPY@Fe3O4 nanocomposites
suggested that they can be potentially used as biocompatible
photothermal agents.
3.7. In Vitro Photothermal Ablation of HeLa Cells. To

investigate the effectiveness of Au/PPY@Fe3O4 nanocompo-
sites for cancer therapy by photothermal ablation in vitro, HeLa
cells cultured in 24-well plates were used as a model. After the
HeLa cells were treated with different conditions in parallel, the
dead cells differentiated from live ones were stained by using
the trypan blue test. It was determined that blue-colored dead
cells were only observed after being incubated with 1 mg/mL
Au/PPY@Fe3O4 nanocomposites and exposed to the NIR 808
nm laser irradiation at 2 W/cm2 combination treatment for 5
min (Figure 6D). In contrast, there was no apparent change in
cell viability, and cell density was discovered when cells were
treated with the Au/PPY@Fe3O4 (Figure 6B) or laser

irradiation (Figure 6C) alone compared with the control
(Figure 6A).

3.8. Effect on Cytoskeleton. The actin cytoskeleton,
which is a network of fibers composed of proteins, plays a
positive role in the maintenance of cellular generation and
homeostasis.78 The cytoskeletal system also has a dynamic
structure with distinct forms appropriate for specific tasks,
involved in controlling cell adhesion, division, death, and so
on.79 As the main goal of the present study is to evaluate the
effectiveness of Au/PPY@Fe3O4 nanocomposites for cancer
therapy by photothermal ablation, the effect on the actin
cytoskeleton was investigated. After variable treatment with
Au/PPY@Fe3O4 and lasers, green fluorescent staining for the
assessment of cytoskeleton was carried out with the Alexa Fluor
488 conjugated phalloidin (Figure 7). As shown in Figure 7, the
cells are typically well-spread, display an extensive actin
network, and have no apparent change in cell morphology,

Figure 5. (A) Hemolytic activity of the Au/PPY@Fe3O4 nanocomposites at different particle concentrations (0.02, 0.05, 0.09, 0.18, 0.35, 0.7, 1.4,
and 2.8 mg/mL, respectively). (B) Hemolytic percent of RBCs incubated with Au/PPY@Fe3O4 with different concentrations for 3 h, using
deionized water (+) and PBS (−) as positive and negative controls, respectively. Inset: Photographs for direct observation of hemolysis, suggesting
that Au/PPY@Fe3O4 nanocomposites exhibit good biocompatibility. Viabilities of (C) HeLa cells, (D) L929 cells, and (E) RAW 264.7 cells were
estimated by the CCK-8 proliferation method versus incubation concentrations (0.05, 0.09, 0.18, 0.35, 0.7, 1.4, and 2.8 mg/mL) of the solutions of
Au/PPY@Fe3O4 nanocomposites. Cells were incubated with the solution of Au/PPY@Fe3O4 at 37 °C for 24 and 48 h and treated with PBS were
used as control.
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and density was observed when HeLa cells were treated with
Au/PPY@Fe3O4 nanocomposites and laser alone compared
with the control without nanocomposites and laser (Figure 7A-
C). However, HeLa cells treated with Au/PPY@Fe3O4

nanocomposites plus an NIR laser experienced clear loss of
actin network and substantial cellular death, indicating that Au/
PPY@Fe3O4 nanocomposites could mediate the photothermal
destruction of cytoskeleton architecture (Figure 7D).
The in vitro PTA efficiency of the Au/PPY@Fe3O4

nanocomposites against HeLa cells was further evaluated by
CCK-8 assay. As expected, Figure 7E showed no significant
cytotoxicity of the cells treatment with Au/PPY/Fe3O4

nanocomposite or irradiation with NIR 808 nm alone. Notably,

when simultaneously treated with Au/PPY/Fe3O4 nano-
composites under the NIR 808 nm laser irradiation at the
power of 2 w/cm2 for 10 min, significant inhibition of HeLa cell
growth was observed, and only less than 40% of HeLa cells
remained alive. The results further confirmed the CLSM
observation that Au/PPY@Fe3O4 nanocomposites could
effectively transform the NIR 808 nm laser into heat and
thus significantly inhibit the cell proliferation in vitro.

3.9. The Integrity of the Lysosomal Membrane.
Lysosomes are organelles with an acidic lumen, which were
involved in several cellular functions, including repair of the
plasma membrane, degradation of macromolecules, antigen
presentation, and apoptosis signaling.80 Lysosomes and

Figure 6. Optical microscopy images of trypan blue stained cells after incubation with different conditions as denoted in each individual image. (A)
Neither Au/PPY@Fe3O4 nanocomposites nor the NIR-laser applied is used as control. (B) Only Au/PPY@Fe3O4 nanocomposites without an NIR
808 laser were used as a treatment with HeLa cells. (C) Only an NIR 808 nm laser (2 W/cm2, 5 min) without Au/PPY@Fe3O4 nanocomposites was
used as a treatment with HeLa cells. (D) Au/PPY@Fe3O4-treated cells are irradiated by an NIR 808 nm laser with the power density of 2 W/cm2 for
5 min. Only dead cells can be stained to be blue.

Figure 7. Confocal laser scanning microscopy (CLSM) images of Alexa Fluor 488 conjugated phalloidin (green) stained cells cytoskeleton after
incubation with different conditions as denoted in each individual picture. (A) Neither Au/PPY@Fe3O4 nanocomposites nor the NIR-laser applied is
used as control. (B) Only Au/PPY@Fe3O4 nanocomposites without the NIR 808 laser were used as a treatment with HeLa cells. (C) Only the NIR
808 nm laser (2 W/cm2, 10 min) without Au/PPY@Fe3O4 nanocomposites was used as a treatment with HeLa cells. (D) Au/PPY@Fe3O4-treated
cells are irradiated by the NIR 808 nm laser with the power density of 2 W/cm2 for 10 min. (E) HeLa cell viability assay of Au/PPY@Fe3O4
nanocomposites with different treatment. Data presented as mean ± standard deviation (n = 5), ** p < 0.01.
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lysosomal cathepsins have often been linked with cell death.80

Recent findings have revealed that cell death induced by
lysosomal membrane permeabilization (LMP) in cancer cells
could play a significant role in cancer and consequently have
important therapeutic implications.80,81 In order to further
evaluate the hyperthermic potential of Au/PPY@Fe3O4

nanocomposites, LMP of HeLa cell was analyzed using AO
staining to determine whether LMP can be changed by laser-
converted heat (Figure 8). For the group of Au/PPY@Fe3O4-
treated cells without irradiation or Au/PPY@Fe3O4-untreated
cells with laser irradiation, the cellular lysosomes of HeLa cells
kept steady, and the cell membrane maintained intact (Figure
8B and C),which was similar to the control group (Figure 8A).
However, we observed a decline in red fluorescence of
lysosomes and an increase in orange fluorescence of the
cytoplasm after combination treatment with Au/PPY@Fe3O4

nanocomposites and NIR laser irradiation, indicating a strong
disruption in the lysosomal membrane caused the red
fluorescence release from the lysosome to the cytosol and led
to orange staining throughout the entire cell (Figure 8D). It
reveals that the disruption of LMP is possibly attributed to the
hyperthermia triggered by the photothermal effect. Further-
more, the lysosomal rupture process is accompanied by
hydrolytic enzyme release, which will inevitably lead to acute
cancer cell death.82

4. CONCLUSION
In summary, uniform Au/PPY@Fe3O4 nanocomposites were
successfully constructed via a safe and facile method. The
synthesized Au/PPY@Fe3O4 nanocomposites were used as
multifunctional photothermal agents, which exhibit good
dispersity, high colloidal stability, strong NIR absorption,
superparamagnetic properties, significant photothermal con-
version efficiency, photostability, biostability, and low cytotox-
icity. Additionally, we demonstrated that these nanocomposites
can be used as competent contrast agents for both MRI and CT
imaging. Furthermore, the nanocomposites can efficiently kill
the cancer cells under the irradiation of an 808 nm laser with a
relatively low-power density in a short time. Therefore, we
anticipate that the Au/PPY@Fe3O4 nanocomposites developed
in this study could be used as a multifunctional nanoplatform
for cancer therapy, which will implicate increasing opportunities
for simultaneous imaging diagnosis and efficient therapy in the
biomedical field. More detailed in vivo studies of biodistribution
and photothermal effect are underway.

■ ASSOCIATED CONTENT
*S Supporting Information
The FESEM images, size distribution, FTIR spectrum, Raman
spectrum, and XPS spectrum and the calculation of photo-
thermal conversion efficiency of Au/PPY@Fe3O4 nanocompo-
sites. This material is available free of charge via the Internet at
http://pubs.acs.org.

Figure 8. Confocal laser scanning microscopy (CLSM) images of acridine orange (AO) stained cells after incubation with different conditions as
denoted in each individual picture. (A) Neither Au/PPY@Fe3O4 nanocomposites nor the NIR laser applied is used as control. (B) Only Au/PPY@
Fe3O4 nanocomposites without the NIR 808 laser were used as a treatment with HeLa cells. (C) Only the NIR 808 nm laser (2 W/cm2, 5 min)
without Au/PPY@Fe3O4 nanocomposites was used as a treatment with HeLa cells. (D) Au/PPY@Fe3O4-treated cells are irradiated by the NIR 808
nm laser with the power density of 2 W/cm2 for 5 min.
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