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rine)-coated FeOOH nanoparticles
as carriers of artemisinin for cancer photothermal-
chemical combination therapy†
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Yansheng Zhang,b Yanan Suna and Dongtao Ge*a

The photothermal-chemical combination therapy is a promising approach for cancer treatment, however,

chemotherapy often causes severe toxic and side effects on normal tissues. Herein, tumor-specific

FeOOH@PNE-Art nanoparticles were fabricated via coating poly(norepinephrine) (PNE) on FeOOH

nanoparticles, followed by loading of artemisinin (Art). The as-prepared nanoparticles exhibited excellent

biocompatibility, strong near-infrared (NIR) absorbance and pH-responsive synchronous release of Art and

iron ions. The released iron ions could not only supply iron ions in cancer cells which mediate

endoperoxide bridge cleavage of Art and generate reactive oxygen species (ROS), but also react with H2O2

at tumour sites via the Fenton reaction and produce hydroxyl radicals, inducing a tumour-specific killing.

Moreover, owing to the synchronous release of Art and iron ions as well as the low leakage of iron ions,

FeOOH@PNE-Art nanoparticles showed extremely low toxicity to normal tissue. Under NIR light irradiation,

the tumours in FeOOH@PNE-Art injected mice were thoroughly eliminated after 7 days of treatment and no

tumour recurrence was found 30 days after treatment, manifesting very high efficacy of combination therapy.
Introduction

Among the various cancer therapies, chemotherapy is the most
commonly adopted treatment. However, it suffers from low
therapeutic efficiency, drug resistance and severe adverse
effects.1,2 The recently developed photothermal-chemical combi-
nation therapy exhibited great potential in cancer therapy,3 since
it not only integrated two modes of cancer treatment, but also
enhanced drug toxicity to cancer cells via elevated temperature
from photothermal therapy (PTT) at tumour sites.4 Moreover,
PTT-induced hyperthermia could enhance tumor cell uptake of
nanocarriers and accelerate drug release from nanocarriers.5

Although favorable therapeutic efficacy was achieved by the
combination of PTT and chemotherapy, the problem of strong
side effects of chemotherapy on normal tissues remains.

Artemisinin (Art), a natural plant drug, is extracted from the
herb Artemisia annua and has been widely used as an antima-
laria medicament.6 Recent studies revealed that Art can also be
used for cancer therapy, which inhibits angiogenesis, blocks the
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is work.
metastasis and suppresses proliferation of cancer cells.7–10 The
anticancer mechanism of Art is that the peroxy bridge in Art
would be broken in the presence of Fe2+, leading to releasing of
free radicals and reactive oxygen species (ROS), which would
cause cellular oxidative damage.11–13 Accordingly, Art is more
toxic to cancer cells for the reason that there are more ferrous
ion in tumour cells than normal cells.14,15 However, the limited
iron supply in tumour cells and intrinsic hydrophobicity of Art
obstructed clinical application of Art as a chemotherapeutic
drug.16–19 Nevertheless, these problems can be solved by devel-
oping suitable Fe-contained nanocarriers. Recently, many
nanocarriers containing iron sources for delivery of Art, such as
Fe3O4 and metal–organic-frameworks (MOFs) nanoparticles,
have been developed.20–23 These nanoparticles acquired a high
drug loading efficiency, provided the sufficient iron ion, and
greatly enhanced the therapeutic efficacy of Art. However, the
excessive iron ion supplied by these nanoparticles not only has
strong side effects, but also would increase the risk of normal
tissue being attacked by free radicals, leading to poor effect of
chemotherapy. Compared with Fe3O4 and MOFs nanoparticles,
FeOOH nanoparticles have lower leakage rate of iron ion.
Moreover, fusiform FeOOH nanoparticles are more easily
uptaken by cancer cells, since they could penetrate tumours via
the vessel pores and reach the tumour cells more rapidly.24–26

Therefore, using FeOOH nanoparticles as carrier for Art would
be conducive to enhancing uptake efficiency of drug in tumour
cells and reducing damage to normal tissues. However, the poor
This journal is © The Royal Society of Chemistry 2019
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stability in physiological environments restricted the applica-
tion of FeOOH nanoparticles as drug carriers.

Inspired from robust adhesion of mussels, catecholamine-
based surface chemistry provided a promising material-
independent functionalization strategy for forming polymer
coatings.27–32 Norepinephrine (NE) as catechol molecule is
a dopamine derivative with an additional hydroxyl group, which
can generate a poly(norepinephrine) (PNE) adherent coating on
the substrate surfaces via oxidative polymerization in alkaline
environment.33,34 Compared with polydopamine, PNE presents
a more uniform, thinner and smooth coating, due to its
controllable polymerization process.35–38 Therefore, it is more
suitable for the modication of nanomaterials.39–41 Moreover,
owing to the similar conjugate structures with polydopamine,
PNE promises to be a potential photothermal agent. However,
to the best of our knowledge, the photothermal performance of
PNE has not been reported so far.

In this paper, fusiform FeOOH nanoparticles were selected
as carrier of Art to supply iron sources. To enhance the dis-
persity of nanoparticles and load drug, FeOOH nanoparticles
were functionalised with PNE by polymerization of NE under
alkaline condition, as shown in Scheme 1. The as-fabricated
nanoparticles (FeOOH@PNE-Art) exhibited excellent
Scheme 1 Illustration of the fabrication and in vivo anticancer applicatio

This journal is © The Royal Society of Chemistry 2019
biocompatibility, high near-infrared (NIR) absorbance and
synchronous release of Art and iron ions. Besides Art-mediated
chemotherapy, the released iron ion from FeOOH@PNE-Art
also triggered hydroxyl radical-based chemotherapy via Fenton
reaction, due to the overexpressed H2O2 at tumour sites. The
tumour-specic nanoparticles synthesized in this paper not
only solve the problems of poor curative effect and high side-
effects of chemotherapy, but also achieve complete eradica-
tion of the tumor by combining PTT and chemotherapy,
showing prominent application prospect.
Experimental section
Materials

Artemisinin (Art) was purchased from Beijing Suo Laibao
Technology Co., Ltd. Norepinephrine hydrochloride (NE), 1,3-
diphenylisobenzofuran (DPBF), 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) and dichlorouorescein-diacetate (DCFH-DA)
were obtained from Sigma-Aldrich Co., Ltd. Dulbecco's modi-
ed Eagle's medium (DMEM), Roswell Park Memorial Institute
(RPMI) 1640 medium and fetal calf serum (FBS) were acquired
from Life Technologies Co., Ltd. All solvents and reagents were
obtained commercially and used without further purication.
n of FeOOH@PNE-Art nanoparticles.

RSC Adv., 2019, 9, 9968–9982 | 9969
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L929 mouse broblasts (L929 cells) and mouse breast cancer
4T1 cells (4T1 cells) were bought from the Cell Center of Basic
Medical Sciences Chinese Academy of Medical Sciences.

Characterization

Transmission electron microscopy (TEM) was carried out on
a JEOL JEM-1400 to observe the morphology of nanoparticles. X-
ray diffraction (XRD) analysis was carried out on a 2.2 kW X-ray
diffractometer using Cu (60 kV, 55 mA) radiation. A Malvern
Zetasizer Nano ZS (Model: ZEN 3600) was used to determine the
size and zeta potential of products. The Fourier transform infrared
spectroscopy (FTIR) spectra were collected by a Nicolet iS10 FTIR
spectrometer with DTGS detector. Scans over wavelengths
between 500 and 4000 cm�1 were selected with a resolution of
2 cm�1 and averaging 32 scans for each spectrum. A SHIMADZU
UV-1750 spectrophotometer was applied for UV-Vis-NIR absorp-
tion spectra. Iron ion concentration was measured by inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7500ce). A
laser device (F2419V) and an infrared thermal imager (FOTRIC
220) were applied for the detection of photothermal performance.

Synthesis of FeOOH@PNE

FeOOH nanoparticles were prepared by hydrothermal
method.42 Briey, FeCl3$6H2O (1.16 g) was dissolved in 200 mL
deionized water to form a clear yellow solution, followed by
stirring mechanically for 12 h at 55 �C until the solution became
turbid. The FeOOH nanoparticles were collected by centrifuga-
tion (14 500 rpm, 20 min), washed just once by water, then
redispersed in water and kept at 4 �C for further use.

350 mg NE was dissolved in 120 mL Tris buffer solution
(10 mM, pH 8.5), followed by adding 1mL FeOOH nanoparticles
aqueous dispersions (30 mg mL�1). The mixture was stirred
under room temperature for 48 h until the color of solution
changed from orange to brownish black. Finally, the obtained
product (FeOOH@PNE) was stored in water at 4 �C aer
centrifugation (16 000 rpm, 20 min) and washing three times
with deionized water.

Photothermal performance evaluation

To study the photothermal performance of the nanoparticles,
FeOOH@PNE nanoparticle aqueous dispersions with different
concentration were exposed on an 808 nm laser with the power
density of 2 W cm�2 for 8 min. The temperature of the solution
was recorded by an electronic contact thermometer (Testo AG
925) every minute. In a same way, the photothermal stability of
the nanoparticles was investigated under the irradiation of an
808 nm laser (2 W cm�2) for 10 min, then the laser was turned
off until the sample returns to room temperature and the
temperature was recorded continuously at each iteration.

Art loading and in vitro release

1 mL Art solution (dissolved in ethanol) with different concen-
trations (0.05, 0.1, 0.2, 0.3, 0.4, 0.5 mg mL�1) was mixed with
4 mL FeOOH@PNE (0.5 mg mL�1) for drug loading. The
mixture was sealed and stirred magnetically for 12 h, followed
9970 | RSC Adv., 2019, 9, 9968–9982
by removing ethanol via evaporation. Then the solution was
centrifuged (16 000 rpm, 20 min) and washed once by water.
The supernatant aer centrifugation was collected for the
detection of Art content. To measure Art concentration, 95%
ethanol and 0.2% NaOH were added into the Art solution fol-
lowed by hydrolyzing for 30 min at 55 �C. Aer cooling rapidly
with ice and returning to room temperature, the absorbance of
the solution was measured at 290 nm.43

To evaluate the drug release of the nanoparticles, 1 mL 10mg
mL�1 FeOOH@PNE-Art was dispersed in 4 mL PBS (pH ¼ 7.4,
6.5 and 5.0) and incubated at 37 �C with rotating speed of
100 rpm in an oscillation incubator. At specied time point, the
solution was irradiated with an 808 nm laser (2 W cm�2) for
10 min or not, and then centrifuged at 16 000 rpm for 20 min.
4 mL of each supernatant solution were collected and the same
volume of PBS was supplied to the residual solution of the
FeOOH@PNA-Art. To evaluate the released amount of Art, 0.2%
NaOH solution was added into the collected supernatant solu-
tion, and the solution was hydrolyzed at 55 �C for 30 min fol-
lowed by measuring the absorbance at 290 nm.

Cytotoxicity assessments

L929 and 4T1 cells were incubated in DMEM and RPMI 1640
medium at 37 �C under a CO2 (5%) humid atmosphere,
respectively, and the medium supplement contains 1%
penicillin/streptomycin and 10% FBS.

To evaluate cytotoxicity of FeOOH@PNE, 4T1 and L929 cells
were plated in 96-well plates (1 � 104 per well), respectively, and
allowed to culture for 24 h. Then cells were cocultured with
different concentrations of FeOOH@PNE for 24 h. Aer washing
with PBS, the cells were treated with 100 mL of MTT solution
(1 mg mL�1) for 4 h. The MTT solution was subsequently
replaced by 200 mL DMSO followed by incubating for 30min with
mild concussion. At last, the absorbance was measured at
490 nm by a microplate reader (TECAN, innite M200 PRO).

For photothermal therapy in vitro, 4T1 cells were dispersed in
culture medium with or without H2O2, followed by cultivating for
4 h aer seeding in 96-well pates at 1 � 104 cells per well. An
808 nm laser (2 W cm�2) was applied to irradiate the cells for
5 min with the power density of 2 W cm�2 aer the addition of
FeOOH@PNE with different concentrations, followed by further
incubation for 24 h at 37 �C in 5% CO2 before MTT assay. For
chemotherapeutic efficacy, aer seeding the cells in 96-well
plates (1 � 104 per well) with or without H2O2 and cultivating for
24 h, 100 mL different concentrations of free Art, PNE-Art and
FeOOH@PNE-Art were added respectively, followed by cocultur-
ing for another 24 h and MTT assay was performed to detect the
cells activity. For combination therapy, aer cell seeding with or
without the existence of H2O2, FeOOH@PNE-Art with different
concentrations was added for coincubation for 4 h at 37 �C in 5%
CO2. Aer irradiating by an 808 nm laser (2 W cm�2) for 5 min,
the cells were continued to incubate for 24 h before MTT assay.

Cell uptake assay

To examine the cellular uptake, Rhodamine B (RhB) was used as
a probe to label the FeOOH@PNE nanoparticles. Briey, 1 mg
This journal is © The Royal Society of Chemistry 2019
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RhB, 1 mg NHS and 1 mg EDC were added in 5 mL water and
stirred for 3 h, followed by the addition of 1 mL 10 mg mL�1

FeOOH@PNE to react overnight. The FeOOH@PNE-RhB was
collected by centrifugation at 16 000 rpm for 20 min, and then
the obtained nanoparticles were washed with deionized water
until the supernatant was clear.

4T1 cells were seeded on cell slides which were put in a 24-
well black plate (2 � 105 per well) and cultured for 24 h at 37 �C
in 5% CO2. Then the culture medium containing FeOOH@PNE-
RhB was added to coculture for another 0.5, 2 or 4 h, followed by
washing with PBS and xing with 4% paraformaldehyde (500
mL) for about 20 min. The uorescence was observed under
a laser scanning confocal microscope (LSCM) aer nuclei were
stained by Hoechst 33258. The whole experiment was carried
out in the dark.

ROS detection

To detect the generation of hydroxyl radical ($OH) from Fenton
reaction between FeOOH and H2O2, 70 mL of FeOOH or
FeOOH@PNE (300 mg mL�1) were mixed with 20 mL of DMPO
(200 mM), respectively, followed by adding 10 mL H2O2 (10 mM).
70 mL of above solution were transferred to an NMR tube and
analyzed by the spectrometer of electron spin resonance (ESR).
To study the effect of temperature on $OH generation, methy-
lene blue (MB) decolorization method was used by recording
UV-Vis absorption spectra of 3 mL solution containing MB
(6 mg mL�1), FeSO4 (200 mM) and H2O2 (1 mM) at different
temperature (37, 45 and 55 �C) with UV-1750
spectrophotometer.

To test ROS generation from Art–Fe2+ reaction, UV-Vis
absorption spectra of the ethanol solution containing ROS
trapper (DPBF), Art and FeSO4 with the same concentration of
100 mM was recorded by the UV-Vis spectrophotometer at
different reaction time at 25 �C. The effect of temperature on
ROS generation was evaluated by measuring the absorbance of
the above solution at different temperature (25, 37, 45 and 55
�C) aer 20 minutes of reaction.

Dichlorouorescein-diacetate (DCFH-DA) method was
carried out to measure intracellular ROS level. 1 � 105 4T1 cells
were seeded on a coverslip and cultured in a 24-well plate for
12 h. Then cells were cocultured with freshmedium (as control),
Art, FeOOH@PNE and FeOOH@PNE-Art with or without
0.1 mMH2O2 supplement for 6 h. An 808 nm laser (2 W cm�2, 3
min) was used in each irradiation group before staining with
500 mL DCFH-DA (10 mM) at 37 �C for 30min. Aer washing with
PBS for three times, the coverslips were xed on glass slides
with the anti-uorescence quenching sealant, followed by the
observation with confocal laser scanning microscopy (CLSM,
Olympus FV1000, Ex: 488 nm, Em: 510–530 nm).

Animal model

Female BALB/c nude mice (6–8 weeks) were bought from
Laboratory Animal Center of Xiamen University. Animal exper-
iments were conducted in compliance with the guidelines the
Care and Use of Laboratory Animals of Xiamen University, and
were approved by the Animal Ethics Committee of Xiamen
This journal is © The Royal Society of Chemistry 2019
University. 4T1 cells (1 � 106) in 100 mL of PBS were subcuta-
neously injected into the right belly of eachmouse. The tumour-
bearing mice were used for experiments when the tumour size
reached about 100 mm3.

In vivo imaging

For uorescence imaging, 4T1 tumour-bearing mice were
injected with 100 mg FeOOH@PNE-RhB nanoparticles via tail
vein, and IVIS Lumina was used for observing the distribution
of nanoparticles in heart, liver, spleen, lung, kidney and tumour
at predesigned time intervals.

For photothermal imaging, 4T1 tumour-bearing mice were
received tail intravenous injection of PBS, FeOOH@PNE,
FeOOH@PNE-Art, respectively. Aer 24 h, the tumour sites were
irradiated with an 808 nm laser (2 W cm�2) for 5 min and
infrared thermal imager was used to collect date from the
photothermal treatment in mice.

In vivo therapy

30 mice were divided into six groups (n ¼ 5), i.e., PBS, PBS +
laser, free Art, FeOOH@PNE-Art, FeOOH@PNE + laser and
FeOOH@PNE-Art + laser group. The tumor-bearing mice were
injected with 100 mL each medicament via the tail vein, where
the FeOOH@PNE-Art + laser group has an equivalent Art dosage
(25 mg) to the Art group and has an equivalent FeOOH@PNE
nanoparticles dosage (500 mg) to the FeOOH@PNE + laser
group. During the treatment period, each group was injected
with corresponding medicament only once. Laser groups were
treated with an 808 nm laser (2 W cm�2) continuously for 5 min
every day in one week. The body weight and tumour volume
were measured and recorded in two weeks. Aer the treatment
for 4 days, one of tumour-bearing mice from each group was
selected for dissection, and the heart, liver, spleen, lung, kidney
and tumour were taken out respectively. All of the organs were
xed with 4% glutaraldehyde solution, gradiently dehydrated by
alcohol, embedded in paraffin, sliced, and stained by H&E
before observation.

Results and discussion
Characterization of the nanoparticles

FeOOH nanoparticles were prepared by hydrothermal method
with the use of FeCl3$6H2O as a precursor.42 TEM observation
showed the obtained FeOOH nanoparticles were fusiform in
shape, and the length and width of the nanoparticles were
about 100–150 and 30 nm, respectively (Fig. 1A). XRD was used
to investigate the structure of FeOOH nanoparticles (Fig. S1†).
The obtained diffraction pattern was consistent with the stan-
dard card JCPDS no. 34-1266, indicating that our as-prepared
FeOOH was tetragonal brite-type b-FeOOH. Due to excellent
biocompatibility and strong adhesion, we chose PNE to modify
FeOOH nanoparticles by polymerizing NE onto the surface of
FeOOH nanoparticles. TEM image (Fig. 1B) showed, compared
to FeOOH nanoparticles, the size and morphology of the
FeOOH@PNE nanoparticles have not apparently changed.
FeOOH showed hydrodynamic particles size of 85 nm
RSC Adv., 2019, 9, 9968–9982 | 9971
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Fig. 1 The TEM images of FeOOH (A) and FeOOH@PNE (B). Size distribution (C) and zeta potential (D) of FeOOH and FeOOH@PNE. (E) The FTIR
spectra of FeOOH and FeOOH@PNE. (F) The stability of FeOOH@PNE in water, PBS and cell medium (20% FBS).
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(polydispersity index (PDI) ¼ 0.108) and a zeta potential of
+44.6 mV (Fig. 1C and D). Aer the polymerization of NE, an
enlarged hydrodynamic size (122 nm) and a transformational
zeta potential (�31.3 mV) were found. FTIR spectra (Fig. 1E) of
FeOOH revealed that the peaks of the stretching vibration of Fe–
O appear at 1640, 1400, 1100 and 895 cm�1. The peaks at 1600
and 1510 cm�1 in FeOOH@PNE were attributed to the structure
of indoline, which further conrmed the successful coating
PNE onto the surface of FeOOH nanoparticles. Fig. 1F showed
that FeOOH@PNE nanoparticles were evenly dispersed in
water, PBS and cell medium for at least 1 week, indicating
excellent physiological stability.
Detection of photothermal performance

For the requirement of PTT, photothermal agent should have
the capacity to convert light energy into heat energy under the
irradiation of an external NIR light source. To investigate
whether the PNE can be used as photothermal coating, we rst
measured the UV-Vis-NIR absorption spectra of FeOOH@PNE
nanoparticles (Fig. 2A). It can be clearly seen that there is not
NIR adsorption for FeOOH nanoparticles. However, the
FeOOH@PNE nanoparticles showed a strong NIR adsorption,
and the absorption is enhanced with the increase of
FeOOH@PNE nanoparticles concentration (Fig. S2†), indicating
that PNE coating was a potential photothermal agent.

To investigate the effect of concentration on photothermal
performance, FeOOH@PNE nanoparticles with different
concentration were irradiated for 8 min by an 808 nm laser at
power density of 2.0 W cm�2. Fig. 2B showed that the solution
temperature increased with irradiation time and the concen-
tration of the nanoparticles. At the concentration of 200 mg
9972 | RSC Adv., 2019, 9, 9968–9982
mL�1, the solution was warmed up to above 45 �C aer irradi-
ation for 8 min, which is higher than the tolerated temperature
of cancer cells. In comparison, the pure water group (as control)
only went up 2.7 �C under the same laser exposure. The effect of
light dose on photothermal performance was then studied by
irradiation of different power density on 200 mg mL�1

FeOOH@PNE nanoparticles for 8 minutes. Fig. 2C showed the
temperature of the nanoparticle solutions increased with the
increase of power density. The above results indicated that
photothermal performance of FeOOH@PNE nanoparticles was
laser power and concentration dependent. For the simulation of
continuous photothermal therapy, cyclic illumination (2.0 W
cm�2) was applied to FeOOH@PNE nanoparticles (200 mgmL�1)
for 10 min followed by a break without light irradiation
(Fig. 2D). Aer three laser irradiation on–off cycles, the
temperature raising effect of nanoparticles did not change
substantially, indicating that the as-prepared FeOOH@PNE
nanoparticles own good photothermal stability.
Drug loading and releasing property

Art was chosen as model drug for chemotherapy and loaded
onto FeOOH@PNE nanoparticles by electrostatic interaction
and p–p stacking. The FTIR spectra (Fig. S3†) revealed that the
stretching vibration peaks of FeOOH@PNE-Art at 1750–1753
and 1245 cm�1 ascribed to the C]O and C–O–C of Art,
respectively, conrming that Art was loaded successfully onto
FeOOH@PNE. To study the drug loading efficiency (DLE) and
drug encapsulation efficiency (DEE), the FeOOH@PNE (0.5 mg
mL�1) was added to Art solutions of various concentrations. The
DLE increased with the increase of the Art concentration, while
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (A) The UV-Vis-NIR absorption spectra of FeOOH and FeOOH@PNE. (B) The photothermal temperature curves of different concen-
trations of FeOOH@PNE under an 808 nm laser (2 W cm�2) for 8 min and (C) temperature elevation of FeOOH@PNE (200 mg mL�1) by laser
irradiation (808 nm, 8 min) of different power density. (D) The temperature change curves of FeOOH@PNE nanoparticles (200 mg mL�1) after
multiple cycles of an 808 nm laser radiation (2 W cm�2 for 10 min each time).
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the DEE decreased (Fig. S4†). The saturated DLE is about 5%
when the concentration of Art was greater than 60 mg mL�1.

To investigate the drug releasing in vitro, different pH
conditions (7.4, 6.5 and 5.0) were chosen for simulating the
physiological microenvironment of normal tissue, tumour and
lysosome, respectively. The FeOOH@PNE-Art nanoparticles
exhibited a relatively slower release rate and only 22.7% of Art
were released within 24 h at pH 7.4 (Fig. 3A). However, higher
accumulative amounts of released Art, i.e. 30.2% and 44.8%,
were acquired at pH 6.5 and pH 5.0, respectively, which sug-
gested that more drugs could be released in the tumour
microenvironment. This phenomenon was attributed to the
weakening electrostatic interaction between Art and
FeOOH@PNE under lower pH level. Fig. 3A also illustrated the
inuence of laser irradiation (2 W cm�2 for 10 min) on drug
release. It can be seen that Art release was enhanced under laser
irradiation, and the most signicant promotion of release by
laser irradiation was found at pH 5.0, indicating that laser
irradiation could enhance the chemotherapy efficacy of
FeOOH@PNE-Art nanoparticles. To further examine the effect
of laser irradiation on drug release, the solution containing
FeOOH@PNE-Art was irradiated with an 808 nm laser at
different power density (0.5, 1 and 2 W cm�2) for 10 min. More
rapid Art release was observed for solution under laser of higher
power density (Fig. S5†). The above results indicated that the Art
This journal is © The Royal Society of Chemistry 2019
release from FeOOH@PNE-Art nanoparticles was temperature
and pH dependent.

Since Art is Fe2+-dependent antitumour agent, we further
detected the release of iron ion from FeOOH@PNE under
different pH by ICP-MS. A time and acidity-depended leaching
of Fe3+ was observed and the amount of released Fe3+ at pH 5.0
was twice as much as that at pH 7.4 in 24 h (Fig. 3B). Since Fe3+

can be reduced to Fe2+ in vivo, this pH-responsive Art and iron
ion synchronous release of the FeOOH@PNE-Art nanoparticles
would reduce the side effects and enhance the antitumour
efficacy of chemotherapy. Moreover, it should be pointed out
that the released amount of iron ion from the FeOOH@PNE
nanoparticles was about only one-tenth of that from Fe3O4

nanoparticles,44 therefore our FeOOH@PNE-Art nanoparticles
were expected to show a mild chemotherapeutic effect to cancer
cells and extremely low toxicity to normal tissue.
Cellular uptake

Unlike routine chemotherapeutic drugs, Art kills tumour cell
through the generation of ROS. Due to a short half-life and
conned diffusion range of ROS,45,46 the cellular uptake of
carrier for Art should be very important to cancer treatment. To
observe the cellular uptake of the nanoparticles, Rhodamine B
(RhB) labeled FeOOH@PNE nanoparticles (FeOOH@PNE-RhB)
RSC Adv., 2019, 9, 9968–9982 | 9973
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Fig. 3 The accumulated release of Art with or without laser (A) and Fe3+ (B) at different pH within 24 h.
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were synthesized (Fig. S6†) and cocultured with 4T1 cells for 0.5,
2 and 4 h, followed by nuclear staining with Hoechst 33258. The
confocal laser scanning microscope (CLSM) images (Fig. 4)
showed that weak red uorescence in the cytoplasm of the
experimental groups could be observed at 0.5 h, and the uo-
rescence intensity signicantly increased aer 4 h, demon-
strating the successful uptake of FeOOH@PNE nanoparticles.
ROS generation

It is well known that overexpressed H2O2 is a main character-
istic of the tumour microenvironment (TME), which can be
catalyzed by Fe-contained nanomaterials to generate reactive
hydroxyl radical ($OH) via the Fenton reaction.47–51 $OH, as the
most harmful ROS, would cause tumour cell damage by
oxidizing lipids, proteins and DNA.52–54 To examine the gener-
ation of $OH of FeOOH@PNE nanoparticles in H2O2, electron
Fig. 4 The CLSM of 4T1 cells after incubation with FeOOH@PNE-RhB n

9974 | RSC Adv., 2019, 9, 9968–9982
spin resonance (ESR) analysis was carried out using DMPO as
a trapper of $OH (Fig. 5A). A clear ESR signal was observed for
the both FeOOH and FeOOH@PNE in the presence of H2O2,
conrming the production of $OH. However, the ESR signal
intensity of the FeOOH@PNE was obviously weaker than that of
FeOOH, due to the coating of PNE on the FeOOH, which
restrained the heterogeneous Fenton reaction between the
FeOOH and H2O2. Then we investigated the effect of tempera-
ture on Fenton reaction by measuring the generation of $OH at
37, 45 and 55 �C via methylene blue (MB) decolorization
method. As shown in Fig. 5B, the decreased absorbance at
higher temperature suggested the generation of a large number
of $OH which caused more degradation of MB.

To examine the ROS generation in the presence of iron ion
and Art, we selected DPBF as ROS trapper, which can be
oxidized by ROS. As shown in Fig. 5C, aer incubating DPBF
with Art and Fe2+, the absorbance at 412 nm decreased with the
anoparticles at 0.5, 2 and 4 h.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (A) EPR spectra of FeOOH and FeOOH@PNE with DMPO as the spin trap. (B) Absorption spectra of MB after 1 min degradation with Fe2+

and H2O2 supplement at different temperatures. (C) Absorption spectra of DPBF upon the presence of Fe2+ and Art at 0, 15, 30, 45, and 60 min.
(D) Comparison of the decay rate of DPBF with or without the adding of Fe2+ and Art at different temperatures.
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increase of incubation time, demonstrating the generation of
ROS. To study the effect of temperature on Art and iron ion
mediated ROS generation, the solution containing DPBF, ART
and Fe2+ was kept at 25, 37, 45, and 55 �C for 20 min, respec-
tively. The absorbance of the solution at 412 nm decreased with
the increase of reaction temperature, indicating that the
elevating temperature accelerated cleavage of the endoperoxide
bridge of Art by Fe2+ (Fig. 5D). Therefore, both Art and Fenton
reaction-mediated ROS generation could be enhanced via
photothermal effect caused by FeOOH@PNE-Art nanoparticles
under laser irradiation.

Fluorescent probe DCFH-DA was used to investigate the
intracellular ROS production. As shown in Fig. 6, only negligible
green uorescence was observed in control, Art and
FeOOH@PNE groups, likely due to the intracellular ROS and
iron ion. No obviously uorescence change could be observed in
control and Art groups aer irradiation and H2O2 supplement
alone or together. However, the intracellular uorescence
enhanced with the addition of H2O2 in FeOOH@PNE group,
which may be attribute to the generation of $OH by Fenton
reaction. Further, laser irradiation promoted more ROS
production, demonstrating that heating effect caused by laser
strengthened the Fenton reaction. Besides, compared with Art
group, FeOOH@PNE-Art group exhibited an obvious enhance-
ment of uorescence in 4T1 cells, indicating the ROS generation
by interaction between exogenous iron ions and Art. Similarly,
laser irradiation signicant motivated the generation of ROS by
This journal is © The Royal Society of Chemistry 2019
breakage of peroxy bridge in Art. It is worth noting that the
strongest uorescence was observed in FeOOH@PNE-Art + laser
+ H2O2 group. This may be due to the fact that in addition to the
ROS produced by reaction of Art and iron ions, extra H2O2

supplement reacts with exogenous iron ions to form more ROS
($OH). In addition, photothermal effect further facilitated the
ROS generation.
In vitro therapeutic efficiency

To examine the cell toxicity, 4T1 mammary tumour cells and
broblast L929 were incubated with FeOOH@PNE followed by
a standard MTT assay. No obvious toxicity was found to both
4T1 and L929 cells even at a high FeOOH@PNE nanoparticles
concentration of 500 mg mL�1, indicating that FeOOH@PNE
owns low cytotoxicity and excellent biocompatibility (Fig. S7†).
We then studied the photothermal and chemotherapy efficacy
of the as-prepared nanoparticles in vitro. Aer incubation with
FeOOH@PNE for 24 h, irradiation groups were exposed to an
808 nm laser for 5 min with the power of 2 W cm�2. As shown in
Fig. 7A, it was obvious that cells irradiated with laser only did
not show any reduction in cell viability and a concentration-
dependent photothermal toxicity was observed. About 50% of
the cells survived at a concentration of 300 mg mL�1 and
approximately 70% of cancer cells were killed when the
concentration is up to 500 mg mL�1, demonstrating that
FeOOH@PNE possesses a mild PTT effect. Then, the chemical
RSC Adv., 2019, 9, 9968–9982 | 9975
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Fig. 6 Laser scanning confocal microscopy (LSCM) of intracellular Fe2+-mediated and heat-induced ROS generation.
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cytotoxicity was investigated by incubating 4T1 cells with free
Art and FeOOH@PNE-Art of various concentrations for 24 h
(Fig. 7B). A dose-dependent cytotoxicity was observed for both
free Art and FeOOH@PNE-Art groups. The cytotoxicity of free
Art group was very feeble within the given concentration range,
due to low concentrations of intracellular iron ions. Compared
with the free Art group, the FeOOH@PNE-Art group exhibited
an obvious decrease in cell viability. For example, only 22% of
cells were killed by free Art (25 mg mL�1), while the
FeOOH@PNE-Art group acquired a higher mortality of cells
(50%) at the same Art concentration. The enhanced cytotoxicity
was mainly attributed to Art and iron ions synchronous release
from FeOOH@PNE-Art, generating more local ROS in 4T1 cells.

For combination therapy, aer coculturing with
FeOOH@PNE-Art of different concentrations for 24 h, 4T1
cancer cells were exposed on an 808 nm laser (2 W cm�2) for
5 min, followed by a standardMTT assay. As is shown in Fig. 7C,
a concentration-dependent toxicity was observed for all groups.
Cellular activity in the combined treatment group
(FeOOH@PNE-Art + laser) was obviously lower than the group of
chemotherapy alone (FeOOH@PNE-Art) or PTT alone
(FeOOH@PNE + laser). When the concentration of
FeOOH@PNE-Art was 500 mg mL�1, the cell viability of
FeOOH@PNE-Art + laser group was about 16%. In contrast,
chemotherapy alone (FeOOH@PNE-Art) and PTT alone
9976 | RSC Adv., 2019, 9, 9968–9982
(FeOOH@PNE + laser) only killed 48% and 69% cells at the
equivalent nanoparticle concentration, respectively. The
enhanced cytotoxicity of the FeOOH@PNE-Art nanoparticles
under laser irradiation can be attributed to the facilitated ROS
generation resulting from heating effect.

It is well known that elevated levels of H2O2 is one of the
characteristic biochemical features of tumour microenviron-
ment.55–57 To more accurately evaluate combination efficacy of
chemotherapy and photothermal therapy of FeOOH@PNE-Art
nanoparticles in vitro, exogenous 0.1 mM H2O2 was added
into culture medium to simulate the tumour microenviron-
ment, and various treatments on 4T1 cells with or without H2O2

supplemented were carried out, followed by a standard MTT
assay (Fig. 7D). No signicant differences in cell viability were
observed in Art group with or without H2O2 supplemented,
indicating that 0.1 mM H2O2 have little effect on the treatment
effect of Art. The FeOOH@PNE nanoparticles exhibited slight
toxicity to 4T1 cells with addition of H2O2, indicating that
intracellular Fenton reaction between the iron ion and H2O2

was triggered. Due to the low leakage of iron ion, the produced
$OH presented the mild killing of tumour cells. This weak
Fenton reaction effect was also demonstrated in FeOOH@PNE-
Art group with and without H2O2 supplemented. Aer laser
irradiation to the cells, as shown in FeOOH@PNE + laser group
with and without H2O2 supplemented, an enhanced Fenton
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (A) Cell viabilities of 4T1 cells treated with different concentrations of FeOOH@PNE nanoparticles with or without 5 min of NIR irradiation (2.0 W
cm�2, 808 nm). (B) Viabilities of 4T1 cells treatedwith different concentrations of Art and FeOOH@PNE for 24 h. (C) Cell viabilities of 4T1 cells treatedwith
different concentrations of FeOOH@PNE and FeOOH@PNE-Art with or without 5min of NIR irradiation (2.0Wcm�2, 808 nm). (D) Cell viabilities profiles
of 4T1 cells treatedwith Art, FeOOH@PNE and FeOOH@PNE-Art with or without addition of H2O2 under 5min of NIR irradiation (2.0W cm�2, 808 nm).
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reaction efficacy was found. The cell viability was greatly
decreased from 32% in the absence of exogenous H2O2 to 14%
in the presence of exogenous H2O2. It was mainly because
heating effect strengthened Fenton reaction and promoted the
generation of $OH. More interestingly, by adding exogenous
Fig. 8 (A) Ex vivo fluorescent images of tumours and major oranges e
FeOOH@PNE-RhB nanoparticles. (B) The photothermal image of 4T1 tum
laser (2.0 W cm�2) irradiation.

This journal is © The Royal Society of Chemistry 2019
H2O2, the cell activity of FeOOH@PNE-Art + laser group
signicantly reduced from 16% to 1%, indicating that Fenton
reaction further promoted the combined treatment efficiency. It
should be pointed out that, although chemotherapy alone
based on Fenton reaction between FeOOH and H2O2,
xcised from sacrificed mice after 1, 2, 4 and 8 h post-injection with
our-bearing mice recorded by the infrared camera under an 808 nm

RSC Adv., 2019, 9, 9968–9982 | 9977
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Fig. 9 (A) The digital photos of mice before and after different treatment for 14 days. (B) The digital photos of tumour tissues obtained from
different treatment groups. The tumours were harvested from the mice 14 days after treatment. (C) Tumour growth curves of different groups
after various treatments. (D) The body weight of mice with various treatment. (E) H&E stained slices of tumour tissues obtained from different
treatment groups (scale bar, 100 mm). P values were calculated by ANOVA with Tukey's post-test: *P < 0.05, **P < 0.01.
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chemotherapy alone based on ROS from the reaction of iron ion
and Art, or PTT alone based on FeOOH@PNE exhibited a mild
antitumour effect, their combination treatment achieved
effective killing of cancer cells.

In vivo optical imaging

To investigate the biodistribution of our as-prepared nano-
particles in vivo, mice bearing 4T1 tumour were intravenously
injected with FeOOH@PNE-RhB. Aer sacricingmice at 1, 2, 4,
9978 | RSC Adv., 2019, 9, 9968–9982
8 h post-injection, the ex vivo uorescence imaging of the
collected tumour, heart, liver, spleen, lung and kidney was
observed. As shown in Fig. 8A, the FeOOH@PNE-RhB nano-
particles mainly accumulated in tumour, live, lung and kidney,
and the uorescence signal of tumours enhanced gradually
within 8 hours, indicating that the nanoparticles can be
passively targeted to the tumour site via EPR effect. To further
inspect the tumour targeting of the nanoparticles, infrared
thermal imaging analysis was carried out by intravenous
This journal is © The Royal Society of Chemistry 2019
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injection of the nanoparticles in the mice bearing 4T1 tumour,
followed by the irradiation with an 808 nm laser (2 W cm�2) for
5 min. As shown in Fig. 8B, the PBS injected group exhibited
a negligible increase in temperature aer 5 min irradiation.
However, the mice injected with FeOOH@PNE and
FeOOH@PNE-Art presented signicantly localised heating in
the tumour region under the identical laser irradiation,
convincing the specic tumour targeting of the as-prepared
nanoparticles. Moreover, the surface temperature of tumour
in FeOOH@PNE and FeOOH@PNE-Art injected mice was over
55 �C, which not only satised the needs of hyperthermia of
tumour, but also could quickly introduce cancer cell necrosis.
In vivo therapeutic performance

30 mice were randomly divided into six groups (n ¼ 5 per
group), involving PBS, PBS + laser, Art, FeOOH@PNE-Art,
FeOOH@PNE + laser and FeOOH@PNE-Art + laser. Aer 8 h
of intravenous administration, the treated mice received an
irradiation of an 808 nm laser (2 W cm�2) for 5 min or no
irradiation each day of the rst seven days of treatment. The
digital photos, tumour volume and body weight of the treated
mice were monitored within 14 days for comprehensive evalu-
ation of the in vivo therapeutic effects. Digital photos and
tumour relative volume curve (Fig. 9A–C) revealed that tumour
continued to grow during the whole treatment period in PBS
and PBS + laser groups. Compared with control group (PBS),
free Art group and FeOOH@PNE-Art group showed a certain
degree of inhibition of tumour growth. Since the FeOOH@PNE-
Fig. 10 H&E stained slices of major organs acquired from various treatm
for harvesting their organs (scale bar, 100 mm).

This journal is © The Royal Society of Chemistry 2019
Art nanoparticles were readily more internalised by cancer cells
than free Art and the iron ion released from the nanoparticles
facilitated the ROS generation via reaction of Fe2+ and Art,
FeOOH@PNE-Art group have a higher antitumour efficacy than
Art group. A signicant inhibitory rate was observed for the
FeOOH@PNE + laser group at 7 days, suggesting that tumour
growth could be obviously inhibited by the photothermal
therapy of the FeOOH@PNE. However, it was worth noting that
PTT alone of FeOOH@PNE could not accomplish complete
ablation of tumour and tumour in FeOOH@PNE + laser group
began to grow again aer terminating PTT. Due to enhanced
drug delivery58 and ROS generation by PTT,59 in FeOOH@PNE-
Art + laser group, the tumours were thoroughly eliminated
aer 7 days of treatment and no tumour recurrence was found
in 30 days aer treatment, manifesting the very high efficacy of
combination therapy.

To further investigate the therapeutic effects of each group,
H&E staining of tumour sections were performed aer 4 days'
treatment (Fig. 9E). Compared with the control (PBS group), free
Art, FeOOH@PNE-Art, FeOOH@PNE + laser and FeOOH@PNE-
Art + laser group showed a sequentially enhanced injury of
tumour tissue, which was in agreement with the tumour growth
curve. The outstanding efficacy of FeOOH@PNE-Art + laser
group can be attributed to the enhanced ROS generation by
heating effects of the nanoparticles under laser irradiation.

Finally, the toxic side effects of the as-prepared nanoparticles
in vivo were investigated by body weight change and H&E
staining analysis of the major organs. No signicant change of
body weight could be observed in all groups, implicating that
ent groups. The mice were dissected 4 days after intravenous injection

RSC Adv., 2019, 9, 9968–9982 | 9979
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healthy status of mice is hardly inuenced by the administra-
tion of the nanoparticles during assessment (Fig. 9D). H&E
staining images (Fig. 10) revealed that no obvious cell damage
could be observed on the main organs (heart, liver, spleen, lung
and kidney), proving the good biocompatibility and safety of the
FeOOH@PNE-Art nanoparticles.
Conclusions

We developed a tumour-specic FeOOH@PNE-Art nano-
particles for photothermal-chemical combination therapy of
cancer. The inner fusiform FeOOH with low leakage of iron ions
signicantly enhanced the uptake efficiency of Art in tumour
cells and decrease the Art toxicity to normal tissue, while the
outer PNE acted as a photothermal coating, for the rst time.
The as-prepared FeOOH@PNE-Art nanoparticles exhibited
a pH-responsive synchronous release of Art and iron ions,
indicating that the tumour-specic acid microenvironment was
conducive to enhancing Art and iron ions synchronous release
locally. Besides ROS produced by the reaction of ferrous ions
and Art, the released iron ions could also react with H2O2 in
tumour microenvironment to generate hydroxyl radical. More-
over, since ROS generation could be enhanced at higher
temperature, the ROS cytotoxicity was further promoted by
photothermal effects under NIR irradiation. This strategy of
local ROS generation has great potential to achieve tumour-
specic killing. Although ROS-mediated chemotherapy alone
or FeOOH@PNE-based PTT alone only offered a mild anti-
tumour effect, their combination treatment acquired complete
cure of tumours without observable side effects on normal
tissues. Overall, our work presents a nanoplatform combining
PTT and chemotherapy with high antitumour efficacy and low
side effects, providing a promising method for clinical tumour
therapy.
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