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R
ecent advances in nanoscience andbio-
medicine have driven the development
ofmultifunctional nanocomposites that

combine sensing, diagnostic, and therapeutic
functions within a single nanostructure.1�10

Benefiting from the significantly improved
physical, chemical, and biological properties,
suchmultifunctional nanocomposites offer an
opportunity for multimodal bioimaging and
theranostic applications.11�14 Lately, much
effort has been devoted to the fabrication
of multifunctional nanocomposites, such as
graphene oxide-Fe3O4,

11 Fe3O4@Au,
12 and

Fe3O4@Cu2�xS.
13 Dopamine (DA), one of the

most important neurotransmitters, is also a
small-moleculemimic of the adhesiveproteins
ofmussels. It can self-polymerize at alkaline pH
values, and the generated polydopamine
(PDA) can spontaneously deposit on virtually
any surface to form a conformal layer.15 More-
over, PDA is stable andbiocompatible in vivo,16

which makes it a suitable material for bio-
medical applications. Furthermore, the exis-
tence of functional groups (i.e., catechol and
amine) on the surface of PDA enhances the
binding of various biomolecules.15,17�20 Very
recently, PDAhasbeenusedasaphotothermal
therapeutic agent for in vivo cancer therapy
because of its strong near-infrared (NIR) ab-
sorption and high photothermal conversion
efficiency (40%).21 Considering these fea-
tures, we hypothesize that PDA could be a
useful material in the preparation of multi-
functional nanocomposites for theranostic
applications.
Messenger RNA (mRNA), a single-stranded

ribonucleic acid, is also the blueprint for the
cellular production of proteins. Moreover,
some mRNAs are disease-relevant and can
be utilized asmarkers to determine the stage
of the disease.22 Recently, several methods
such as microarray analysis23 and real-time
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ABSTRACT Multifunctional nanocomposites have the potential to integrate sensing, diagnostic,

and therapeutic functions into a single nanostructure. Herein, we synthesize Fe3O4@polydopamine

core�shell nanocomposites (Fe3O4@PDA NCs) through an in situ self-polymerization method.

Dopamine, a melanin-like mimic of mussel adhesive proteins, can self-polymerize to form surface-

adherent polydopamine (PDA) films onto a wide range of materials including Fe3O4 nanoparticles

used here. In such nanocomposites, PDA provides a number of advantages, such as near-infrared

absorption, high fluorescence quenching efficiency, and a surface for further functionalization with

biomolecules. We demonstrate the ability of the Fe3O4@PDA NCs to act as theranostic agents for

intracellular mRNA detection and multimodal imaging-guided photothermal therapy. This work

would stimulate interest in the use of PDA as a useful material to construct multifunctional nanocomposites for biomedical applications.

KEYWORDS: polydopamine . multifunctional nanocomposites . mRNA recognition . magnetic resonance imaging .
photoacoustic imaging . photothermal therapy
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polymerase chain reaction (RT-PCR)24 have been de-
veloped for mRNA detection. Although these methods
are effective for detecting mRNA expression in bulk
samples, they are incapable of identifying cell-to-cell
mutations. Significantly, many important biological
processes not only are related with bulk mRNA expres-
sion, but also rely highly on cell-to-cell variations in
mRNA.25 Thus, it is necessary to develop useful ap-
proaches for detecting mRNA in living cells.26�32

In this work, we fabricated multifunctional Fe3O4@
polydopamine core�shell nanocomposites (Fe3O4@PDA
NCs) consisting of a Fe3O4 core surroundedby a thin PDA
shell, which can be utilized for intracellular mRNA detec-
tion andmultimodal imaging-guided photothermal ther-
apy (PTT). Although the synthesis of Fe3O4@PDANCs has
been reported,33,34 to the best of our knowledge, the
theranostic applications of Fe3O4@PDA NCs have not
been explored until now. The modification of the Fe3O4

nanoparticles (Fe3O4 NPs) with PDA was achieved by
in situ polymerization of DA onto the surface of the Fe3O4

NPs (Figure 1a). Furthermore, we demonstrated that PDA
can adsorb dye-labeled single-stranded DNA (ssDNA)
probe and effectively quench the fluorescence of the
dye. In the presence of the target, the specific binding
between the dye-labeled ssDNA probe and its target
induces the formation of a duplex structure, resulting in

the release of the probe from PDA and subsequent
recovery of the fluorescence (Figure 1b). Therefore, the
Fe3O4@PDA NCs could be used to design a nanoprobe
for the detection of mRNA in living cells. Moreover, the
Fe3O4 core enhances the capacity of Fe3O4@PDA NCs as
contrast agents for magnetic resonance imaging (MRI),
which could be used to monitor the delivery of the DNA
probe and guide therapy. In addition, due to the NIR
absorptionof thePDA, Fe3O4@PDANCscanbeemployed
for photoacoustic (PA) imaging and PTT (Figure 1c). Our
results suggest a high potential for the use of PDA in
the construction of multifunctional nanocomposites for
simultaneous diagnosis and therapy of cancer.

RESULTS AND DISCUSSION

Fe3O4 NPs were easily coated with a uniform PDA
shell by dispersing them in an alkaline DA solution and
mildly shaking at room temperature for 4 h. Transmis-
sion electron microscopy (TEM) revealed that approxi-
mately a 4 nm thick PDA shell was wrapped on the
surface of the Fe3O4 NPs after self-polymerization of
the DA (Figure 2a). The dynamic light scattering (DLS)
data showed that the hydrodynamic diameter of the
Fe3O4 NPs was increased after the PDA coating
(Supporting Information Figure S1), which is consistent
with the TEM results. Moreover, the Fe3O4@PDA NCs

Figure 1. (a) Schematic illustration of the preparation of Fe3O4@PDA NCs. (b) RNA detection with the Fe3O4@PDA-based
nanoprobe. (c) Application of Fe3O4@PDA NCs for intracellular mRNA detection and multimodal imaging-guided photo-
thermal therapy.
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exhibited excellent stability in physiological solutions
including serum (Supporting Information Figure S2a).
The Fe3O4:PDAweight ratio in the Fe3O4@PDANCswas
measured to be 1:0.8 as determined by inductive
coupling plasma (ICP) measurement of Fe content. In
addition, the thickness of the PDA shell was decreased
to about 1.5 nm by reducing the polymerization time
to 1 h (Supporting Information Figure S2b�d). More-
over, compared to the Fe3O4 NPs, Fe3O4@PDA NCs
displayed a remarkably higher NIR absorption, which
was contributed by the PDA layer and is favorable for
photothermal therapy (Figure 2b).
PDA has numerous functional groups such as amino

and catechol, which can facilitate the further functio-
nalization of PDA-based nanocomposites with bio-
molecules. The adsorption and fluorescence quenching
abilities of the Fe3O4@PDANCs toward the dye-labeled
ssDNA were evaluated via measurements made while
mixing the fluorescent DNA probe and the prepared
Fe3O4@PDA NCs. Since hairpin ssDNA (hpDNA) can
provide increased target recognition specificity than
the linear ssDNA, we chose a FAM-labeled hairpin
ssDNA (FAM-hpDNA) containing a 21-base single-
stranded loop and a 6-base-pair stem as the recogni-
tion probe (all sequences are shown in the Supporting
Information Table S1). As shown in Figure 2c, the
fluorescence of the FAM-hpDNA was almost entirely
quenched in the presence of 0.04 mg mL�1 of
Fe3O4@PDA NCs, indicating the strong adsorption of
the hpDNA onto the Fe3O4@PDA NCs and the high
fluorescence quenching efficiency of the Fe3O4@PDA

NCs. In contrast, the fluorescence did not change
significantly with the addition of Fe3O4 NPs
(Supporting Information Figure S3). Given that PDA
contains catechol groups, the binding of the ssDNA to
the Fe3O4@PDA NCs is likely due to π�π stacking
interactions between the nucleobases and aromatic
groups of the PDA.Moreover, PDA displayed a quench-
ing efficiency of up to 95%, which is comparable to that
of gold nanoparticles27 and graphene oxide.29 The
performance of the Fe3O4@PDA-DNA nanoprobe pre-
pared by mixing FAM-hpDNA with Fe3O4@PDA NCs
was first evaluated in a buffer system. As shown in
Figure 2d, the nanoprobe responded with a 9.5-fold
increase in the fluorescence signal upon the addition
of 200 nMof the complementary target. In contrast, the
fluorescence signal did not obviously change in the
presence of a noncomplementary sequence and was
of a magnitude comparable to the background fluo-
rescence. In addition, the fluorescence intensity of the
nanoprobe increased with increasing concentration of
theRNA target from0 to200nM (Supporting Information
FigureS4). These resultsdemonstrated that theFe3O4@PDA-
based nanoprobe can effectively signal the presence
of a specific target. Moreover, the Fe3O4@PDA-DNA
nanoprobe was stable in serum (Supporting Informa-
tion Figure S5).
After testing the signaling ability of the Fe3O4@

PDA-DNA nanoprobe with a synthetic target, their
ability to detect intracellular mRNA was further inves-
tigated with a normal immortalized human mammary
epithelial cell line (MCF-10A), inwhich the c-mycmRNA

Figure 2. (a) TEM image of the Fe3O4@PDANCs obtainedby self-polymerization of DAon the surface of Fe3O4 NPs. (b) UV�vis
absorption spectra of Fe3O4 NPs (0.1 mg mL�1) before and after PDA coating. The inset photo shows the color change
between Fe3O4 NPs and Fe3O4@PDA NCs. (c) Fluorescence quenching of 50 nM FAM-hpDNA in the presence of Fe3O4@PDA
NCs with a series of concentrations (0, 0.01, 0.02, 0.03, 0.04 mgmL�1). (d) Fluorescence emission spectra of Fe3O4@PDA-DNA
nanoprobe treatedwith 200nMcomplementary target and200nMnoncomplementary control sequence. Excitation: 480 nm,
emission: 520 nm.
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is expressednormally, andahumanbreast cancer cell line
(MCF-7), in which the c-myc mRNA is overexpressed.35

C-myc is a potent activator of tumorigenesis and is
dysregulated in a range of cancers. The loop region of
the FAM-hpDNA was designed to be complementary to
c-mycmRNA. Confocal laser scanningmicroscopy (CLSM)
results showed that the MCF-7 cells treated with the
Fe3O4@PDA-DNA nanoprobe displayed a strong green
fluorescence (Figure 3a). In comparison, the fluorescence
of the MCF-10A cells incubated with the nanoprobe
under the same conditions was very low. These results
demonstrated that the Fe3O4@PDA-based nanoprobe is
useful for detecting intracellular mRNA.
Importantly, cancer is often related with multiple

specific mRNAs. The simultaneous detection of multi-
ple mRNA targets is useful for increasing the accuracy
of early diagnosis of cancer.26 Moreover, the Fe3O4@
PDA NCs exhibited a broad absorption range of
450�900 nm, which makes them potential energy

acceptors and quenchers for a variety of fluorescence
dyes. Thus, we hypothesized that the Fe3O4@PDA NCs
could be exploited to design multiplexed nanoprobes
for simultaneous detection of multiple mRNAs. Thymi-
dine kinase 1 (TK1)mRNA, an importantmarker of tumor
growth, is also overexpressed in MCF-7 cells.36 A
Cy3-labled hairpin ssDNA (Cy3-hpDNA) targeting TK1
mRNA was used as the second recognition probe. After
adding two DNA recognition probes (FAM-hp DNA
and Cy3-hpDNA) to the Fe3O4@PDA NCs and mixing
for 10 min, the as-prepared multiplexed nanoprobes
were used to detect multiple mRNAs simultaneously in
living cells. As shown in Figure 3b, after incubation with
the multiplexed nanoprobes, both the green fluores-
cence (c-myc mRNA) and red fluorescence (TK1 mRNA)
weremuch stronger in theMCF-7 cells than those in the
MCF-10A cells. These results showed that Fe3O4@
PDA-based multiplexed nanoprobes can be used to
detect multiple mRNAs in living cells. In addition, the

Figure 3. (a) Intracellular testing of the Fe3O4@PDA-based nanoprobe. CLSM images ofMCF-7 andMCF-10A cells treatedwith
the nanoprobe. Left panels are FAM fluorescence associated with c-myc mRNA, center panels are bright field image of cells,
and right panels are the overlay of FAM fluorescence and the bright field image. (b) Simultaneous detection of multiple
mRNAs in living cells. CLSM images of MCF-7 and MCF-10A cells treated with multiplexed nanoprobes. Left panels are FAM
fluorescence associated with c-myc mRNA, center panels are Cy3 fluorescence associated with TK1 mRNA, and right panels
are the overlay of FAM fluorescence and Cy3 fluorescence. Scale bars are 50 μm.
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Fe3O4@PDA-based nanoprobe also could distinguish
cancer cells from normal cells based on the different
mRNA expression levels.
As a noninvasive imaging technique with high spa-

tial resolution, MRI is a powerful tool for early detection
of cancer and therapeutic response assessment. Mag-
netic nanoparticles have been widely used as contrast
agents for MRI. Nowadays, two superparamagnetic
iron oxide (SPIO) agents are clinically approved, and
newer SPIOs with clinically relevant characteristics
remain to be further developed. In thiswork, Fe3O4@PDA
NCs aqueous solutions at different Fe concentrations
were investigated by T2-weighted MRI on a 9.4 T small
animal MR scanner in order to evaluate their contrast
enhancement effect. As shown in Figure 4a, the T2
signal intensity decreased significantly with increasing
Fe concentration, because of the dipolar interaction of
the magnetic moments of the Fe3O4@PDA NCs with
protons in the water.37 In addition, the T2 relaxation
rate (r2 = 1/T2) of the Fe3O4@PDA NCs was calculated
to be 114.7mM�1 s�1 (Figure 4b). We next used Fe3O4@
PDANCs for MR imaging of cancer cells (Figure 4c). The
MCF-7 cells treated with the Fe3O4@PDA NCs showed
significantly reduced signal intensity in the T2-weighted
MR images in comparison to the untreated cells. More-
over, the dark intensity of their T2-weighted images
increased in an Fe concentration-dependent manner.
These results indicated that the Fe3O4@PDA NCs

could be used as promising contrast agents for MRI
applications.
PA imaging is a novel imaging technique that

combines the advantages of optical and ultrasound
imaging.38,39 The use of an NIR light in PA imaging
greatly enhances the penetration depth.40 The NIR
absorption of PDA motivated us to study the PA
property of the Fe3O4@PDA NCs. As shown in
Figure 4d,e, the PA signal increased with the increasing
concentration of Fe3O4@PDA NCs at 760 nm, suggest-
ing that the Fe3O4@PDA NCs would be good candi-
dates for PA imaging of cancer cells. As expected, a
much stronger PA signal was observed in the MCF-7
cells incubated with the Fe3O4@PDA NCs as compared
to the control cells incubated without the Fe3O4@PDA
NCs (Figure 4f). These results demonstrated the great
potential of the Fe3O4@PDA NCs for PA imaging.
An important feature of Fe3O4@PDA NCs is their NIR

light-induced thermal effect, which could be used for
photothermal therapy. To study the photothermal
effect induced by NIR irradiation, different concentra-
tions of Fe3O4@PDANCswere irradiated by anNIR laser
(808 nm, 1 W cm�2) for 10 min. The temperatures of
these Fe3O4@PDA NCs solutions increased with the
irradiation time, and the temperature increased more
rapidly as the concentration of the Fe3O4@PDA NCs
was increased (Figure 5a). Moreover, the temperature
of the Fe3O4@PDA NCs solution at a concentration of

Figure 4. (a) T2-weighted MR images of the Fe3O4@PDA NCs in aqueous solution at different Fe concentrations. (b)
Corresponding T2 relaxation rate of the Fe3O4@PDA NCs as a function of Fe concentration. (c) T2-weighted MR images of
MCF-7 cells (5� 105) incubated with the Fe3O4@PDA NCs at different Fe concentrations. (d) PA images and (e) corresponding
PA intensity of the Fe3O4@PDA NCs with different concentrations. (f) PA images of MCF-7 cells (5 � 105) incubated with
different concentrations of Fe3O4@PDA NCs.
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0.1 mg mL�1 was raised from 29.5 to 53.3 �C after
irradiation for 10 min. In comparison, the temperature
of pure water was increased by only 0.6 �C under the
same laser exposure condition. It has been reported
that cancer cells can be killed after being kept at 42 �C
for 15�60 min, and the duration can be shortened to
4�6 min when the temperatures is over 50 �C.41 This
photothermal effect implied that the Fe3O4@PDA NCs
would be effective photothermal agents for cancer
therapy. To verify this, the MCF-7 cells were incubated
with 0.1 mg mL�1 of Fe3O4@PDA NCs for 4 h and were
then irradiated by an 808 nm laser at a power density of
2 W cm�2 for 5 min. After the treatment, the cells were
stained with propidium iodide (PI), which only incor-
porates into dead cells. The CLSM results showed that
the Fe3O4@PDA NCs could effectively kill the cancer
cells only through the photothermal effect induced by
the NIR irradiation, while neither the Fe3O4@PDA NCs
nor the laser irradiation alone can lead to cell death
(Figure 5b). In addition, cells treated with Fe3O4 NPs
and irradiated by NIR laser under the same condition
showed negligible cell death (Supporting Information
Figure S6). The photothermal cytotoxicity of Fe3O4@
PDA NCs on cancer cells was further quantitatively
evaluated using an MTT assay. As shown in Figure 5c,
MCF-7 cells treated with the Fe3O4@PDA NCs without
laser irradiation remained more than 95% viable at
concentrations up to 0.1 mg mL�1. In contrast, the cell
viability significantly decreased when the MCF-7 cells
were exposed to Fe3O4@PDA NCs and irradiated with

the NIR laser. Furthermore, no apparent loss of cell
viability was observed when cells were incubated
with the Fe3O4@PDA NCs at a concentration as high
as 0.4 mg mL�1 for 24 h (Supporting Information
Figure S7), indicating the excellent biocompatibility
and low toxicity of the Fe3O4@PDA NCs. These results
indicated that the combination of Fe3O4@PDANCs and
NIR laser irradiation can kill the cancer cells effectively,
and thus the highly biocompatible Fe3O4@PDA NCs
can act as NIR-absorbing agents for photothermal
therapy of cancer.

CONCLUSIONS

In summary, we have synthesized Fe3O4@PDA NCs
as multifunctional theranostic agents for intracellular
mRNA detection and multimodal imaging-guided
photothermal therapy. On the one hand, the PDA can
adsorb dye-labeled ssDNA probes, while on the other
hand, the PDA possesses a high fluorescence quench-
ing efficiency. Therefore, the Fe3O4@PDA NCs can be
used to construct nanoprobes for the detection of
mRNA in living cells. Moreover, because of themagnet-
ism of the Fe3O4 core and the NIR absorption of the
PDA, the Fe3O4@PDANCs canbe employed forMRI and
PA imaging, which would also be useful for monitoring
the delivery of DNA probes and guiding therapy.
Furthermore, the Fe3O4@PDA NCs can kill cancer
cells effectively with the use of an NIR laser. Overall,
the use of PDA for the construction of multifunctional
nanocomposites has several significant advantages,

Figure 5. (a) Temperature elevation of different concentrations of Fe3O4@PDA NCs as a function of irradiation time. (b) CLSM
images of differently treated MCF-7 cells stained with PI: (b1) 5 min of laser irradiation only; (b2) Fe3O4@PDA NCs only; (b3)
Fe3O4@PDA NCs and 2 min of laser irradiation; and (b4) Fe3O4@PDA NCs and 5 min of laser irradiation. Left panels are PI
fluorescence corresponding to dead cells, and right panels are the overlay of PI fluorescence and the bright field image. Scale
bars are 50 μm. (c) Cell viability of MCF-7 cells exposed to different concentrations of Fe3O4@PDA NCs with or without laser
irradiation.
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including the following: (1) the PDA can be easily
obtained by the self-polymerization of DA, and it sponta-
neously adheres to virtually any surface; (2) PDA is hydro-
philic and biocompatible, which are essential traits for
biomedical applications; (3) PDA possesses a high fluores-
cence quenching ability, which can be used to design
nanosensors for the detection of biomolecules; (4) the NIR
absorptionof PDAmakes thePDA-basednanocomposites

promisingagents for PA imagingandPTT; and (5) PDAcan
react with thiol- and amino-terminated molecules via the
Michael addition or Schiff base reactions,15,17�20 which
can facilitate the surface functionalization of the nano-
composites with biomolecules for targeting specific cells.
Thus, we anticipate that the mussel-inspired PDA will be
highly useful in the design of novel multifunctional nano-
composites for biomedical applications.

MATERIALS AND METHODS
Materials. Water-soluble iron oxide (Fe3O4) nanoparticles

with carboxylic acid group (ca. 15 nm) were obtained from
Ocean NanoTech (Springdale, AR, USA). Dopamine hydrochlo-
ride and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma (St. Louis, MO, USA).
DNA and RNA sequences were synthesized and purified by
Sangon Biotechnology Co., Ltd. (Shanghai, China) and TaKaRa
Biotechnology Co., Ltd. (Dalian, China). All chemicals were used
without further purification, and Milli-Q water was used through-
out this study.

Synthesis of Fe3O4@PDA NCs. In a typical synthesis of Fe3O4@
PDA NCs with 4 nm thickness of PDA shell, 6 mg of dopamine
was added to 50 mL of 10 mM PBS (pH 8.5) containing 5 mg of
Fe3O4 NPs. After shaking at room temperature for 4 h, Fe3O4@PDA
NCs were obtained by centrifugation and washed with water for
three times.

Preparation of Fe3O4@PDA-DNA Nanoprobe. 500 nM FAM-hpDNA
was added to 0.4 mg mL�1 of Fe3O4@PDA NCs. After mixing for
10 min, the as-prepared Fe3O4@PDA-DNA nanoprobe was
stored at 4 �C for further use. The multiplexed nanoprobe was
prepared by means of the similar procedure.

Fluorescence Response of Fe3O4@PDA-Based Nanoprobe to Target
in Buffer. 0.04 mg mL�1 of Fe3O4@PDA-DNA nanoprobe
(containing 50 nM FAM-hpDNA) was mixed with different
concentrations of target RNA (0, 2, 5, 10, 20, 50, 100, and 200 nM)
for 1 h, and then the fluorescence spectra of all samples were
recorded with a Hitachi F-4600 fluorescence spectrophotometer
(Hitachi Co., Ltd., Japan). Noncomplementary sequence (200 nM)
was used as a negative control to verify the specific binding of the
nanoprobe and the target RNA.

Confocal Fluorescence Imaging. In comparative experiment of
cancer cells and normal cells, MCF-7 cells andMCF-10A cells were
seeded in 35-mm confocal dish for 24 h. Then cells were washed
three times with PBS and incubated with Fe3O4@PDA-DNA
nanoprobe at 37 �C for 12 h. Subsequently, confocal imaging
wasperformedonaNikonC2 confocalmicroscope (Nikon, Tokyo,
Japan) with a 60� oil-immersion objective.

Magnetic Resonance Imaging. MCF-7 cells seeded in 6-well
plates (5 � 105 cells/well) were incubated with Fe3O4@PDA NCs
at different Fe concentrations (0, 0.1, 0.2, 0.5, 1, and 2mM) for 12 h.
The cells were then washed with PBS and harvested before MRI.

Photoacoustic Imaging. MCF-7 cells (5 � 105) were incubated
with different concentrations of Fe3O4@PDA NCs at 37 �C for
12 h. Then, the cells were washed three times with PBS and
harvested by trypsinization. After being transferred to a 0.2 mL
microtube and centrifuged, the photoacoustic images of cell
pellets were obtained at 760 nm using a PA system (Endra
Nexus 128, Ann Arbor, MI).

Cytotoxicity Assay. The in vitro cytotoxicity was measured
using a standard MTT assay. MCF-7, HeLa, and HepG2 cells were
seeded into 96-well cell-culture plate at 1.5� 104 cells/well and
then incubated for 24 h at 37 �C under 5% CO2. After incubating
the cells with various concentrations of Fe3O4@PDA NCs for
another 24 h, the standardMTT assaywas carried out to determine
the cell viabilities relative to the control untreated cells.

Measurement of Photothermal Performance. Fe3O4@PDA NCs
with different concentrations (0�0.1 mg mL�1) were suspended
in quartz cuvette (total volume of 1 mL) and irradiated by a NIR
laser at 808 nm (BWT Beijing LTD, China) with output power of

1 W cm�2 for 10 min. The temperature of the solutions was
measured by a digital thermometer with a thermocouple probe.

Photothermal Therapy. MCF-7 cells seeded in 35-mm confocal
dish were incubated with 0.1 mg mL�1 of Fe3O4 NPs or
Fe3O4@PDA NCs for 4 h. After exposure to NIR laser (808 nm,
2 W cm�2) for certain time, the cells were stained with propidium
iodide and imaged by confocal laser scanning microscopy.

To quantitatively evaluate the photothermal cytotoxicity of
Fe3O4@PDANCs,MCF-7 cellswere incubated in 96-well plates at
37 �C in a humidified atmosphere containing 5% CO2 for 24 h.
The Fe3O4@PDA NCs with different concentrations were added,
and the cells were further incubated for 4 h. After exposure to
NIR laser (808 nm, 2W cm�2) for 5min, the cells were allowed to
incubate for another 24 h. The standard MTT assay was carried
out to evaluate the cell viability.
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