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of novel therapeutic strategies to suppress
tumor growth and metastasis is imperative.
Recent
breakthroughs
involving
supramolecular nanoassemblies, especially those derived from macrocyclic
receptors, have had a strong impact
on precision medicine.[4] Tremendous
eﬀort has been devoted to exploring
macrocycle-based nanomaterials with therapeutic potential.[5] Particularly impressive
progress has been achieved in the area
of biocompatible nanomaterials that are
responsive to multiple stimuli. Such materials are inherently ﬂexible, dynamic, and
adaptive to various internal and external
stimuli and have been exploited for medical
purposes.[6] However, only a tiny fraction
of the supramolecular nanoassemblies
reported to date have a realistic chance of
success in clinical trials, and expediting the
development of multistimuli-responsive
nanoassemblies with new modes of
action against life-threatening diseases, such as cancers, remains
a challenge.
As part of our ongoing work on bioactive supramolecular assemblies,[7] we herein report the construction of novel
supramolecular nanoﬁbers composed of noncovalently associated hyaluronic-acid-modiﬁed β-cyclodextrin (HACD)
and mitochondrion-targeting-peptide-tethered inorganic gold
nanorods (modiﬁed by lipoic acid (LA)) (AuNR-LA) and magnetic
nanoparticles (MitP-MNPs) (Figure 1). Interestingly, the growth
of the AuNR-MitP-MNP࣪HACD nanoﬁbers was precisely
regulated by the weak geomagnetic ﬁeld, and the ﬁbers could
suppress tumor-cell metastasis by restricting the cells to a
conﬁned environment. In addition, bioactivity tests revealed
that the photothermal AuNR-MitP-MNP࣪HACD supramolecular assemblies not only severely damaged mitochondria in
human adenocarcinoma cells (A549) but also strongly inhibited
disease progression in tumor-bearing mice upon irradiation
with near-infrared (NIR) light, which is commonly used in
photothermal therapy.[8] Our results suggest that these unique
organic–inorganic hybrid nanoﬁbers may oﬀer a promising
strategy for suppressing tumor invasion and metastasis.
Multifunctional AuNR-MitP-MNP nanoconjugates were
synthesized by combining MNPs and photothermal AuNRs
(Figure 2a). First, Fe3 O4 MNPs, which were synthesized by
coprecipitation method,[9] were silanized with aminopropyltriethoxysilane to aﬀord MNPs-NH2 , which have chemically
modiﬁable –NH2 groups on the surface. Then a glutaraldehyde

Molecular aggregation triggered by physical and chemical stimuli and based
on multiple noncovalent interactions has immense potential utility for
modeling and mimicking biological systems and for the diagnosis and
treatment of degenerative diseases. Herein the preparation, properties, and
biological activities of a new type of organic–inorganic hybrid supramolecular
nanoﬁber composed of gold nanorods, mitochondrion-targeting-peptidecoated iron oxide nanoparticles, and hyaluronic-acid (HA)-modiﬁed
β-cyclodextrin is reported. These photothermal nanoﬁbers, which grew along
the direction of the geomagnetic ﬁeld, induced severe mitochondrial damage
in human adenocarcinoma cells (A549); and, more strikingly, the nanoﬁbers
greatly suppress metastasis and clear A549 cells in tumor-bearing mice upon
irradiation with a near-infrared laser. The ability to recruit
HA-receptor-expressing tumor cells and to target mitochondria, as well as the
high photothermal conversion eﬃciency imparted by the gold nanorods,
makes these supramolecular nanoﬁbers a promising nanotherapy for cancer
in general and metastasis-related malignancy in particular.

Although medical therapies for treatment of well-conﬁned
primary tumors during early-stage cancer have advanced
considerably,[1] tumor invasion and metastasis remain intractable
problems in cancer treatment. Metastasis is estimated to be responsible for most cancer-associated mortality because of the
lack of surgical options and therapeutic agents for metastatic tumor cells.[2] In fact, anticancer pharmacotherapies and surgeries
frequently exacerbate tumor metastasis and hence increase the
incidence of cancer-related death.[3] Therefore, the development
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Figure 1. Schematic illustration of two-stage assembly of AuNR-MitP-MNP࣪HACD nanoﬁbers.

linkage was used to decorate the MNPs-NH2 with MitP, endowing the resulting MitP-MNPs with mitochondrion-speciﬁc
targeting ability (Figure S1, Supporting Information). Second, a
seed-mediated growth method was used to synthesize AuNRs,[10]
which had aspect ratios of 2–2.5. Decoration of the AuNRs with
LA aﬀorded AuNR-LA, which have –COOH groups on the surface. Finally, the MitP-MNPs and AuNR-LA were then conjugated
by means of 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide/Nhydroxysulfosuccinimide chemistry to obtain AuNR-decorated
MNPs, designated AuNR-MitP-MNPs.
Owing to the presence of numerous pendant cyclohexylalanine groups on the surface of the AuNR-MitP-MNP
nanocongujates, they could be used to generate supramolecular
nanoassemblies with hierarchical intermolecular organization. Speciﬁcally, reaction of HACD, a cross-linker containing
abundant β-CD cavities,[11] with the AuNR-MitP-MNPs formed
AuNR-MitP-MNP࣪HACD supramolecular assemblies via multivalent binding between the β-CD cavities and the hydrophobic
cyclohexyl groups of the MitP. TEM observation revealed that the
AuNR-MitP-MNP࣪HACD assemblies were nanoﬁbers with diameters of 100–500 nm and lengths of several micrometers, and
that the AuNRs were randomly clustered on the surface of the
ﬁbers (Figure 2b). Elemental analysis by means of energy dispersive X-ray spectrometry (EDS) revealed the presence of Fe, Au,
N, and O in the nanoﬁbers (Figure 2c and Figure S2, Supporting
Information). Inductively coupled mass spectrometry indicated

Adv. Therap. 2018, 1800137

that the Fe/Au atomic ratio was ࣈ12 (Table S1, Supporting
Information).
When separate aqueous suspensions of the AuNR-MitP-MNPs
and the AuNR-MitP-MNP࣪HACD nanoﬁbers were irradiated at
780 nm, the temperature of the suspensions increased rapidly
and then stabilized, whereas no obvious temperature increase
was observed upon irradiation of water alone (Figure 2d,e). These
results indicate that both the nanoconjugates and the nanoﬁbers
had high photothermal conversion eﬃciencies.
Formation of the AuNR-MitP-MNP࣪HACD nanoﬁbers was
monitored in real time by light microscopy. When AuNR-MitPMNPs and HACD were mixed together under the inﬂuence of
the normal geomagnetic ﬁeld (ࣈ0.050 mT), they immediately interacted with each other, and within 2 min, they formed small aggregates (length 10–20 μm, Figure 3a–c). As the incubation time
increased, the aggregates grew into short nanoﬁbers (reaching
20–50 μm after 5 min) and eventually assembled into long
higher-order nanoﬁbers (50–200 μm after 10 min). Interestingly,
the nanoﬁbers self-assembled strictly along the direction of
the geomagnetic ﬁeld. When the orientation of the microscope
relative to the geomagnetic ﬁeld lines was changed, the growth
direction of the nanoﬁbers changed accordingly (Figure S3,
Supporting Information). In contrast, when AuNR-MitP-MNPs
and HACD were mixed together in a metal-caged room that
was largely shielded from the geomagnetic ﬁeld, the directional
assemblies did not form (Figure 3d). Moreover, addition of
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Figure 2. Preparation and characterization of photothermal supramolecular assemblies. a) Schematic illustration of AuNR-MitP-MNP࣪HACD nanoﬁber
preparation. b) TEM images of AuNRs, AuNR-MitP-MNPs, and AuNR-MitP-MNP࣪HACD nanoﬁbers. The black arrow indicates AuNRs on the nanoﬁber
surface. c) EDS mapping images of AuNR-MitP-MNP࣪HACD nanoﬁbers. d) Images of AuNR-MitP-MNPs and AuNR-MitP-MNP࣪HACD nanoﬁbers
under NIR laser irradiation (780 nm, 1 W, 20 W cm−2 ), recorded with an infrared camera. e) Temporal dependence of temperature during laser irradiation
(780 nm, 1 W, 20 W cm−2 ) of aqueous AuNR-MitP-MNPs and AuNR-MitP-MNP࣪HACD nanoﬁbers. There is no signiﬁcant diﬀerence in temperature
between the AuNR-MitP-MNP group and the AuNR-MitP-MNP࣪HACD group (p < 0.05).

Figure 3. Light microscopy images showing magnetism-controlled assembly of AuNR-MitP-MNP࣪HACD nanoﬁbers. a–c) Growth of AuNR-MitPMNP࣪HACD nanoﬁbers along the direction of the geomagnetic ﬁeld (GMF, ࣈ0.050 mT). d) Disruption of the directed assembly of AuNR-MitPMNPs and HACD in a metal-caged room (GMF ࣈ0.015 mT). e) Disruption of the directed assembly of AuNR-MitP-MNPs and HACD by addition of
1-adamantane carboxylic acid (ADA). f) Growth of AuNR-MitP-MNP࣪HACD nanoﬁbers along the direction of an artiﬁcial magnetic ﬁeld (ࣈ0.160 mT).
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Figure 4. Eﬀects of AuNR-MitP-MNP࣪HACD nanoﬁbers on mitochondria and tumor cells. a) Confocal images of A549 cells treated with AuNR-MitPMNPs (80 mg L−1 ) or AuNR-MitP-MNP࣪HACD nanoﬁbers (80 mg L−1 AuNR-MitP-MNPs plus 80 mg L−1 HACD). White arrows indicate nanoﬁbers
near or on mitochondria. b) Confocal microscopy images of treated cells after NIR irradiation (780 nm, 1 W, 20 W cm−2 ) for 5 min. White arrows indicate
nanoﬁbers near or on mitochondria. c) Ratio of Cyt C(cyto) to Cyt C(mit) , indicating that treatment with the AuNR-MitP-MNP࣪HACD nanoﬁbers resulted
in Cyt C release from the mitochondria to the cytosol. d) Cell death rate revealed by propidium iodide staining. e) Tumor cell growth rate revealed by
CCK-8 assay. In panels (c)–(e), asterisks indicate statistically signiﬁcant diﬀerences between groups (p < 0.05); error bars indicate standard deviations.

1-adamantane carboxylic acid (ADA) inhibited the directional
assembling process (Figure 3e). These results conﬁrmed that
self-assembly of the AuNR-MitP-MNP࣪HACD nanoﬁbers
was induced by the geomagnetic ﬁeld and was dependent on
cyclodextrin-mediated supramolecular interaction.
Moreover, when a mixture of AuNR-MitP-MNPs and HACD
was exposed to an artiﬁcial magnetic ﬁeld (ࣈ0.160 mT),
nanoﬁbers immediately began to form and quickly grew along
the direction of the magnetic ﬁeld. Stable ﬁbers were observed
within 2–5 min (Figure 3f), and the growth of the nanoﬁbers was
accelerated when the magnetic ﬁeld strength was increased (Table S2, Supporting Information).
Owing to the presence of MitP on the surface of the AuNRMitP-MNP࣪HACD nanoﬁbers, we hypothesized that they might
be targetable to intracellular mitochondria. Indeed, we found that
in the absence of NIR irradiation, both the AuNR-MitP-MNPs
and the AuNR-MitP-MNP࣪HACD nanoﬁbers co-localized preferentially with mitochondria in tumor cells (A549) and that the
latter formed near or on the mitochondria (indicated by the white
arrows in Figure 4a,b). Although both control cells and AuNRMitP-MNP-treated cells had normal network-like mitochondria,
the AuNR-MitP-MNP࣪HACD-treated cells displayed disrupted
mitochondrial morphology, indicative of mitochondrial disruption. Moreover, when the treated cells were exposed to NIR irradiation, the presence of AuNR-MitP-MNPs had only a slight
impact on the mitochondrial network; whereas irradiation in the
presence of the AuNR-MitP-MNP࣪HACD nanoﬁbers severely
disrupted the mitochondria, leading to partial aggregation of the
mitochondria or complete disappearance of this organelle (Figure 4b). Western blotting analysis of both Cyt C(cyto) and Cyt
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C(mit) revealed that the presence of the AuNR-MitP-MNP࣪HACD
nanoﬁbers increased Cyt C release from the mitochondria to
the cytosol, and this eﬀect was augmented by NIR irradiation
(Figure 4c).
Mitochondrial damage is known to induce cell death.[12] Therefore, it is not surprising that compared with the AuNR-MitPMNPs, the AuNR-MitP-MNP࣪HACD nanoﬁbers caused the
death of more tumor cells (ࣈ35%) and a greater decrease in
cell growth (ࣈ50%), even in the absence of NIR irradiation
(Figure 4d,e). In addition, NIR irradiation enhanced the toxicity of the nanoﬁbers. Under NIR irradiation, treatment with
the AuNR-MitP-MNPs led to a cell death rate of ࣈ60% and reduced cell growth by ࣈ25%, but treatment with the AuNR-MitPMNP࣪HACD nanoﬁbers caused almost 100% cell death and
100% growth inhibition (Figure 4d,e).
Tumor cell invasion and metastasis frequently contribute
to cancer-associated mortality.[13] Because HACD can strongly
bind tumor cells,[11,14] we hypothesized that the AuNR-MitPMNP࣪HACD nanoﬁbers might suppress tumor invasion and
metastasis. To verify this hypothesis, we used a Matrigel invasion
model to investigate the eﬀects of the nanoﬁbers on invasion of
RFP-tagged A549 cells (Figure 5a). Confocal microscopy showed
that the AuNR-MitP-MNPs were uniformly distributed in the
Matrigel and had little impact on cell invasiveness (Figure 5b–d).
In contrast, the AuNR-MitP-MNP࣪HACD nanoﬁbers formed
around the tumor cells in the Matrigel, which resulted in aggregation of the cells and severely attenuated their invasion into the
gel (Figure 5b–d). Interestingly, nanoﬁbers were not observed
inside the invading cells, suggesting that the gel inhibited
nanoﬁber internalization by the cells (Figure S4, Supporting
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Figure 5. Eﬀects of AuNR-MitP-MNP࣪HACD nanoﬁbers on tumor-cell invasion, metastasis, and survival both in vitro and in vivo. a) Schematic illustration of suppression of tumor-cell invasion into Matrigel by AuNR-MitP-MNP࣪HACD nanoﬁbers. Note that while AuNR-MitP-MNP has only a slight
inhibitory on tumor-cell invasion (at the height of 400 μm), AuNR-MitP-MNP࣪HACD severely suppresses invasion (at 600 μm to 400 μm). b) Confocal microscopy images of invading cells treated with AuNR-MitP-MNPs or AuNR-MitP-MNP࣪HACD nanoﬁbers. The white arrows indicate nanoﬁbers
around the RFP-tagged A549 cells. c) Confocal microscopy images of the invading tumor cells at various heights in the Matrigel. d) Quantiﬁcation of
ﬂuorescence intensities of tumor cells at various heights in the Matrigel. e) In vivo suppression of A549-RFP cell metastasis and survival by AuNR-MitPMNP࣪HACD nanoﬁbers in combination with NIR laser irradiation. The dotted blue circles indicate tumor-cell injection sites; the purple arrows indicate
the NIR laser irradiation site (780 nm, 1 W, 20 W cm−2 ). The FITC images show the distribution of FITC-tagged nanocomposites.

Information). These results indicate that the extracellular
self-assembled nanoﬁbers conﬁned the tumor cells and hence
suppressed their invasion into the gel.
Hyaluronic acid (HA) targets tumors by interacting with the
HA receptor, which is overexpressed in tumor cells.[11,14] We hypothesized that the AuNR-MitP-MNP࣪HACD nanoﬁbers may
speciﬁcally target the tumor cells in vivo. The eﬀects of the AuNRMitP-MNP࣪HACD nanoﬁbers on tumor metastasis in vivo were
investigated in a mouse model. Mice that had been inoculated
with RFP-tagged tumor cells, were treated with AuNR-MitPMNPs or AuNR-MitP-MNP࣪HACD nanoﬁbers (Figure 5e). The
former had only a slight impact on tumor metastasis; in this
group, as in the control group, extensive migration of the tumor
cells from the injection sites to the neck was observed. The poor
anti-tumor activity of AuNR-MitP-MNPs may be attributed to its
failure to conﬁne the tumor cells at the injection sites, leading
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to escape of the tumor cells from these sites. In striking contrast, the AuNR-MitP-MNP࣪HACD nanoﬁbers were found almost exclusively in the region where tumor cells were located,
and the nanoﬁbers conﬁned the tumor cells to the injection sites
(Figure 5e), suggesting that the nanoﬁbers eﬀectively suppressed
tumor-cell metastasis.
The photothermal properties of the AuNR-MitP-MNPs and
the AuNR-MitP-MNP࣪HACD nanoﬁbers were evaluated in vivo
as well. Six hours after administration of the nanocomposites, the tumor-injection sites were irradiated by the NIR laser,
and the local temperature was monitored in real time. Compared with the control group and the AuNR-MitP-MNP-treated
group, the AuNR-MitP-MNP࣪HACD-treated group showed a
dramatic increase in temperature (from ࣈ37 °C to ࣈ56 °C) after 180 s of irradiation (Figure S5, Supporting Information).
On the third day after irradiation, tumor cells were completely
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cleared from the irradiation site in the nanoﬁber-treated group,
whereas live tumor cells were detected in the control group and
the AuNR-MitP-MNP-treated group. Furthermore, accumulation
of the nanoﬁbers in the reticuloendothelial system organs (including the liver, spleen, and kidney) was minimal and had no
impact on the histological structures of these organs (Figure S6,
Supporting Information), conﬁrming that the nanoﬁbers had
good tumor-targeting speciﬁcity and good biocompatibility. In
addition, no nanoﬁbers were detected at the irradiation site (Figure 5e), indicating that they migrated away from the irradiation
site after clearance of the tumor cells. Taken together, these results suggest that the biocompatible photothermal supramolecular nanoﬁbers could eﬃciently suppress tumor-cell metastasis and kill tumor cells when used in combination with NIR
irradiation.
In conclusion, novel geomagnetism-responsive photothermal
supramolecular nanoﬁbers composed of AuNR-conjugated MitPbearing MNPs and HA-modiﬁed β-CD were fabricated for treatment of tumor cells via photothermal activation. The combination of the magnetic core and the MitP promoted the internalization of the nanoﬁbers in cancer cells and imparted speciﬁcity
for mitochondria. In addition, the noncovalent bound HACD not
only endowed the nanoﬁbers with the desired ability to speciﬁcally recognize HA-receptor-expressing cancer cells but also facilitated the spontaneous formation of geomagnetism-sensitive
nanoﬁbers that actively restricted malignant cells to a conﬁned
environment, especially around the location of primary tumors.
As a result of the photothermal properties originating from the
AuNRs in the AuNR-MitP-MNP࣪HACD nanoﬁbers, NIR irradiation induced severe mitochondrial damage, caused cell death
in vitro, and suppressed tumor-cell invasion and metastasis in
vivo. Given the attractive structural and functional features of the
AuNR-MitP-MNP࣪HACD nanoﬁbers, we anticipate that future
research on these and other stimuli-responsive supramolecular
assemblies will facilitate the development of next-generation cancer therapies.

Experimental Section
Chemicals and Materials: Aminopropyltriethoxysilane, HAuCl4 ,
cetyltrimethyl ammonium bromide, and glutaraldehyde were purchased
from Sigma (USA). All other reagents were purchased from Aladdin
(China). HACD was synthesized by means of an amide condensation
reaction between hyaluronic acid sodium salt and mono-6-deoxyl-6ethylenediamino-β-CD, according to a previously reported procedure.[11]
Instrumentation: The morphologies of the AuNRs, the AuNR-MitPMNPs, and the AuNR-MitP-MNP࣪HACD nanoﬁbers were characterized
by transmission electron microscopy (TEM; JEM 1200EX, Kaisha, Japan).
Energy-dispersive X-ray spectroscopy (EDS) mapping images were acquired by high-resolution TEM (Tecnai G2 F20 S-TWIN, FEI, USA). The
crystal structure and composition of the MNPs were characterized by
X-ray diﬀraction analysis (D/max-2500, Japan). The amounts of Fe and
Au in AuNR-MitP-MNP࣪HACD were determined by inductively coupled
plasma optical emission spectrometry (Optima 8300, PerkinElmer, USA).
In vivo distributions of tumor cells, AuNR-MitP-MNPs, and AuNR-MitPMNP࣪HACD were monitored with a multispectral small-animal imaging system (IVIS Lumina II, Xenogen, USA). Geomagnetic ﬁeld strength
was measured with a standard Gauss meter (Beiyi-601, Pafei, China).
Supramolecular nanoassemblies and cells were observed with a light microscope (CKX53, Olympus, Japan) and a confocal microscope (FV1000,
Olympus, Japan). A NIR laser beam was produced with a NIR laser sys-
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tem (780 nm, 1 W, 20 W cm−2 , Shuanghong, China). The photothermal
properties of AuNR-MitP-MNPs and AuNR-MitP-MNP࣪HACD were monitored by an infrared thermal imaging camera (Xintest, China). Cell death
was quantiﬁed with a ﬂow cytometer (FACS Calibur, BD, USA).
Preparation of Photothermal Supramolecular Assemblies: Fe3 O4 MNPs
were prepared by a co-precipitation method.[9] For preparation of MitPMNPs, MNPs (40 mg) were suspended in 40 mL of ethanol, and then
2 mL of aminopropyltriethoxysilane was added. The mixture was magnetically stirred at 85 °C for 2 h and then centrifuged, and the pellet was
washed three times with ethanol and twice with distilled water to aﬀord
MNPs-NH2 . The MNPs-NH2 were suspended in 30 mL of 8% glutaraldehyde prepared in phosphate buﬀered saline (PBS, pH 7.4). The suspension
was gently shaken for 6 h at room temperature and then centrifuged to
pellet MNPs-NH-glutaraldehyde. The pellet was washed three times with
PBS and then suspended in 20 mL of the same buﬀer. 400 μL of MitP labeled with ﬂuorescein isothiocyanate (FITC) (FITC-ACP-Fx-r-Fx-K-Fx-r-FxK, 1 mm in PBS) was added to the suspension, which was then shaken at
120 rpm at 4 °C for 24 h. The resulting solid was separated by centrifugation, and the pellet was washed twice with distilled water and lyophilized
in a vacuum freeze dryer to aﬀord MitP-MNPs.[7]
AuNRs were synthesized according to El-Sayed’s method.[10] Then
10 mg of the obtained AuNRs was suspended in 10 mL of distilled water, and 1 mg of LA was added. The mixture was sonicated for 10 min
(AS3120, 250 W, AutoScience, China) and centrifuged, and the pellet was
washed with distilled water to aﬀord AuNR-LA. AuNR-LA (10 mg) was
mixed with 50 mg of the MitP-MNPs in 50 mm PBS (pH 7.2), and then
21 mg of 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide and 22 mg of Nhydroxysulfosuccinimide were added. The solutions were sonicated for 2
h and centrifuged to obtain AuNR-MitP-MNPs.
The AuNR-MitP-MNP࣪HACD nanoﬁbers were generated by mixing
AuNR-MitP-MNPs and HACD (each at a concentration of 80 mg L−1 ) and
sonicating the mixture for 5 min.
Photothermal Analysis: To measure photothermal conversion eﬃciency,
solutions of AuNR-MitP-MNPs (80 mg L−1 ) or AuNR-MitP-MNP࣪HACD
nanoﬁbers (80 mg L−1 AuNR-MitP-MNPs plus 80 mg L−1 HACD) were irradiated with a NIR laser (780 nm, 1 W, 20 W cm−2 ) for 180 s. Temperature
was monitored in real time with an infrared thermal imaging camera.
Confocal Microscopy: Human lung adenocarcinoma cells (A549, Cell
Resource Center, China Academy of Medical Science, Beijing, China)
were incubated with AuNR-MitP-MNPs (80 mg L−1 ) or with AuNR-MitPMNP࣪HACD nanoﬁbers (80 mg L−1 AuNR-MitP-MNPs plus 80 mg L−1
HACD) for 24 h. The cells were then washed with PBS and stained with
MitoTracker Red (100 nm, Sigma) at 37 °C for 40 min. The cells were
further ﬁxed with ice-cold methanol and stained with 4 ,6-diamidino-2phenylindole (DAPI, 5 mg L−1 , Sigma), and then observed by confocal
microscopy.
Cell Viability Assay: To evaluate the growth of the A549 cells, they were
treated with AuNR-MitP-MNPs or AuNR-MitP-MNP࣪HACD nanoﬁbers
for 24 h as described in the preceding section. The extent of growth of
the treated cells was then determined with a CCK-8 assay kit (Dojindo,
Japan). After 24 h of treatment, cell death rate was assessed by means of
propidium iodide staining and subsequent ﬂow cytometry analysis.
Western Blotting: For detection of cytosolic and mitochondrial cytochrome C (Cyt C(cyto) and Cyt C(mit) ), treated A549 cells were homogenized with a Dounce homogenizer (20–50 strokes). The cell lysate was
centrifuged at 1000 × g and 4 °C to remove nuclei and intact cells. The
resulting suspension was then centrifuged at 10 000 × g to obtain the cytosol (supernatant) and the mitochondria (pellet), respectively. The levels
of Cyt C(cyto) and Cyt C(mit) were determined with Cyt C monoclonal antibody (Abcam, USA). The Cyt C(cyto) /Cyt C(mit) ratio was quantiﬁed by the
Image J software (ver. 2, USA).
In Vitro Tumor-Cell Invasion Assay: A549 cells tagged with red ﬂuorescent
protein (RFP) (A549-Luc2-tdT-2, Cell Resource Center, China Academy of
Medical Science, Beijing, China) were cultured in McCoy’s 5A medium
supplemented with 10% fetal bovine serum (Hyclone, Australia) in a CO2
incubator at 37 °C for 48 h. The cells were then suspended in fetal-bovineserum-free McCoy’s 5A medium at 5 × 105 cells mL−1 . Matrigel (Corning,
USA) was diluted in coating buﬀer (0.01 m Tris, 0.7% NaCl, pH 8.0) to a
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ﬁnal concentration of 300 μg mL−1 and then placed in 24-well invasion
chambers (immersed in McCoy’s 5A medium supplemented with 10% fetal bovine serum) to a gel height of 800 μm. The chambers were incubated at 37 °C for 2 h for gelation. Cell suspension (500 μL) was added
to the chambers, and then AuNR-MitP-MNPs (80 mg L−1 ) or AuNR-MitPMNP࣪HACD nanoﬁbers (80 mg L−1 AuNR-MitP-MNPs plus 80 mg L−1
HACD) were added. The cells were cultured for 12 h, and the invading cells
were then observed by confocal microscopy. The ﬂuorescence intensities
of the cells at diﬀerent heights in the Matrigel were quantiﬁed by the Image J software.[7] For detection of intracellular formation of AuNR-MitPMNP࣪HACD nanoﬁbers, the Matrigel was treated with trypsin (2.5%,
Gibco, USA) and washed with PBS to release the invading cells. The released cells were washed three times with PBS and observed by ﬂuorescence microscopy.
In Vivo Metastasis Assay: In vivo tumor metastasis was evaluated in
A549-Luc2-tdT-2-bearing nude mice (Huafukang, China) as follows. Fifteen 4-week-old female BALB/c nude mice were pretreated with cyclophosphamide (200 mg kg−1 ) for 2 days. Then the mice were subcutaneously
inoculated at two sites near the rear legs with 100 μL of A549-Luc2-tdT2 cell suspension (1 × 108 cells mL−1 ) and divided into two treatment
groups and a control group (ﬁve mice per group). Three days after inoculation, AuNR-MitP-MNPs (80 mg kg−1 ) or AuNR-MitP-MNP࣪HACD
nanoﬁbers (80 mg kg−1 AuNR-MitP-MNPs plus 80 mg kg−1 HACD) were
intravenously administered via the tail vein to the mice; a control group
received only saline. Six hours after administration, one of the inoculation
sites was irradiated by a NIR laser for 10 min. The distributions of the
A549-Luc2-tdT-2 cells and the nanocomposites in the mice were observed
2 days after administration. All animal experiments were approved by the
Animal Care and Use Committee at Nankai University.
Statistical Analysis: Three replicates of each experiment were performed,
and values reported herein are means ± standard deviations. Diﬀerences
between groups were compared by a one-way analysis of variance test
(p < 0.05). All statistical tests were performed using the SPSS software
package (ver. 20, IBM, USA).
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