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ABSTRACT: Multifunctional nanoparticles for imaging and
treatment in cancer are getting more and more attention recently.
Herein, halloysite nanotubes (HNTs), natural clay nanotubes, are
designed as multifunctional nanoplatform for targeted delivering
photothermal therapy agents and chemotherapeutic drugs. Fe3O4
was anchored on the outer surfaces of HNTs and then doxorubicin
(DOX) was loaded on the nanotubes. Afterward, a layer of
polypyrrole (PPy), as photothermal agent, was wrapped on the
tubes. The nanoplatform of HNT@Fe3O4@PPy@DOX can be
guided to tumor tissue by an external magnetic field, and then
performs chemo-photothermal combined therapy by 808 nm laser irradiation. HNT@Fe3O4@PPy@DOX shows the ability of T2-
weighted magnetic resonance imaging, which could be considered as a promising application in magnetic targeting tumor therapy. In
vitro and in vivo experiments demonstrate that HNTs nanoplatform has good biocompatibility and produces a strong antitumor
effect trigged by near-infrared laser irradiation. The novel chemo-photothermal therapy nanoplatform based on HNTs may be
developed as a multifunctional nanoparticle for imaging and therapy in breast cancer.
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1. INTRODUCTION

Photothermal therapy (PTT) is an effective treatment in
cancer that converts near-infrared (NIR) light energy into heat
through a photothermal agent, which leads to a rapid increase
of temperature in tumor sites.1 More and more evidence from
reported research reveals that cancer cells are more sensitive to
PTT than normal cells.2,3 PTT has the advantages of high
temporal and spatial resolution, safety, high efficiency, and
noninvasiveness.4,5 However, PTT cannot completely inhibit
tumor growth because of the uneven heat distribution and heat
resistance during irradiation.6,7 In order to achieve better
therapeutic effects toward tumor, researchers have extensively
studied combinations with photodynamic therapy,8,9 chemo-
therapy,10,11 gene therapy,12,13 or immunotherapy.14 In these
methods, nanomaterial platform designed with the combina-
tion of diagnosis and therapy is significant because the
nanomaterials can amplify the anticancer efficiency.12,15

Up to now, a variety of photothermal therapeutic agents
have been studied. For example, inorganic or metal materials
including gold nanomaterials,16−18 carbon nanomaterials,19,20

iron oxide,21−23 and metal sulfide nanoparticles24,25 show a
high photothermal conversion effect. Organic materials
including polypyrrole (PPy),26 polydopamine,27 and phthalo-
cyanine28 are also easily synthesized and show satisfied

photothermal therapy effect. Among them, PPy is widely
applied in organic electronic products because of its high
electrical conductivity and excellent stability.29 In addition,
PPy wrapping can stabilize the dispersion of nanoparticles in
biological environment. Iron oxide (Fe3O4) shows great
potentials in biomedical areas, because of its good biocompat-
ibility, high light-to-heat conversion efficiency, and excellent
targeted drug delivery.21,23,30 Therefore, the combination of
PPy with Fe3O4 can contribute an excellent magnetic targeted
PTT system and provide an effective cancer therapeutic
nanoplatform.
Halloysite nanotubes (HNTs) are novel one-dimensional

nanomaterials that have many advantages such as unique
hollow lumen structure, high adsorption capacity, ease of
functionalization, high biocompatibility, and biosafety.31−33

The length of the natural nanotubes ranges from 200 to 1500
nm, whereas the outer diameter of HNTs is in 30−70 nm.34

Received: November 11, 2019
Accepted: May 13, 2020
Published: May 13, 2020

Articlepubs.acs.org/journal/abseba

© 2020 American Chemical Society
3361

https://dx.doi.org/10.1021/acsbiomaterials.9b01709
ACS Biomater. Sci. Eng. 2020, 6, 3361−3374

D
ow

nl
oa

de
d 

vi
a 

JI
N

A
N

 U
N

IV
 o

n 
Ju

ne
 8

, 2
02

0 
at

 0
8:

43
:0

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiang+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan-Ping+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaohan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiu-Ping+Kuang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Xi+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Fang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rong-Rong+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rong-Rong+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingxian+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsbiomaterials.9b01709&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.9b01709?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.9b01709?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.9b01709?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.9b01709?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.9b01709?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/abseba/6/6?ref=pdf
https://pubs.acs.org/toc/abseba/6/6?ref=pdf
https://pubs.acs.org/toc/abseba/6/6?ref=pdf
https://pubs.acs.org/toc/abseba/6/6?ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsbiomaterials.9b01709?ref=pdf
https://pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org/journal/abseba?ref=pdf


HNTs can be loaded with different drugs and protect the drug
from decomposition, prolong the drug release period, and
decrease the side effects of drugs. HNTs can also act as gene
vectors to achieve cancer treatment. For examples, curcumin
loaded in chitosan-grafted HNTs produces higher reactive
oxygen species (ROS),32 and polyamide-grafted HNTs can
deliver siRNA intracellularly.35 It is believed that rod-shaped
particles have obvious advantages in cell internalization rate
and intracellular trafficking compared to spherical, cylindrical,
and cubic particles.36 Meanwhile, Fe3O4@HNTs shows no
hysteresis and superparamagnetic behavior.37,38 Therefore,
HNTs decorated with Fe3O4, PPy, and chemotherapy drugs
may produce a multifunctional nanoplatform with integrated
imaging and treatment, good dispersion ability overcoming the
aggregation of PPy, and preferably phagocytic efficiency of
cells.
In this study, HNT@Fe3O4@PPy was prepared by

anchoring of Fe3O4 on the surfaces of HNTs, then wrapping
with a layer of PPy and loading with chemotherapeutic drug
(doxorubicin, DOX). The HNT@Fe3O4@PPy@DOX nano-
platform can be guided to the tumor by the action of an
external magnet, and the chemo-photothermal therapy of the
tumor can be achieved by laser irradiation. Meanwhile, both
Fe3O4 and PPy have strong photothermal conversion effects.
In vitro and in vivo experiments demonstrated that the
nanoplatform could be targeted to the tumor sites and produce
a temperature increase by laser irradiation to kill the tumor
cells. The construction of the HNT@Fe3O4@PPy@DOX
therapeutic nanoplatform provided an effective, biocompatible,
and cheap choice for clinical targeting therapy toward breast
cancer.

2. EXPERIMENTAL SECTION
2.1. Materials. Purified HNTs were acquired by Guangzhou

Runwo Materials Technology Co., Ltd., China. FeSO4·7H2O (99.8%),
FeCl3·6H2O (99.8%), and NH3·H2O (25%) were obtained from
Guangzhou Chemical Reagent Factory. Pyrrole (99.5%) was
purchased from Sigma-Aldrich Trading Co., Ltd., China. Poly(vinyl
alcohol) (PVA, 99%) was purchased from China Petrochemical
Group Co., Ltd., China. DOX was purchased from Nanjing Oddfoni
Biological Technology Co., Ltd., China. Cell Counting Kit-8 (CCK-
8) reagents were purchased from BestBio Biology Co., Ltd., China.
Acridine orange (AO) and ethidium bromide (EB) were purchased
from Solarbio Science & Technology Co., Ltd., China. Ultrapure
water was prepared using a Milli-Q Integral Water Purification
System. Other chemicals were of analytical grade and used as received
without further purification.
2.2. Synthesis of HNT@Fe3O4 Nanocomposites. HNT@Fe3O4

was prepared according to the reported method.39 HNTs (0.5 g) were
dispersed in 200 mL of ultrapure water by ultrasound (20 kHz, 20
min). Then, FeCl3·6H2O (1.165 g) (as oxidizing agent) and FeSO4·
7H2O (0.48 g) were added to the dispersion under magnetic stirring
at 60 °C. The NH3·H2O (10 mL) solution was added dropwise to
prepare Fe3O4. The pH of final mixture was controlled to be in the
range of 9−10. The mixture was then heated to 70 °C for 4 h, washed
three times with distilled water, and finally dried at 60 °C for 3 h.
2.3. Synthesis of HNT@Fe3O4@PPy@DOX Nanocomposites.

HNT@Fe3O4@PPy@DOX was prepared by the reported meth-
od.40,41 PVA (5 g) was dissolved in 100 mL of ultrapure water at 85
°C, and HNT@Fe3O4 (0.7 g) was dispersed in 100 mL of ultrapure
water and ultrasonically dispersed. PPy was synthesized via a facile
one-step aqueous dispersion polymerization using PVA as a stabilizer.
After cooling the PVA aqueous solution to room temperature, the
aqueous dispersion of HNT@Fe3O4 was added and stirred for 30
min. DOX (30 mg) and FeCl3·6H2O (6.3 g) were then added to the
mixture and stirred for 1 h. Additionally, Py monomer (1.4 mL) was

added and stirred at room temperature for 24 h in the dark. The
obtained black product was washed several times with deionized water
and centrifuged, and then freeze-dried to obtain a product. The
adsorption of DOX was calculated at 480 nm using an ultraviolet
spectrophotometer. The DOX loading efficiency was calculated by the
DOX standard curve to be 2.3%. The loading efficiency was calculated
as follows.

=

loading efficiency(%)
weight of loaded DOX

total weight of nanoparticles and loaded DOX
100%

2.4. Characterization of HNT@Fe3O4@PPy@DOX. An aqueous
dispersion of all samples (concentration of 0.05%) was dropped onto
a copper network with a carbon support film and observed using a
transmission electron microscope (TEM, JEM2100F, JEOL Ltd.,
Japan) at an accelerating voltage of 100 kV. The UV−visible
spectrophotometers of all samples were measured by a UV−visible
spectrometer (UV-2550, Shimadzu Instrument Ltd., China). The
crystal structure was analyzed by X-ray diffraction (XRD, MiniFlex-
600, Rigaku Corporation, Japan). The element content was analyzed
by X-ray photoelectron spectroscopy (XPS, ESCALAB250Xi, Thermo
Fisher Scientific Ltd., USA). Infrared photograph and temperature
elevation recordings were captured by a photothermal imaging system
(TiS 55, Fluke Electronic Instrument Ltd., USA) using an 808 nm
fiber-coupled laser as a light source (MD-III-808, Changchun New
Industry Optoelectronic Technology Ltd., China). Cell apoptosis and
necrosis were tested by flow cytometry (BD FACSCanto, USA).
Fluorescent images of the cells were taken by laser scanning confocal
microscopy (LSCM, LSM880, Carl Zeiss AG, Germany). The MR
imaging was obtained by a magnetic resonance imaging system (M3,
Aspect Imaging Ltd., Israel). The zeta potential test was measured at
25 °C using NanoBrook Omni (Brook Haven Instrument Co., Ltd.,
USA) at pH 7.4 (PBS buffer solution). The biodistribution images of
HNT@Fe3O4@PPy@DOX in 4T1-bearing mice were determined by
an in vivo fluorescence imaging system (In-Vivo FX PRO, Bruker,
USA).

2.5. In Vitro Photothermal Performance of HNT@Fe3O4@
PPy@DOX. One milliliter of HNT@Fe3O4@PPy@DOX aqueous
dispersion (500, 1000, and 2000 μg/mL) was added to a 1.5 mL EP
tube, and then irradiated with 808 nm laser (0.8, 1, and 1.2 W/cm2)
for 8 min. Once the irradiation started, the temperature of the
dispersion was recorded with an infrared camera every 1 min while
taking an infrared photograph every 2 min. Each sample was repeated
three times to calculate the mean value and standard error. Pure water
as a control was treated under the same measurement conditions.

2.6. In Vitro Release of DOX. The PBS dispersion (5 mL) of
HNT@Fe3O4@PPy@DOX (10 mg) was placed in a centrifuge tube
and continuously shaken at 37 °C in the dark. A set of samples was
irradiated with a laser (808 nm, 1 W/cm2) for 8 min prior to
sampling. After centrifugation (10 000 rpm, 2 min) at specific times,
the supernatant (1.5 mL) of DOX release from HNT@Fe3O4@PPy@
DOX was measured by UV−vis. The same volume of fresh PBS was
then added to the tube.

2.7. Fe Content of HNT@Fe3O4@PPy@DOX. HNT@Fe3O4@
PPy@DOX (15 mg) was mixed with 10 mL of aqua regia for
digestion. After 12 h, the acidity of the mixture was adjusted to 0.1−1
mol/L. The test was then carried out using an inductively coupled
plasma spectrometer (iCAP 7000 SERIES, Thermo Fisher Scientific
Ltd., USA).

2.8. Cell Culture. Human normal breast cells (MCF10A), human
breast cancer cells (MCF-7), and mouse breast cancer cells (4T1)
were obtained from the cell bank of the Chinese Academy of Sciences.
MCF10A and MCF-7 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco, USA), and 4T1 cells were
maintained in RPMI 1640 (Gibco, USA) containing 10% fetal bovine
serum (Gibco, USA). The culture was carried out under the
conditions of a temperature of 37 °C and 5% CO2.

2.9. In Vitro Cytotoxicity Study. MCF-7 cells (1 × 104 cells/
well) were seeded in 96-well cell culture plates for 24 h, and then
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cocultured with HNTs and HNT@Fe3O4@PPy (0, 31.25, 62.5, 125,
250, 500, and 1000 μg/mL) for 24 h at 37 °C. The cells were then
washed twice with PBS and 100 μL of fresh medium was added. Last,
10 μL of CCK-8 reagent was added to each well and incubated for 4
h. The supernatant was centrifuged at 15 000 rpm to eliminate the
effect of the materials on the absorbance results. MCF-7 cells were
incubated for 24 h and then irradiated with or without an 808 nm
laser (1 W/cm2) for 8 min. After washing with PBS, 100 μL of the
culture solution was added, and 10 μL of CCK-8 reagent was added
to each well and incubated for 4 h. The supernatant was centrifuged at
15 000 rpm and the absorbance was recorded at 450 nm by a
microplate reader.
2.10. AO/EB Staining Assay. MCF-7 cells (8 × 103 cells/well)

were seeded in 96-well plates for 24 h, and then HNTs and HNT@
Fe3O4@PPy@DOX (400 μg/mL) were added to each well to culture
for 24 h. It was then irradiated with an 808 nm laser (1 W/cm2) for 8
min. Finally, the cells were stained with AO/EB double fluorescent
dye, washed three times with PBS, and observed in a fluorescence
microscope.
2.11. Cell Apoptosis Assay. MCF-7 cells were seeded in 12-well

plates at a density of 5 × 104 cells/well. After 24 h of incubation,
HNTs and HNT@Fe3O4@PPy@DOX (400 μg/mL) were added to
each well. The cells were then irradiated for 8 min with 808 nm laser
(0.8 W/cm2) in fresh DMEM medium at 37 °C. Untreated cells were
tested as a negative control. All cells were then washed three times
with PBS, trypsinized (EDTA), and collected by centrifugation. The
cells were resuspended in 0.5 mL annexin buffer. All cells were then
stained with propidium iodide (PI) and annexin V-FITC containing
binding buffer for 15 min and finally detected by flow cytometry.
2.12. Fluorescent Staining of Cells. LSCM was used to observe

the enrichment of HNT@Fe3O4@PPy@DOX at MCF-7 cells. MCF-
7 cells (1 × 104 cells) were usually cultured in a Petri dish and allowed
to adhere overnight in an atmosphere of 37 °C and 5% CO2. The cells
were then treated with HNT@Fe3O4@PPy@DOX (200 μg/mL) for
2, 4, and 8 h. The cells were washed three times with PBS, fixed with
4% paraformaldehyde for 15 min, and permeabilized with 0.1% Triton
for 7 min. The nucleus was stained with 4′,6-diamidino-2-phenyl-
indole (DAPI), and filamentous actin (F-actin) was stained with Alexa
Fluor 488 phalloidin. The fluorescence images were observed by
LSCM.
2.13. In Vivo Magnetic Targeted Efficiency and Fluores-

cence Imaging of HNT@Fe3O4@PPy@DOX. The pathogen-free
BALB/c mice (∼20 g, female, 6−8 weeks old) were obtained from
Guangdong Medical Laboratory Animal Center. All animal care and
experiments were done following protocols approved by the Jinan
University Laboratory Animal Center. To establish 4T1-bearing mice
model in vivo, we transplanted 4T1 cells (2 × 106 cells/mL) in 200
μL of PBS into BALB/c mice by subcutaneous injection. Upon the
tumor sizes reaching ∼100 mm3, an 800G plate-shaped magnet with
diameter of 8 mm and thickness of 2 mm was immobilized on the
tumor area of each mouse using adhesive tape for 24 h after
intravenously injected with DOX (0.52 mg/kg) and HNT@Fe3O4@
PPy@DOX (0.52 mg DOX equiv/kg). The magnet was then removed
before MR imaging or fluorescence imaging. The MR imaging was
captured by an M3 Compact MRI System at indicated time points (0,
2, 4, 8, and 24 h). For fluorescence imaging, mice were sacrificed at
indicated time points (0, 4, 8, and 24 h), and then tumors and major
organs were obtained and observed through in vivo fluorescence
imaging system. DOX was detected by fluorescence with excitation
and emission wavelength at 480 and 550 nm, respectively.

2.14. In Vivo Photothermal Efficiency of HNT@Fe3O4@PPy@
DOX. Upon the tumor sizes reaching ∼100 mm3, an 800G plate-
shaped magnet with diameter of 8 mm and thickness of 2 mm was
immobilized on the tumor area of each mouse by using adhesive tape
for 24 h after intravenously injected with with normal saline (300 μL)
and HNT@Fe3O4@PPy@DOX (22.5 mg/kg). After 4 h injection, the
tumor burden on 4T1-bearing mice were irradiated with 808 nm laser
(1 W/cm2, 8 min) according to the reported research with slight
modifications.42,43 Photothermal imaging was performed at scheduled
time intervals (0, 2, 4, 6, and 8 min) by an infrared thermal camera
and the temperature variation in tumor burden of the 4T1-bearing
mice were monitored.

2.15. In Vivo Synergistic Chemo-Photothermal Therapeutic
Efficiency of HNT@Fe3O4@PPy@DOX. Upon the tumor sizes
reaching ∼100 mm3, the 4T1-bearing mice were randomly allocated
into five treatment groups, including a saline + laser group (300 μL of
normal saline, i.v., and 1 W/cm2 of laser irradiation, 8 min), HNT@
Fe3O4@PPy group (22.5 mg/kg, i.v.), DOX group (0.52 mg/kg, i.v.),
HNT@Fe3O4@PPy@DOX group (0.52 mg DOX equiv/kg, i.v.), and
HNT@Fe3O4@PPy@DOX + laser group (0.52 mg DOX equiv/kg,
i.v., and 1 W/cm2 of laser irradiation, 8 min). An 800G plate-shaped
magnet with diameter of 8 mm and thickness of 2 mm was
immobilized on the tumor area of each mouse by using adhesive tape
for 24 h after intravenous injection. After 4 h of administration, the
tumor burden on 4T1-bearing mice were irradiated with 808 nm laser
at a power density of 1 W/cm2 maintained for 8 min. For the whole
therapeutic period, the 4T1-bearing mice were treated with normal
saline, HNT@Fe3O4@PPy, DOX, and HNT@Fe3O4@PPy@DOX
every other day for 15 days and carried out irradiation 8 times. The
body weight of each mouse was tracked every day, and the tumor
volume of each mouse was measured every 3 days with a caliper and
calculated according to the equation: tumor volume (mm3) = 0.5 ×
[tumor length (mm)] × [tumor width (mm)]2. The mice were
euthanatized at the end of the experiment, and then the tumors,
hearts, liver, spleen, lung, and kidneys of mice were obtained, washed
with normal saline, and fixed in 4% paraformaldehyde.

2.16. In Vivo Hemocompatibility Assay of HNT@Fe3O4@
PPy@DOX. BALB/c mice were randomized into two treatment
groups: control group (300 μL of normal saline, i.v.) and HNT@
Fe3O4@PPy@DOX group (22.5 mg/kg, i.v.). The mice were treated
with 300 μL of normal saline or HNT@Fe3O4@PPy@DOX via
intravenous injection every 3 days for 15 days. Blood samples were
obtained from the orbital sinus. Blood smears were allowed to air-dry
and stained with Wright-Giemsa (Nanjing Jiancheng Biotechnology
Institute, China), and examined by a digital microscope and scanner
(M8, Precipoint, Germany). Serum biochemistry was measured by
Beckman Coulter AU680 analyzer (Beckman Coulter, Miami, FL,
USA) and complete blood panel assay was detected by automatic
biochemical analyzer (Sysmex-800, Sysmex Corporation, Kobe,
Japan).

2.17. Histopathology Analysis. The fixed tissues (tumor, heart,
liver, spleen, lung, and kidney) of mice were paraffined, cut into a
thickness (4 μm) of the section and then stained with hematoxylin
and eosin (H&E). For the detection of apoptosis-positive cells in
tumor, terminal deoxyribonucleotidyl transferase (TDT)-mediated
dUTP-digoxigenin nick end labeling (TUNEL) assay was performed
according to manufacturer’s instructions. Apoptosis positive cells were
observed by a digital microscope and scanner (M8, Precipoint,
Germany) and quantified in 5 randomly selected fields.

Figure 1. Schematic diagram of synthesizing HNT@Fe3O4@PPy@DOX.
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2.18. Statistical Analysis. Data are presented as means ±
standard deviation (SD). Statistical comparisons of results were
followed by GraphPad Prism 6 (GraphPad Software, USA). The
DOX fluorescence in tumor tissues and the hemocompatibility of
HNT@Fe3O4@PPy@DOX were analyzed by t-test. The data of body
weight and tumor volume were analyzed using two-way ANOVA with
Tukey’s post hoc test. Magnetic tumor-targeted efficiency and
temperature changes in tumor tissues, tumor weight, and apoptosis
index were analyzed using one-way ANOVA with Tukey’s post hoc
test. Values of all significant correlations (P < 0.05) were considered
statistically significant.

3. RESULTS AND DISCUSSIONS
3.1. Characterization of HNT@Fe3O4@PPy@DOX

Nanocomposites. HNT@Fe3O4@PPy@DOX nanocompo-
sites were synthesized by coprecipitation of Fe3O4 and PPy in
the presence of HNTs (Figure 1). First, HNTs were uniformly
dispersed in water by ultrasound (25 kHz, 20 min). FeCl3·
6H2O and FeSO4·7H2O were added into the dispersion, and
then NH3·H2O solution was added dropwise to prepare
HNT@Fe3O4 by coprecipitation. Thereafter, HNT@Fe3O4
was dispersed in a solution of PVA. Last, DOX, FeCl3·6H2O
and pyrrole were added to form a PPy layer-coated HNT@
Fe3O4@PPy@DOX nanocomposites. Among them, Fe3+ was
used as a catalyst to polymerize Py, and PVA was used as a
stabilizer to help synthesize uniform PPy nanospheres.
HNT@Fe3O4@PPy@DOX shows strong magnetic proper-

ties. Under the action of the magnet, it can be adsorbed on the
wall of the bottle to make the dispersion clear. In the absence
of a magnet, the HNT@Fe3O4@PPy@DOX dispersion is
stable (Figure S1). As shown in Figure S2, HNT@Fe3O4@
PPy@DOX (1 mg/mL) was steadily dispersed in PBS at
different temperatures (25, 37, 50, and 60 °C) after 4 h
without agglomeration or sedimentation. The morphology of
the prepared nanocomposites was further characterized by
TEM. HNTs show rodlike morphology with tubular structure
(Figure 2B). Py is polymerized to form a large number of
nanospheres in absence of HNTs (Figure 2A). Fe3O4
nanoparticles can be firmly attached to the surfaces of the
tubes and make nanomaterials magnetic (Figure 2C). After the
addition of HNTs, Py is polymerized on the surface of HNTs

to form a layer of PPy (Figure 2D). It can be observed that
HNT@Fe3O4@PPy@DOX has a large amount of Fe3O4
nanoparticles on the tubes’ surface, and then the outermost
layer is coated with a layer of PPy (Figure 2F). It is noted that
HNT@Fe3O4@PPy@DOX has no obvious morphology
change when compared with HNT@Fe3O4@PPy (Figure
2E). It can be explained by that DOX is loaded to nanotubes
through physical adsorption.
The FTIR spectrum of HNT@Fe3O4@PPy@DOX shows

that the characteristic peak at 1541 cm−1 is assigned to the
tensile vibration of PPy ring, and the characteristic peak at
1309 cm−1 is assigned to C−N bond.44 The characteristic peak
at 587 cm−1 is the N−H deformation vibration peak (Figure
2G). XRD patterns show that the (400) and (511) planes
related to Fe3O4 are not found in HNTs and HNT@PPy but
appeared in HNT@Fe3O4@PPy@DOX. Also, the peak
intensity of HNT@PPy and HNT@Fe3O4@PPy@DOX after
PPy wrapping is significantly reduced (Figure 2H), which is
caused by the PPy shielding effect in the surface of HNTs.
These results preliminarily prove that Fe3O4 and PPy exist in
HNT@Fe3O4@PPy@DOX. HNTs have no obvious absorp-
tion in the NIR region, but HNT@PPy has strong absorption
in the entire NIR region. HNT@Fe3O4@PPy@DOX exhibits a
weak absorption of DOX at 480 nm when compared to
HNT@PPy (Figure 2I).
The DOX loading efficiency of HNT@Fe3O4@PPy@DOX

is 2.3%, which was calculated by DOX standard curve. The
release of DOX from nanocomposites in PBS is extremely low
without irradiation, but greatly increased after laser irradiation
(Figure 2J). The acceleration of desorption and release of
DOX reveal that laser irradiation can promote the local
temperature rising. The produced heating triggered the
molecular desorption through the thermal movement of the
carrier as well as the temperature-dependent molecular
mobility of the drug.45,46 These results demonstrate that
DOX and Fe3O4 nanoparticles are successfully loaded on
HNTs, with a layer of PPy.
The surface charge of HNTs is −27.1 mV, which explains

that HNTs have good water (pH 7) dispersing ability for its
high surface negative charge-induced repulsion effect. The

Figure 2. TEM images of (A) PPy nanospheres, (B) HNTs, (C) HNT@Fe3O4, (D) HNT@PPy, (E) HNT@Fe3O4@PPy, and (F) HNT@
Fe3O4@PPy@DOX. (G) FTIR spectrum, (H) XRD patterns, and (I) ultraviolet absorption spectrum of different samples. (J) DOX release profile
of HNT@Fe3O4@PPy@DOX with or without irradiation. The data showed mean ± SD (n = 3).
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surface charge of HNT@PPy is +24.5 mV, because PPy is a
positively charged polymer. It is noted that there is no
significant change in the surface charge of HNT@Fe3O4@
PPy@DOX (+24.8 mV) while compared to HNT@PPy
(Figure S3A). This phenomenon can be explained by DOX
with a positive charge being encapsulated in the PPy layer. The

average particle size of HNTs, HNT@PPy and HNT@
Fe3O4@PPy@DOX is 323.5 ± 13.8, 482.7 ± 11.6, and 501.7
± 14.2 nm, respectively (Figure S3B, D). Compared with
HNTs, the particle size of HNT@PPy and HNT@Fe3O4@
PPy@DOX increased significantly, because of the wrapping of
PPy on nanotubes.

Figure 3. (A) XPS spectral curves for HNTs and HNT@Fe3O4@PPy@DOX. (B−F) High-resolution scanning of O, N, Al, Fe, and Si elements of
HNT@Fe3O4@PPy@DOX. (G) Si, Al, O, N, and Fe element mapping corresponding to TEM images of HNT@Fe3O4@PPy@DOX.

Figure 4. (A) Infrared images of HNT@Fe3O4@PPy@DOX dispersion in different concentrations and different powers under irradiation of 808
nm laser recorded using infrared camera. (B) Temperature curves of HNT@Fe3O4@PPy@DOX dispersion (1 mL) with different concentrations
irradiated by 808 nm laser (1 W/cm2). (C) Temperature curves of HNT@Fe3O4@PPy@DOX (1 mg/mL, 1 mL) upon NIR light irradiation with
various powers. (D) Temperature curves of HNT@Fe3O4@PPy@DOX (1 mg/mL, 1 mL) with an 808 nm laser switch-on/-off five times. The data
are represented as mean ± SD (n = 3).
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The composition of elements of HNTs and HNT@Fe3O4@
PPy@DOX is further investigated by XPS. Results from XPS
spectral curves show that the contents of N and Fe in HNT@
Fe3O4@PPy@DOX are 8.24 and 0.3%, respectively, whereas
those in HNTs are 0 (Figure 3A). It is suggested that HNTs
are natural clay minerals with a small number of contaminants.
The C content of modified HNTs increased from 14.85 to
69.88%, whereas the contents of O, Al, and Si elements
decreased from 55.53 to 20.6%, 14.01 to 0.34%, and 15.62 to
0.64%, respectively (Figure 3A). This is because the PPy
wrapping on the surface of HNTs increases the content of C
and N elements and decreases the content of O, Al, and Si
elements. Because the depth of the XPS test material is only in
a few nanometers, only a low content of Fe is detected. To
quantitatively analyze the content of Fe in the material, we
conducted an ICP test and it was shown that Fe element
content was 6.4% (weight ratio of Fe to HNT@Fe3O4@PPy@
DOX). The high-resolution XPS scan curves for the O, N, Al,
Fe, and Si elements in HNTs and HNT@Fe3O4@PPy@DOX
are displayed in Figure 3B, F. Fe 2p and N 1s electrons were
detected in HNT@Fe3O4@PPy@DOX but not in raw HNTs.
The element mapping showed in TEM images further confirms
that O, N, Al, Fe, and Si elements exist in HNT@Fe3O4@
PPy@DOX (Figure 3G). These data demonstrate that the
surface of HNTs is loaded with Fe3O4 nanoparticles and
surrounded by a layer of PPy.
The temperature increase capabilities of ultrapure water,

HNTs, HNT@Fe3O4, HNT@PPy, HNT@Fe3O4@PPy, and

HNT@Fe3O4@PPy@DOX aqueous dispersion were eval-
uated, and the change in temperature under NIR light
irradiation for 5 min was recorded using an infrared camera.
As shown in Figure S4, the temperature of ultrapure water and
HNTs slightly changes after laser irradiation, whereas HNT@
Fe3O4, HNT@PPy, and HNT@Fe3O4@PPy have a much
higher temperature than ultrapure water. Interestingly, HNT@
Fe3O4@PPy and HNT@Fe3O4@PPy@DOX aqueous disper-
sion show the best photothermal performance, because both
PPy and Fe3O4 exhibit strong photothermal conversion
efficiency. Therefore, HNT@Fe3O4@PPy@DOX was em-
ployed to evaluate the in vitro cytotoxic sensitivity and in
vivo antitumor effect in subsequent experiments. In addition,
the temperature of laser-irradiated nanoparticle suspension
increased as the concentration of HNT@Fe3O4@PPy@DOX
and the laser power increased (Figure 4A,C). After 8 min of
irradiation, the temperature of the HNT@Fe3O4@PPy@DOX
is raised by ∼21 °C (1.2 W/cm2, 1 mg/mL). The HNT@
Fe3O4@PPy@DOX aqueous dispersion has a stable change of
temperature by five cycles of 808 nm laser irradiation (Figure
4D), which indicates that the photothermal effect of HNT@
Fe3O4@PPy@DOX is steady and repeatable during PTT.

3.2. Biocompatibility and Characterization of HNT@
Fe3O4@PPy@DOX Composites. To further investigate the
cytotoxicity of HNTs and HNT@Fe3O4@PPy nanomaterials
in vitro, MCF10A and MCF-7 cells were incubated with
different concentrations of HNTs and HNT@Fe3O4@PPy for
24 h and determined by CCK-8 kit. As shown in Figure 5A, B,

Figure 5. Relative survival of MCF10A (A) and MCF-7 (B) cells treated with different concentrations of HNTs and HNT@Fe3O4@PPy@DOX
for 24 h. (C) Relative survival rate of MCF-7 cells incubated with HNTs and HNT@Fe3O4@PPy@DOX for 12 h and then with or without
irradiation (808 nm, 1 W/cm2) for 8 min. The data showed mean ± SD (n = 4). (D) Fluorescent images of MCF-7 cells incubated with HNTs and
HNT@Fe3O4@PPy@DOX and treated with or without irradiation (808 nm, 1 W/cm2) for 8 min. Color in green indicates live cells and color in
red indicates dead cells. Scale bar: 50 μm. (E) Ratio of apoptosis in MCF-7 cells incubated with HNTs, DOX, and HNT@Fe3O4@PPy@DOX,
with or without 808 nm laser irradiated (1 W/cm2) for 8 min.
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HNTs and HNT@Fe3O4@PPy show low-level toxicity toward
both the normal cells and tumor cells even at high
concentrations. The results in Figure 5C show that the cell
viability of HNTs (93.8%) under laser irradiation is still high,
suggesting no photothermal effect of raw HNTs. The cell
viability of the HNT@Fe3O4@PPy@DOX with a nonlaser
irradiation group is 63.1% (Figure 5C) because of the
antitumor effect of the DOX drug, whereas that of HNT@
Fe3O4@PPy@DOX with the laser irradiation group is 10%
because of the combination of photothermal and chemo-
therapy. It is intuitively observed by AO/EB live-staining that
cells cocultured with PBS and HNTs mainly show green
fluorescence after 8 min of laser irradiation. HNT@Fe3O4@
PPy@DOX without a laser irradiation group shows only a
small amount of red fluorescent cells, whereas HNT@Fe3O4@
PPy@DOX treated with laser irradiation group displays almost
dead cells, which is consistent with the data of CCK-8 assay
(Figure 5D). Furthermore, the apoptosis rate of PBS and
HNTs after laser irradiation is 3.79 and 10.04%, respectively,
whereas HNT@Fe3O4@PPy@DOX without laser irradiation
causes apoptotic cells in 34.07%. After laser irradiation,
HNT@Fe3O4@PPy@DOX results in 75.1% apoptosis rate
(Figure 5E). In addition, results from 4T1 cell (a mouse breast
cancer cell) also display the similar tendency (Figure S5),
which provides evidence for the subsequent experiments in
mice. The cellular uptake was evaluated in MCF-7 cells
incubated with HNT@Fe3O4@PPy@DOX for different times
(2, 4, and 8 h). The temperature in cells treated with HNT@
Fe3O4@PPy@DOX is raised by irradiation, which promotes
the release of DOX from HNT@Fe3O4@PPy@DOX and then
causes a large number of cancer cell deaths. Results shown in
Figure 6 indicate that DOX released from HNT@Fe3O4@
PPy@DOX is enriched in both cytoplasm and nucleus as the
incubation time increases. DOX injures cancer cells via both
the mitochondrial and nucleus mechanisms, which can
improve the anticancer efficiency.34,47 Therefore, it is
concluded that HNT@Fe3O4@PPy@DOX treated with

irradiation would have an excellent antitumor effect by the
synergic effect of chemotherapy and PTT.

3.3. In Vivo Chemo-Photothermal Treatment. Chemo-
therapy is widely utilized to treat cancer in the clinic, but
chemotherapy drugs lack selectivity for tumor cells and induce
lots of side effects.48 Delivery of drugs under magnetic
targeting has become a hot topic in tumor-targeted
therapy.48−50 Nanoparticles anchored with magnetic targeting
ligand molecules such as Fe3O4 can be delivered to tumor sites
by a locally applied external magnetic field, thereby achieving
tumor-targeted efficacy.51−53 The cytotoxic sensitivity of MCF-
7 cells and 4T1 cells to DOX has no significant differ-
ence.34,49,54 Tumor-bearing mice (with normal immunity) can
be easily established with 4T1 cells, whereas MCF-7-bearing
mice need the higher-cost nude mice. Therefore, the tumor-
bearing mice were established using 4T1 cells to investigate the
tumor-targeted efficacy, toxicity, and antitumor effect in vivo.
First, in order to investigate the potential magnetic targeting

efficiency of HNT@Fe3O4@PPy@DOX nanoplatform, we
intravenously 4T1-bearing mice injected with HNT@
Fe3O4@PPy@DOX (22.5 mg/kg). After that, a plate-shaped
magnet was immobilized on the tumor area of each mouse, and
the schematic diagram of a magnet-attached tumor-bearing
mouse is shown in Figure S6. T2-weighted MRI images were
captured at indicated time points after the intravenous
injection. As shown in Figure 7A, B, dramatically increased
darkening effects in the transversal and longitudinal T2-
weighted MRI images were observed around the tumor sites
after the intravenous injection of the HNT@Fe3O4@PPy@
DOX. Additionally, the darkening effects in tumor area
increases with time and reaches a maximum at 24 h after the
administration of HNT@Fe3O4@PPy@DOX. These results
suggest the high uptake of HNT@Fe3O4@PPy@DOX nano-
particles in the tumor by an external magnetic field.
Furthermore, the MR signal of mice treated with HNT@
Fe3O4@PPy@DOX in 24 h is 3.59 times higher in the
transversal and 3.72 times higher in longitudinal of T2-

Figure 6. Fluorescence images of MCF-7 cells treated with HNT@Fe3O4@PPy@DOX at different time intervals. Scale bar: 20 μm.
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weighted images (P < 0.05) than the mice at 0 h. These data
strongly suggest that HNT@Fe3O4@PPy@DOX exhibits
excellent magnetic tumor-targeted efficiency and could be
considered as a promising application in magnetic targeting
tumor therapy.
Enhancing the permeability and retention effects of

nanoparticles can enhance the accumulation of drug in tumors
and improved antitumor efficacy.55,56 In order to investigate
the biodistribution and tumor-targeted efficiency of HNT@
Fe3O4@PPy@DOX in vivo, 4T1-bearing mice were intra-
venously injected with DOX (0.52 mg/kg) and HNT@
Fe3O4@PPy@DOX (0.52 mg DOX equiv/kg). After that, a
plate-shaped magnet was immobilized on the tumor area of
each mouse by using adhesive tape. DOX fluorescence of main
tissues (heart, liver, spleen, lung, kidney, and tumor) was
detected by in vivo fluorescence imaging system at indicated
time points, which was used to evaluate the time-dependent
biodistribution and tumor-targeted efficiency of HNT@
Fe3O4@PPy@DOX in the 4T1-bearing mice. As expected,
the accumulation of DOX fluorescence in the tumor of HNT@
Fe3O4@PPy@DOX treated mice is obviously higher than that
treated with free DOX treatment (8, 12, and 24 h) (P < 0.01)

(Figure 8A,B). Additionally, DOX fluorescence in tumor area
achieves the maximum at 8 h after the administration of
HNT@Fe3O4@PPy@DOX, whereas the free DOX treatment
reaches the maximum at 4 h. Moreover, HNT@Fe3O4@PPy@
DOX treatment reveals a remarkably higher DOX fluorescence
intensity in the tumor than that in other tissues (heart, liver,
spleen, lung, and kidney) (Figure 8C). According to the above
results, the change in DOX fluorescence in the major tissues
reveals the biodistribution and elimination of HNT@Fe3O4@
PPy@DOX at indicated time points (4, 8, 12, and 24 h). It is
considered that HNT@Fe3O4@PPy@DOX in blood circu-
lation systems could transfer from main tissues to tumor
because of the external magnet in tumor sites. Therefore, these
results reveal that HNT@Fe3O4@PPy@DOX has excellent
tumor-targeted performance.
On the basis of the in vitro promising photothermal

performance and in vivo tumor-targeted efficiency of HNT@
Fe3O4@PPy@DOX, a further exploration of photothermal
conversion efficiency was carried out in 4T1-bearing mice.
Mice were injected with normal saline (300 μL) and HNT@
Fe3O4@PPy@DOX (22.5 mg/kg) through intravenous in-
jection. As shown in Figure 9A,B, the tumor temperature of

Figure 7. Magnetic tumor-targeted efficiency of HNT@Fe3O4@PPy@DOX in 4T1-bearing mice. (A) Transversal and (B) longitudinal T2-
weighted images were captured by M3 Compact MRI System at indicated time points (0, 2, 4, 8, and 24 h) after being intravenously injected with
HNT@Fe3O4@PPy@DOX (22.5 mg/kg). Tumors in T2-weighted images are highlighted by red circles. (C) Transversal and (D) longitudinal MR
signals in the tumor area are quantified by ImageJ software at indicated time points after intravenously injected with HNT@Fe3O4@PPy@DOX
(22.5 mg/kg). The data are represented as mean ± SD (n = 3) and analyzed by one-way ANOVA with Tukey’s post hoc test. *P < 0.05, **P <
0.01, ***P < 0.001 vs 0 h.
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mice administrated with HNT@Fe3O4@PPy@DOX exhibits a
rapid increase after irradiation for 8 min (P < 0.001). It is
noted that the temperature at the local surface tumor of mice
treated with HNT@Fe3O4@PPy@DOX is dramatically
increased to 55.6 ± 0.8 °C within 8 min laser irradiation,
which is sufficient to kill the tumor effectively because of the
ischemic supplement of the tumor area.57 Therefore, all these
results definitely demonstrate that HNT@Fe3O4@PPy@DOX
holds an excellent photothermal performance and it could be a
promising antitumor nanoplatform.
Encouraged by the tumor-targeted efficiency of HNT@

Fe3O4@PPy@DOX and its high photothermal conversion
efficiency in vivo, the synergistic chemo-photothermal
therapeutic effects of 4T1-bearing mice were further
investigated. Upon the tumor sizes reaching ∼100 mm3,
mice were administrated with normal saline (300 μL, laser
irradiation, 1 W/cm2, 8 min), HNT@Fe3O4@PPy (22.5 mg/
kg), DOX (0.52 mg/kg), HNT@Fe3O4@PPy@DOX (0.52 mg
DOX equiv/kg), and HNT@Fe3O4@PPy@DOX + laser (0.52
mg DOX equiv/kg, laser irradiation, 1 W/cm2, 8 min) through
intravenous injection every other day. As indicated in Figure
10A, the body weight of the DOX group obviously decreases

(P < 0.01) compared with the normal saline + laser group,
whereas HNT@Fe3O4@PPy, HNT@Fe3O4@PPy@DOX, and
HNT@Fe3O4@PPy@DOX + laser groups have no significant
influence on the body weight. These results indicate that DOX
can induce a significant decrease in body weight at an even low
concentrations of 0.52 mg/kg, which agrees with previous
studies about certain toxic effects on mice.49 However, HNT@
Fe3O4@PPy@DOX treatment shows no obvious toxicity to
mice, which demonstrates that HNT@Fe3O4@PPy may be a
superior drug carrier nanoplatform in antitumor therapy. As
expected, HNT@Fe3O4@PPy@DOX treatment significantly
reduces (P < 0.001) both tumor volume and tumor weight in
4T1-bearing mice by comparing to the normal saline + laser
treatment, whereas DOX and HNT@Fe3O4@PPy treatments
indicate no obvious change (Figure 10B,D). These results
indicate that HNT@Fe3O4@PPy@DOX can be considered as
a promising tumor-targeted nanomaterial in cancer treatment
without producing toxicity. Furthermore, mice treated with
HNT@Fe3O4@PPy@DOX + laser exhibits the best antitumor
effects, which can be attributed to the synergistic chemo-
photothermal therapeutic effects. Collectively, these data

Figure 8. Biodistribution of HNT@Fe3O4@PPy@DOX in 4T1-bearing mice after intravenous injection. (A) Fluorescence imaging of major tissues
and tumors of 4T1-bearing mice after intravenous injection of DOX (0.52 mg/kg) and HNT@Fe3O4@PPy@DOX (0.52 mg DOX equiv/kg) at
indicated time points (4, 8, 12, and 24 h). (B) Quantification of DOX fluorescence of tumors at indicated time points (4, 8, 12, and 24 h). (C)
Quantification of DOX fluorescence of major tissues and tumors at 24 h. The results are represented as mean ± SD (n = 3) and analyzed by t-test.
*P < 0.05, **P < 0.01, ***P < 0.001 vs DOX.

Figure 9. Photothermal performance of HNT@Fe3O4@PPy@DOX in 4T1-bearing mice. (A) Thermographs were captured by an NIR thermal
camera at continuous time intervals (0, 2, 4, 6, and 8 min). (B) Temperature curves in tumor tissues of mice monitored during photothermal
treatment. The data are shown as mean ± SD (n = 3) and analyzed using two-way ANOVA with Tukey’s post hoc test. ***P < 0.001 vs saline +
laser.
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indicate that HNT@Fe3O4@PPy@DOX appears to be greatly
efficient in suppressing tumors.
Subsequently, the apoptosis index of HNT@Fe3O4@PPy@

DOX in tumor tissues was performed by TdT-mediated dUTP
nick-end labeling (TUNEL) assay to further confirm the
antitumor efficacy. The apoptotic cells were indicated by
brown spots (the red arrows) in tumor tissues. HNT@Fe3O4@
PPy@DOX and HNT@Fe3O4@PPy@DOX + laser treatments
induce significant apoptosis (P < 0.001) in tumor tissues in
comparison to the normal saline + laser treatment (Figure 10E,
F). HNT@Fe3O4@PPy@DOX + laser treatment exhibits more
prominent apoptosis than HNT@Fe3O4@PPy@DOX treat-

ment (P < 0.01), which agrees with the change in tumor
volume and tumor weight. These results reveal that HNT@
Fe3O4@PPy@DOX showed an excellent antitumor efficacy by
inducing apoptosis of cancer cells.

3.4. In Vivo Hemocompatibility and Toxicity Assay of
HNT@Fe3O4@PPy@DOX. The potential long-term toxicity
and hemocompatibility of nanoparticles in vivo are significant
for practical biomedical application.58−60 To reveal the
hemocompatibility of HNT@Fe3O4@PPy@DOX, we per-
formed the blood smear, serum biochemistry, and complete
blood panel assay by two groups of BALB/c mice (n = 3).
Mice were treated with normal saline (300 μL) or HNT@

Figure 10. Synergistic chemo-photothermal therapeutic efficiency of HNT@Fe3O4@PPy@DOX in 4T1-bearing mice. (A) Body weight and (B)
tumor volume curves of 4T1-bearing mice administrated with normal saline (300 μL and laser irradiation, 1 W/cm2, 8 min), HNT@Fe3O4@PPy
(22.5 mg/kg), DOX (0.52 mg/kg), HNT@Fe3O4@PPy@DOX (0.52 mg DOX equiv/kg), and HNT@Fe3O4@PPy@DOX + laser group (0.52 mg
DOX equiv/kg, laser irradiation, 1 W/cm2, 8 min) through intravenous injection every other day during treatment period. (C) Tumor weight and
(D) photographs of 4T1-bearing mice on the 16th day. (E) Representative photographs of TUNEL assay of tumor sections. (F) Number of
apoptosis cells in different treatments that were counted blindly in five randomly selected regions. Scale bar: 50 μm. The data are shown by mean ±
SD (n = 5), the body weight and the tumor volume were performed using two-way ANOVA with Tukey’s post hoc test, the tumor weight and
apoptosis index were analyzed using one-way ANOVA with Tukey’s post hoc test. **P < 0.01, ***P < 0.001 vs saline + Laser, ##P < 0.01, ###P <
0.001 vs HNT@Fe3O4@PPy@DOX, @@@P < 0.001 vs DOX.
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Fe3O4@PPy@DOX (22.5 mg/kg) via intravenous injection
every other day for 15 days. The results of blood smears reveal
that HNT@Fe3O4@PPy@DOX does not change the morphol-
ogy of platelets, leukocytes, and white blood cells in
comparison to control group (Figure S7A). In addition, no
signs of coagulation are found in the blood smears of the
HNT@Fe3O4@PPy@DOX group. A variety of biochemistry
parameters are selected to reflect the liver and kidney function
(Figure S7B, D), and there is no noticeable hepatic toxicity and
nephrotoxicity induced by HNT@Fe3O4@PPy@DOX treat-
ment. As for the hematological index (Figure S7E, L), all these
parameters in HNT@Fe3O4@PPy@DOX-treated mice are in
normal ranges. On the basis of the biochemistry and
hematological assays, we conclude that HNT@Fe3O4@PPy@
DOX is biosafe and biocompatible.
To further evaluate the potential toxicity and biosafety of the

HNT@Fe3O4@PPy@DOX in vivo, we investigated the
histological analysis of main tissues (tumor, heart, liver, spleen,
lung, and kidney) by H&E staining. As shown in Figure S8, it is
noted that the HNT@Fe3O4@PPy@DOX and HNT@
Fe3O4@PPy@DOX + laser treatments induce obvious necrosis
in tumor tissues, whereas the normal saline + laser, HNT@
Fe3O4@PPy, and DOX treatments present no obvious
changes. As for the normal tissues, DOX treatment can induce
obvious heart damage (rupture and dispersion of the
cardiomyocytes) and visible nephrotoxicity (distinct necrosis
of certain glomerulus), whereas the normal saline + laser,
HNT@Fe3O4@PPy, HNT@Fe3O4@PPy@DOX, and HNT@
Fe3O4@PPy@DOX + laser treatments exhibit no significant
toxicity. Few studies in the literature have reported on how
halloysite is decomposed or removed from the human body
after intravenous injection. However, no obvious toxicity of
halloysite was found toward the lung and liver of mice at low
dose (5 mg/kg BW) by oral administration.61,62 In total,
HNT@Fe3O4@PPy@DOX provides a multifunctional nano-
platform that can achieve a biosafe, magnetic tumor-targeted,
excellent photothermal performance in breast cancer therapy.
In our previous work, we reported that a chemotherapy

nanoplatform based on modified halloysite by poly(ethylene
glycol) (PEG) and folate (FA) conjugation (DOX@HNTs-
PEG-FA) for treatment of the breast cancer, in which PEG and
FA were used for long-circulating and tumor-targeting
purposes, respectively.63 However, it is considered that a
single model of chemotherapy has some drawbacks such as
drug resistance, low efficacy, and side effects to normal tissues.
Among various treatment strategies, the combined therapy has
been recognized as a promising strategy to amplify the
anticancer efficiency and minimize systemic side effects of
chemotherapeutic agents by reducing the drug dosage.
Therefore, the multifunctional nanoplatform of HNT@
Fe3O4@PPy@DOX was explored in this work, which
combined photothermal therapy with chemotherapy as well
as magnetic targeting and MRI imaging.
In total, the HNT@Fe3O4@PPy@DOX exhibits enhanced

antitumor effects and lowered toxicity as evidenced by highly
efficient tumor ablation ability along with good biocompati-
bility and no obvious histological damage to the major organs
because of the magnetic targeting effects. In vivo therapeutic
experiments demonstrate that HNT@Fe3O4@PPy@DOX can
achieve prominent antitumor effects even at a relatively low
DOX concentration of 0.52 mg/kg and reduce the toxicity to
normal tissues. In contrast, the drug concentration for
treatment of the same tumor was 5 mg/kg in DOX@HNTs-

PEG-FA. Moreover, the average tumor volume of HNT@
Fe3O4@PPy@DOX treatment on 15th day decreased to 37.23
from 101.31 mm3 (Figure 10B), whereas the tumor volume of
the DOX@HNTs-PEG-FA-treated group increased from 50.41
to 139.64 mm3 at the same administrated interval. Besides,
Fe3O4 is nondegradable material, so it can accumulate in tumor
tissue because of the external magnet and exerts a continuously
targeted photothermal ablation to cancer cells for long time.
HNT@Fe3O4@PPy@DOX does not show significant toxicity
in serum biochemistry and complete blood panel assay in
normal mice, although it exhibits a T2-weighted MRI imaging-
guided function that could achieve magnetic targeting
photothermal therapy of cancer spatially and timely controlled
by the external magnetic field.

4. CONCLUSIONS

A multifunctional nanoplatform for targeting delivery and high-
efficiency chemo-photothermal therapy toward breast cancer is
designed by in situ formation of Fe3O4 nanoparticles on the
surfaces of HNTs, followed by loading DOX and wrapping a
layer of PPy outside the tubes. The structure and properties of
HNT@Fe3O4@PPy@DOX are characterized by different
techniques. In vitro experiments demonstrate that HNT@
Fe3O4@PPy@DOX nanocomposites exhibited strong cancer
cell-killing effects under NIR laser irradiation. Laser irradiation
promotes the release of DOX from HNT@Fe3O4@PPy@
DOX nanocomposites, allowing combined chemo-photo-
thermal therapy in tumor treatments. HNT@Fe3O4@PPy@
DOX has good biocompatibility and does not show significant
toxicity in serum biochemistry and the complete blood panel
assay in normal mice. In vivo therapeutic experiments
demonstrate that HNT@Fe3O4@PPy@DOX can achieve
prominent antitumor effects even at relatively low DOX
concentration and reduce the toxicity to normal tissues. In
conclusion, the construction of HNT@Fe3O4@PPy@DOX
therapeutic nanoplatform provided a rapid, effective, biocom-
patible, and cheap choice for clinical targeting therapy toward
breast cancer.
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Figure S1. Digital photographs of HNTs@Fe3O4@PPy@DOX (A) without or (B) 

with magnets after 30 min dispersed in PBS.

Figure S2. Digital photographs of HNTs@Fe3O4@PPy@DOX (1 mg/mL) dispersed 

in PBS at different temperatures (25, 37, 50, 60 oC) after 4 h.

Figure S3. (A) Zeta potential data for HNTs, HNTs@PPy and 

HNTs@Fe3O4@PPy@DOX, (B-D) Particle size results of HNTs, HNTs@PPy and 
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HNTs@Fe3O4@PPy@DOX.

Figure S4. Temperature increase of H2O, HNTs, HNTs@Fe3O4, HNTs@PPy, 

HNTs@Fe3O4@PPy and HNTs@Fe3O4@PPy@DOX in the aqueous dispersion (1 

mg/mL, 1 mL) irradiated by 808-nm laser (1 W/cm2) after 5 min. The data are 

represented as mean ± SD (n = 3).

Figure S5. (A) Relative survival of 4T1 cells treated with different concentrations of 

HNTs and HNTs@Fe3O4@PPy for 24 h. (B) The relative survival rate of 4T1 cells 

incubated with HNTs and HNTs@Fe3O4@PPy@DOX for 12 h and then with or 

without irradiation (808 nm, 1 W/cm2) for 8 min. The data showed mean ± SD (n = 

4). (C) Fluorescent images of 4T1 cells incubated with HNTs and 
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HNTs@Fe3O4@PPy@DOX, with or without 808 nm laser (1 W/cm2) irradiated for 8 

min. Scale bar: 50 μm. The data are represented as mean ± SD (n = 3).

Figure S6. Schematic diagram of a magnet-attached tumor-bearing mouse.

Figure S7. In vivo hemocompatibility and toxicity assay of 

HNTs@Fe3O4@PPy@DOX. (A) The blood smears photomicrographs of mice 

intravenously injected with normal saline, HNTs@Fe3O4@PPy@DOX. (B-D) Variety 

of biochemistry parameters including alkaline phosphatase (ALP), alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), albumin (ALB), globulin 

(GLOB), total protein (TP), blood urea nitrogen (BUN). (E-L) Various hematology 

index including white blood cells, red blood cells, hemoglobin, mean corpuscular 

volume, hematocrit, mean corpuscular hemoglobin, mean corpuscular hemoglobin 

concentration and platelets. The values are represented as mean ± SD (n = 3), Scale 

bar: 50 μm.
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Figure S8. Histopathological analysis of HNTs@Fe3O4@PPy@DOX in 4T1-bearing 

mice. (A) H&E staining photographs of tumors and tissues harvested from various 

group at end of experiment. Scale bar: 100 μm. The red arrows in heart sections 

indicate the breakdown and dispersion of certain cardiomyocytes. The red arrow in 

kidney sections indicates the destructive necrosis of the glomerulus.


