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Injectable thermosensitive magnetic nanoemulsion hydrogel for
multimodal-imaging-guided accurate thermoablative cancer
therapy

A body temperature-induced gelation strategy is constructed for
localized tumor regression based on the behaviors of magnetic
nanoemulsion hydrogel (MNH) within tumors. The rapid intra-
tumor gelation can restrict the MNH in tumor tissue without
diffusion and leakage. The magnetic nanoparticles obtained an
enhanced heat transformation effect due to linear self-assembly
in the hydrogel under the ACMF. When coupled with heat
accumulation via crosslinking among the nanoemulsion droplets,
the MNH can produce large amounts of heat and raise the
temperature of local tumor tissue.
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Injectable thermosensitive magnetic
nanoemulsion hydrogel for multimodal-imaging-
guided accurate thermoablative cancer therapyf

Haoan Wu,? Lina Song,? Ling Chen,? Yixin Huang,® Yang Wu,® Fengchao Zang,®
Yanli An, Hanbai Lyu,? Ming Ma,® Jun Chen,€ Ning Gu {2 *2 and Yu Zhang & *2

Ferrofluid-based magnetic hyperthermia of cancers has gained significant attention in recent years due to
its excellent efficacy, few deleterious side effects and unlimited tissue penetration capacity. However, the
high tumor osmotic pressure causes injection leakage and thus position imprecision because of the
fluidity of the ferrofluid and the absence of multimodal imaging guidance, which create tremendous
challenges for clinical application. Here, a body temperature-induced gelation strategy is constructed for
accurate localized magnetic tumor regression based on the unique behaviors of a magnetic nano-
emulsion hydrogel (MNH) within tumors. The rapid intra-tumor gelation can securely restrict the MNH in
tumor tissue without diffusion and leakage. The magnetically induced nanoparticle assembly-enhanced
heating in the hydrogel and the heat accumulation caused by crosslinking among the nanoemulsion
droplets further increased the heating efficiency. Meanwhile, US/MR/NIR multimodal imaging can guide
the whole therapeutic process, achieving excellent magnetic hyperthermia therapeutic efficiency. This
work highlights the great promise for improving the magnetic hyperthermia efficiency and the precision
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Introduction

Hyperthermia has become a new therapeutic procedure after
surgical therapy, chemotherapy and radiotherapy in current
cancer treatment." Magnetic nanoparticle-mediated hyperther-
mia is to apply an alternating magnetic field of sufficient
strength and frequency to cause the particles to heat by the
combined effects of the rotational external (Brownian) and
internal (Néel) diffusion of the particle magnetic moment.>*
The limitations of penetration depth into body tissues by micro-
wave, laser and ultrasound energy severely restrict their further
in vivo application and fast clinical translation.® Magnetic

“State Key Laboratory of Bioelectronics, Jiangsu Key Laboratory for Biomaterials and
Devices, School of Biological Science and Medical Engineering & Collaborative
Innovation Center of Suzhou Nano Science and Technology, Southeast University,
Nanjing 210096, P. R. China. E-mail: zhangyu@seu.edu.cn

YCAS Key Laboratory for Biological Effects of Nanomaterials & Nanosafety,

National Center for Nanoscience and Technology, Beijing 100190, P. R. China
‘Jiangsu Province Tumor Hospital, Nanjing 210009, P. R. China

YJiangsu Key Laboratory of Molecular and Functional Imaging, Medical School,
Southeast University, Nanjing 210009, P. R. China

tElectronic supplementary information (ESI) available: Details of materials
used, characterization, thermal response gelation performance in vitro, animal
protocol, in vivo ultrasound imaging, in vivo MR and NIRF imaging, ex vivo histo-
logical staining. See DOI: 10.1039/c7nr02858;j

This journal is © The Royal Society of Chemistry 2017

of the injection site for localized tumor therapy.

hyperthermia based on the specific physical feature of magnetic
nanoparticles under the adopted radiofrequency electro-
magnetic field is one of the ideal platforms for on-demand
treatment of biological objects.>” Moreover, alternating current
magnetic field (ACMF) can exert rare side effects on the body,
providing the potential to target tumors in various organs.®’
Nevertheless, in the case of magnetic hyperthermia appli-
cations, intravenously injected magnetic nanoparticles tend to
have high accumulation in the liver and spleen, resulting in
inadequate tumor accumulation for a sufficient temperature
increase.>'® Repetition of thermal treatments with a high
concentration of magnetic nanoparticles or using high
magnetic field amplitude (H) and frequency (f) may cause a
concomitant potential side-effect.""™® For in situ localized
tumor treatment, intra-tumor injection of ferrofluid may be
technically feasible."*'® However, when magnetic nano-
particles are administered directly into the tumor, the small
particulate size and the high tumor osmotic pressure make
them easily leak out along the route of the syringe needle and
escape from the tumor tissues during the long-term thera-
peutic process (Fig. $11)."®'” Therefore, tumor tissue cannot
receive effective therapy while tissues around the tumor are
heated. Furthermore, the relatively low SAR values of Fe;O,
nanoparticles restrict their potential application in cancer
hyperthermia in vivo. At the same time, the lack of multimodal
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imaging guidance makes it hard to realize real-time visualiza-
tion of the location and distribution of the nanoparticles in
the tumor, and to monitor the treatment efficacy.'®>*

Poly(ethylene glycol) diacrylate (PEG-DA), as one of the well-
known synthetic polymers, has been extensively used in bio-
medical applications.>” The end groups of PEG-DA, acrylates,
can act as bridging agents and insert into the oil/water droplet
interface with increasing temperature, causing powerful inter-
droplet attractions to induce gelation of the nanoemulsion.>®
It was found that Zn ferrite magnetic nanoparticles (MNPs)
and indocyanine green (ICG) can be uniformly dispersed or
dissolved into o/w nanoemulsions. On this ground, we herein
present a smart injectable and thermosensitive magnetic
nanoemulsion hydrogel (MNH) containing Zn ferrite MNPs,
PEG-DA, ICG and silicone oil droplets dispersed in an aqueous
continuous phase for localized magnetic thermal ablation of
tumors under multimodal imaging guidance. MNH injected
into the tumor tissues is transformed into a solid-like mag-
netic hydrogel without leakage in response to body tempera-
ture (37 °C). By applying the ACMF, the tumors are expected to
achieve coagulative necrosis by magnetic nanoparticle-induced
thermal ablation. The procedure of in situ injection could be
real-time and dynamically monitored by ultrasound (US)
imaging, while the therapeutic process was guided and evalu-
ated by the enhanced magnetic resonance (MR) imaging and
near-infrared fluorescence (NIRF) imaging (Scheme 1).

To the best of our knowledge, this is the first report on the
thermosensitive transition from a low-viscosity liquid to a
solid-like colloidal gel for localized tumor thermal therapy by
the combination of magnetic nanoparticles and an oil-in-water
nanoemulsion. Differing from the traditional ferrofluid
pattern, such a special localized therapeutic hydrogel features
the following advantages: first, the body temperature responsive
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MNH enables in vivo tumor thermal ablation without spillage
along the route of the syringe needle during the injection
process. Furthermore, within the MNH, Zn ferrite MNPs as
used enhanced the heat transformation effect at a very low
magnetic nanoparticle dosage (Fe: 90 pg), which is attributed
to its high SAR values and the local orientation in the hydrogel
materials under the ACMF. The crosslinking among the nano-
emulsion droplets further increased the heat accumulation. In
addition, Zn ferrite MNPs, ICG and the nanoemulsion act as
high-performance contrast agents for MR imaging, NIRF
imaging and US imaging, respectively; therefore the accurate
location of the solid-like MNH can be monitored. Last but not
least, compared with intravenous or percutaneous injection of
ferrofluids, the topical administration of Zn ferrite MNPs pack-
aged within the nanoemulsion crosslinked network guaranteed
better in vivo biosafety. All these benefits cause the efficient
tumor hyperthermia therapeutic outcome. Nanoemulsions can
also provide efficient encapsulation and delivery of hydrophobic
anticancer drugs, if necessary. This technique works for the
treatment of small, unrespectable tumors or for patients who
are poor surgical candidates. For example, gliomas are a suit-
able choice because surgical resection of gliomas is difficult to
do and the residual tumors tend to relapse.

Results and discussion

Synthesis and characterization of magnetic nanoemulsion
hydrogel (MNH)

Zn ferrite MNPs with an average diameter of 15 nm
[transmission electron microscopy (TEM) image, Fig. 1(a)]
were prepared via a thermal decomposition approach in the
organic phase. High-resolution transmission electron

Magnetic induced
NPs assembly-enhanced heating

“\_. PEG-DA * ICG

Scheme 1 Schematic illustration of the microstructure and application of the MNH. (a) Flowing low-viscosity liquid MNH in vitro (<25 °C). (b)
Temperature increase-actuated colloidal gelation of the nanoemulsion droplet through PEG-DA bridging attraction. (c) Magnetic-induced NP

assembly-enhanced heating for tumor thermal ablation.
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Fig. 1 (a) TEM image, (b) HRTEM image and (c) corresponding SAED pattern of Zn ferrite nanoparticles. (d) Hysteresis loops of Zn ferrite nano-
particles measured at 300 K. (e) Negatively stained TEM image of the MNH taken at 25 °C. (f) SEM image of MNH taken at 37 °C. Inset: Photographs
of the sample taken 5 min after equilibration at the corresponding temperatures indicated.

microscopy [HRTEM, Fig. 1(b)] analysis and the selective area
electron diffraction [SAED, Fig. 1(c)] patterns indicate that the
nanoparticles have high-quality crystallinity. Fig. S2f shows
the scanning electron microscopy (SEM) image of Zn ferrite
nanoparticles with uniform size and regular arrangement. The
Zn>" dopant substitution strategy for metal ferrite nano-
particles has been pursued to achieve high and tunable nano-
magnetism.>* To identify the Zn element, the corresponding
element mapping and composition measured by energy dis-
persive spectrometer (EDS) are shown in Fig. S3.f Magnetic
measurements using a vibrating sample magnetometer (VSM)
at room temperature (300 K) showed that the obtained nano-
particles exhibit a higher magnetization value [98.7 emu g
Fe, Fig. 1(d)] in comparison with that of conventional Fe;O,
nanoparticles (56 emu g~' Fe, a commercial product of
Ferumoxytol). The microstructure and composition of MNH
before and after gelation were visualized by electron micro-
scopic observation. Negative-stained TEM was performed to
observe the morphology and distribution of nanoemulsion
droplets and Zn ferrite MNPs taken from the liquid sample.
Fig. 1(e) shows that Zn ferrite MNPs are evenly dispersed in
the nanoemulsion and tend to distribute around the nano-
emulsion droplets due to their high surface energy (Fig. S47).
Under the induction of heat, effective interdroplet attractions
were generated among adjacent nanoemulsion droplets
through PEG-DA bridging (Fig. S51) and the nanoemulsion

This journal is © The Royal Society of Chemistry 2017

droplets merged to become larger size droplets [Fig. 1(f)]. The
corresponding element mapping and composition measured
by EDS (Fig. S61) exhibit the uniform distribution of Fe
element within the nanoemulsion gel frameworks, indicating
the good dispersibility of Zn ferrite MNPs within the MNH
after the gelation process.

To further probe the gelation process, rheological experi-
ments including dynamic temperature sweeps were conducted
to explore the viscoelasticity of the nanoemulsion hydrogel
under small amplitude oscillatory shear. Fig. 2(a) shows the
elastic and loss moduli G’ and G”, respectively, of a relative
canonical gelling nanoemulsion during a temperature ramp
from 20 °C to 50 °C. At a body temperature of 37 °C, G' = G",
indicating the gel temperature, Tye. Fig. 2(b) shows corres-
ponding viscosities obtained at specific temperatures. MNH
with low viscosity below the gel temperature allowed for con-
venient injection through syringes. After the gelling occurs,
MNH can form an in situ implant in tumor tissue due to its
high viscosity and MNH will tightly adhere to the tumor tissue
when the temperature reaches 60-65 °C (Fig. S71). As the
temperature rises further, the strength of the MNH also
increases (Fig. S871). Dynamic light scattering (DLS) data show
that nanoemulsion droplets have an average hydrodynamic
size of 55 nm [Fig. 2(c)] with a narrow size distribution, and no
obvious size change occurred over a period of several weeks
owing to suppressed coalescence at small droplet diameters.>”

Nanoscale, 2017, 9, 16175-16182 | 16177
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Fig. 2 (a) Thermal rheology of the sample from 20 °C to 50 °C, indicating the gel temperature, Tgye. (b) Viscosity change of the MNH at specific
temperatures; r represents the rotor speed. (c) DLS sizes measurement of MNH before gelation. (d) Time-temperature curves of MNH and PEGylated
Zn ferrite nanoparticles in aqueous phase with the same 1.7 mg Fe mL™ under ACMF (410 kHz, 1.8 kA m™3). (e) Fe concentration-dependent temp-
erature elevations of 30 uL MNH under ACMF (410 kHz, 1.8 kA m™). Inset: The corresponding thermal images at 300 s measured inside the coil.

In vitro magnetic heating performance

The excellent magnetic induction heat of MNPs in an ACMF
could be evaluated by the SAR value, which was highly depen-
dent on magnetic relaxation and was proportional to the M
value.”® The MNH and PEGylated”” Zn ferrite MNPs in
aqueous solution with the same Fe concentration of 1.7
mg mL™" (1 mL) induced temperature elevation by ~80 and
61 °C by applying an ACMF (410 kHz, 1.8 kA m™") for 15 min
and possessed SAR values of 872 and 583 W g™ Fe, respect-
ively [Fig. 2(d)]. Compared to the PEGylated Zn ferrite MNPs,
MNH has better heating performance, which may be attributed
to the local orientation of MNPs under the ACMF and the
accumulation of heat in the nanoemulsion gel network
(Fig. S97). For the local orientation of Zn ferrite MNPs in
hydrogel under the ACMF, Bio-TEM and frozen sections were
taken to observe the microscopic structure of the MNH, where
gelation occurred in a water bath as a control. As shown in the
inset of Fig. 2(d), the Bio-TEM image shows orientated nano-
particle assemblies in the gel along the magnetic field direc-
tion, which were not present in the gel formed by water bath.
Prussian blue staining images of a frozen section from the
MNH in which gelation occurred upon exposure to ACMF
revealed that the assemblies were composed of orientated par-
ticle aggregates, while the gelation that occurred in the water
bath resulted in a chaotic state of particle aggregates

16178 | Nanoscale, 2017, 9, 16175-16182

(Fig. S10%). The orientated assemblies of Zn ferrite MNPs
induced under the magnetic field enhance the magnetic inter-
action between the nanoparticles and increase the thermogen-
esis of MNH more than that of the PEGylated Zn ferrite MNPs
in aqueous solution, as demonstrated in our previous work.”®

The magnetic thermal performance of MNH was further
evaluated via dosage simulation, where 30 pL of MNH was
used with three different concentrations of Fe. As shown in
Fig. 2(e), temperature increases of 32.5, 26.5, and 22 °C could
be realized after 5 min application of an ACMF (410 kHz,
1.8 kA m™') at Fe concentrations of 3.0, 2.0, and 1.0 mg mL ™",
respectively. Such an excellent in vitro heating effect of MNH is
expected to highly favor the further in vivo magnetic thermal
ablation of tumors. In addition, our designed mid-frequency
ACMF of 1.8 kA m™" at 410 kHz has been demonstrated to be
safe and beneficial for potential application.?™**

In vivo multimodal-imaging-guided efficient magnetic
hyperthermia

Encouraged by the in vitro thermal effect of MNH, we then
investigated the feasibility of using MNH for in vivo magnetic
hyperthermia and US/MR/NIRF imaging in the 4T1 tumor-
xenograft model. When the tumor in mice reached a size of
about 60 mm?, the mice were treated by intratumoral injection
with MNH (3 mg mL™, 30 pL) due to its high fluidity. In

This journal is © The Royal Society of Chemistry 2017
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response to the body temperature, the liquid MNH quickly
changed into its solid-like state without leakage [Fig. 3(b)].
MNH could be directly injected into the core position of the
tumor in a minimally invasive manner under the guidance of
in situ US imaging. As shown in Fig. 3(a), the in vivo US signals
give a significant increase in intensity during the injection
process of MNH into the tumor centers, indicating that the
injection site could be precisely positioned via US imaging.
Then, the tumor region of mice is placed into the center of a
water-cooled magnetic induction copper coil with appropriate
size (3 cm in diameter and 1.5 ¢cm in length, Fig. S117) and the
hyperthermia process was monitored in situ via taking thermal
images with an infrared camera [Fig. 3(c)]. As shown, the local
tumor temperature rapidly reached more than 60 °C after 120
s application. Amazingly, the high temperature area spread
quickly and covered almost the whole tumor site within 300 s,
while only a few degrees increase was observed in the normal
tissue around the tumor due to its rapid heat dissipation com-

0 min 2 min

0 min 7 min
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pared to that of tumor tissue during the short treatment time
of 5 minutes. The resulting temperature (above 60 °C) was pre-
viously shown to be high enough to cause irreversible tumor
tissue damage and coagulative necrosis,** while less thermal
damage occurred for the surrounding normal tissue.

MR imaging allowed visualization of the localization of
MNH in the tumor. As shown in MR images [Fig. 3(d)], the 72-
weighted MR signal intensity of the tumor was locally
decreased significantly 2 min after injection of the MNH and
maintained such a low signal intensity for a long time. To
confirm the location of the MNH within the tumor, 7T2*-
weighted MR images before and after magnetic thermal
therapy were obtained. We can see that MNH was a black spot
in the tumor tissue, which remained fixed in position within
10 minutes. After 2 hours of hyperthermia, there was no
obvious spread of the black spot. The results demonstrated
that the MNH stayed in the tumor center after being injected
into the tumor tissue and that the MNH remained in the

#

120 min-ACME

63.6 C

Gy

~n
15 min 120 min-ACMF

Fig. 3 (a) In vivo ultrasound imaging before (0 s) and after (0.2s,15s,2s, 3s, 8s, 30 s and 60 s) the in situ administration of MNH; blue and red

dashed circles indicate tumor and MNH, respectively. (b) Digital photos of tumor section after injection of MNH without ACMF. (c) In vivo thermal
images of mice inside the copper coil under ACMF (410 kHz, 1.8 kA m™) after in situ implanting MNH for varied durations. The black dashed circles
indicate the tumor. (d) T2 and T2*-weighted MR images of tumor-bearing mice acquired before and at different time points after injection of MNH
and 2 h after exposure to ACMF. Yellow circles indicate tumor sites. (e) /n vivo NIRF imaging of 4T1 tumor mice injected with MNH in 0 min, 5 min
(without ACMF) and 120 min (after exposure to ACMF). The white dashed circles indicate the tumor.
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initial position of the tumor without diffusion and penetration
after the application of ACMF. The PEGylated Fe;0, solution
tended to spread to the surrounding normal tissue (Fig. S121).

NIRF imaging was employed to guide the intratumoral
injection and evaluate the fluorescence properties of the MNH
before and after magnetic thermal therapy [Fig. 3(e)]. Five
minutes after injection, the fluorescence imaging shows that
MNH accumulated in the tumor area through the thermosensi-
tive in situ gelation effect [Fig. 3(e), middle]. An expanded
NIRF signal was observed in the tumor area at 2 h post appli-
cation of an ACMF, indicating the relatively stable gelation of
MNH in tumor tissue and partial diffusion of small-molecule
ICG under the induction of heat [Fig. 3(e), right], which
implied the potential for promoting diffusion of loaded anti-
cancer drug within tumor tissue by ACMF.

In vivo antitumor efficacy

Finally, the in vivo anticancer efficiency of MNH after a single
magnetic ablation was evaluated by recording the tumor
volume and survival rate within the treatment duration
[Fig. 4(a) and (b)]. Compared to the sharply increased tumor
volume of the untreated, normal saline (NS) and MNH without
magnetic field groups, the MNH implanted tumor treated with
magnetic field shrank significantly and then the tumor almost
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disappeared after 3 d feeding. The left black scars at the orig-
inal tumor sites were completely healed after one month
feeding (Fig. 4w,) and not a single death nor tumor reoccur-
rence was observed in the following 3 months (Fig. S131),
whereas most of the mice in the control groups showed
average life spans of 12-40 days from the beginning of treat-
ment. Prussian blue/nuclear fast red (PB&NFR) double staining
and hematoxylin & eosin (H&E) double staining of tumor
regions were also carried out to further evaluate in vivo micro-
scopic therapeutic outcomes [Fig. 4(c)]. From the PB&NFR
double staining results, we found the blue spots representing
the Zn ferrite MNPs dispersed in tumor tissue. Compared to
the cancer cell damage with nuclear membrane fragmentation
by the application of ACMF, no significant damage was found
in the control groups. H&E staining indicates that the cell
nucleus has been destroyed in the hyperthermia group, while
the cell nucleus in the control group was clear and complete.
The pathological analysis strongly demonstrated the good
therapeutic efficiency of MNH by the application of ACMF. The
PB&NFR staining image of border parts between tumor tissue
and normal tissue shows no obvious damage to the surround-
ing tissue (Fig. S147). The longer term in vivo safety analysis
from H&E staining of the major organs on day 28 (Fig. S157)
shows no obvious pathological tissue damage or abnormality
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Fig. 4 (a) Tumor growth profiles of 4T1 tumors after several treatment processes as indicated. Tumor volumes were normalized to their initial sizes.
Error bars represent the standard deviation of 6—-8 mice per group. (b) The long-term survival rate of mice bearing 4T1 tumor after different treat-
ments. (c) PB&NFR double staining and H&E staining images of tumor sections harvested from various groups of 4T1 tumor-bearing mice at 5 h
after application of ACMF. Image c is X400 magnification. Panels (w;—w,) show the digital photos of MNH-implanted 4T1 tumor-bearing mice after

single exposure to ACMF for extended days.
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within major organs of mice, further indicating that the admi-
nistrated MNH dosage will not cause serious side effects to
normal tissues.

Experimental
Oleic acid (OA)-coated Zn ferrite MNPs synthesis

The OA-coated Zn ferrite MNPs were synthesized via a thermal
decomposition method. In a typical experiment, Fe(acac)s
(2 mmol) and Zn(acac),-H,O (1 mmol) were dissolved in 20 mL
of benzyl ether containing 10.5 mmol OA and 1.5 mmol OAm.
They were mixed and stirred under a flow of N,. The mixture
was heated up from room temperature to 220 °C at a heating
rate of 3.3 °C min~" and maintained at this temperature for
1 h. Then, the mixture was heated to 290 °C with a uniform
heating rate and refluxed for 30 min. At last, the black-brown
solution was precipitated through magnetic separation,
washed with ethanol three times, and then dispersed in
chloroform.

Preparation of oil-in-water magnetic nanoemulsion hydrogel
(MNH)

MNH was prepared by the following two steps. In step one,
345.6 mg of SDS was dissolved in 20 mL of distilled water,
which served as the water phase. The oil phase was mixed to
yield chloroform solutions that contained 2 mL of silicone oil,
and 18 mg of OA-coated Zn ferrite MNPs. Subsequently, the oil
phase was added into the boiling water dropwise under con-
tinuous stirring. The preparation was concentrated to 4 mL,
which gave the crude emulsion. Finally, the crude emulsion
was homogenized by sonication for 30 min (Ultrasonic
Homogenizer JY92-IIN, 20-25 kHz, 650 W, Ningbo Scientz
Biotechnology Co. Ltd). In step two, 2 mL of PEG-DA was
added into the above-mentioned nanoemulsion dropwise
under continuous vortexing, and ultrasound was used to make
it sufficiently dispersed in the magnetic nanoemulsion. Then,
we obtained the final product MNH, which was then stored at
4 °C for further experiments.

In vitro heat induction measurements

Measurement of heat generation of MNH in vitro was carried
out using a moderate radio frequency heating machine
(Shuangping SPG-06-11, China). The samples at uniform con-
centration were placed inside a copper coil under an alternat-
ing current magnetic field (ACMF). The specific absorption
rate (SAR) is defined as the amount of heat generated per unit
gram of magnetic material per unit time, and highly deter-
mines the heating ability of MNH when an ACMF is applied
(410 kHz, 1.8 kA m™"). The SAR value of MNH is calculated
with the following formula: SAR = C,(d7/dt) (ms/mg.), where
C,, is the specific heat capacity of the suspension (specific heat
capacity of water is 4.18 kJ kg™' K™); d7/d¢ is the initial slope
of temperature versus time curves; m; is the mass of the sus-
pension; and mg. is the mass of the magnetic material in the
suspension.

This journal is © The Royal Society of Chemistry 2017
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In vivo magnetic ablation of tumors

4T1 xenografted tumor mice were randomly divided into
4 groups when the tumor diameter reached ~0.5 cm (n = 8 per
group). Then, mice were in situ administrated with 30 p of
MNH after being immobilized on the plate. All in vivo mag-
netic-induced hyperthermia experiments were carried out
safely using a moderate radio frequency heating machine
(Shuangping SPG-06-11, 410 kHz, 1.8 kA m™", China). The mice
were placed into the induction coil using a specially designed
Teflon supporter so that tumors were located exactly in the
region of the ACMF possessing the highest field density.
Thermal images of mice were taken using an infrared-thermo-
graph (Fulke, Ti32, USA) for temperature measurements.
Meanwhile, mice in situ administrated with 30 pL of MNH
without ACMF or 30 pL of saline were used as controls. The
tumor volumes were calculated from the formula: V = AB*1/6,
where A is the longer and B is the shorter lateral diameter of
the tumor. Relative tumor volumes (AV) were calculated as V —
Vo (Vo represents the tumor volume when the treatment was
initiated); body weight, tumor appearance, and survival rate
(by dividing the number of surviving mice by the number of
total mice at the initial of treatment, i.e., 8) of each mouse in
different groups were also evaluated.

Conclusions

In summary, we have successfully developed a novel approach
for localized cancer regression by accurate magnetic thermal
ablation under the guidance of multi-modality imaging. The
body temperature-responsive phase-transformation strategy
was introduced to solve the typical difficulties of low thera-
peutic and imaging efficiencies of conventional nanoparticles
due to the low accumulation in the tumor tissues. Such a fast
phase-transformation behavior can strongly restrict the MNH
within the tumor centers. Upon external magnetic irradiation,
Zn ferrite MNPs obtained an enhanced heat transformation
effect at a very low dosage due to its high SAR value and the
linear self-assembly in the hydrogel environment under the
ACMF, coupled with the heat accumulation via crosslinking
among the nanoemulsion, so the MNH quickly produces large
amounts of heat and dramatically raises the temperature of
local tumor tissue, which can significantly cause tumor coagu-
lation necrosis and completely eliminate tumors without re-
occurrence. This first successful demonstration of a theranostic
platform based on a unique surgical protocol using MNH pro-
vides an alternative way to improve the efficiency of therapy and
the precision of the injection site, and shows great potential for
clinical translation for efficient localized tumor therapy.
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