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ABSTRACT: The combination of therapies and monitoring the treatment process
has become a new concept in cancer therapy. Herein, gelatin-based microcapsules
have been first reported to be used as microwave (MW) susceptible agent and
magnetic resonance (MR) imaging contrast agent for cancer MW thermotherapy.
Using the simple coacervation methods, ionic liquid (IL) and Fe;O, nanoparticles
(NPs) were wrapped in microcapsules, and these microcapsules showed good
heating efficacy in vitro under MW irradiation. The results of cell tests indicated that
gelatin/IL@Fe;O, microcapsules possessed excellent compatibility in physiological
environments, and they could effectively kill cancer cells with exposure to MW. The
ICR mice bearing H22 tumors treated with gelatin/IL@Fe;O, microcapsules were

obtained an outstanding MW thermotherapy efficacy with 100% tumor elimination
under ultralow density irradiation (1.8 W/cm? 450 MHz). In addition, the applicability of the microcapsules as an efficient
contrast agent for MR imaging in vivo was evident. Therefore, these multifunctional microcapsules have a great potential for MR

imaging-guided MW thermotherapy.
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B INTRODUCTION

The statistical analysis showed a high rate of cancer incidence
and mortality in the worldwide. Surgery is an optimal treatment
for early stage cancer; however, many patients are unsuitable
for surgical treatment because of the appearance of multiple
tumors, metastases at other sites, or unfavorable tumor
location.'™* Many minimally invasive technologies have been
developed for alternate treatment modalities.” ® Microwave
(MW) thermotherapy, one of the most promising options for
patients with unresectable tumors,”'® could induce the tumor
destruction using the heat produced by dielectric hystere-
sis.''™'* Under the irradiation of MW, the intracellular water
molecules polarize and oscillate at a frequency of billions times
per second, resulting in the heating of tissue.'>~"® The benefits
of MW thermotherapy are very short heating time, effective
large tumor ablation, consistently high intratumoral temper-
ature, and a less heat sink effect.'”™>* The materials with
specific MW absorption and generating additional heat such as
carbon compounds and ferrite, > can offer the potential for
improving the efficacy and safety of MW thermotherapy.
Recently, microcapsules with a core of saline as microwave-
susceptible agents for tumor MW thermotherapy in an animal
model have been developed,33’34 and Na* and ClI~ ions inside
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the microcapsules exhibited higher microwave susceptible
properties than free saline because of the spatial confinement
efficiency of microcapsule walls. Despite the microcapsules
filled with saline have been accepted as an effective microwave
susceptible agent, there are still many challenges ahead toward
further clinical applications of those microcapsules in MW
thermotherapy of cancer. One of the most important issues is
uncontrollable thermal distribution during the MW thermo-
therapy process, which leads to not only high recurrence rate
but also damage of adjacent vital organs. It is highly desirable to
create novel imaging-guided MW susceptible agent to real-time
monitor the course of therapy for the optimization of
therapeutic outcome.

Herein, MR imaging-guided MW thermotherapy is achieved
in vivo for the first time by the microcapsules, which are
composed of ionic liquids (IL) and Fe;O, NPs as the core and
polymer materials (gelatin) as the shell (designated as gelatin/
IL@Fe;0,). IL encapsulated in microcapsules is developed for
MW tumor thermotherapy. With the characteristics of ionic
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character and hi%h polarizability, IL show highly susceptible to
MW irradiation.”>~* The strongly MW absorbing property
makes IL high potential for MW treatment of cancer cell. The
MR imaging modality, Fe;O, NPs, in the microcapsule is
designed to monitor the tumor response after the MW
irradiation, assess the therapeutic treatment efficacy, and reduce
side effects to nearby normal tissues. High-efficiency MW
thermotherapy of ICR mice bearing H22 tumors in vivo is
achieved, realizing 100% of tumor elimination with a moderate
dose of the MW susceptible agent under low density of MW
irradiation (1.8 W/ecm?, 450 MHz, S min). Moreover, using
gelatin/IL@Fe;O, microcapsules as an MR imaging probe is
also proven. It can be noted that the combination of IL and
MW thermotherapy opens the door to interesting opportunities
broadly in IL applications and tumor therapeutics.

B EXPERIMENTAL METHODS

Materials. All chemicals were used as received in this work without
further purification. Ferric chloride hexahydrate (FeCly-6H,0),
sodium acetate (NaAc), ethylene glycol and sodium citrate were
obtained from Sinopharm Chemical Reagent Beijing Co., Ltd. Gelatin
(Mw = 100000) was purchased from Sigma-Aldrich. Soybean oil was
purchased from Beijing Guchuan Oil Co. Span 80 and glutaraldehyde
(GA) were obtained from Institute of Tianjin Jinke Fine Chemicals. 1-
Butyl-3-methylimidazolium tetrafluoroborate (composed solely of ions
yet are liquid at room temperature, designated as IL) was purchased
from Shanghai Chengjie Chemical Co., Ltd. Hematoxylin and eosin
(H&E stain) were obtained from Beijing Solarbio Science &Technol-
ogy Co. (China).

Synthesis of Gelatin/IL Microcapsules. Gelatin (0.65 g) was
completely dissolved in 5 mL of 4% IL solution at 40 °C to form the
water phase. The oil phase was formed by S0 mL soybean oil and 1.2
mL Span 80. Then water phase was added drop by drop into above oil
phase under vigorous stirring for 15 min. At last, 1.5 mL of 50% cross-
linking agent (GA) was added and the mixture was vigorously stirred
for 60 min below 10 °C. The product was obtained after washing
several times with isopropyl alcohol and water, respectively, and dried
at room temperature.

Synthesis of Gelatin/IL@Fe;0, Microcapsules. The synthesis
of Fe;0, NPs was carried out by a simple solvothermal approach. In a
typical process, 1.4 g of FeCl;-6H,O and 1.0 g of sodium citrate were
dissolved in ethylene glycol (30 mL) under stirring for 10 h to form a
yellow brown solution and recorded as solution A. Two and four-
tenths of a gram of NaAc was completely dissolved in ethylene glycol
(10 mL) under stirring and recorded as solution B. Then, solution A
and solution B were mixed together under vigorous stirring for 1 h.
The obtained suspension was then transferred to 50 mL Teflonlined
stainless steel autoclave and heated at 200 °C for 10 h. After the
solution was cooled to room temperature, the black precipitates
(Fe;0, NPs) were separated by a magnet. The obtained precipitates
were washed several times with deionized water and absolute ethanol,
respectively, and then dried at room temperature. To obtain gelatin/
IL@Fe;0, microcapsules, 0.02 g of Fe;O, was added into gelatin/IL
microcapsules during the gelatin dissolve process.

Characterization. Scanning electron microscopy (SEM, S-4300,
Hitachi) was used to characterize the morphology of synthesized
microcapsules. Energy-dispersive spectroscopy (EDS) coupled with
Hitachi S-4800 SEM was used to analyze the element composition of
the samples. Fourier transform infrared spectrometry (FT-IR, Varian,
Model 3100 Excalibur) was employed to characterize the surface
functional groups of the microcapsules. The thermal properties of the
microcapsules were measured by thermogravimetric analysis (TG,
ICES-001, Canadian) in the temperature range from room temper-
ature to 800 °C with a heating rate of 10 °C per minute in nitrogen
atmosphere. X-ray diffraction patterns (XRD) of the as-synthesized
samples were analyzed with graphite monochromatised Cu Ko
radiation (4 = 1.5148 A, Japan,) on a Japan Rigaku D/max yA X-ray
diffractometer. The tumor photographs were obtained with a Canon

DS126231 digital camera. UV/vis spectra were performed by using a
spectrophotometer (JASCO V-570) at room temperature. The
magnetic hysteresis loops of the as-prepared microcapsules were
investigated by a magnetometer (model PPMS-9).

In Vitro MW Heating Experiment. To evaluate the as-prepared
microcapsules hyperthermia efficacy under MW irradiation in vitro, the
samples were exposed to MW for 5 min. The as-prepared
microcapsules were dispersed in saline to obtain 50 mg/mL of
solution. The as-prepared Fe;O, NPs were dispersed in water to
obtain 50 mg/mL of solution. One mL as-prepared samples solution
was added into a 12-well plate with a thin bottom. Then the solutions
were exposed to MW (1.8 W/cm? 450 MHz, Beijing Muheyu
Electronics Co., LTD) irradiation. The temperature of the solution
was recorded every 10 s with fiber thermometers (Beijing
Dongfangruizhe Technology Co., LTD) and infrared thermal mapping
apparatus (FLIR SC620), respectively.

Blood Compatibility Studies. Rabbit’s heart blood was used to
evaluate the compatibility of the as-prepared microcapsules. Rabbit’s
red blood cells (RBC) were separated from fresh EDTA-stabilized
rabbit’s heart blood by centrifugation and washed with PBS for three
times, and then diluted with PBS solution to obtain 2% RBC. 0.5 mL
RBC suspensions were slowly added into 0.5 mL gelatin/IL@Fe;O,
microcapsules in PBS. Then, the samples were mildly mixed and then
kept at room temperature for 3 h. Distilled water and a PBS solution
were used as positive control (100% lysis) and negative control (0%
lysis), respectively. The absorbance of the supernatant was determined
at 570 nm by an ultraviolet spectrophotometer. The hemolysis rate
(%) was determined as followed: hemolysis rate % = (tested sample-
negative control)/ (positive control — negative control) X 100. Less
than 5% hemolysis rate was regarded as a nontoxic effect level in this
experiment. All experiments were repeated triplicate.

Cell Viability Test in Vitro by MTT Assays. MTT assays of the
HepG2 cell line were used to evaluate the potential cytotoxicity of as-
prepared microcapsules. A total of 100 uL of HepG2 cells were seeded
onto 96-well plates at an initial concentration of approximately 4 X 10*
cells/mL, and then incubated for 24 h with culture conditions.
Different concentrations of gelatin/IL@Fe;0, microcapsules (diluted
in DMEM medium) were added into the wells, respectively, and cells
were cultured at 37 °C for 24 h. The control group was only HepG2
cells without microcapsules. In order to obtain the results of MTT
assay, 20 uL MTT-phosphate saline-buffered solution (PBS) solutions
were added into each well and the plate was incubation at 37 °C for
another 4 h. Then, 150 yL DMSO was added into wells after the
medium was removed. The absorbance at 492 nm was measured with
a scanning multiwall spectrometer (Multiskan MK3 Thermo). The cell
viability (%) = (absorbance of experimental)/(absorbance of control
groups). All of the experiments were designed for five repeating
groups.

Cell Viability Test under MW Irradiation. For in vitro studying
the microcapsules sensitizing effect on cells, we mixed S00 uL of
HepG2 cells suspension (4 X 10* cells/mL) with 500 L of gelatin/
IL@Fe;0, microcapsules (dispersed in DMEM medium, 1000 ug/
mL). The cells were then irradiated by MW (1.8 W/cm? 450 MHz)
for $ min and further incubated for another 24 h. Fiber thermometers
were used to record the temperature change of the cells. The MW
group was only treated with MW irradiation without microcapsules
(MW only), and the control group was without any treatment
(control). Finally, the cell viabilities were evaluated by MTT assay.

In Vivo MW Heating Experiment. Twenty female ICR mice
(~22 g 6 weeks) bearing H22 tumor (~300 mm?®) in the axillary
region were randomly divided into four groups including untreated
mice (Control), MW treated mice with saline, gelatin/IL@Fe;O,
microcapsules injected mice with MW irradiation, gelatin/IL@Fe;O,
microcapsules injected mice without MW irradiation. The treatment
mice groups were intratumoral injected with microcapsules (200 mg/
kg), respectively. After 1h injection, mice were anesthetized with
sodium pentobarbital, and then the tumor in mice was irradiated with
MW (450 MHz, 1.8 W/cm?) for § min. Tumor sizes and body weights
were measured every 3 days during the treatment. The tumor sizes
were calculated as the volume (V) = (length)(width)?/2. Relative
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Figure 1. Microcapsule synthesis and characterization. (a) Schematic diagram for the fabrication of gelatin/IL@Fe;O, microcapsules. (b) SEM
images of gelatin/IL and gelatin/IL@Fe;O, microcapsules. Inset: cross-section of microcapsule. (c) Size distribution of gelatin/IL and gelatin/IL@
Fe;0, microcapsules based on statistical analysis results were determined by a panel of more than 200 microcapsules in b. (d) FT-IR spectra of
gelatin, gelatin/IL, gelatin/IL@Fe;0, microcapsules, and IL. (¢) MW heating curves of pure water, Fe;O,, saline, gelatin, gelatin/Fe;O,, gelatin/IL,
and gelatin/IL@Fe;0, microcapsules (1 mL, 50 mg/ mL) under 450 MHz MW irradiation at the power density of 1.8 W/ cm? Inset: IR thermal
image of gelatin/IL@Fe;0, microcapsules after MW irradiation at 1.8 W/cm? for § min.

tumor volumes were calculated as V/V;, where Vj, is the tumor volume
when the treatment was initiated. Relative body weight was calculated
as m — my, where my is the body weight when the treatment was
initiated. All animal experiments in this work were performed in
accordance with the guidelines of the Institutional Animal Care.

Histological Study of Tissues. After 17 days of therapy, the
tissues and organs, including liver, heart, spleen, lung, kidney and
tumor tissues were excised. The tumor tissues were weighed. Tissues
recovered from the necropsy were fixed in 10% formalin, embedded in
paraffin, sectioned, and stained with hematoxylin and eosin (HE) for
histological examination using standard techniques. The sections of
tissues were observed using optical fluorescence microscope (Nikon
Eclipse Ti—S, CCD: Ril).

MR Imaging. MR images and relaxation time measurements were
performed with a 3.0 T magnetic resonance system at room
temperature (Signa HDx; General Electric Medical Systems, USA).
The samples were first dispersed in water with various gelatin/IL@
Fe;O, microcapsules concentrations (0.25, 0.5, 1, 2, 6 mg/mL),
respectively. The T, values and T,-weighted images were obtained by
the same multislice multiecho sequence. MR images were taken before
and after the intratumoral injection of gelatin/IL@Fe;O, micro-
capsules (200 mg/kg). Relaxivity values of r, were calculated through
the curve fitting of 1/T, relaxation time versus the microcapsules
concentration.

Statistical Analysis. The results were represented by average +
standard deviation. The statistical significance of the changes between
tested groups and the control group were analyzed by one way
ANOVA using SPSS 17.0.

B RESULTS AND DISCUSSION

A simple and eflicient route is first developed for the fabrication
of gelatin/IL@Fe;O, microcapsules. The microcapsules are
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composed of Fe;O, NPs and IL as the core, and gelatin as the
outer (Figure la). This coacervation route involves two steps,
including the initial fabrication of the Fe;O, NPs and polymer
microcapsules via cross-link. Amino group in gelatin can be
reacted carboxyl groups in GA to from compounds.*' The
morphology nature of the microcapsules obtained from simple
coacervation methods were characterized by SEM. As shown in
Figure 1b, gelatin/IL and gelatin/IL@Fe;O, microcapsules
were not coalesced and remained good individual spherical
shape, and the inserted image indicated that these micro-
capsules have hollow structure. To evaluate the size distribution
of the as-prepared microcapsules, more than 200 particles were
measured in Figure 1b, and the statistic result was presented in
Figure Ic, indicating that the average sizes of gelatin/IL and
gelatin/IL@Fe;O0, microcapsules are 7.03 and S5.05 um,
respectively.

The chemical composition of the obtained microcapsules was
investigated by FT-IR, EDS, XRD and TG. Figure 1d showed
the FT-IR spectra of gelatin, gelatin/IL, gelatin/IL@Fe;O,
microcapsules and IL. It was clear that gelatin/IL and
gelatin/IL@Fe;O, microcapsules had additional peaks. The
peaks at 621 and 532 cm™' are assigned to out-plane C—H
bending vibrations of imidazolium ring,*** suggesting the
presence of IL. Besides the C, N, and O from the
microcapsules, the peak of F was detected in the EDS pattern
of gelatin/IL and gelatin/IL@Fe;O, microcapsules (Figure Sla,
b in the Supporting Information). Fe element was observed in
the gelatin/IL@Fe;O, microcapsules (Figure Slc). The XRD
patterns of as-prepared microcapsules and Fe;O, NPs (Figure
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Figure 2. In vitro cell experiments. (a) Hemolysis rate of red blood cells incubated with gelatin/IL@Fe;0, microcapsules at various concentrations
for 3 h, using deionized water (+) and PBS (—) as positive and negative controls, respectively. Inset: Photographs of hemolysis test with different
concentrations of gelatin/IL@Fe;O, microcapsules. (b) Cell viability of HepG2 cells incubated with gelatin/IL@Fe;O, microcapsules of different
concentrations for 24 h. (c) Viability of HepG2 cells after being mixed with gelatin/IL@Fe;O, microcapsules under MW irradiation (450 MHz, 1.8
W/cm?) for § min (gelatin/IL@Fe;0,+MW), the MW group was only treated with MW irradiation without microcapsules (MW only), the control
group was untreated with MW irradiation without microcapsules (control). (d) MW heating curve of HepG2 cells with the samples in c. (e)
Schematic illustration of MW heating. White and red represent the low and high temperature, respectively. Before the MW was irradiated, the
charged ions (IL) were randomly dispersed inside the microcapsule. When once placed nearby a MW apparatus, the electric field could be help the
charged ions to move accordingly. Under the action of MW, the microcapsules can heat up, which is induced through the friction and collision of

molecules and ions with each other.

S2a in the Supporting Information) suggested the presence of
Fe;0, NPs (JCPDS card, No. 75—1609) in gelatin/IL@Fe;O,
microcapsules. After the final thermal destruction (Figure S2b
in the Supporting Information), the residual percentages of
weight of the gelatin, gelatin/IL and gelatin/IL@Fe;O,
microcapsules were 0, 2.59, and 17.95%, respectively. The
higher residual content of the gelatin/IL and gelatin/IL@Fe;O,
microcapsules were certainly attributed to the IL and IL@
Fe;0,, respectively.

To verify the potential of microcapsules in MW thermo-
therapy, microcapsules solution (50 mg/mL, 1 mL) was
exposed to a MW irradiation at power density of 1.8 W/cm?.
Water, Fe;0,, saline, gelatin, and gelatin/Fe;0, microcapsules
were used as control groups. A rapid temperature increase of
the gelatin/IL and gelatin/IL@Fe;O, microcapsules when
exposed to MW irradiation was reached to a high level (AT
= 23.8 °C and AT = 24.1 °C, respectively), whereas water,
Fe;0,, saline and gelatin groups showed much less temperature
change (AT = 7.8 °C, AT = 7.9 °C, AT = 17.4, and 17.5 °C,
respectively) (Figure le), suggesting that either Fe;O, or

13615

gelatin/Fe;O, microcapsules by itself did not affect the
temperature elevation. IR thermal image of gelatin/IL@Fe;0,
microcapsules after MW irradiation at 1.8 W/cm? for S min
also showed that the temperature of these microcapsules was
significantly increased at more than 45 °C, which was high
enough to kill cancer cells in vivo (inset of Figure le).

To demonstrate that gelatin/IL@Fe;O, microcapsules could
be used as MW susceptible materials and contrast agent in
biomedical applications, we first evaluated their cytotoxicity
characteristics. The hemolysis rate of microcapsules (250, 500,
1000, 5000 pg/mL) was evaluated. In Figure 2a show that all
hemolysis rate at different concentrations were below 5%,
indicating that the gelatin/IL@Fe;0, microcapsules had good
biocompatibility. It is found that the microcapsules have low
erythrocyte membrane damaging effects (inset of Figure 2a).
HepG2 cells were incubated with these microcapsules (25—
1000 pg/mL) for cytotoxicity estimate on the basis of MTT
assay. As shown in Figure 2b, when the cells were cultured with
microcapsules for 24 h, no significant cytotoxicity of gelatin/
IL@Fe;O, microcapsules at concentrations of less than 1000
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Figure 3. MW therapy using gelatin/IL@Fe;O, microcapsules in vivo. (a) Infrared thermal images of saline injected and gelatin/IL@Fe;0,
microcapsules injected tumor-bearing mice at different time intervals under MW irradiation. (b) Temperature changes on tumors of mice under
different treatments in a. (c) Representative photographs of mice bearing H22 tumors after various different treatments at day 16. (d) Tumor growth
curves of tumor-bearing mice after various treatments. The tumor volumes were defined to their initial sizes. Error bars were based on standard
deviations of S tumor-bearing mice per group. (e) Tumor weights of each group after excision. (f) Mean body weights of each group during the

treatment.

ug/mL were observed. Moreover, as presented in Figure S3 in
the Supporting Information, the activities of J744 cells or L929
cells treated with different concentrations of microcapsules
were normal compared to control groups, indicating no obvious
toxicity induced by microcapsules. These results indicated that
these microcapsules were potentially suitable for biomedical
applications.

To investigate the MW susceptible properties of our gelatin/
IL@Fe;O,4 microcapsules in vitro, we evaluated the viability of
HepG2 cells after being mixed with gelatin/IL@Fe;0,
microcapsules under MW irradiation (450 MHz, 1.8 W/cm?)
for S min by MTT. As shown in Figure 2c, remarkably
enhanced cell-killed effect was observed in HepG2 cells treated
by microcapsules after MW exposure, compared to the control
group and the MW only groups. Moreover, the temperature of
gelatin/IL@Fe;O, microcapsules can rapidly increase from 25
to 43.9 °C, whereas the MW only group shows a much lower
temperature increase (Figure 2d), which was consistent with
the results of Figure le.

MW irradiation-triggered heating involves two main
mechanisms: dipolar polarization and ionic conduction.>**
The MW heating of IL is ascribed to the ionic conduction
mechanism, which represents a much stronger heat generation
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capacity than the dipolar polarization.”'**~* The charged
ions oscillate back and forth under the irradiation of the
microwave, and collide with neighboring maters, leading to the
generation of heat. Microcapsules have a compact shell
structure, which can confine the oscillation of IL. As presented
in Figure 2e, before the MW was irradiated, the charged ions
(IL) were randomly dispersed inside the microcapsule. When
the MW irradiation is applied, the oscillation of IL is confined
in the microcapsules, leading to more serious friction and
collision of molecules and ions than the free IL. Thus, efficient,
rapid, and selective heating occurs in the microcapsules.

Then MW thermotherapy of gelatin/IL@Fe;O, micro-
capsules on a H22 tumor mouse model was evaluated. Female
ICR mice bearing H22 tumors were intratumorally injected
with gelatin/IL@Fe;O, microcapsules (200 mg/kg) and then
subjected to the MW irradiation (1.8 W/cm? S min). Tumors
treated with saline were used as control group. The
temperature of tumor was monitored using an infrared thermal
camera and fiber thermometers during MW irradiation,
respectively. As shown in Figure 3a and b, the temperature of
the tumor injected with gelatin/IL@Fe;O, microcapsules can
be rapidly increase to about 52 °C (AT = 15.8 °C) within S
min under MW irradiation. However, control group showed a
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Figure 4. H&E stained organ slices collected from different groups of mice immediately after MW irradiation. The slices uncovered no apparent
organ damage or abnormality. No obvious differences were observed between the control group and other groups.

limited temperature change, reaching final temperature at about
42 °C (AT = 7.8 °C) after MW irradiation (Figure 3a, b). This
enhanced heating was due to the friction of molecules and/or
ions with each other.**** Irreversible cell injury occurs when
cells sites are heated to high than 43 °C for several minutes, and
cellular damage mainly centers on mitochondrial enzymes
protein and protein coagulation of cytosolic, and nucleic acid
protein complexes.””> This result clearly revealed that gelatin/
IL@Fe;O, microcapsules can effectively kill the tumor cells in
vivo by acting as a susceptible agent for MW therapy under
MW irradiation.

Next, we evaluated in vivo MW thermo-therapeutic efficacy
by observing the tumor growth in different groups of mice after
MW exposure. Four groups of H22 tumor-bearing mice (five
mice per group) were intratumorally injected with saline,
gelatin/IL@Fe;O, microcapsules, respectively. Tumor was then
exposed to the MW irradiation at the ultra power density of 1.8
W/cm? for S min. The tumor size was measured by a vernier
caliper every 3 days during the treatments. As shown in Figure
3c—e, it can be found that tumors treated with gelatin/IL@
Fe;O, microcapsules were completely ablated after MW
irradiation, those treated with saline were showed rapid growth.
Tumors in groups without MW irradiation showed similar
growth speeds, suggesting that injection of saline and gelatin/
IL@Fe;O, microcapsules by itself would not affect the tumor
growth. Our results further demonstrated that gelatin/IL@
Fe;O, microcapsules would be a powerful MW susceptible
agent for effective tumor ablation.

To analyze the potential in vivo toxicity of gelatin/IL@Fe;0,
microcapsules, we carefully observed the behaviors of mice in
our experiment. No mice died and without noticing side eftects
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in the whole course of therapy. As presented in Figure 3f, the
body weight had no significant difference between treatment
groups and control group during the experiment, further
suggesting that the thermotherapy has no acute fatal toxicity.
Mice were sacrificed at 17 day for careful necropsy. Major
organs of mice were fixed, embedded, sectioned and stained for
histological examination. No noticeable sign of organ damage
or inflammation lesion was observed in main organs (Figure 4)
in these groups. Our results suggest that gelatin/IL@Fe;O,
microcapsules can be potentially used in clinical therapy.

At last, the potential in vivo MR imaging of gelatin/IL@
Fe;O, was also investigated. The magnetic properties of the
synthesized gelatin/IL@Fe;0, microcapsules were measured
by vibrating sample magnetometry at room temperature. As
presented in Figure S4 in the Supporting Information, the
magnetization curve of gelatin/IL@Fe;O, microcapsules was
recorded at 1 T, and the magnetization recorded was 1.47 emu/
g. The gelatin/IL@Fe;0, microcapsules were rapidly attracted
by the magnet, leaving the solution (inset of Figure Sa). T,-
weighted MR images of gelatin/IL@Fe;O, microcapsules
revealed the concentration-dependent darkening effect (inset
of Figure Sa), with the relaxivity values of microcapsules
measured to be 4.40 mg™' mL s™'. Then, the T, weighted MR
imaging capability of gelatin/IL@Fe;O, microcapsules was
further evaluated in vivo. As shown in Figure Sb, a significant
darkening with a T, signal intensity decrease of 79.27% in the
T,-weighted MR image was observed at the tumor site after
gelatin/IL@Fe;O, microcapsules were injected. These imply
that as-prepared gelatin/IL@Fe;O, microcapsules would be a
promising candidate as a contrast agent in MR imaging for
cancers. Combined with its functionality of MW therapy, it is
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Figure 5. Magnetic properties of microcapsules and in vivo MR
imaging. (a) The T, relaxation rates (r,) of gelatin/IL@Fe;0,
microcapsules at different microcapsules concentrations. Inset: Photo-
graphs of gelatin/IL@Fe;0, microcapsules in water with and without
a magnet in the above, T,-weighted MR images of gelatin/IL@Fe;0O,
microcapsules at different microcapsules concentrations in the
following. (b) In vivo T,-weighted MR images of a tumor-bearing
mice before and after injecting gelatin/IL@Fe;O, microcapsules.

anticipated that the as-prepared gelatin/IL@Fe;O, micro-
capsules would be a potentil MW susceptible agent for
simultaneous MR imaging and MW thermotherapy of cancers.

B CONCLUSION

In summary, multifunctional microcapsules of gelatin shell/
IL@Fe;O, core were reported for the first time and used for
MR imaging-guide MW thermotherapy. Obvious temperature
increase of gelatin/IL@Fe;0, microcapsules were found under
MW irradiation, while pure water and saline showed minimal
change. The MW susceptible properties of microcapsules make
them an encouraging susceptible agent for MW cancer
treatment. The result of MTT assay and hemolysis rate showed
good biocompatibility and low erythrocyte membrane-damag-
ing effects, respectively, revealing low cytotoxicity of these
microcapsules. The as-prepared microcapsules can kill cell
effectively in vitro and in vivo with exposure to MW irradiation,
especially when the microcapsules were applied in MW
thermotherapy in vivo, with 100% tumor elimination. No
obvious toxicity was observed from the result of body weight
during the treatment and the major of organs of histological
investigations, and MW treatment for tumor with gelatin/IL@
Fe;O, microcapsules in vivo did not induced obvious side effect
to the mice. Moreover, their efficient contrast enhancement in
MR imaging in vivo was demonstrated. Therefore, these
multifunctional microcapsules with excellent biocompatibility
have great potential for MR imaging-guided MW thermother-

apy.
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