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BIOPHYSICS

Magnetism and photo dual-controlled
supramolecular assembly for suppression
of tumor invasion and metastasis

Qilin Yu'?, Ying-Ming Zhang’, Yao-Hua Liu', Xun Xu', Yu Liu3*

Supramolecular nanoassemblies that respond to multiple stimuli exhibit high therapeutic efficacy against malignant
tumors. We report a new type of supramolecular nanofiber that integrates targeting peptide-coated magnetic
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nanoparticles with p-cyclodextrin-bearing polysaccharides in a complex held together by multivalent interactions.
The nanofibers not only exhibited reversible photo-triggered association and disassociation depending on irradiation
wavelength but also underwent magnetic field-controlled directional aggregation, even in the rather weak geo-
magnetic field. The nanofibers markedly suppressed invasion by and metastasis of cancer cells both in vitro and
in vivo. Furthermore, compared with control mice, tumor-burdened mice treated with the nanofibers showed a
lower rate of mortality from the metastatic spread of tumor cells. Our results suggest that these geomagnetism- and
photo-controlled nanofibers may facilitate the rapid development of efficacious anticancer therapies.

INTRODUCTION

Although there has been considerable advancement in medical
therapies for well-confined primary tumors and early-stage cancer,
invasive tumors and metastatic disease remain intractable problems
(1-3). Distant metastases are estimated to be responsible for up to
90% of cancer-associated mortality, mainly because metastases are
usually inoperable and because disseminated cancer cells are resist-
ant to the therapeutic agents currently in clinical use (4, 5). There-
fore, the development of new strategies for impeding tumor growth
and preventing metastasis even in advanced-stage disease is im-
perative. However, the fact that the pathogenic mechanisms in-
volved in the invasiveness and metastasis of tumor cells are poorly
understood has hindered the development of effective antimeta-
static therapies.

Hope for solutions to the above-described problems has been
raised by the recent development of biofunctional supramolecular
nanoassemblies that show considerable therapeutic potential (6-8).
The noncovalent interactions that hold such nanoassemblies
together endow them with the ability to respond dynamically and
reversibly to various endogenous and exogenous triggers (9, 10).
Consequently, considerable effort has been devoted to exploring the
use of nanoassemblies, including nanocarriers, nanoparticles, hydro-
gels, and (poly)rotaxanes, for controlled and targeted (co)delivery of
drugs and genes for the treatment of cancer (11-13). Nanoassembly-
based therapies that actively defend against tumor growth and
migration—rather than simply passively recognizing and tracking
metastatic malignant cells in the manner of conventional tumor
therapies—are particularly desirable and would undoubtedly expe-
dite the movement of biofunctional nanoassemblies from the labo-
ratory to the clinic.

Herein, we report supramolecular nanofibers capable of under-
going morphological conversion triggered by photo irradiation or a
magnetic field. These unique abilities were derived from the com-
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position of the nanofibers, which consisted of biocompatible iron
oxide magnetic nanoparticles (MNP) coated with a mitochondrion-
targeting peptide (MitP) and covalently cross-linked with hyaluronic
acid (HA; a polysaccharide) bearing B-cyclodextrin (B-CD) moieties
(HACD) (Fig. 1 and fig. S1). Because HA receptors are over-
expressed on the surface of cancer cells, the nanofibers (designated
MitP-MNPCHACD), which underwent geomagnetism-directed
aggregation, could recruit cancer cells to the nanofibrous network,
thereby inhibiting the migration of tumor cells both in vitro and in
vivo. This is the first report of biocompatible supramolecular nano-
assemblies that respond to the weak geomagnetic field, and our
results may facilitate the development of new types of stimuli-
responsive biomaterials that can be used to decrease the rate of
mortality from metastatic spread of tumor cells.

RESULTS AND DISCUSSION

Formation of binary supramolecular nanoassemblies

Iron oxide MNP was synthesized from FeCl,, FeCls, and NaOH by
means of a coprecipitation method (14). Transmission electron
microscopy (TEM) images revealed that the MNP were cube-like
and had diameters of 10 to 20 nm (fig. S2A). The x-ray powder
diffraction (XRD) pattern of the MNP was coincident with that of
pristine Fe;Oy (fig. S2B) (15). Chemically modifiable -NH, groups
were added to the surface of the MNP by means of a silanization
reaction with aminopropyltriethoxysilane (APTES). The resulting
amino-modified MNP (MNP-NH,) were covalently linked, via
glutaraldehyde, to a fluorescein isothiocyanate (FITC)-labeled
MitP (FITC-ACP-Fx-r-Fx-K-Fx-r-Fx-K) to endow the MNP with
the desired mitochondrion-specific targeting ability (Figs. 1 and 2A
and fig. S2, C and D) (16). TEM images of the MitP-MNP indicated
that, like the MNP, they were cube-like, but they tended to exist as
more condensed nanoclusters (Fig. 2B). Magnified TEM images
and Fourier transform infrared spectrum confirmed the presence of
MitP on the surface of MNP (fig. S2, E and F).

Considering that the MitP-MNP has numerous pendant cyclo-
hexylalanine groups around their cores, we speculated that larger
supramolecular nanoassemblies could be generated through hier-
archical intermolecular organization. To evaluate this possibility,
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Fig. 1. Schematic illustration of the formation of MitP-MNPcHACD nanofibers.
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Fig. 2. Formation and characterization of MitP-MNP and MitP-MNPcHACD nanofibers. (A) Schematic illustration of formation of MitP-MNPcHACD nanofibers by
cross-linking HACD with MitP-MNP. (B and €) TEM images and (D) dynamic light scattering (DLS) data for MitP-MNP and MitP-MNPcHACD nanofibers ([MitP-MNP] =
0.2 mg/ml and [HACD] = 0.2 mg/ml). (E) "H nuclear magnetic resonance (NMR) titration of MitP with native B-CD, revealing that the cyclohexyl groups of MitP were
included in the B-CD cavity: MitP alone (i) and [MitP]:[3-CD] [1:1, 1:2, 1:3, and 1:4 (ii to v), respectively]. ppm, parts per million.

we selected HACD as a cross-linker because we expected that strong
inclusion complexation would occur via multivalent binding be-
tween the B-CD cavity and the hydrophobic cyclohexyl groups of
MitP (17). TEM images revealed that MitP-MNP and HACD self-
assembled via noncovalent interactions to form nanofibers that were
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100 to 500 nm in diameter and several micrometers long (Fig. 2C
and fig. S3A). DLS analysis demonstrated that the hydrodynamic
diameter of these MitP-MNPCHACD nanofibers (710 nm) was
remarkably larger than that of the MitP-MNP (205 nm), and the
size distribution of the assemblies in the presence of HACD was
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narrower than that in the absence of HACD (Fig. 2D). '"H NMR
spectroscopy revealed that the cyclohexyl protons of MitP (H,_4)
shifted downfield upon addition of native B-CD, indicating that
the cyclohexyl groups became encapsulated in the B-CD cavity
(Fig. 2E).

To confirm that inclusion complexation played a role in the
formation of the MitP-MNPCHACD nanofibers, we carried out
some control experiments. Nanofiber formation was not observed
when MitP-MNP was mixed with natural HA or when MNP was
mixed with HACD (fig. S3, B and C). Moreover, the addition of
1-adamantanecarboxylic acid (ADA), which binds strongly to B-CD,
drastically attenuated the formation of MitP-MNPCHACD nano-
fibers (fig. S3D). Together, these observations confirm that electro-
static interactions between the positively charged MitP molecules
on the MitP-MNP and the negatively charged carboxylic groups on
the HA backbone were not sufficient for the formation of MitP-
MNPCHACD nanofibers and that the multiple noncovalent cross-
linking interactions between B-CD and the cyclohexylalanine
moieties of the MitP were indispensable for stabilizing the nano-
fibrous structure.

Geomagnetism-controlled formation of the

supramolecular nanoassemblies

Using FITC-labeled MitP as a fluorescent probe, we monitored the
formation of the MitP-MNPCHACD nanofibers in real time by
means of confocal microscopy. When MitP-MNP and HACD were
mixed together, they interacted dynamically to form small (50 pm
long) aggregates within 2 min (Fig. 3A). As the incubation time
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increased, the aggregates slowly grew larger, first forming short
nanofibers (Fig. 3A, 5 min) and eventually self-assembling into
stable, higher-order 50- to 100-um-long nanofibers after 10 min
(Fig. 3A and movie S1). We measured the angle (3, in degrees)
between the geomagnetic field line and the growth direction and
observed no obvious declination between the geomagnetic field line
and the growth direction (8 < +5°; table S1). We also found that
when the orientation of the microscope relative to the geomagnetic
field line was changed, the growth direction changed accordingly
(Fig. 3B and movies S2 and S3). Together, these results indicate that
the direction of the growth of the nanofibers aligned perfectly with
the geomagnetic field.

Furthermore, when we used a field-canceling system to shield
the sample from any artificial magnetic fields, the formation of
MitP-MNPCHACD nanofibers was still observed in the pure
geomagnetic field (0.048 mT; Fig. 3C and movie S4). In distinct
contrast, directional growth of nanofibers did not occur when
the experiment was carried out in a metal-caged room that was
largely shielded from the geomagnetic field (0.015 mT; Fig. 3D
and movie S5). On the basis of these results, we concluded that
MitP-MNPCHACD nanofibers formed only when the weak geo-
magnetic field was present and that, like a compass needle, the
direction of nanofiber growth was controlled by the geomagnetic
field. We suggest that the high sensitivity to the geomagnetic field
orientation was due mainly to multivalent cross-linking of nu-
merous MNP with polymeric HACD, resulting in formation of
supramolecular nanofibers enriched in discrete, small MNP along
their lengths.
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Fig. 3. Magnetism- and photo-controlled assembly of MitP-MNPcHACD nanofibers. (A and B) Confocal microscopy images of the growth of MitP-MNPcHACD nano-
fibers along the direction of the geomagnetic field (0.050 mT). (C and D) Light microscopy images of the growth of MitP-MNPcHACD nanofibers in a pure geomagnetic
field (0.048 mT; C) and in a metal-caged room with a decreased geomagnetic field (0.015 mT; D). (E) Confocal microscopy images of the growth of MitP-MNPcHACD
nanofibers along the direction of an artificial magnetic field (0.308 mT). (F) Schematic illustration of photoresponsive assembly and disassembly of MitP-MNPcHACD
nanofibers in the presence of an arylazopyrazole (AAP) carboxylate ([MitP-MNP] = 0.2 mg/ml, [HACD] = 0.2 mg/ml, and [AAP] = 0.2 mg/ml). Vis, visible. (G) Confocal
microscopy images showing the temporal dependence of nanofiber growth in the presence of trans-AAP and cis-AAP carboxylates [generated by ultaviolet (UV)
irradiation at 365 nm].
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Owing to their iron oxide cores, the MitP-MNPCHACD nano-
fibers could also form under the control of an artificial magnetic
field. Specifically, when MitP-MNP and HACD were exposed to the
field of a strong magnet, nanofibers instantly formed and quickly
grew along the direction of the magnetic field. Stable fibers were
observed after only 2 min (Fig. 3E, table S1, and movies S6 and S7).
Moreover, increasing the magnetic field strength accelerated the
growth of the nanofibers (table S1).

Photoresponsiveness of the supramolecular nanoassemblies
The photoresponsiveness of the nanofibers was tested with a com-
petitive guest molecule, an AAP carboxylate. AAPs are photoactive
molecules that reversibly form inclusion complexes with B-CD upon
photoisomerization from the cis isomer to the trans isomer (18).
The addition of trans-AAP carboxylate to the MitP-MNPCHACD
nanofibers seriously disrupted the organization of the fibers and
resulted in the formation of disordered nanoaggregates (Fig. 3, F
and G, +trans-AAP). We attributed this phenomenon to the trans-
AAP carboxylate competitively inhibiting formation of an inclusion
complex between HACD and MitP-MNP (Fig. 3F). When the
disordered aggregates were irradiated at 365 nm (UV) to convert
the trans-AAP carboxylate to cis-AAP carboxylate, the regular nano-
fibers reformed and exhibited magnetism-responsive behavior
because cis-AAP carboxylate could not fit in the B-CD cavity
(Fig. 3G). We also investigated the reversibility of this photo-
controlled morphological conversion by alternating UV and visible
light irradiation. A ternary system comprising HACD, MitP-MNP,
and trans-AAP carboxylate formed randomly distributed nano-
clusters and nanoparticles. Irradiation at 365 nm for 10 min resulted
in the gradual conversion of the disordered nanoclusters into regular
nanofibers that grew along the direction of the geomagnetic field.
Subsequent irradiation at 520 nm disassembled the nanofibers, but
they could be reassembled by irradiation at 365 nm (fig. S3E).

Recruitment of mitochondria with the

supramolecular nanoassemblies

The presence of the targeting peptides on the surface of the iron
oxide nanoparticles allowed us to investigate the specific interaction
of the MitP-MNPCHACD nanofibers with mitochondria because
of the intrinsic high negative membrane potential of this organelle
(19). Mitochondria were isolated from human lung cancer cells
(A549), stained with 4’,6-diamidino-2-phenylindole (DAPI) and
then coincubated with MitP-MNP and HACD. Initially, the DAPI-
labeled organelles were dispersed randomly among MitP-MNP.
As the MitP-MNPCHACD nanofibers formed and grew along the
direction of the geomagnetic field, the mitochondria gradually
aggregated around nanofibers, which grew at a rate of 0.271 um/s
(Fig. 4, A and B, 2 to 5 min). Eventually, stable fiber-like structures
formed and were observed to be colocated with the mitochondria
(Fig. 4, A and B, 10 min). Moreover, we found that the addition
of ADA inhibited the formation of mitochondrial fibers (fig. S4A),
again confirming that the assembly of these organelles among
the MitP-MNPCHACD nanofibers was dependent on the supra-
molecular interaction between B-CD and MitP. In addition, we
found that under the influence of an artificial magnetic field, the
mitochondria rapidly fused with the MitP-MNPCHACD nano-
fibers along the orientation of external magnetic field at an assembly
rate of 0.305 um/s (fig. S4B). These observations demonstrate that the
supramolecular assembly maintained its nanofibrous morphology
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and its mitochondrion-specific targeting ability during the assembly
process.

Intracellular damage to mitochondria by the

supramolecular nanoassemblies

Because the MitP-MNPCHACD nanofibers could recruit isolated
mitochondria, we hypothesized that the nanofibers might also
interact with intracellular mitochondria and affect their function.
Consistent with this hypothesis, confocal microscopy revealed
that the MitP-MNPCHACD nanofibers, similar to MitP-MNP,
were localized mainly at the mitochondria in A549 tumor cells
(Fig. 4C), suggesting that the nanofibers could enter the tumor cells
and bind the mitochondria. Especially noteworthy is the fact that
the MitP-MNPCHACD nanofibers maintained their morphology
inside the tumor cells (Fig. 4C and fig. S5), indicating the high
stability of these supramolecular nanoassemblies in the intracellular
environment. For comparison, the actin-targeting peptide ABP140
was used as a negative control (20). ABP140 was grafted onto the
surface of MNP to obtain ABP-MNP, which were found to lack
mitochondrion-targeting ability. ABP-MNP was not specifically
located at the mitochondria (fig. S6), indicating that MitP was
necessary for specific mitochondrial targeting (16). Moreover,
although control cells and MitP-MNP-treated cells showed normal
network-like mitochondrial morphology, cells treated with the
MitP-MNPCHACD nanofibers exhibited dotted mitochondrial
morphology, indicative of mitochondrial damage (Fig. 4C and
fig. S5). Western blotting of cytochrome C and cleaved caspase-3
(activated caspase-3) and an intracellular ATP assay indicated that,
compared with MitP-MNP, MitP-MNPCHACD nanofibers caused
higher levels of cytochrome C release from the mitochondria to the
cytoplasm and greater activation of caspase-3 (Fig. 4, D to F) and
that the presence of nanofibers caused a decrease of cellular ATP
production after 24 hours (Fig. 4G).

Mitochondrial damage is an important inducer of cell cycle arrest
and apoptosis, which in turn result in a decrease in cell viability (21, 22).
A cell viability assay showed that A549 tumor cells treated with
MitP-MNPCHACD nanofibers showed remarkably decreased cell
viability relative to cells treated with MitP-MNP alone (48.2% versus
99.1% at an MitP-MNP concentration of 80 mg/liter) (Fig. 4H and
fig. S7A). In addition, flow cytometry of the cells stained with
propidium iodide (PI) revealed that the MitP-MNPCHACD nano-
fibers caused a decrease in the percentages of both G2- and S-phase
cells and a remarkable increase in the percentage of apoptotic cells
(to 25.11%), whereas MitP-MNP alone had no obvious impact on
cell cycle progression (Fig. 41). In addition, treatment with HACD
alone had no effect on cell viability (fig. S7B), confirming the role of
the supramolecular nanoassemblies in the decrease in cell viability.
We also carried out PI staining experiments to determine whether
mitochondrial damage was the immediate cause of cell death in our
system (fig. S7, C and D). After incubation with MitP-MNPCHACD
nanofibers for 24 hours, the percentage of dead cells was quite low
(<9%), but after 48 hours, the percentage increased remarkably (to
35%). The low percentage of dead cells after 24 hours suggests
that cell death did not contribute to mitochondrial damage. On the
basis of the fact that severe mitochondrial damage occurred within
24 hours (Fig. 4, C to E), we can deduce that the MitP-MNPCHACD
nanofibers directly damaged the mitochondria and then induced a
decrease in cell viability related to apoptosis and cell cycle arrest
(Fig. 4, F and I), even though it has been shown that some fibrillar
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Fig. 4. Interaction of MitP-MNPcHACD nanofibers with mitochondria and disruption of mitochondrial function in A549 tumor cells by the nanofibers. (A) Schematic
illustration of aggregation of mitochondria around MitP-MNPcHACD nanofibers along the direction of the geomagnetic field (0.050 mT). (B) Confocal microscopy images
of DAPI-labeled mitochondria incubated with MitP-MNP and HACD for 2, 5, and 10 min ([MitP-MNP] = 0.2 mg/ml and [HACD] = 0.2 mg/ml). (C) Confocal microscopy
images of cells treated with MitP-MNP alone or with MitP-MNPcHACD nanofibers (white arrows indicate intracellular nanofibers). (D) Images of Western blots of cytoplasmic
and mitochondrial cytochrome C [Cyt C(¢y10) and Cyt Cimin], cleaved caspase-3 (an apoptosis-inducing factor), and tubulin. (E) Ratio of Cyt Ciyt) to Cyt Cmiy. (F) Ratio of
cleaved caspase-3 to tubulin. (G) Decrease of intracellular adenosine 5'-triphosphate (ATP) production caused by MitP-MNPcHACD nanofibers. (H) Decrease in cell viability
caused by MitP-MNPcHACD nanofibers. (1) Cell cycle arrest and apoptosis caused by MitP-MNPcHACD nanofibers. Asterisks in E to H indicate statistically significant dif-

ferences between groups (P < 0.05).

assemblies within cells are capable of inducing severe cell death
independent of aggregation of mitochondria (23, 24).

Suppression of tumor invasion and metastasis by the
supramolecular nanoassemblies

Further investigation revealed that the MitP-MNPCHACD nano-
fibers strongly inhibited tumor cell invasion and metastasis. Spe-
cifically, in a Matrigel invasion model, the intercellular formation
of MitP-MNPCHACD nanofibers (Fig. 5, A and B) resulted in
aggregation of red fluorescent protein (RFP)-tagged tumor cells
(A549-Luc2-tdT-2) and severe attenuation of cell invasion into the

Yu et al., Sci. Adv. 2018; 4 : eaat2297 19 September 2018

Matrigel (Fig. 5, B to D). In contrast, MitP-MNP was uniformly
distributed in the Matrigel in a nanoparticulate state and had little
impact on cell invasion (Fig. 5, B to D). No nanofibrous structure
was found inside the invading cells after treatment with the MitP-
MNPCHACD nanofibers (fig. S8), indicating that the Matrigel as a
confined environment may have hindered internalization of the nano-
fibers and that the extracellular nanofibers may have served as a
barrier to cell migration. Moreover, whereas control cells and MitP-
MNP-treated cells recovered their growth activity (as indicated by
red fluorescence) and migrated onto the scraped gaps, the MitP-
MNPCHACD-treated cells failed to grow or migrate (Fig. 5E).
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Fig. 5. Suppression of tumor cell invasion and metastasis by MitP-MNPcHACD nanofibers both in vitro and in vivo. (A) Schematic illustration of inhibition of tumor
cell invasion into Matrigel by MitP-MNPcHACD nanofibers. (B) Light microscopy images of the interaction between RFP-tagged A549 lung tumor cells and
MitP-MNPcHACD nanofibers during invasion into the Matrigel. (C) Confocal microscopy images of the invading tumor cells at various heights in the Matrigel.
(D) Quantification of the fluorescence intensity of the tumor cells at various heights in the Matrigel. (E) Images of migration of the A549 cells to the scraped gaps.
(F) In vivo inhibition of A549 cell metastasis by MitP-MNPcHACD nanofibers (dotted blue circles indicate tumor cell injection sites). (G) Survival curve for mice with A549
metastases; the black arrow indicates the time at which MitP-MNP or MitP-MNPcHACD nanofibers were injected into the mice.

Consistent with the above-described results, experiments with a
murine in vivo tumor metastasis model showed that the MitP-
MNPCHACD nanofibers strongly suppressed migration of RFP-
tagged tumor cells, restricting the cells to locations near the site at
which they had been injected. In contrast, injection of MitP-MNP
alone failed to inhibit tumor metastasis; tumor cells migrated all the
way from the injection site to the neck (Fig. 5F). More strikingly, all
of the tumor-burdened mice survived after treatment with the MitP-
MNPCHACD nanofibers, whereas control mice and MitP-MNP-
treated mice died 6 days after injection of the tumor cells (Fig. 5G).
Flow cytometry revealed that the nanofibers bound much more
strongly to RFP-tagged tumor cells than to untagged 293T normal
cells (fig. S9A), indicating that the HA-containing nanofibers actively
targeted the tumor cells (17, 25, 26). Furthermore, histopathological
analysis revealed that the nanofibers had no impact on the reticulo-
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endothelial system (RES) organs, including the liver, spleen, and
kidney (fig. S9B), suggesting that the nanofibers had good bio-
compatibility. Together, these results suggest that the biocompatible
MitP-MNPCHACD nanofibers could efficiently suppress tumor cell
invasion and metastasis.

CONCLUSION

In conclusion, we used a molecular assembly process to construct
binary nanofibers composed of MNP modified with a targeting
peptide (MitP) and a B-CD-grafted polysaccharide (HACD).
The assembly process could be regulated both by a (geo)magnetic
field and by light. Furthermore, the resulting biocompatible MitP-
MNPCHACD nanofibers could induce mitochondrial dysfunction
and intercellular aggregation, ultimately leading to the specific
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suppression of tumor cell invasion and metastasis in vivo. On
the basis of the results reported herein, we suggest that the MitP-
MNPCHACD nanofibers could serve as a convenient tool not only
for deepening our understanding of dynamic, stimuli-responsive
biological events but also for facilitating the development of intelli-
gently designed bioinspired materials for tumor therapy.

MATERIALS AND METHODS

Chemicals and instruments

APTES and glutaraldehyde were purchased from Sigma-Aldrich. All
other reagents were purchased from Aladdin. HACD was synthesized
by means of an amide condensation reaction between HA sodium
salt and mono-6-deoxyl-6-ethylenediamino-B-CD, according to a pre-
viously reported procedure (17). NMR spectra were recorded on a
Bruker AV400 instrument in D,O. DLS analysis was performed on a
laser light scattering spectrometer (BI-200SM) equipped with a digital
correlator (TurboCorr) at 636 nm at a scattering angle of 90°.

Synthesis of FITC-labeled MitP (16)

FITC-labeled MitP (FITC-ACP-Fx-r-Fx-K-Fx-r-Fx-K, My = 1701)
was synthesized by means of the solid phase method by Beijing
Protein Innovation Ltd. The peptide was characterized by high-
performance liquid chromatography (LC3000, Constant Innovation;
fig. S2) and mass spectrometry (LC-MS2010, Shimadzu; fig. S2).

Synthesis of MNP

The MNP used in this study were prepared by the coprecipitation
method. Briefly, 100 ml of a 0.3 M solution of FeCl, in distilled water
was mixed with 100 ml of a 0.6 M solution of FeCl; in distilled water.
Then, 0.3 M NaOH (100 ml) was slowly added to the mixture. The
resulting black solution was heated to precipitate the MNP. After
the MNP were washed with distilled water until the pH of the wash
solution was 7.0, they were dried at room temperature before further
use. The morphology of the obtained MNP was characterized by
means of TEM (Tecnai G* F-20, FEI). The crystal structure and
composition of the MNP were characterized by XRD analysis
(D/max-2500).

The magnetic field strengths in the environment of pure geo-
magnetic field or artificial magnetic field and in a metal-caged room
were measured with a standard Gauss meter (Beiyi-601, Pafei).
Supramolecular nanoassemblies and cells were observed with a con-
focal microscope (FV1000, Olympus), a light microscope (CKX53,
Olympus), or a fluorescence microscope (DM3000, Leica).

Synthesis and characterization of MitP-MNP, ABP-MNP, and
MitP-MNPcHACD nanofibers

For preparation of MitP-MNP, MNP (40 mg) were suspended in
40 ml of ethanol, and then, 2 ml of APTES was added. The mixture was
magnetically stirred at 80°C for 2 hours and then centrifuged, and
the pellet was washed thrice with ethanol and twice with dis-
tilled water to afford MNP-NH,. The MNP-NH, was suspended in
30 ml of 8% glutaraldehyde [prepared in phosphate-buffered sa-
line (PBS; pH 7.4)]. The suspension was gently shaken for 6 hours
at room temperature and then centrifuged to pellet MNP-NH-
glutaraldehyde. The pellet was washed thrice with PBS and then sus-
pended in 20 ml of the same buffer. MitP (400 ul, 1 mM in PBS) was
added to the suspension, which was shaken at 120 rpm at 4°C for 24
hours. The resulting solid was separated by centrifugation, and the
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pellet was washed twice with distilled water and lyophilized in a
freezing vacuum dryer to afford MitP-MNP.

ABP-MNP was synthesized as a negative control as described
above, except that FITC-tagged ABP140 (FITC-ACP-M-G-V-A-D-
L-I-K-K-F-E-S-I-S-K-E-E-C) was used to react with MNP-NH-
glutaraldehyde (20). The MitP-MNPCHACD nanofibers were formed
by mixing the MitP-MNP and HACD (0.2 mg/ml, respectively),
followed by sonication for 5 min. The formation of MitP-MNP and
the MitP-MNPCHACD nanofibers was monitored by TEM, confocal
microscopy, and DLS analysis.

Confocal microscopy observation of the

supramolecular nanoassemblies

In a typical procedure, MitP-MNP and HACD were mixed in dis-
tilled water ([MitP-MNP] = 0.2 mg/ml, [HACD] = 0.2 mg/ml), and
the mixture was sonicated for 5 min (AS3120, Auto Science), placed
in a culture dish, and immediately observed under a confocal or light
microscope in the laboratory. In addition, to elucidate the effect of
the geomagnetic field, we also observed nanofiber assembly in a room
equipped with a field-canceling system (SC22, Spicer Consulting)
that blocked artificial magnetic fields or in a metal-caged TEM room
to block the geomagnetic field. To explore the relationship between
the magnetic field strength and the growth rate of the nanofibers,
we plotted nanofiber length against time at various magnetic field
strengths and calculated the growth rates of the nanofibers.

Isolation and staining of mitochondria

Mitochondria were isolated from human lung tumor cells (A549),
which were purchased from the Cell Resource Center, China
Academy of Medical Science, and cultured in F12 medium supple-
mented with 10% fetal bovine serum (FBS; Hyclone) in a CO,
incubator at 37°C for 24 hours. The cultured cells were dispersed in
0.25% trypsin-EDTA solution (Dingguo, China) and harvested by
centrifugation. The obtained cells were suspended in mitochondrial
buffer [sucrose, 210 mM; mannitol, 70 mM; EDTA, 1 mM; EGTA,
1 mM; MgCl,, 1.5 mM; HEPES, 10 mM (pH 7.2)] to 5 x 10 cells/ml,
and 1 ml of the suspension was homogenized with a Dounce homo-
genizer (20 to 50 strokes). Cell lysates were centrifuged at 1000g and
4°C to remove the nuclei and intact cells. The supernatant was
further centrifuged at 10,000¢ to obtain the mitochondria. The
mitochondria were resuspended in 500 ul of mitochondrial buffer
and stained with 5 pul of DAPI (1 mg/ml; Sigma-Aldrich) at 37°C for
30 min. The stained mitochondria were centrifuged at 10,000¢ for
5 min, and the pellet was washed twice with mitochondrial buffer
and resuspended in 500 ul of the same buffer (0.5 mg proteins/ml).

Observation of intracellular supramolecular nanoassemblies
by confocal microscopy

The A549 cells were incubated with MitP-MNP (80 mg/liter) or
with MitP-MNP (80 mg/liter) plus HACD (80 mg/liter) (MitP-
MNPCHACD) for 24 hours. The cells were then washed with PBS,
stained with MitoTracker Red (100 nM; Sigma-Aldrich) at 37°C for
40 min, and fixed with 4% formaldehyde. The fixed cells were stained
with DAPI (5 mg/liter) or Hoechst 33342 (5 mg/liter) and observed
by confocal microscopy.

Western blotting
The A549 cells were treated with MitP-MNP (80 mg/liter) or with MitP-
MNP (80 mg/liter) plus HACD (80 mg/liter) (MitP-MNPCHACD)
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for 24 hours to extract the mitochondria or the total intracellular
proteins. For detection of both cytoplasmic and mitochondrial cyto-
chrome C, the cells were homogenized with a Dounce homogenizer
(20 to 50 strokes). The cell lysate was centrifuged at 1000g and 4°C
to remove nuclei and intact cells. The resulting suspension was
then centrifuged at 10,000¢ to obtain the cytoplasm (supernatant)
and the mitochondria (pellet), respectively. The levels of cyto-
plasmic and mitochondrial cytochrome C were detected with cyto-
chrome C monoclonal antibody (Abcam).

For determination of the level of cleaved caspase-3, the treated
cells were lysed with radioimmunoprecipitation assay (RIPA) buffer,
and cleaved caspase-3 was detected with the corresponding mono-
clonal antibody (Abcam). A control protein, tubulin, was detected
with tubulin monoclonal antibody (Abcam). The bands in the blots
were quantified by means of Image]J software (version 2).

ATP assay

The levels of intracellular ATP in the treated A549 cells were deter-
mined by means of the ATP Assay Kit (Beyotime) in accordance with
the manufacturer’s instructions. A fluorescence microplate reader
(Enspire, PerkinElmer) was used to determine luminescence density,
which reflects intracellular ATP levels.

Cell viability assay

The A549 cells were treated with MitP-MNP, MitP-MNPCHACD,
or HACD at concentrations ranging from 0 to 80 mg/liter. The via-
bility of the treated cells was then determined with the CCK-8 Assay
Kit (Dojindo). Cell death was assessed by means of PI staining after
24 and 48 hours.

Cell cycle analysis

The treated A459 cells were washed twice with PBS and fixed over-
night with 95% ethanol. The fixed cells were suspended in 50 mM
citrate buffer (pH 7.4), treated with ribonuclease (0.5 mg/ml; Sigma-
Aldrich) at 37°C for 1 hour, and then stained with PI (20 mg/liter)
for flow cytometry analysis.

In vitro tumor cell invasion and migration assay

The RFP-tagged A549 cell line A549-Luc2-tdT-2 (Cell Resource
Center, China Academy of Medical Science) was cultured in
McCoy’s 5A medium supplemented with 10% FBS (Hyclone) in a
CO; incubator at 37°C for 48 hours. The cells were then suspended
in FBS-free McCoy’s 5A medium at 5 x 10° cells/ml. Matrigel
(Corning) was diluted in coating buffer [0.01 M tris, 0.7% NaCl
(pH 8.0)] to a final concentration of 300 pg/ml and then placed in
24-well invasion chambers (immersed in McCoy’s 5A medium sup-
plemented with 10% FBS) to a gel height of 800 um. The chambers
were incubated at 37°C for 2 hours for gelation. Cell suspension
(500 pl) was added to the chambers, and then MitP-MNP (80 mg/
liter) or MitP-MNP (80 mg/liter) plus HACD (80 mg/liter) (MitP-
MNPCHACD) was added. The cells were cultured for 12 hours,
and then cells that had invaded the Matrigel were observed by con-
focal microscopy. The fluorescence intensity of the cells at different
heights in the Matrigel was quantified by means of Image] software.
For detection of intracellular formation of MitP-MNPCHACD
nanofibers, the Matrigel was treated with trypsin (2.5%; Gibco) and
washed with PBS to release the invading cells. The obtained cells
were then washed thrice with PBS and observed by fluorescence
microscopy.
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In vitro migration of the A549-Luc2-tdT-2 cells was assessed in
six-well microplates as follows. Partial cells that adhered to the well
bottom surface were scraped off with a tweezer to form a gap, and
the remaining adhered cells were treated with MitP-MNP (80 mg/
liter) or MitP-MNP (80 mg/liter) plus HACD (80 mg/liter) (MitP-
MNPCHACD) for 12 hours. Then, cell migration into the gaps was
observed.

In vivo model of tumor metastasis

In vivo tumor metastasis was evaluated in A549-Luc2-tdT-2-bearing
nude mice (Huafukang) as follows. Fifteen 4-week-old female BALB/c
nude mice were pretreated with cyclophosphamide (200 mg/kg) for
2 days. Then, the mice were inoculated subcutaneously with 200 ul
of an A549-Luc2-tdT-2 cell suspension (1 x 10° cells/ml) and divided
into three groups (five mice per group). Three days after inoculation,
MitP-MNP (80 mg/kg) or MitP-MNPCHACD nanofibers [MitP-
MNP (80 mg/kg) plus HACD (80 mg/kg)] were intravenously
injected into the mice; a control group received only saline. Distri-
bution of the A549-Luc2-tdT-2 cells in the mice was observed 2 days
after injection. The survival rate of the mice was recorded. All animal
experiments were approved by the Animal Care and Use Committee
at Nankai University.

Targeting of MitP-MNPcHACD nanofibers to tumor cells

To investigate the targeting of MitP-MNPCHACD nanofibers to
tumor cells, we mixed A549-Luc2-tdT-2 tumor cells with human
embryonic kidney 293T cells (normal cells) at a 1:4 ratio and coin-
cubated the cells in Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS for 24 hours. The mixed cells were then treated
with MitP-MNPCHACD nanofibers (MitP-MNP, 10 mg/liter and
HACD, 10 mg/liter) for an additional 24 hours. The cells were washed
twice with PBS and examined by flow cytometry (FACSCalibur, BD
Biosciences). Cells displaying strong FITC fluorescence were deemed
to be bound to the MitP-MNPCHACD nanofibers.

Statistical analysis

Three replicates of each experiment were performed, and values re-
ported herein are means + SD. Differences between groups were com-
pared by a one-way analysis of variance (ANOVA) test (P < 0.05).
All statistical tests were performed using SPSS software package
(version 20, IBM).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/9/eaat2297/DC1

Table S1. Angles between the magnetic field line and the growth direction of supramolecular
nanofibers and the growth rate of the MitP-MNPcHACD assembly under different magnetic fields.
Fig. S1. Synthetic route of MitP-MNP.

Fig. S2. Characterization of the synthesized MNP, MitP, and MitP-MNP.

Fig. S3. Effect of HA, 1-adamantanecarboxylic acid, and arylazopyrazole on assembly of the
nanofibers.

Fig. S4. Effect of ADA and artificial magnetic field on aggregation of mitochondria along with
the direction of external magnetic field.

Fig. S5. Amplified confocal microscopy images of the A549 cells treated by MitP-MNP or
MitP-MNPcHACD.

Fig. S6. Localization of ABP-MNP as negative control.

Fig. S7. Effect of MitP-MNP, MitP-MNPcHACD, and HACD on cell viability and cell death.

Fig. S8. Confocal microscopy images of MitP-MNPcHACD in the Matrigel invasion model.

Fig. S9. Binding activity of MitP-MNPcHACD with the tumor cells (A549-RFP) and the normal
cells (293T) and the impact of the nanofibers on the RES organs.

Movie S1. Confocal microscopic observation of MitP-MNP and HACD aggregate in the
geomagnetism field.
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Movie S2. Confocal microscopic observation of MitP-MNP and HACD aggregate in the
geomagnetism field with different sample locations.

Movie S3. Microscopic observation of MitP-MNP and HACD aggregate upon deviation from
Earth’s magnetic field line.

Movie S4. Microscopic observation of MitP-MNP and HACD aggregate with a canceling system
for artificial magnetism fields.

Movie S5. Microscopic observation of MitP-MNP and HACD aggregate in a metal-caged room.
Movie S6. Microscopic observation of MitP-MNP and HACD aggregate in an artificial magnetic
field (0.308 mT).

Movie S7. Microscopic observation of MitP-MNP and HACD aggregate in an artificial magnetic
field (2.968 mT).
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