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some therapies have been applied in clinics, such as surgery, 
chemotherapy, and radiotherapy. [ 2 ]  However, these conven-
tional therapeutic approaches often suffer from harming 
normal cells and tissues, inducing drug resistance, damaging 
immune system, and increasing incidence of second can-
cers. [ 3 ]  In recent years, phototherapy has attracted much 
attention for its minimally invasive selective feature in curing 
neoplastic diseases. [ 4 ]  One major phototherapeutic approach 
is photothermal therapy (PTT), a treatment based on photo-
absorbing materials and near infrared (NIR) laser to realize 
the transformation from optical energy into thermal energy, 
which can produce specifi c localized heat to kill cancer cells. [ 5 ]  
Nevertheless, the most usage of laser power density is rela-
tively high, which is not applicable for clinical treatments as 
the power is higher than skin tolerance and the hyperthermia 
may also damage surrounding normal tissue. [ 6 ]  Photodynamic 
therapy (PDT) is another promising modality, in which NIR 
light is utilized to trigger photosensitizer to generate reactive 
oxygen species (ROS) resulting in the apoptosis of cancer DOI: 10.1002/smll.201601094

 Photothermal therapy (PTT) and photodynamic therapy (PDT) are promising 
cancer treatment modalities in current days while the high laser power density 
demand and low tumor accumulation are key obstacles that have greatly restricted 
their development. Here, magnetic composite nanoparticles for dual-modal PTT 
and PDT which have realized enhanced cancer therapeutic effect by mitochondria-
targeting are reported. Integrating PTT agent and photosensitizer together, the 
composite nanoparticles are able to generate heat and reactive oxygen species 
(ROS) simultaneously upon near infrared (NIR) laser irradiation. After surface 
modifi cation of targeting ligands, the composite nanoparticles can be selectively 
delivered to the mitochondria, which amplify the cancer cell apoptosis induced by 
hyperthermia and the cytotoxic ROS. In this way, better photo therapeutic effects 
and much higher cytotoxicity are achieved by utilizing the composite nanoparticles 
than that treated with the same nanoparticles missing mitochondrial targeting unit 
at a low laser power density. Guided by NIR fl uorescence imaging and magnetic 
resonance imaging, then these results are confi rmed in a humanized orthotropic lung 
cancer model. The composite nanoparticles demonstrate high tumor accumulation 
and excellent tumor regression with minimal side effect upon NIR laser exposure. 
Therefore, the mitochondria-targeting composite nanoparticles are expected to be an 
effective phototherapeutic platform in oncotherapy. 
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  1 .        Introduction 

 Cancer is one of the biggest threats to human’s life and 
health. [ 1 ]  In the face of such a challenge, tremendous efforts 
have been devoted to cancer therapy in the past century and 
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cells and the elimination of the tumor.[7] Although PDT kills 
cancer cells in a fairly moderate manner,[8] low tumor accu-
mulation of photosensitizer molecules hampers its usage in 
cancer therapy.[9] In this case, solutions to these problems in 
the PTT and PDT are required in order to broaden the clin-
ical application range of phototherapy.

Mitochondria are vital cellular organelles to supply 
energy and are presumed the crucial regulators of cell death 
for its key role in apoptosis.[10] Hence, mitochondrial tar-
geting has emerged as an attractive supplementary method to 
improve the therapeutic effect in cancer therapy.[11] Recently, 
Kim and co-workers successfully prepared iron oxide nano-
particles that could effectively target to mitochondria with 
better hyperthermia upon NIR laser irradiation.[12] Liu et al. 
developed mitochondrial targeted ruthenium complexes for 
two-photon PDT.[13] These works indicate that mitochondria-
targeting is a powerful weapon in oncotherapy.

Herein, we report the preparation of mitochondria-
targeting magnetic composite nanoparticles (MMCNs) for 
dual-modal PTT and PDT to realize enhanced cancer thera-
peutic effects. The composite nanoparticles with core-shell-
shell architecture consist of spherical magnetite (Fe3O4) core, 
polydopamine (PDA) inner shell, and mesoporous silica 
(mSiO2) outer shell. The Fe3O4

[14] core and PDA[15] shell act 
as PTT agent and the mSiO2 shell is utilized to load indocya-
nine green (ICG), a clinical photosensitizer approved by the 
US Food and Drug Administration (FDA), which can generate 
ROS upon NIR laser illuminance and partially convert light 
energy into heat energy to reinforce the PTT agent perfor-
mance.[16] After surface modification of polyethylene glycol 
(PEG), transferrin (Tf),[17] and lipophilic triphenyphospho-
nium cation (TPP),[18] the composite nanoparticles can selec-
tively target to the cancer cells and further be delivered to 
mitochondria. Upon NIR laser exposure, local hyperthermia 
and cytotoxic ROS are generated simultaneously to specifi-
cally induce mitochondria dysfunction, which amplifies the 
cancer cell apoptosis and thus reduces the demand of laser 
power to kill cancer cells. Furthermore, owing to the properties 
of Fe3O4 core and ICG, the MMCNs demonstrate NIR fluores-
cence imaging and magnetic resonance imaging (MRI) abili-
ties. After in vivo administration, the composite nanoparticles 
are able to ablate tumor xenograft with NIR laser exposure at 
a relatively low power density and show no long-term systemic 
toxicity, exhibiting immense potential in cancer therapy.

2. Results and Discussion

2.1. Preparation of MMCNs

The preparation of MMCNs is illustrated in Figure 1a. First, 
the Fe3O4 cores are fabricated with a solvothermal method 
reported previously[19] with their transmission electron 
microscopy (TEM) image shown in Figure 1bi. Then PDA 
layer is coated on the surface of Fe3O4 cores by the self-
polymerization of dopamine[20] and can be visualized clearly 
in the TEM image (Figure 1bii). Considering the influence 
of PDA layer thickness on the photothermal effect of the 
composite nanoparticles,[21] Fe3O4@PDA with a 20 nm thick 

PDA layer is used (as measured in TEM images). After PDA 
coating, the hydrodynamic diameter of the particles increases 
from 176 to 208 nm as measured with dynamic light scattering 
(DLS, Table S1, Supporting Information). Thermogravimetric 
analysis (TGA, Figure S1, Supporting Information) also indi-
cates the existence of PDA layer. The obtained Fe3O4@PDA 
is further used as a core and the mesoporous silica (mSiO2) 
shell is prepared by a sol–gel process with tetraethoxysi-
lane (TEOS) as silica source and cetyltrimethylammonium 
bromide (CTAB) as the pore template. For further surface 
modification, amine groups are used to functionalize the 
mSiO2 outer shell before the removal of CTAB template. The 
mesoporous structure of the trilayer composite nanoparticles 
is confirmed by the N2 sorption isotherms (Figure S2, Sup-
porting Information), which reveal a typical type IV curve 
with a surface area of 451 m2 g−1 and a mean pore diameter 
of 2.7 nm. In addition, TGA results (Figure S1, Supporting 
Information) show the obtained Fe3O4@PDA@mSiO2 has 
a weight loss of 10 wt%, lower than that of Fe3O4@PDA 
(24 wt%), which is attributed to the silica outer shell.

Then, N-hydroxysuccinimide ester (NHS)-terminated 
PEG is grafted on the surface of Fe3O4@PDA@mSiO2 
through the reaction between the NHS groups and amine 
groups, and the PEG-grafted Fe3O4@PDA@mSiO2 is denoted 
as magnetic composite nanoparticle (MCN). TGA results 
show the MCNs have an additional weight loss of 15 wt% 
compared with Fe3O4@PDA@mSiO2 (Figure S1, Supporting 
Information), which results from the decomposition of the 
modified PEG chains. Furthermore, Tf is thiolated and linked 
to the other end of the PEG chains as previously reported.[22] 
In the TGA curves (Figure S1, Supporting Information), 
Tf-linked MCNs (MCN-Tf) show an external weight loss of 
8 wt%, which is ascribed to the linked Tf. Finally, the TPP 
groups are introduced on the surface of MCN-Tf by activated 
carboxy group-amine coupling reaction,[23] and MMCNs are 
obtained. The X-ray photoelectron spectroscopy spectrum of 
MMCNs reveals an increase in phosphorus atoms, thereby 
confirming the successful surface modification of TPP 
(Figure S3, Supporting Information). The TEM image of the 
resultant MMCNs is displayed in Figure 1biii, which clearly 
shows the mesoporous shell and the DLS measurement 
of MMCNs in phosphate buffered saline (PBS) indicates a 
hydrodynamic diameter of 275 nm with narrow distribution 
(Table S1, Supporting Information). The MMCNs also show 
an excellent dispersity in biological media such as serum free 
media and serum-containing media (Table S2, Supporting 
Information), ensuring their stability in the physiological 
aqueous condition.[24]

2.2. The Photothermal Effect of ICG-Loaded MMCNs

ICG is subsequently loaded into the mesopores of the MMCNs 
with a loading content of 8.0%. Its release behavior indicates 
that ICG is quite stable in the mesopores with only 16% 
release in 24 h (Figure S4, Supporting Information), which 
may be attributed to its zwitterionic amphiphilic nature.[25]

The UV–vis–NIR spectra (Figure 1c) show that owing 
to the absorption contribution of ICG, the PBS dispersion 
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of ICG-loaded MMCNs exhibited three times higher NIR 
absorption than Fe 3 O 4 @PDA@mSiO 2  at 785 nm (at an 
equivalent concentration of 50 µg mL −1 ). To further con-
fi rm the photothermal effect, different samples at the same 
concentration of 50 µg mL −1  are exposed to the 785 nm 
NIR laser with a power density of 0.5 W cm −2  for 500 s. As 
depicted in Figure  1 d (Figure S5, Supporting Information), 
ICG-loaded MMCNs show a photothermal performance 
with temperature elevated ≈10 °C, better than Fe 3 O 4 @PDA 
(≈7 °C), resulting from the additional photothermal contri-
bution of ICG. [ 16e ]   

  2.3 .        Endocytosis and Colocalization of MMCNs 

 As shown in  Figure    2  a, MMCNs, with targeting ligand on 
the surface, are expected to enter into cancer cells through 
Tf receptor-mediated endocytosis, [ 17 ]  endosome escape, [ 26 ]  

and further target to mitochondria due to the electrostatic 
interaction between the mitochondria membrane and the 
lipophilic TPP cations. [ 10a ]   

 To evaluate the uptake effi ciency of MMCNs by cancer 
cells in vitro, human adenocarcinomic alveolar basal epi-
thelial cell line (A549 cells) is used as model. A549 cells are 
incubatd with ICG-loaded composite nanoparticles for 4 h 
and the cells with nanoparticles internalized can be detected 
for the fl uorescence from ICG molecules using a fl ow cytom-
etry. Figure  2 b shows the uptake effi ciencies of MMCNs and 
MCN-Tf which are almost twice that of Tf-missing MCNs, 
indicating that Tf is a key factor in the internalization of 
the composite nanoparticles and TPP has little effect on 
the endocytosis. As a comparison study, there is no obvious 
uptake difference between MMCNs and MCNs in 293T 
cells (normal cells) (Figure S6, Supporting Information), 
which further demonstrates the selective targeting effect of 
MMCNs induced by Tf. 
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 Figure 1 .       a) Schematic illustration of the preparation procedure of mitochondria-targeting magnetic composite nanoparticles (MMCNs). The 
diagram is not drawn to scale. b) TEM images of (i) Fe 3 O 4 , (ii) Fe 3 O 4 @PDA, and (iii) MMCNs. Insert: enlarged image of marked area. c) UV–vis–NIR 
absorption spectra of the aqueous nanoparticle dispersion at an equivalent concentration of 50 μg mL −1 . d) The photothermal response of the 
aqueous nanoparticle dispersion (50 μg mL −1 ) with a NIR laser (785 nm, 0.5 W cm −2 ). PBS is used as a negative control.
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The use of nanoparticles in organelle-targeting is often 
limited by the fact that the nanoparticles are taken up by the 
endosomal pathway, where endosomes serve as a barrier to 
organelle trafficking.[26] It is reported that the high net posi-
tive charge from lipophilic cationic groups such as TPP cation 
has the potential to promote endosomal escape through a 
proton-sponge effect.[27] To verify that our MMCNs have 
endosome escapability and are not engaged in trafficking 
to lysosomes, we studied a colocalization of MMCNs with 
lysosomes. 4,6-diamidino-2-phenylindole (DAPI) and 
Lysotracker are utilized to treat cells that have been cul-
tured with MMCNs and MCN-Tf for 4 h, respectively. Then 
the samples are subjected to confocal laser scanning micros-
copy (CLSM). The confocal fluorescence microscopic images 
are shown in Figure 2c, in which the blue fluorescence from 
DAPI represents nucleus, the green one from Lysotracker 
represents lysosomes and the red one from ICG represents 

the nanoparticles. The MCN-Tf is distributed in both lys-
osomes and the cytoplasm, whereas MMCNs exhibit lyso-
somal escape ability.

To identify the mitochondria-targeting effect of MMCNs, 
DAPI and Mitotracker are utilized to treat cells that have 
been cultured with MMCNs and MCN-Tf for 4 h, respec-
tively. The confocal fluorescence microscopic images are 
shown in Figure 2d, in which the green fluorescence from 
Mitotracker represents mitochondria. From the view of 
merged picture, the fluorescence of mitochondria overlaps 
with that of MMCNs while partial overlap is observed in the 
MCN-Tf treated cell, suggesting the localization of MMCNs 
to the mitochondria. Using another high-quantum-yield NIR 
dye, Cy7, as the cargo to track the nanoparticles, the CLSM 
images with a higher NIR fluorescence intensity are obtained 
(Figure S7, Supporting Information), which also proves the 
mitochondria-targeting effect of MMCNs.
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Figure 2. a) Schematic diagram of endocytosis and mitochondria-targeting of MMCNs. b) Flow cytometry analysis to visualize the endocytosis of 
the nanoparticles. c) CLSM images of A549 cells incubated with MCN-Tf or MMCNs. The nucleus and lysosomes of A549 cells are stained with DAPI 
(blue) and Lysotracker (green), respectively. d) CLSM images of A549 cells incubated with MCN-Tf or MMCNs. The nucleus and mitochondria of 
A549 cells are stained with DAPI (blue) and Mitotracker (green), respectively.
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 The mitochondria-targeting effect of MMCNs is addi-
tionally corroborated by inductively coupled plasma 
atomic emission spectrometer (ICP-AES), since the pres-
ence of Fe elements in MMCNs allows sensitive quantifi ca-
tion of the metal content in the cellular compartments after 
subtracting the baseline Fe levels in different organelles of 
untreated cells. [ 28 ]  Remarkably, the Fe quantifi cation evi-
dences a signifi cant accumulation of MMCNs in the mito-
chondria (Table S3, Supporting Information). And the TPP 
groups change the cellular distribution of the composite 
nanoparticles, since under a same incubation condition, 
the accumulation of MCN-Tf in mitochondria is excluded, 
which is in good agreement with the microscopic colocali-
zation studies.  

  2.4 .        ROS Generation of ICG-Loaded MMCNs 

 To detect the ROS generation of ICG-loaded MMCNs upon 
NIR laser irradiation, the probe 1,3-diphenylisobenzofuran 
(DPBF) is used, as ROS can oxidize DPBF and quench its fl u-
orescence. [ 29 ]  Free ICG, MMCNs, and ICG-loaded MMCNs 
dispersions are mixed with DPBF and the fl uorescence of 
DPBF is measured after 785 nm laser irradiation (5 min, 
0.5 W cm −2 ). As depicted in  Figure    3  a, the fl uorescence inten-
sities of free ICG and ICG-loaded MMCNs sample both 
have a rapid decline, indicating the capability of ICG-loaded 
MMCNs to produce ROS continuously. Whereas, comparing 
to free ICG, ICG-loaded MMCNs have a low decline rate of 
fl uorescence intensity, resulting from the escape time of ROS 
from the mesopores of MMCNs.  

 We also investigate the intracellular ROS production of 
ICG-loaded MMCNs. Another ROS probe dichlorofl uorescein 
diacetate (DCFDA) is used, which can be oxidized by ROS 
into dichlorofl uorescein (DCF) with bright green fl uores-
cence. [ 30 ]  A549 cells are incubated with ICG-loaded MMCNs 
for 4 h, then DCFDA is added before subjected to fl ow 
cytometer. As shown in Figure  3 b, obvious fl uorescence of 
DCF can be detected after a 785 nm laser irradiation but 
none without laser. Besides, when we add an ROS inhibitor 
N-acetylcysteine (NAC), [ 29b ]  the fl uorescence signal declined 
signifi cantly. In order to observe the intracellular ROS gen-
eration more intuitive, the samples above are also measured 
with CLSM. In Figure  3 c, the control group and ICG-loaded 
MMCNs group both show no fl uorescence suggesting no 
ROS is produced, while the cells internalized with ICG-
loaded MMCNs emit bright green fl uorescence when treated 
with laser, suggesting ICG-loaded MMCNs can generate 
ROS in live cells under NIR laser irradiation.  

  2.5 .        In Vitro Phototherapy 

 In order to confi rm the therapeutic effect, the A549 cells are 
cultured with ICG-loaded MMCNs and treated with 785 nm 
NIR laser irradiation (5 min, 0.5 W cm −2 ). The treated cells 
are fi rst costained with Annexin-V-Fluorescein isothiocy-
anate (FITC) and propidium iodide (PI) and then subjected 
to fl ow cytometer. As shown in  Figure    4  a, the phototherapy 
utilizing ICG-loaded MMCNs is able to induce the apop-
tosis process among cancer cells and readily causes cell 
death, indicating the success of the mitochondria-induced 
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 Figure 3 .       The generation of ROS. a) A comparison of the ability to generate ROS in different reaction systems containing DPBF under NIR irradiation 
by determining the related maximum of fl uorescence intensity. The data are shown as mean value and standard derivation ( n  = 3). b) Intracellular 
ROS generation detected by the fl uorescence of DCF with fl ow cytometry. c) CLSM images to visualize the intracellular ROS generation. White bar 
indicates 100 μm.
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phototherapy. Then the treated cells are costained with cal-
cein acetoxymethyl ester (calcein-AM) and PI. In the CLSM 
picture (Figure 4b), we can clearly see that the cells in irra-
diation region are hardly alive which demonstrates the ICG-
loaded MMCNs could specific kill cancer cells under local 
NIR laser irradiation.

To further identify the therapeutic effect of each 
component in ICG-loaded MMCNs, the MTT (MTT is 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assay is carried out to detect the relative viabilities of A549 
cells. As shown in Figure 4c, the groups without Tf or TPP 
(PBS, Fe3O4, Fe3O4@PDA, Fe3O4@PDA@mSiO2, MCNs) 
exhibit high cell viability even with the laser irradiation, which 
is attributed to the low temperature rise and inefficient nano-
particles uptake. However, in MCN-Tf and MMCNs groups, 
the cell viability has a sharp decline when treated with laser, 
and compared to ICG-loaded MCN-Tf, ICG-loaded MMCNs 
group has obvious lower cell viability with almost one-tenth 
of that in ICG-loaded MCN-Tf group. These results suggest 
that Tf groups improve the uptake efficiency of the nano-
particles and the additional TPP groups could target mito-
chondria effectively. Moreover, these groups show nontoxic 
to cells without laser. Overall, the ICG-loaded MMCNs can 
induce large amounts of cell death with 785 nm laser irra-
diation at a relatively low power density (0.5 W cm−2) as 
the mitochondria-targeting greatly increases the therapeutic 
effect of phototherapy.

2.6. Tumor Targeting and Imaging

The effect of cancer treatment depends largely on the amount 
of therapeutic agent accumulated in tumor site. We have veri-
fied the Tf groups on surface of MMCNs which induce higher 
uptake efficiency in A549 cells in vitro. In order to further 
investigate the enrichment performance of MMCNs at the 
tumor tissue and the distribution in vivo, we use A549 tumor-
bearing BALB/c nude mice as animal model. ICG-loaded 
MMCNs are administered to two mice by intravenous injec-
tion at a dosage of 5 mg kg−1 and another two mice are given 
ICG-loaded MCNs as the control group. Then the mice were 
anesthetized at different time intervals and subjected to an 
optical small animal imaging system, where NIR fluorescence 
images are captured. As shown in Figure 5a, the images of 
mice treated with MMCNs exhibit rather stronger fluores-
cence signal at tumor site than the MCN-treated mice, and 
the time-dependent mean fluorescence signal intensity curves 
are recorded (Figure S8, Supporting Information), suggesting 
the excellent accumulation ability of MMCNs in tumor region 
under the effect of Tf groups. With the purpose to test in vivo 
distribution, mice are euthanized at two time points (6 and 
24 h) and major organs (heart, liver, spleen, lung, kidneys, and 
tumor) are removed. As demonstrated in Figure 5b, in MCNs 
group, the image shows strong fluorescence signal from liver 
at 6 h and much weaker signal from tumor which implies the 
majority of MCNs are accumulated in liver. However, at the 
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Figure 4. a) Flow cytometry analysis of A549 cells treated with ICG-loaded-MMCNs at the concentration of 50 μg mL−1 before (left) and after NIR 
laser irradiation (785 nm, 0.5 W cm−2) for 300 s (right). The treated cells are double stained with Annexin-V-FITC and PI. b) Confocal images of 
calcein-AM (green, live cells) and PI (red, dead cells) costained A549 cells after laser irradiation for 300s. White bar indicates 1 mm. c) Growth 
inhibition results for treated cells and the temperature change in the laser illumination.
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same time, MMCNs are mostly accumulated in tumor and 
a small amount in other organs. When the time prolongs to 
24 h, the tumor of MMCNs group still exhibits obvious fl uo-
rescence signal while only negligible fl uorescence signal can 
be observed in other tissues (Figure S9, Supporting Informa-
tion). These results demonstrate the MMCNs possess eminent 
tumor targeting ability in vivo and can specifi cally persist in 
tumor during extended period of time.  

 The Fe 3 O 4  core, the innermost component of MMCNs, 
has been applied broadly in MRI. [ 31 ]  We examine its potential 
as contrast agents in MRI using a clinical MRI instrument. 
Figure S10a (Supporting Information) shows the transverse 
(T 2 ) phantom images of MMCNs at different concentration 
in aqueous medium. It reveals that the T 2  signal of MMCN 
has a signifi cantly decrease following the concentration of 
MMCN increase and a  r  2  value of 187 m m  −1  s −1  is obtained 
(Figure S10b, Supporting Information). These results indicate 
the MMCNs are able to act as MRI contrast agent. When we 
measure the T 2  signal at the tumor site of treated mice at 6 
h postinjection (Figure  5 c; Figure S11, Supporting Informa-
tion), the mouse injected with MMCNs shows a darkened 
image in tumor region which further confi rm the targeting 
ability of MMCNs. The results demonstrate that the ICG-
MMCNs possess excellent ability of fl uorescence imaging 
and MRI imaging and could target tumor effectively.  

  2.7 .        In Vivo Phototherapy 

 On the basis of above results and analysis, we conduct the 
oncotherapy experiments in vivo. As illustrated in  Figure    6  a, 
A549 tumor-bearing BALB/c nude mice are divided into 
six groups of six mice per group, and then different sam-
ples are injected by tail intravenous injection with a 
dosage of 5 mg kg −1 : (1) PBS; (2) ICG molecules; (3) ICG-
loaded MMCNs; (4) MMCNs; (5) ICG-loaded MCN-Tf; 

(6) ICG-loaded MCN-TPP. According to the inference of 
fl uorescence imaging (Figure  5 a), we suppose the maximum 
accumulation of ICG-loaded MMCNs in the tumor region 
places between 4 and 6 h postinjection. However, it is neces-
sary to leave enough time for the nanoparticles to target to 
mitochondria. As a result, we choose 6 h as the time point to 
implement NIR laser irradiation (785 nm, 0.5 W cm −2 , 300 s) 
for a better therapeutic effect. During NIR illumination, a 
thermal infrared camera is used to record the temperature 
of tumor site. As shown in Figure  6 b and Figure S12 (Sup-
porting Information), MMCN-treatment induces a 2.9 °C ele-
vation of the mean temperature in the tumor region and the 
highest temperature of the tumor in the ICG-loaded MMCN-
treated group is around 38 °C which is slightly higher than 
normal temperature of body, indicating that the tissue around 
tumor will not be injured by hyperthermia. Meanwhile, after 
laser irradiation, tumors are removed immediately from one 
mouse of each group for tissue section and image analysis. 
Although the temperature of tumor is far lower than which 
needed for killing cancer cells, [ 32 ]  cells treated with ICG-
loaded MMCNs are almost dead (Figure S13, Supporting 
Information) which is attributed to the effective targeting to 
mitochondria and NIR-triggered ROS generation.  

 To further evaluate the anticancer effi cacy of ICG-loaded 
MMCNs, tumor growth rates (Figure S14, Supporting Infor-
mation) are recorded and the fi nal tumor weights (Figure  6 c) 
are measured. The results show the tumors in group 1 
(injected with PBS), group 2 (injected with ICG), and group 6 
(injected with ICG-loaded MCN-TPP) grow rapidly, resulting 
from the ineffi cient enrichment of nanoparticles in tumor 
region. Group 4 and group 5 exert signifi cantly slow growth 
rate, suggesting the therapeutic effect of mitochondria-
targeting PTT and intracellular phototherapy, respectively. 
However, in group 3, though with the same relatively low 
laser power density, the tumors are completely eliminated, 
indicating that successful mitochondria-targeting greatly 
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 Figure 5 .       a) In vivo NIR fl uorescence imaging of mice bearing A549 tumors after administration (tumor pointed out with white circle). b) Ex vivo 
imaging of tumor tissues and major organs at 6 or 24 h postinjection. T: tumor, H: heart, Li: liver, S: spleen, Lu: lung, K: kidney. c) In vivo T 2 -MRI 
of mice after intravenous injection of MCNs (left, tumor pointed out with yellow circle) and MMCNs (right, tumor pointed out with green circle).
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reinforce the efficiency of PDT and PTT. These results imply 
ICG-loaded MMCNs own excellent therapeutic effect in the 
phototherapy of cancer.

2.8. In Vivo Toxicity

To confirm the safety of phototherapy utilizing ICG-loaded 
MMCNs, we investigate the biodistribution of ICG-loaded 
MMCNs in the major organs and tumor tissues after the 
therapy, which is quantified by ICP-AES according to the Fe 
content. As shown in Figure 7a, the remaining Fe elements 
are taken up predominantly in liver and spleen within two 
days,[33] and at the 14th d posttreatment, the Fe content 
is rather low in all tissues, suggesting the nanoparticles are 
almost excreted from these organs and cleared completely. In 
Figure 7b, the body weights of mice are recorded every other 
day after the treatment and there is no apparent weight loss 
in the group with ICG-loaded MMCNs injection, suggesting 
the nanoparticles do not induce severe systemic toxicity.[34] 
And at the 14th d postinjection, all mice have to be sacri-
ficed because of the extensive tumor burden, and the major 
viscera (heart, liver, spleen, lung, and kidneys) are excised 
and costained by hematoxylin and eosin (H&E). In Figure 
7c, compared to the control group, the mice injected with 
ICG-loaded MMCNs exhibit no obvious organ damage and 
inflammatory lesion. These data indicate that the ICG-loaded 
MMCNs with relatively low systemic toxicity are a promising 
phototherapy agent in oncotherapy.

3. Conclusion

In summary, we have prepared a novel multifunctional cancer 
therapy platform, ICG-loaded MMCNs, which successfully 
realizes the phototherapy upon NIR laser irradiation and 
greatly enhances the therapeutic effect by mitochondria- 
targeting. Moreover, the ICG-loaded MMCNs exhibit 
favorable potential as probes in NIR fluorescence imaging 
and MRI due to the properties of Fe3O4 component and 
ICG mole cules. In vivo experiments confirm the multimode 
imaging functions and remarkable tumor inhibition effect of 
ICG-loaded MMCNs with almost nontoxicity at a low laser 
power density. Therefore, NIR light induced, multiple func-
tions integrated ICG-loaded MMCNs are expected to have 
wide applications in the phototherapy of cancer.

4. Experimental Section

Synthesis of Fe3O4: Fe3O4 were synthesized using a solvent 
thermal method.[19] FeCl3·6H2O (0.54 g), trisodium citrate (0.24 g), 
and anhydrous sodium acetate (1.2 g) were dissolved in ethylene 
glycol (20 mL). After magnetic stirring for 30 min, the final suspen-
sion was transferred to a teflon-lined stainless-steel autoclave 
(50 mL), which was heated at 200 °C for 10 h. The obtained prod-
ucts were washed with ethanol and water three times with the 
assistance of a magnet and denoted as Fe3O4.

Synthesis of Fe3O4@PDA: The Fe3O4@PDA composite nano-
particles were synthesized by a solution oxidation method.[20] The 
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Figure 6. In vivo phototherapy. a) Schematic illustration of the therapeutic process of A549 tumors with the assistance of NIR laser. b) Thermal 
images of A549 tumor-bearing mice exposed to 785 nm laser for 5 min after the injection of PBS, MMCNs, and ICG-loaded MMCNs. c) Photograph 
(middle) and weights (right) of tumors after excision from each group. n.s. means no significant difference, and ***, p < 0.001.
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as-prepared Fe 3 O 4  (25 mg) were dispersed in tris-Cl buffer solu-
tion (10 × 10 −3   m , pH 8.5, 500 mL). Then dopamine hydrochloride 
(125 mg) was added into the above mixture. The resulting disper-
sion was continuously stirred for 1 h at room temperature. After 
the reaction, the nanoparticles were collected magnetically and 
washed with deionized water several times. The fi nal products were 
dispersed in deionized water to obtain the desired Fe 3 O 4 @PDA 
composite nanoparticles. 

  Synthesis of Fe 3 O 4 @PDA@mSiO 2  : A mesoporous silica shell was 
coated on the surface of Fe 3 O 4 @PDA through dispersing Fe 3 O 4 @PDA 
(20 mg) into a mixture consisting of CTAB (0.3 g), deionized water 
(60 mL), and ethanol (20 mL). After stirred quickly for 30 min at 
40 °C, aqueous ammonia solution (0.85 mL) and TEOS (0.15 mL) 
were added into the dispersion. The reaction was carried out for 
24 h and Fe 3 O 4 @PDA@mSiO 2  with CTAB was prepared. Then, to 
modify the -NH 2  groups on the surface of the nanocomposites, 
3-aminopropyltriethoxysilane (100 μL) was added into the ethanol 
dispersion (50 mL) containing the prepared Fe 3 O 4 @PDA@mSiO 2  
with CTAB. The reaction was carried out for 6 h at 80 °C. Then 
CTAB was removed through dispersing Fe 3 O 4 @PDA@mSiO 2  with 
CTAB in the ethanol solution of NH 4 NO 3  (10 mg mL −1 ), and the 
mixture was refl uxed at 80 °C for 6 h and Fe 3 O 4 @PDA@mSiO 2  was 
prepared. 

  Synthesis of MCNs : The obtained Fe 3 O 4 @PDA@mSiO 2  (20 mg), 
maleimide poly(ethylene glycol) N-hydroxysuccinimide ester (Mal-
PEG-NHS,  M  w  2 kDa, 4 mg) and poly(ethylene glycol) N-hydroxy-
succinimide ester (PEG-NHS,  M  w  2 kDa, 16 mg) were dispersed in 
N,N-dimethylformamide (DMF, 20 mL). After stirred for 24 h, MCNs 
were fabricated. 

  Thiolation of Tf : Tf was modifi ed with sulfydryl groups to obtain 
Tf-SH. A solution containing 2-[4-(2-hydroxyethyl)-1-piperazinyl] 
ethanesulfonic acid (HEPES, 30 × 10 −3   m)  and ethylene diamine 
tetraacetic acid (1 × 10 −3   m)  with a pH value of 8.5 was prepared, 
denoted as HEB. Tf (10 mg) was added in HEB solution (1 mL), and 
this solution was stirred for 20 min under dynamic nitrogen atmos-
phere. Then, a HEB solution of 2-iminothiolane hydrochloride 

(6.5 × 10 −3   m , 0.1 mL) was added to the solution. After stirred at 
room temperature for 3 h, Tf-SH was prepared. 

  Synthesis of MCN-Tf : The obtained Tf-SH was added in a HEPES 
solution (20 mL, pH 7.4) containing the synthesized MCN. The 
reaction was carried out for 24 h, and MCN-Tf was prepared. 

  Synthesis of (3-Carboxyethyl) Triphenyl Phosphonium Bro-
mide (CTPB)  [ 35 ] : Triphenylphosphine (1.7 g) was added to a solu-
tion of 3-bromopropionic acid (1 g) in acetonitrile (2.5 mL). The 
resulting mixture was stirred at 80 °C for 24 h and then concen-
trated in vacuo. The residue was taken up with a minimal amount 
of chloroform and the product was precipitated from ethyl acetate. 
The white precipitate was fi ltered and washed three times with 
ethyl acetate, then dried at 40 °C under vacuum for 24 h to give 
the compound as a colorless solid with a yield of 78%.  1 H NMR 
(400 MHz, CDCl 3 , Figure S15, Supporting Information):  δ  = 10.34 
(br s, 1 H), 7.79–7.60 (m, 15 H), 3.72 (dt, 2 H), and 2.93 (dt, 2 H). 

  Activation of CTPB : CTPB was activated by N,N′-disuccinimidyl 
carbonate (DSC). DSC (32.8 mg), dissolved in 500 μL of chloroform 
was added into the solution of CTPB (50 mg) in chloroform at 0 °C. 
The reaction mixture was stirred at room temperature overnight. 
The chloroform was evaporated, and the system was freeze dried. 
The reaction mixture was dissolved in DMF at a concentration of 
50 mg mL −1 , stored at −20 °C and used in the next reaction without 
additional purifi cation. 

  Synthesis of MMCNs : MCN-Tf (20 mg) was dispersed in PBS (pH 8) 
and NHS-activated CTPB (2 mg) solution in DMF was added. The reac-
tion mixture was stirred at room temperature for 4 h, washed with 
water and redispersed in water, and then MMCNs were fabricated. 

  ICG Loading and Release : ICG was dissolved in PBS (pH 7.4) 
with a concentration of 1 mg mL −1 . To encapsulate ICG into the nan-
oparticles, 10 mg of MMCNs were dispersed in 1.5 mL ICG solution, 
and stirred at room temperature for 12 h. Then, the nanoparticles 
were collected and washed with deionized water twice. The content 
of ICG encapsulated in nanoparticles was determined by optical 
absorption spectroscopy at 780 nm, the loading content is 8.0%. 
The loading of Cy7 dye was carried out following the same protocol. 
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 Figure 7 .       a) The biodistribution of the ICG-loaded MMCNs immediately, 48 h and 14 d after the treatment, based on ICP-AES analysis. b) Body 
weight change of the mice. c) H&E stained images of major organs collected from the mice (40×).
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To study the release behavior, the obtained ICG-loaded 
MMCNs were dispersed in 3 mL of buffer and 1 mL of the disper-
sion was transferred into a dialysis bag which molecular weight cut 
off is 14 000 Da. Then, the dialysis bag was placed in PBS solution 
in shaking table at 37 °C. At desired time intervals, 1 mL solution 
was collected and 1 mL fresh buffer was added. All samples were 
performed in triplicate and measured by UV–vis–NIR spectroscopy 
at 780 nm.

ROS Measurement: ROS was determined by the fluorescence 
intensity of the probe DPBF using a fluorescence spectrophotom-
eter. DPBF can interact with ROS and quench DPBF fluorescence, 
which depends on the amount of ROS. DPBF was dissolved in 50% 
(v/v) acetonitrile-water solution and the fluorescence emission 
spectra of 5 μg mL−1 DPBF were collected. The maximum of the 
spectra were plotted at 455 nm against the amount of irradiation 
time to show the time-dependent yield of ROS.

Measurement of Photothermal Performance: To evaluate 
the photothermal behaviors, the nanoparticles were diluted 
to 50 μg mL−1. Aliquots (100 μL) were deposited into wells of a 
96-well cell culture plate. Wells were illuminated with a 785 nm 
continuous-wave NIR laser (fluence: 3 or 0.5 W cm−2, spot size: 
5 mm × 8 mm and exposure duration: 0–500 s). The tempera-
ture was measured by a thermocouple with an accuracy of 
0.1 °C inserted into the dispersion. The photothermal effect of 
other nanomaterials was determined with a concentration of 
50 μg mL−1 at the same conditions.

Cell Culture: A549 cells and 293T cells were purchased from 
Shanghai Xinran Biotech. Co., Ltd. (China) and cultured in RPMI-
1640 medium and Dulbecco minimum essential medium indi-
vidually supplemented with 10% (v/v) fetal bovine serum, 2 mm 
l-glutamine 100 U mL−1 of penicillin and 100 mg mL−1 of strepto-
mycin at 37 °C and 5% CO2.

Endocytosis Analysis: A549 cells and 293T cells were cultured 
in 6-well plates at a density of 1 × 105 cells mL−1 and incubated for 
24 h to allow cell attachment. Then, the cells were incubated with 
the nanoparticles at indicated concentrations for 4 h. Next, the 
cells were collected after washing three times by PBS. In the end, 
the amount of nanoparticles endocytosis by cells was analyzed by 
flow cytometry.

Intracellular Localization of MMCNs: A549 cells were seeded in 
a confocal dish at a density of 1 × 105 cells mL−1 and incubated for 
24 h to allow cell attachment. Then, the cells were incubated with 
the nanoparticles at indicated concentrations for 4 h. Next, the 
cells were washed by PBS for three times and stained with 200 × 
10−9 m of Mitotracker (Invitrogen) or 250 × 10−9 m of Lysotracker 
(Molecular Probes) for 20 min and 5 μg mL−1 DAPI for another 
10 min. After washing three times with PBS, the sample was sub-
jected to laser scanning confocal microscopy. The subcellular 
colocalization was observed by CLSM and images of cells were col-
lected under the same instrumental settings.

ICP-AES Quantification of Mitochondria-Targeting: A549 cells 
were seeded at a concentration of 1 × 106 cells mL−1 in a 175 cm2 
cell culture flask and incubated with MCN-Tf and MMCNs at a con-
centration of 50 μg mL−1 for 4 h. The medium was then removed and 
the cells were washed with PBS and trypsinized. After redispersed 
in PBS, the pellet was washed with ice cold PBS and collected via 
centrifugation at 800 g for 10 min. Mitochondria were isolated 
via differential centrifugation using a mitochondria isolation kit 
(Cat. NO: KGA828, KeyGEN BioTECH) following the producer’s  

instructions. Briefly, the collected pellets were redispersed in 
1.5 mL of lysis buffer (delivered with the kit). The samples were 
then homogenized with a prechilled dounce homogenizer (7 mL, 
tight pestle A, 25 stokes) and centrifuged at 800 g for 5 min. 
The supernatant was transferred in a fresh tube containing the 
medium buffer C with a same volume and centrifuged at 15 000 g 
for 10 min at 4 °C. The obtained pellets were redispersed in Wash 
Buffer and centrifuged at 15 000 g for 10 min at 4 °C. The final 
pellets represented pure mitochondrial fractions. All samples were 
treated with HNO3 to get clear solution and then the Fe concentra-
tions were determined by ICP-AES (P-4010, HITACHI).

Intracellular ROS Level Measurement: A549 cells were seeded 
in 6-well plates and confocal dishes respectively at a density of 
1 × 105 cells mL−1 and incubated for 24 h. Then cells were incu-
bated with ICG-loaded MMCNs or ICG-loaded MMCNs and laser. 4 h 
later, 10 × 10−6 m DCFDA (a ROS probe, Ex: 488 nm, Em: 537 nm) 
was added into and cells were observed by a confocal microscope. 
Furthermore, the treated cells were also collected and observed by 
flow cytometry, and one group was further incubated 0.8 × 10−3 m 
NAC, (ROS inhibitor). CLSM images were collected under the same 
instrumental settings.

Live/Dead Cell Viability Assay: A549 cells were planked with 
a proper density and exposed to 50 μg mL−1 ICG-loaded MMCNs 
for 4 h. After laser irradiation at 785 nm (5 min, 0.5 W cm−2), the 
cells were stained by calcein-AM and PI. Green fluorescence and 
red fluorescence indicated live cells and dead cells, respectively.

Apoptosis Assay: To investigate the form of cell death, 
50 μg mL−1 ICG-loaded MMCNs in RPMI 1640 cell culture medium 
were added into a 6-well plate containing A549 cells. After 
4 h, cells were exposed to laser irradiation at 785 nm (5 min, 
0.5 W cm−2), then the cells were stained by Annexin-V/PI and ana-
lyzed by flow cytometry.

MTT Assay: A549 cells were seeded in 96-well plates at a den-
sity of 5 × 103 viable cells per well and incubated for 24 h to allow 
cell attachment. Then the cells were incubated with the nanoparti-
cles at indicated concentrations for 2 h. Afterward, the cells were 
exposed to a NIR laser (785 nm, 0.5 W cm−2) for 5 min. After 24 h, 
the medium was replaced with fresh RPMI-l640 culture medium 
containing MTT (5 mg mL−1), and the cells were incubated for 
an additional 4 h. Upon the removal of MTT solution, the purple 
formazan crystals generated by live cells were dissolved with 
dimethyl sulphoxide. The relative cell viability was determined by 
comparing the absorbance at 570 nm with control wells containing 
only cell culture medium.

Mouse Xenograft Model: To examine the treatment effect of 
ICG-loaded MMCNs, 4 weeks old male BALB/c nude mice were 
purchased from Shanghai BK Laboratory Animal Co., Ltd., China. 
Animal care and handing procedures were in agreement with the 
guidelines evaluated and approved by the ethics committee of 
Fudan University. Around 2 × 106 cells of A549 mixed with 200 μL 
PBS were subcutaneously injected in the right or left flank.

In Vivo Phototherapy: When the tumor volume attained to 
100 mm3, mice were randomly separated into six groups (n = 6 
per group): PBS with laser treated (Group 1), ICG with laser treated 
(Group 2), ICG-loaded MMCNs with laser treated (Group 3), MMCNs 
with laser treated (Group 4), ICG-loaded MCNs-Tf with laser treated 
(Group 5), ICG-loaded MCNs-TPP with laser treated (Group 6). 100 μL 
of the above sample (0.5 mg mL−1) was injected into mice by tail 
intravenous, respectively. After 6 h, the tumors were exposed to the 
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785 nm NIR laser at the power density of 0.5 W cm −2  for 5 min. The 
temperature of tumor site was recorded by an infrared camera. The 
size of tumor and mice weight were measured every other day. 
The tumor volume was calculated as  V  =  d  2  ×  D /2 ( d : the shortest 
diameter of tumor,  D : the longest dia meter of tumor). At 14th d, the 
tumors and major organs (heart, liver, spleen, lung, and kidney) of 
mice were dissected and all the mice were euthanized. All tumors 
were weighed and parts of the organs and tumors were fi xed in 4% 
formaldehyde solution for tissue slices. 

  In Vivo Fluorescence Imaging of MMCNs : To investigate the 
enrichment effect of ICG-loaded MMCNs in vivo, when tumor 
size reached around 500 mm 3 , 100 μL (0.5 mg mL −1 ) ICG-loaded 
MMCNs solution was injected into mice by tail intravenous. At 
proper time intervals, the fl uorescence images were recorded by 
an optical and X-ray small animal imaging system (In Vivo Xtreme, 
Bruker). 

  Biodistribution of Nanoparticles in Mice : Four weeks old male 
mice were injected with ICG-loaded MMCNs intravenously. After 
6 h, mice were treated with 785 nm laser at 0.5 W cm −2  power 
density. Then at different time intervals (10 min, 48 h, 14 d), mice 
were euthanized and major organs (heart, liver, spleen, lung, 
kidney) were dissected and weighed. All tissues were treated with 
HNO 3  to get clear solution and then the Fe concentrations were 
determined by ICP-AES. 

  Other Measurements : Optical absorption spectra were 
obtained by a Perkin-Elmer Lambda 750 spectrophotometer. The 
visualization of nanoparticles was performed on a Tecnai G2 TEM 
(FEI, USA). The size distribution of particles was measured by a 
Zetasizer Nano-ZS (Malvern) at 25 °C. N 2  adsorption–desorption 
isotherms were obtained on a Micromeritics Tristar 3000 pore ana-
lyzer at 77 K under continuous adsorption conditions. Brunauer–
Emmett–Teller analysis was used to calculate the surface area. 
Thermal imaging was recorded by an infrared camera thermo-
graphic system (InfraTec, VarioCAMhr research, German). TGA of all 
samples was performed using a TGA assay (Pyris 1, Perkin-Elmer) 
with samples heated in alumina crucibles from 100 to 800 °C 
in a fl owing air atmosphere with a scanning rate of 20 °C min −1 . 
Magnetic resonance images were acquired using a 7 T MRI instru-
ment (BioSpec 70/30 USR, Bruker, German) equipped with a small 
animal coil at Cancer Research Institute of Fudan University. 

  Statistical Analysis : All data in this paper are expressed as 
mean result ± SD. Unpaired student’s  t -test was used for com-
parison between two testing groups and a probability ( P ) less than 
0.05 was considered statistical signifi cance.  
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