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Magnetic nanoparticle-promoted droplet vaporization
for in vivo stimuli-responsive cancer theranostics

Yang Zhou"?’, Ronghui Wang>’, Zhaogang Teng*, Zhigang Wang?, Bing Hu!, Michael Kolios>,
Hangrong Chen®, Nan Zhang?, Yanjie Wang®, Pan Li%, Xing Wu!, Guangming Lu*, Yu Chen®

and Yuanyi Zheng!?

The development of efficient strategies for in vivo stimuli-responsive cancer treatment and personalized biomedicine is a great
challenge. To overcome the critical issues and limitations of traditional protocols using acoustic droplet vaporization and optical
droplet vaporization in stimuli-responsive tumor treatment, we herein report a new strategy, magnetic droplet vaporization (MDV),
based on nanobiotechnology, for efficient magnetic field-responsive cancer theranostics. Perfluorohexane (PFH)-encapsulated
superparamagnetic hollow iron oxide nanoparticles with a high magnetic-thermal energy transfer capability quickly respond to an
external alternating current (a.c.) magnetic field to produce thermal energy and raise the temperature of the surrounding tumor
tissue. The encapsulated PFH, with a desirable boiling point of ~ 56 °C, can be vaporized to enhance the performance of
ultrasound imaging of tumors, as systematically demonstrated both in vitro and in vivo. The magnetic-thermal energy transfer
further ablated and removed tumors in mice tumor xenograft models. This unique MDV principle with high versatility and
performance is expected to broaden the biomedical applications of nanotechnology and promote clinical translations of
intelligent diagnostic and therapeutic modalities, especially for battling cancer.
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INTRODUCTION

The rapid progress of nanotechnology in biomedicine provides an
alternative highly versatile and efficient methodology for improving
the sensitivity, resolution and precision of various diagnostic imaging
modalities and enhancing the therapeutic efficiency of diverse
treatment protocols, especially for the early detection and efficient
killing of cancer cells./® The concept of molecular imaging and
synergistic therapy based on nanoparticles (NPs) as the contrast
agents (CAs) or synergistic agents (SAs) possesses promising
clinical applications to benefit human health due to their high
biocompatibility and biomedical performance.””!! Compared with
other imaging modalities, such as magnetic resonance imaging,
computed tomography and radionuclide imaging, ultrasound-based
molecular imaging develops more slowly because of its intrinsic
imaging bottleneck, that is, the particle size of CAs (for example,
microbubbles) for ultrasonography must be large enough to effectively
respond to the ultrasound waves.!?'* Such CAs with large particulate

sizes are more easily taken up by the reticuloendothelial system,
severely restricting their accumulation in tumors and subsequent
molecular imaging functions for early tumor detection.!®>!* In
addition, the development of SAs for ultrasound-based synergistic
therapy (for example, high-intensity focused ultrasound) also
encounters a similar particle size issue compared with other
SA-based synergistic therapies such as radiosensitization and/or
chemotherapy.'

It remains a great challenge to solve the critical particle size issue for
ultrasound-based molecular imaging and therapy. Phase-changing
nanoprobes with unique stimuli-responsive behaviors are one of the
most effective CAs and SAs for ultrasonography and ultrasound
therapy. These nanoprobes circulate within blood vessels and
penetrate tumor tissues when they are in the form of nano-sized
particles.!>!®!7 Upon external triggering, these nano-sized CAs
or SAs can evaporate to generate large micrometer-sized bubbles
and substantially enhance the ultrasonography and therapeutic
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Figure 1 The scheme of acoustic droplet vaporization (ADV), optical droplet vaporization (ODV) and magnetic droplet vaporization (MDV) processes.
Schematic illustration of three representative vaporization principles for intelligent stimuli-responsive phase transformation to enhance the performance and
efficiency of ultrasound-based diagnostic imaging and therapy. These three modalities include ADV, ODV and MDV using ultrasound, laser and magnetic field

as the external triggers, respectively.

performance. Two approaches have been developed to achieve this
specific phase transformation process (Figure 1). One is acoustic
droplet vaporization (ADV) and the other is optical droplet
vaporization (ODV). Typically, ADV employs acoustic waves to
evaporate the liquid droplets.!? However, because ultrasound
is easily and substantially influenced by gas or bone, the use of
ADV s restricted in vascular imaging, cancer detection and drug
delivery. ODV uses a laser as the excitation source to induce the
vaporization of liquid droplets. Biocompatible metal NPs are generally
employed to convert photons into thermal energy and induce the
evaporation of liquid droplets.>!=>3 The shallow penetration depth of
the laser, however, substantially hinders its further clinical translation.
It is noted that both ADV and ODV require a pre-determined
tumor position to accomplish site-specific phase transformation for
imaging and therapy, which means that these two modalities cannot
intrinsically overcome the drawbacks of particle sizes of CAs or SAs for
early diagnosis and efficient therapy of cancer.

MATERIALS AND METHODS

Synthesis of HIONs- and PFH-loaded HIONs (PFH-HIONs)
Synthesis of HIONs. Superparamagnetic hollow iron oxide nanoparticles
(HIONs) were synthesized by a one-pot solvothermal process. FeCl;-6H,0
(1.350 g, Sinopharm Chemical Reagent, Shanghai, China) was initially dissolved
in ethylene glycol (Sinopharm Chemical Reagent) by magnetic stirring followed
by adding ammonium acetate (NH4Ac, 3.854 g, Sinopharm Chemical Reagent)
into the solution. After further stirring at room temperature for 3 h, 100 ml of
solution was transferred into a Teflon-lined stainless steel autoclave. The
autoclave was incubated in an oven at 200 °C for 24 h. After cooling the
autoclave to room temperature, the black precipitate was collected by a magnet
and washed several times with water and ethanol. The final product was freeze-
dried for further use.
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Synthesis of PFH-HIONs. To encapsulate perfluorohexane (PFH) (Sigma-
Aldrich, Shanghai, China) into HIONs, HION powder from lyophilization
(5, 10, 20 or 40 mg) was vacuum sealed in 2 ml vials, and then PFH (0.5 ml)
was injected into each vial to ensure that the powder was immersed in PFH.
Last, the vials were kept at 4°C for 24 h, after which the PFH-HIONs
were harvested after extraction of excess PFH. Finally, PFH was encapsulated
within the hollow interior by adding saline to seal it within HIONs. HIONs
without PFH encapsulation were prepared by replacing PFH with degassed
water in the above procedure.

In vivo magnetic hyperthermia efficacy and phase transformation
Animal tumor xenograft. The human breast cancer cell line MDA-MB-231
(ATCC Cat. No. HTB-26) was cultured in DMEM medium (Invitrogen
Corporation, Carlsbad, CA, USA) with 10% fetal bovine serum. About
02ml of serum-free DMEM-diluted MDA-MB-231 cell suspension
(1x 100 cells per ml) was directly injected into the flanks of 4-week-old female
Balb C nu/nu mice, which were further housed and fed in constant temperature
and humidity conditions. Approximately 2-3 weeks later, the nude mice
with tumor volumes of 0.8-1 cm® were picked out randomly to undergo
in vivo experiments. All animal experiments were performed in accordance
with the guidelines of the Institutional Animal Care and Use Committee
of the University.

In  vivo magnetic hyperthermia. Nude mice bearing MDA-MB-231
xenograft tumors received intra-tumor administration of PFH-HIONs
(0.3 ml, 40 mgml~!), HIONs (0.3 ml, 40 mgml~!) or saline solution
after intraperitoneal anesthesia with pentobarbital sodium. The mice were
randomly divided into three groups (n=10 in each group) using the
‘simple randomization’ method after the tumor model establishment. The
liquids were precisely injected into the center of tumors under the guidance of
ultrasonography for localized cancer imaging and therapy. Then, the mice were
transferred to the center of an electromagnetic induction heating coil of a
homemade magnetic hyperthermia analyzer where tumors were paralleled the
coil plane and separated from the coil. The thermal images were recorded by a
far Infrared imager (Fluke, Ti32, Everett, WA, USA) every 10s. The



temperatures of the tumor were analyzed on the thermal images by SmartView
3.3 software (Smart Digital Networks, Inc, Los Angeles, CA, USA). The
magnetic irradiation stopped after 3 min. Half of the mice were killed 24 h after
treatment for pathological study. The remaining mice were fed for further
observations and tumor monitoring. The tumor volume of mice was measured
every 2 days after the magnetic hyperthermia. The tumor volumes were
calculated according to the following formula: V.=(W?XL)/2 (L: the longest
size of the tumor, W: the shortest diameter, perpendicular to length). The a.c.
magnetic field of 626 kHz at 6 kW was adopted for magnetic hyperthermia
treatment of the tumors. If a mouse died within 14 days after treatment, it was
excluded from the analysis. An open trial method was employed in this study.

TTC stain. The tumors after magnetic hyperthermia were anatomized, cut
from the middle and put into TTC solution (2% W/V, Sigma-Aldrich, St Louis,
MO, USA). Approximately 10 min later, the specimens were taken out to
observe the therapeutic efficacy of magnetic hyperthermia.

In vivo observation of the MDYV process after the injection of PFH-HIONS.
In vivo ultrasonography was carried out in situ to observe the phase trans-
formation of PFH-HIONS after exposure to the a.c. magnetic field. The imaging
modes (B-mode and CEUS mode) and parameters were the same as in vitro
ultrasonography, as described in the Supplementary Information.

Pathology of tumors after MDV and magnetic hyperthermia. To reveal the
molecular mechanism of magnetic hyperthermia, the pathological analysis,
including hematoxylin and eosin staining (H&E) staining, and immuno-
histochemistry analysis of the tumor proliferation and necrosis (TUNEL,
proliferating cell nuclear antigen (PCNA), BCL-2, and Baxand caspases) were
conducted on the anatomized tumor slices according to standard procedures.
H&E staining and Prussian blue staining of the main organs were conducted
after the therapeutic process followed by another 2 weeks of feeding. In
addition, the serum biochemical levels of TP, ALB, ALT, AST, BUN and sCr of
mice were assessed at the end of therapy.
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RESULTS AND DISCUSSION
Design of MDYV strategy for stimuli-responsive cancer theranostics
Non-invasive magnetic heat induction is a new irradiation source to
convert radiofrequency electromagnetic waves into thermal energy, and
the tissue penetration depth is not limited.>*?> In an attempt to develop
new intelligent responsive strategies to solve the critical issues and
limitations of ADV and ODV, we propose and design a new liquid—gas
phase-transformation strategy, that is, magnetic droplet vaporization
(designated as MDV), for efficient magnetic field-responsive cancer
theranostics. This MDV process employs an external alternating current
(a.c.) magnetic field to generate thermal energy mediated by magnetic
NPs, which can subsequently induce the vaporization of encapsulated
biocompatible liquid droplets with low boiling points (b.p.). Systematic
in vitro and in vivo investigations have been conducted to successfully
demonstrate the feasibility and efficiency of MDV for cancer theranostics.
Compared with ODV, MDV adopts magnetic field as the triggering
source, which has higher tissue penetration capability compared with the
light used as the irradiation source for ODV. In addition, MDV cannot be
influenced by gas or bone, which often occurs during the ADV process.
The following two crucial factors determine the feasibility and
efficiency of the MDV process: magnetic NPs and liquid droplets.
The magnetic NPs should possess a high thermal-energy transfer
capability, whereas the liquid droplets should have an adequate b.p.
to respond quickly to the introduced thermal energy. In addition, the
liquid droplets should be perfectly integrated into magnetic NPs to
realize the MDV process. Building on our previous work that
perfluorocarbon (PFC) could be encapsulated into hollow mesoporous
silica,2® PLGA capsule527 or micelles,'® we herein design and fabricate
superparamagnetic porous HIONs as the carriers for the encapsulation
and delivery of the hydrophobic PFC droplets. The physicochemical
properties of PFC also substantially determine the MDV process

MDV-based cancer theranostics

Figure 2 Design of perfluorohexane (PFH)-loaded magnetic hollow iron oxide nanoparticles (HIONs) for magnetic droplet vaporization (MDV)-based intelligent
stimuli-responsive cancer theranostics. (a) Schematic illustration of the MDV process mediated by PFH-HIONSs, including encapsulation of PFH into HIONs
and subsequent vaporization of PFH induced by the a.c. magnetic field. (b) The scheme of the MDV apparatus for MDV process to generate microbubbles.

(c) In vivo MDV process for imaging-guided cancer theranostics.
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and hence the resulting theranostic effects on cancer where the
biocompatibility and b.p. have the significant role. As shown in
Figure 2a, biocompatible PFH with a b.p. of ~56°C was initially
chosen for encapsulation in the large hollow interior of HIONSs
(PFH-HIONS), followed by PFH vaporization upon the exposure of
PFH-HIONs to a.c. magnetic field (Figure 2b). PFH was chosen
over other PFCs for several reasons. The most adopted PFC is
perfluoropentane (PFP), with a b.p. of 29°C. The b.p. increases to
~30-37 °C, depending on the surfactants used to encapsulate PFP.2%2°
Despite the increase in b.p., PFP droplets have to be prepared in an ice-
cold water bath and they are unstable in —4°C storage, making
handling and control difficult for their irreversible droplet-to-bubble
transition upon injection. Other biocompatible PFCs, such as
perfluorohexyl bromide (PFHB), perfluorooctyl bromide (PFOB) and
perfluoro-15-crown-5-ether (PFCE), have high b.p. of 97°C, 142°C
and 146 °C, respectively (Supplementary Table S1), which are too high
to be vaporized quickly.

PFH-HIONS can enter the tumor tissues because their small particle
sizes are less than the limitation of the specific large pores of capillaries
(<700 nm) in the leaky vasculature of the tumor (Figure 2c).>°
They can substantially enhance the ultrasonography performance once
the MDV process is initiated because of the production of large
numbers of microbubbles. The MDV process can simultaneously
generate the thermal energy to ablate and remove the tumor tissues.
Importantly, the superparamagnetic HIONs can concurrently act as
the CAs for T,-weighted magnetic resonance imaging. Thus, the MDV
process assisted by PFH-HIONs can exert the unique function for
imaging-guided hyperthermia of cancer.

Synthesis and characterization of PFH-loaded HIONs

Porous superparamagnetic HIONs were synthesized by a simple but
highly versatile one-pot solvothermal synthesis.>! Tron (III) chloride

500nm

hexahydrate (FeCls-6H,0) was employed as the precursor for the
synthesis, which was reduced by ethylene glycol (also as the solvent)
under solvothermal condition (200 °C) for 24 h. Ammonium acetate
was added during the synthesis to avoid aggregation and guarantee high
dispersity of as-synthesized HIONs. The formation of the hollow
nanostructure of HIONs was based on the principle of Ostwald
ripening during the solvothermal process at high temperature and
pressure. As shown in Figure 3a—c and Supplementary Figure S1, the
fabricated HIONs show a well-defined spherical morphology with the
average particle size of 537.3nm as determined by transmission
electron microscopy (615.1nm as determined by dynamic light
scattering, Supplementary Figure S2). The contrast difference between
the core and shell indicates the formation of a hollow structure. To
reveal the detail of the hollow structure of HIONS, area (Figure 3d
and e) and linear (Figure 3f) element mapping were conducted. The
interior of the HIONs exhibited much weaker Fe and O element signal
intensities compared with the composition of the shell, further
revealing the presence of a hollow structure. The crystallinity of
as-synthesized HIONs was demonstrated by X-ray diffraction
(Supplementary Figure S3) and Fourier Transform infrared spectro-
scopy (FTIR; Supplementary Figure S4), which can be indexed to the
standard X-ray diffraction pattern (JCPDS 19-0629) and Fe-O stretch-
ing vibration mode of Fe;O4. The high crystallinity of HIONs
guarantees their desirable magnetic properties. The magnetic hysteresis
loop of HIONSs at 300 K exhibits a typical superparamagnetic feature
with a saturation magnetization of 87.8emug~! (Supplementary
Figure S5). Such a high saturation magnetization endows HIONs with
a desirable magnetic thermal transfer efficiency for the MDV process.

In vitro and in vivo magnetic field-responsive ultrasound imaging
We first investigated the in vitro magnetic—thermal transition efficiency
of as-synthesized PFH-loaded HIONs. Hydrophobic PFH was sealed

500nm I

0.2 0.3
Distance / um

0.4

Figure 3 Structural/compositional characterizations of hollow iron oxide nanoparticles (HIONs). Transmission electron microscopy (TEM) images of HIONs at
(@) low and (b) high magnifications. (c) Scanning electron microscope image of HIONs. Element mapping of (d) Fe and (e) O of HIONs. (f) The distribution of

Fe and O elements by linear scanning of the inset dark-field TEM image.
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Figure 4 In vitro magnetothermal performance of perfluorohexane-hollow iron oxide nanoparticles (PFH-HIONs) and the corresponding magnetic droplet
vaporization (MDV) process for contrast-enhanced ultrasound imaging. (a) /n vitro magnetic thermal images of saline (1’), PFH (2’) and PFH-HIONs at
different concentrations (3': 5mgml=1, 4: 10 mgml~1, 5: 20 mgmi=1 and 6: 40 mg mI~1). The images of 1/, 2/, 3’ and 4'were taken every 30s, and
the images of 5’ were acquired every 15s. The images in 6’ were recorded at 5, 15 and 30 s after the heating by a.c. magnetic field. (b) Quantitative
temperature curve of saline, PFH and PFH-HIONs at different concentrations after the exposure to the a.c. magnetic field for prolonged durations. (c) /n vitro
ultrasound imaging of PFH-loaded HIONs at different HION concentrations (HIONs: 30 mg mI=1, PFH-HIONs-1: 10 mg mI~1, PFH-HIONs-2: 20 mgmi-!
and PFH-HIONs-3: 30 mg ml~1) and different ultrasonography modes (B-mode and CEUS mode) before (a) and after (b) the magnetic heating. (d: B-mode,
e: CEUS mode) Quantitative gray values of ultrasound images corresponding to images of (c) and Supplementary Figure S8.

in the hollow interior of HIONs by a vacuum-assisted impregnation
process.>? Magnetic heating behavior (Figure 4a) could be observed by
dispersing HIONs into aqueous solution followed by exposure to a.c.
magnetic field. The temperature of the aqueous solution increased
quickly by this magnetic—thermal process. The temperature increased
to 66.2+5.7 and 90.1+8.1°C at an HION concentration of 5 and
10 mgml ™!, respectively, after exposure to the a.c. magnetic field
for 5min (Figure 4b). The quick increase in temperature strongly
depends on the HION concentration. HIONSs at a concentration of 20
or 40 mgml~! caused the temperature to increase to 76.7+6.4 or
147.8 +13.2 °C, respectively, after the exposure to the a.c. magnetic
field for only 30 s. In comparison, a low concentration of PFH-HIONs
did not easily increase the temperature of aqueous solutions
(Supplementary Figure S6).

Such a high magnetic-thermal transfer efficiency is expected to
easily induce the MDV process. To validate this idea, PFH with a b.p.
of ~56°C was encapsulated into HIONs for intelligent magnetic
field-responsive ultrasound imaging. Large amounts of microbubbles
with different diameters could be generated from PFH-HIONs
according to optical microscopic images (Supplementary Figure S7)
after the magnetic heating of a PFH-HION suspension. The control
group of pure HIONs could not produce microbubbles under the
same magnetic irradiation conditions. The generation of microbubbles
was observed insitu by in vitro ultrasound imaging. There were no
obvious changes in ultrasound signals in the degassed saline and the

suspension of HIONs encapsulating saline before and after exposure to
the a.c. magnetic field (Supplementary Figure S8). Significantly
improved contrast-enhanced ultrasonography was observed in
PFH-HION suspensions at the B-mode and the CEUS mode using
either magnetic heating (Figure 4c) or direct heating to 65°C in a
water bath (Supplementary Figure S9 and Movie 1). The contrast
enhancement of ultrasound imaging under a magnetic field is also
concentration-dependent because the presence of more magnetic
HIONS facilitates the fast elevation of the temperature and generation
of microbubbles (Figure 4d). A significant contrast enhancement in
the CEUS mode (Figure 4e) further demonstrates the generation
of microbubbles because this contrast-based ultrasound imaging
modality only responds to microbubbles compared with other imaging
modes, such as the B-mode or the Harmonic mode. In addition to
MDV mediated by PFH-HIONS, such an organic—inorganic hybrid
nanosystem, can also concurrently realize the ODV (Supplementary
Figure S10) and MDV (Supplementary Figure S11) processes,
demonstrating their feasibility for multi-purpose cancer theranostics.

The performance of PFH-HIONs for MDV was further evaluated
in vivo in nude mice bearing MDA-MB-231 breast cancer xenografts.
After the intratumoral administration of saline, PFH, HIONs or
PFH-HIONS (0.3 ml, 40 mg ml~1), the mice were exposed to the a.c.
magnetic field for magnetic—thermal transition and a further MDV
procedure. The tumor temperature quickly increased to 99.7 +9.8 and
102.3+£9.8°C after magnetic heating of mice with HIONs and
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Figure 5 /n vivo magneto thermal performance of perfluorohexane-hollow iron oxide nanoparticles (PFH-HIONs) and the corresponding magnetic droplet
vaporization (MDV) process for contrast-enhanced ultrasound imaging. (a) Thermal images of mice after the administration of (1) saline, (2) PFH, (3"
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quantitative gray values of tumor corresponding to the images of (c).

PFH-HIONS, respectively, after only 3 min (Figure 5a and b). The fast
temperature elevation vaporized the encapsulated PFH within the
hollow interior of HIONs, as demonstrated by the significant contrast
enhancement of ultrasound imaging at both the B-mode and CEUS
mode (Figure 5c). The quantitative gray values (Figure 5d) further
reveal that the ultrasound signal intensity increased 1.7-fold whereas
the other two groups had no obvious signal intensity elevation,
demonstrating the high in vivo MDV efficiency of PFH-HIONs for
ultrasonography.

In vivo magnetic hyperthermia of tumors

In addition to MDV for contrast-enhanced intelligent ultrasound
imaging, the high magnetic-thermal transfer efficiency of HIONs
could be further employed for magnetic ablation of tumors by
hyperthermia. The tumor growth was efficiently inhibited within a
short time after magnetic hyperthermia assisted by PFH-HIONs
(88% inhibition rate within 4 days and 100% inhibition rate within
14 days, Figure 6a—e) compared with the control group. The tumors
had disappeared in mice without obvious reoccurrence after the
treatment for 2 weeks. Therefore, the MDV process is capable of
ultrasound-guided magnetic hyperthermia of cancer.

To further investigate the molecular mechanism of the high in vivo
magnetic ablation efficiency, tumor pathology after magnetic ablation
was systematically investigated. Hematoxylin and eosin (H&E) staining
results show an obvious boundary between necrotic and non-necrotic
regions in the tumor section after magnetic hyperthermia in the
PFH-HIONS group (Figure 6f). The accumulation of PFH-HION's was
also clearly observed in the necrotic region, indicating that the necrotic
effect was assisted by PFH-HIONs. Coagulated necrosis was also
accompanied by the disappearance of cell structures, fragmentation of
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lysed cell membranes and ruptured nuclei. In comparison, the
structure of tumor tissue and cell membranes were clear and intact
and the nuclei were hyperchromatic in the control group.

The PCNA immunohistochemical staining results showed that
many proliferating tumor cells with brown nuclei were present in
tumor slices in the control group after magnetic ablation (Figure 6g),
but few proliferating tumor cells were observed in the PFH-HIONs
group, neither in the necrotic region nor the non-necrotic region. The
PCNA immunohistochemical staining results are consistent with Bax
analysis, where many dead cells with brown color were observed
(Supplementary Figure S12). TUNEL staining results showed that
many apoptotic tumor cells with brown nuclei were observed in
tumor slices in the non-necrotic region of the group that received
PFH-HIONs (Figure 6h), indicating that PFH-HION-assisted
magnetic hyperthermia could efficiently cause the apoptosis of cancer
cells. In Bc-2 immunohistochemical staining, the apoptosis
suppressor gene Bcl-2 assay showed that significant Bcl-2 expression
inside the cell cytoplasm (brown) could be observed in the saline
group (Figure 61), but lower Bcl-2 expression was present in cells in
the PFH-HIONS group, in both the necrotic and non-necrotic regions.
In caspase immunohistochemical staining, the apoptosis-related
cysteine protease caspases assay showed that there was significant
caspase expression inside the cell cytoplasm (brown) in the
non-necrotic region of tumors that received PFH-HIONs
(Figure 6j). Lower caspase expression was observed in the saline group.

The development of intelligent stimuli-responsive cancer treatment
modalities is of great significance for personalized biomedicine.’* The
triggers can be intrinsic to the microenvironment, such as enzymes, a
lowered pH value or elevated reducing conditions,>*3¢ or external such
as artificially introduced light, ultrasound or magnetic field.*”** Such
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Figure 6 /n vivo magnetic hyperthermia of tumor assisted by the performance of perfluorohexane-hollow iron oxide nanoparticles (PFH-HIONs). Photographs
of tumors after the administration of (a) saline, (b) HIONs and (c) PFH-HIONSs, and subsequent magnetic hyperthermia for 3 min. The images were recorded
before and after the treatments for 4 and 14 days. (d) Photographs of tumors obtained by surgical removal after the administration of saline (left image),
HIONs (middle image) and PFH-HIONSs (right image) and subsequent magnetic thermal ablation. (e) Tumor growth curve of volume after the treatment of
saline as the control, HIONs and PFH-HIONs as the therapeutic group, and further magnetic hyperthermia. (f) H&E staining and (g—j) optical microscopic
images of immunohistochemical staining of tumor slices after the treatment by saline, HIONs and PFH-HIONs, and further magnetic hyperthermia. (g: PCNA,

h: TUNEL, i: Bcl-2 and j: caspases).

an intelligent cancer treatment modality should release drug
on-demand, improve diagnostic imaging or synergistic therapy. A
new concept of MDV using a.c. magnetic field as the triggering source
for cancer theranostics can effectively overcome the drawbacks of
traditional ADV and ODV because there is no gas/bone influence
of ultrasound or penetration depth limitations of a laser,!8-204445
The stimuli-responsive vaporization process to produce microbubbles
can substantially enhance ultrasound imaging, which can be further
used for ultrasonography-guided magnetic hyperthermia of cancer.
Importantly, the trigger by the a.c. magnetic field does not damage
normal tissues where only small amount of PFH-HIONS are present. A
small amount of PFH-HIONs was not heated by the a.c. magnetic field,
as demonstrated by in vitro evaluations (Supplementary Figure S6).This
unique MDV process can also solve the critical issues of particle size
limitations of CAs for ultrasonography. In addition, the adopted
superparamagnetic HIONs can act as the CAs for efficient in vitro
(Supplementary Figure S13) and in vivo (Supplementary Figure S14) T,-
weighted magnetic resonance imaging, which leaves the potential for
pre-determination of tumor tissues for the subsequent magnetic
hyperthermia. It is noted that PFH-HIONs can penetrate the tumor
vascular endothelial gap and diffuse into the tumor as demonstrated by
the Prussian blue staining of tumor tissue after intravenous adminis-
tration of PFH-HIONs into tumor-bearing mice (Supplementary
Figure S15). Importantly, the composition of PFH-loaded HIONs was
biocompatible because each component, PFH and HIONSs, was highly
biocompatible and has been extensively used in biomedical applications.
Therefore, it was believed that the integration of PFH and HIONs
maintained the biocompatibility feature, which was further demon-
strated by an in vitro cytotoxicity test (Supplementary Figure S16), H&E

staining (Supplementary Figure S17) of the main organs (heat, liver,
spleen, lung and kidney) and a serum biochemical level evaluation
(Supplementary Figure S18) after the magnetic hyperthermia where no
obvious pathological changes were observed. Finally, the PFH-HIONs
could be excreted out of the body as demonstrated by the Prussian blue
staining of the main organs after magnetic hyperthermia treatment
(Supplementary Figure S19).

CONCLUSIONS

In summary, we have developed a new concept of MDV for efficient
stimuli-responsive cancer theranostics. The specific MDV process uses
a.c. magnetic field as the artificially introduced trigger can efficiently
solve the critical issues and limitations of traditional ADV and MDV
processes. During the MDV process, superparamagnetic HIONs
loaded with PFH can efficiently respond to a.c. magnetic field to raise
the tumor temperature, which can vaporize the encapsulated PFH to
substantially enhance the ultrasonography performance, as
demonstrated both in vitro and in vivo. Importantly, the MDV process
can also efficiently ablate the tumor tissues to completely remove the
tumor. Because of the versatility of this unique MDV process, this new
strategy can find broader applications in cancer theranostics compared
with traditional ADV and ODV processes.
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