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ABSTRACT: Magnetic-mediated hyperthermia (MMT) is emerging as one of the
promising techniques, which could synergistically treat cancer along with current
treatment techniques such as chemotherapy and radiotherapy and trigger on-
demand release of therapeutic macromolecules. However, the low specific
absorption rate and potential in vivo toxicity of magnetic nanomaterials as the
MMT mediators restrict the new advancements in MMT treatment. Herein, for
the first trial, the unique inductive heating property of hypertonic saline (HTS), a
clinically applied solution exhibiting several physiological effects under alternative
magnetic field (AMF), was systematically investigated. Though without magnetic 4
property, due to the dipolar polarization under the electromagnetic radiation, HT'S
can induce enough high and rapid temperature increase upon exposure under : S
AME. Based on such an observation, PEG-based HTS hydrogel was fabricated for | N G 00X Gyeolohiosan DRPES

the inhibition of unwanted diffusion of ions so as to ensure the ideal temperature

rise at the targeted region for a longer time. Furthermore, an anticancer drug (doxorubicin) was also incorporated into the
hydrogel to achieve the magnetic field/pH stimuli-responsive drug-sustainable release as well as synergistic
thermochemotherapy. The potential application of the drug-loaded HTS-PEG-injectable hydrogel for breast cancer postsurgical
recurrence prevention is demonstrated. Significant in vivo suppression of two kinds of breast cancer models was achieved by the
hybrid hydrogel system. This work explores a new biomedical use of clinical HTS and a promising cancer treatment protocol
based on HTS-PEG hydrogel for magnetic hyperthermia combined with stimuli-responsive chemotherapy for breast cancer
postsurgical recurrence prevention.

Hypertonic Saline
Hydrogel

~ confinememt

Hyperthermia
Chemotherapy

KEYWORDS: hypertonic saline, magnetic-mediated hyperthermia, dipolar polarization, thermochemotherapy, breast cancer

B INTRODUCTION

Heat treatment of cells and tissues leads to instantaneous
molecular and metabolic changes, and therefore hyperthermia
combined with radiation or chemotherapy has been rapidly
becoming a clinical reality as a form of the treatment of
malignant disease.’ However, the potential advantages of
hyperthermia in the management of human cancer could be

efficacy.” As there is almost no limit for the electromagnetic
wave in tissue penetration, MMH, the mini- or noninvasive
technique could treat all kinds of solid tumors, even the ones
seated in deep anatomical location.” Recently, both intensive
and extensive investigations have been carried out with MMH,
and some research findings have been successfully applied in
clinical oncology.”’

fully exploited through a heating technique capable of
delivering safe, predictable, and reproducible treatment."”
With the working mechanism of heat generation through
biomediators under alternative magnetic field (AMF),
magnetic-mediated hyperthermia (MMH) has been recently
considered as a renaissance of cancer local treatment modality
due to its remarkable low side effects and high treatment
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Thermal mediators play critical roles in the therapeutic effect
of cancer treatment by MMH.® So far, milliscaled alloy
thermoseeds as well as magnetic fluid composed of magnetic
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iron oxide nanoparticles (IONPs) have been applied in MMH
clinical oncology. Despite ideal inductive heating property
under AMF, the rather complicated and time-consuming
macroscopic implant of the thermoseeds limits their further
application.” Nowadays, injectable magnetic fluid has aroused
great interest for MMH applications, which could produce heat
via the hzfsteresis or relaxation losses under the effect of
AME.""** However, the relatively poor energy-transfer
efficiency intrinsic with IONPs presents a challenging obstacle,
which leads to a requirement for extremely high concentrated
IONP suspensions injected within the tumor site.'”"
Furthermore, although IONPs have been approved by FDA
for their clinical application as iron deficiency therapeutics or
MRI contrast agent, the re-evaluation of the potential risk of
side effects in most cases led to their subsequent withdrawal
from the market.">™"” Therefore, it would be of great clinical
significance to develop thermal agents, which possess
simultaneously high inductive heating property, ideal bio-
compatibility, as well as injectable property.

Currently, although special attention has been paid on the
development of high-performance thermal mediators for
MMH, it seems that such a research was tightly restricted
with the scope of magnetic or metallic materials.'® Here, we
should reconsider MMH, which though termed as “magnetic-
mediated hyperthermia”, it should be clarified that “magnetic”
does not necessarily limit the choice of the thermal agents only
within magnetic materials. All of the materials, which could
induce heat under the AMF, should be considered as the
candidate for mediators of MMH. Therefore, a new break-
through could be made for the development of high-
performance MMH mediators.

Defined as any crystalloid solution containing more than
0.9% saline, hypertonic saline (HTS) possesses many
theoretical advantages (including small-volume resuscitation,
reduction of intracranial pressure, improved hemodynamics,
and improved microcirculation and immunomodulation) and
has been applied widely in clinical studies."”~" For instance,
HTS has been used for cerebral edema and elevated
intracranial pressure, acute bronchiolitis, and small-volume
resuscitation of trauma patients with hemorrhagic shock.'”~**
In the current study, for the first time, our research group
observed the extraordinary inductive heating property by the
nonmagnetic HTS. A rapid temperature rise was observed
when we put the HTS (8% NaCl solution) under AMF (~0.5
MHz), indicating its potential to be used in magnetic
hyperthermia field. Moreover, other kinds of inorganic salt
solutions have also shown obvious heat generation under AMF
exposure, confirming the AMF-induced heating effect of
charged ions. Based on such inspiring findings, HTS was
further formulated within the PEG-based-injectable hydrogel
for the inhibition of unwanted diffusion of ions so as to ensure
the ideal temperature rise at the targeted region for a longer
time.

Except for high-performance thermal mediator, which
simultaneously possesses the unique inductive heating property
under AMF, being injectable, as well as biocompatibility, such
HTS-PEG hydrogel could act as an ideal carrier for loading
other therapeutic formulations. In the current study, a
chemotherapeutic agent (doxorubicin) was incorporated into
the hydrogel for localized chemotherapy.” Such as-prepared
drug-loaded HTS-PEG-injectable hydrogel can successfully
achieve the pH/AMF dual stimuli-responsive drug delivery and
magnetic thermochemotherapy for breast cancer postsurgical

recurrence prevention (Scheme 1). Except for pioneering the
nonmagnetic high-performance agents for MMH, this work

Scheme 1. Schematic Diagram Illustrates Hypertonic Saline
Hydrogel for Magnetic Hyperthermia-Mediated Breast
Cancer Postoperative Recurrence Prevention
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explores a new biomedical use of clinical HT'S and a promising
cancer treatment protocol based on HTS-PEG hydrogel.

B RESULTS AND DISCUSSION

Inductive Heating Properties of HTS Solutions under
AMF Exposure. The inductive heating properties of HTS
solutions were investigated under AMF with different
frequencies (f). As shown in Figure 1, HTS solutions can
induce a remarkable temperature increase under AMF, and
such an effect was dependent on field intensity (H), frequency,
as well as HTS concentration. Figure la indicates that no
obvious temperature rise was observed when the f is 285 and
370, and 495 kHz frequency would lead to the maximum
temperature elevation of around 15 °C. Figure 1b-—d
remarkably demonstrates the higher field intensity and HTS
concentration, and a higher temperature could be achieved.
Notably, when H = 150 Oe, even a 20% HTS could not elevate
the AT to above ~15 °C; however, the alteration of H to 220
and 285 Oe for 15% HTS raises the temperature to above 20
°C within 4 and 2.5 min, respectively. The thermal images
(Figure S1) of HTS at different concentrations with AMF
exposure were also taken, demonstrating a rather homoge-
neous temperature distribution within the HTS solutions. It
can also be noticed that the deionized water and solid HTS
could not be heated under the same field parameters (Figure
le—f). It means that the charged ions (saline) can induce heat
under AMF exposure with higher frequency. On the basis of
the results, the hyperthermia temperature with a lower saline
concentration (15% HTS) and AMF intensity (H = 220 Oe)
was chosen for further investigation.

Mechanism Analysis of lon Heating under AMF
Exposure. The underlying mechanism involved in the heating
of HTS under AMF exposure was studied. Except for testing
the inductive heating properties of sodium chloride solutions,
further on, the inductive heating profiles (under different field
intensities (H), 495 kHz) of many different kinds of salt
solutions were also evaluated. As shown in Figure 2a—d, a
similar trend was observed, where all of the salt solutions can
be heated under AMF exposure and the heating capacity can
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Figure 1. (a) Magnetic heating profiles of 8% HTS under AMF exposure with different frequencies. (b—d) Magnetic heating profiles of HTS with
different saline concentrations under AMF exposure with various field intensities. (e, f) Magnetic heating profiles of water and solid NaCl under

AMEF exposure with various field intensities.
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Figure 2. (a—c) Magnetic heating profiles of different kinds of salt solutions (1.0 M) under AMF exposure with different field intensities. (d)
Summary of magnetic heating profiles of different kinds of salt solutions. (e) Dielectric constant of different kinds of salt solutions (495 kHz, 25

°C).

be improved by tuning the H value. For example, at a fixed
molar mass (1.0 M), after AMF exposure (H = 220 Oe) for 6
min, the temperature elevations for KH,PO,, CaCl, and
Fe(NO,); solutions were 9.55, 21.25, and 20.2 °C,
respectively. The other salt solutions can promote the
temperature increase between 10 and 21 °C.

To elucidate the underlying mechanism involved in the
heating of HTS under AMF exposure, the dielectric constant
(¢") values of KH,PO,, CaCl,, and Fe(NO,); solutions (495
kHz and 25 °C) were measured and are presented in Figure 2e.
It can be noticed that there was an existing positive correlation
between ¢’ and inductive heating property, as the salt solution
with a higher dielectric constant coincides with the higher
heating efficiency. The & values of HTS also increased with

the increase of saline concentrations (6.08 X 10% 1.14 x 10°,
and 1.54 x 10° for 8, 15, and 20% saline solutions,
respectively), which coincide with the trend in temperature
rise (Figure S2). Such observations indicate that the AMF-
induced heating effect may be due to the interaction of charged
ions with the electromagnetic radiation.”*** The electric field
causes both permanent and induced dipoles to rotate as they
align themselves with the alternating field. The molecular
movement generates friction among the rotating molecules,
and subsequently, the energy is dissipated as heat (called
dipolar polarization).”® The ability of materials heated in the
presence of an electromagnetic field is defined by its dielectric
loss tangent: tand = &”/¢’. The dielectric constant (¢’)
determines how much of the incident energy is reflected and
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how much is absorbed, whereas the dielectric loss factor (&”)
measures the dissipation of electric energy in the form of heat
within materials.”* For the optimum energy coupling, a
moderate value of &' should be combined with high values
of &” (to get higher values of tan §) to convert electromagnetic
energy into thermal energy. Further, the electromagnetic wave
heating of a dielectric material offers a number of advantages
over conventional heating methods: (i) noncontact (remote)
heating, (ii) quick start-up and stopping, (iii) selective material
heating, (iv) heating from the interior of the material body,
and (v) higher level of automation and safety.

Fabrication and Rheology Analyses of HTS-PEG
Hydrogel. Direct injection of HTS into the lesion site will
lead to the diffusion of ions into the normal tissue surrounding
as well as permeate quickly.”® The leakage of ions will induce
unwanted heating and inhibit the in vivo application of the
HTS. Considering the ion confinement effect of the hydrogel
formulations,”””* we prepared the PEG-based biocompatible
hydrogel, which cross-linked glycol chitosan solution with
aldehyde-modified PEG,qyy (DF-PEG,yy,) through the Schiff
base linkage. The injectability of the PEG hydrogel has been
confirmed by our previous investigation.”” The HTS was
loaded into it through the simple mixing method. SEM images
(Figure 3a) show that the microstructural morphologies of the
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Figure 3. (a) SEM images of the lyophilized HTS-PEG hydrogel. The
inset image is the photograph of HTS-PEG hydrogel. (b) Storage
modulus (G’) and loss modulus (G”) analyses during the gelation
process (25 °C; frequency: 1.0 Hz; strain: 5.0%). G’ and G” versus
angular frequency (c) and on strain amplitude sweep (d) at a fixed
angular frequency for HTS-PEG hydrogel.

freeze-dried HTS-PEG hydrogel exhibited micropores ranging
from S to 30 ym, which may govern how drugs diffuse inside
the hydro%el network and provide efficient spaces for drug
transport.”” The chemical structures of GC, DF-PEG,q,, and
HTS-PEG hydrogel were characterized by Fourier-transform
infrared (FT-IR) spectroscopy (Figure S3). The peak at 1719
cm ™! appeared in DF-PEG,g, was attributed to the stretching
vibration of the C=0O bond in the aldehyde group. However,
the aldehyde peak almost disappeared during the hydrogel
formation, due to the characteristic absorption of the newly
formed Schiff base (at 1644 cm™).*'

Measurements of the storage modulus (G’) and loss
modulus (G”) versus time were performed to monitor the
gelation process. As shown in Figure 3b, the gelation time of

the hydrogel was ~350 s at 25 °C, which allowed plenty of
time for the low-viscosity operation at room temperature. The
G’ versus shear stress and frequency was carried out (Figure
3¢,d), and the samples were prepared and incubated at 37 °C
for 20 min. The G’ decreased quickly when the strain was
>10%, and the G’ remained stable when the frequency (w)
changed from 1 to ~40. The data of rheology analysis is similar
to that described in the literature, i.e., the HTS addition did
not influence the intrinsic properties of the dynamic PEG-
based hydrogels.”

Inductive Heating Property of HTS-PEG Hydrogel.
Inductive heating property of 15% HTS-PEG hydrogel under
AMEF exposure with different field intensity was measured and
is shown in Figure 4a. It can be observed that ion confinement
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Figure 4. (a) Heating behavior of HTS and HTS-PEG hydrogel
under AMF exposure with different field intensity. (b) Magnetic
hyperthermia stability with the HTS-PEG hydrogel under AMF
exposure for three cycles (495 kHz, 220 Oe).

by the hydrogel formulation only imposes a little effect on the
heating property of HTS. For example, at 220 Oe, the 15%
HTS could induce a 32.1 °C temperature increase after a 6 min
AMF exposure, and the data for 15% HTS hydrogel is about
29.3 °C. The little decrease in temperature elevation may due
to the variation of specific heat of water and hydrogel.
Moreover, as repeated or multiple hyperthermia treatment is
normally adopted other than single treatment in clinical
oncology, therefore, the reproducibility of temperature rise is
of great clinical signiﬁcance.33 As shown in Figure 4b, when
HTS-PEG hydrogel was subjected to three rounds of repeated
exposure using AMF on/off cycling, a rather reproducible
temperature profile was obtained, which suggested the superior
stability of HTS-PEG hydrogel against the exposure to the
magnetic field.

lon Confinement Effect of HTS-PEG Hydrogel.
Confinement of the charged ions within hydrogel was studied
to reduce their diffusion and permeation, avoiding the
unnecessary heating in healthy tissue around the tumor and
potential side effects. There are many factors that influence the
confining capacity of the hydrogel, such as cross-linking
density, mesh size, equilibrated water content, and so on.”” We
used an ager phantom that consists of 4% (w/w) agar powder,
0.6% (w/w) NaCl, and 95.4% (w/w) water to mimic the
normal tissue around the tumor, followed by the addition of
the HTS-PEG hydrogel onto the phantom. Subsequently, the
temperature of different sites (T1, T2, and T3) at various time
intervals was assessed to monitor the ion diffusion and heating
process (Scheme 1).

As shown in Figure 5a—d, T1 represents the hyperthermia
temperature (tumor) induced by HTS-PEG hydrogel. At the
beginning (0 h), the increase of temperature was up to 46.3
°C, whereas after 24 and 48 h diffusions, the AT decreased to
37.8 and 34.6 °C. The decrease in the heating capacity
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Figure 5. (a—d) Temperature at different locations on centrifugal tubes with AMF exposure for 6 min at different time intervals. T1, T2, and T3
represent the temperature of magnetic hyperthermia, the temperature around the tumor, and the temperature of normal tissue far from the tumor
site, respectively. (e) Difference in temperature between T1 and T2 (AT1), and T1 and T3 (AT2) at different time intervals.

indicated the diffusion of some ions in the agar phantom due
to the sufficient concentration gradient. Although there is a
certain degree of reduction in temperature, the AT still can
reach the hyperthermia temperature (>25 °C) within 3 min.
Temperature around the tumor was represented by T2, and at
first, the AT reached around 15.84 °C; however, after a 48 h
diffusion period, the temperature change conversely enhanced
to 19.6 °C. The increase in heating most likely originated from
the thermal radiation from the HTS-PEG hydrogel and ion
diffusion. The little diffused ions do not have a significant effect
on the temperature rise. T3 represented the normal tissue
temperature, far from the tumor site. During the process of
diffusion, the AT was maintained around 6—7 °C. So, the
normal tissue would not get affected by the ion diffusion effect.
We also calculated the temperature difference between T1 and
T2 (AT1),and T1 and T3 (AT2). As shown in Figure Se, after
48 h diffusion, they all decreased to a certain extent, for
example, at O h, the AT1 and AT?2 are 30.82 and 39.71 °C, but
after 24 h, both decreased to 20.98 and 28.1 °C, respectively. It
also confirmed that parts of the ions diffused into the agar
phantom, but the temperature difference can guarantee the
therapeutic effect with no or less harm to the normal tissue. All
of the results demonstrate that the PEG-based hydrogel
network (cross-linked by Schiff’s base) could confine most of
the charged ions in the desired location due to the
homogeneousness throughout the network. The confining
capacity may be decided by ion diffusion path length due to
the combination of hydrodynamic drag and the obstruction
effects.”” Thus, the hyperthermia temperature can be well
obtained even after 48 h of the hydrogel implantation;
meanwhile, the normal tissue far away from the tumor does
not get interfered.

In Vitro Degradation Behavior and pH- and AMF-
Dependent Drug Release. The hydrogel should be designed
to be biodegradable to avoid surgical removal after the
completion of therapeutic treatment.”* To investigate the
hydrolytic degradation behavior of HTS-PEG hydrogels, the
hydrogels were evaluated as a function of incubation time in

PBS at different pH values (7.4 and 6.5). As shown in Figure
6a, at pH = 7.4, after 10 days of incubation, the weight losses
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Figure 6. (3, b) In vitro degradation profiles of the control hydrogel
and HTS-PEG hydrogel in PBS at pH values 7.4 and 6.5.

were 27.26 and 35.5% for control and HTS-PEG hydrogel,
respectively. The higher weight loss for HTS-PEG hydrogel
may be due to the following reasons. The ions may decrease
the swelling ratio of the hydrogel (Donnan equilibrium
theory), and the distinction in the concentration of mobile
ions between the hydrogel and external solution was
reduced.” ™’ The osmotic swelling pressure of mobile ions
inside the hydrogel decreased and the hydrogel structure gets
collapsed easily. The hydrolytic degradation was systematically
studied under acidic microenvironment (PBS, pH = 6.5).
Weight losses of 45.47 and 57.81% for control and HTS-PEG
hydrogel were observed after 10 days of incubation (Figure
6b). The faster hydrolytic biodegradation compared to
physiological condition may be attributed to the reduced
stability of Schiff base bonds in the acidic environment because
of the protonation of the amino group within the chitosan
molecules.”® Faster hydrolytic biodegradation of hydrogel
within the tumor tissue (acidic microenvironment) was
inferred, leading to pH gradient degradation process and
drug release profile compared to that of the normal tissue.
The incorporation of anticancer drugs into the hydrogel and
exposure with AMF, the smart drug carrier, would have the
capacity to accelerate the chemotherapeutic agent’s release
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simultaneously with the magnetic hyperthermia treatment.*
Here, DOX was loaded into the hydrogel formulation to
investigate the drug-releasing behaviors of HTS hydrogels. In
Figure 7a, the DOX release from hydrogels was found to be in
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Figure 7. (a) In vitro drug cumulative release profiles of HTS-PEG
hydrogel at pH values 7.4 and 6.5. (b) In vitro drug cumulative release
profiles of HTS-PEG hydrogel with or without AMF exposure at pH
= 6.5. |: AMF exposure for 10 min.

a sustained manner and presented a pH-sensitive release
profile. The release rate of DOX from the control hydrogel and
HTS-PEG hydrogel gets increased significantly on decreasing
the pH from 7.4 to 6.5. As observed, after 12 h incubation,
56.73 and 60.44% of DOX were released from the DOX-
loaded control and HTS-PEG hydrogel at acidic pH (6.5),
whereas only 35.3 and 39.68% were released at physiological
pH (7.4). Reasonably, the higher solubility of DOX at lower
pH and the increased degradation of hydrogel lead to a
cumulative drug release.*”*" Other than the internal stimulus,
drug release can often be facilitated by the external stimulus
such as AMF (Figure 7b). In an 8 h time interval, around
45.58% DOX was released in an acidic pH of 6.5, whereas
under AMF exposure, 53.59% of DOX was released in the
same time period. A similar trend of increased drug release on
AMF exposure was observed at a physiological pH value
(Figure S4). The enhanced drug release may be caused by the
induced heating effect under AMF exposure, which in turn
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Figure 8. (a) Photographs of MCF-7 tumor-bearing mice before and after 27 days of treatment with saline, DOX-hydrogel, HTS-PEG hydrogel,
HTS-PEG hydrogel + AMF, and DOX-HTS-PEG hydrogel + AMF, and representative images of tumor sections harvested from various treatment
groups. (b) Tumor site and rectal temperature of tumor-bearing mice treated with HTS-PEG hydrogel + AMF. (c) Changes in relative tumor
volumes over time. (d) Histological evaluations of heart, liver, spleen, lung, kidney, and tumor with H&E staining in mice treated with various

formulations. The scale bar is 100 ym.
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Figure 9. (a) Photographs of 4T1 tumor-bearing mice before and after 27 days of treatment with saline, DOX-hydrogel, HTS-PEG hydrogel, HTS-
PEG hydrogel + AMF, and DOX-HTS-PEG hydrogel + AMF, and representative images of tumor sections harvested from various treatment
groups. (b) Tumor site and rectal temperature of tumor-bearing mice treated with HTS-PEG hydrogel + AMF. (c) Changes in relative tumor
volumes over time. (d) Histological evaluations of heart, liver, spleen, lung, kidney, and tumor with H&E staining in mice treated with various

formulations. The scale bar is 100 ym.

expanded the hydrogel networks and accelerated the diffusion
of drug molecules.”” The HTS-PEG hydrogel under AMF
exposure can induce magnetic heating and control drug release
behavior. The therapeutic effects are highly localized, which
greatly enhanced the performance of encapsulated DOX and
significantly reduced side effects.

In Vivo Antitumor Efficacy of the DOX-Loaded HTS-
PEG Hydrogel. To evaluate the antitumor efficacy of the
DOX-loaded HTS-PEG hydrogel for postsurgical recurrence
prevention, two breast tumor models, MCF-7 human breast
adenocarcinoma tumors and 4T1 murine breast tumors, were
employed in the current study. As mentioned above, tumor-
bearing mice were randomly assigned into five groups under
different treatments: saline (group 1), DOX-hydrogel (group
2), HTS-PEG hydrogel (group 3), HTS-PEG hydrogel + AMF
(group 4), and DOX-HTS-PEG hydrogel + AMF (group S).
After surgical removal of the bulky tumor tissues, the hydrogels
with different formulations were implanted. After 24 h, mice in
groups 4 and S were exposed under an AMF (H = 220 Oe, f =
495 kHz) for 12 min. For the MCF-7 tumor-bearing mice, the
photographs of the mice and tumors before and after treatment

are presented in Figure 8a for each group. The surface
temperature of tumor that was treated with HTS-PEG
hydrogel increased rapidly and reached ~43 °C within 480
s; the temperature of mice rectum promoted less than 4 °C
during the 10 min AMF exposure (Figure 8b). The relative
tumor volume changes as a function of time were plotted
(Figure 8c). A slight inhibition of tumor growth by DOX-
hydrogel, HTS-PEG hydrogel, or HTS-PEG hydrogel + AMF
was observed in the first 10 days, but the tumor began to grow
gradually in the next 2 weeks. It suggested that the incomplete
ablation of tumor cells and residual cancer cells causes the local
recurrence on treatment by chemotherapy and thermotherapy
alone. In contrast, only the tumor of DOX-HTS-PEG hydrogel
+ AMF group was completely eliminated, showing a
remarkable synergistic effect of chemotherapy and HTS-PEG
hydrogel-induced magnetic hyperthermia therapy. To further
evaluate the in vivo therapeutic effect, the main organs (heart,
liver, spleen, lung, and kidney) and tumor regions of the mice
were harvested and sliced for staining with hematoxylin and
eosin (H&E) (Figure 8d). The combined therapy using DOX-
HTS-PEG hydrogel + AMF exhibited the largest necrosis area
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extensive fragmentation and obvious nuclear shrinkage,
indicating significant cell death. Meanwhile, the morphological
evaluation of H&E-stained major organs (Figure 8d) and the
body weight of the mice treated with various methods (Figure
SSa) was not obviously influenced when compared to that of
the control group, showing the excellent security and
biocompatibility of HTS-PEG hydrogel system.

As for the 4T1 tumor-bearing mice, the HTS-PEG hydrogel-
based synergistic therapy system had a similar effect to inhibit
the recurrence. The average tumor size of DOX-HTS-PEG
hydrogel + AMF group was the smallest among all groups
(Figure 9a,c); the HTS-PEG hydrogel after AMF exposure
could promote the temperature of tumor site above 42 °C
(mild magnetic hyperthermia, Figure 9b); the H&E-stained
tumor section exhibited the largest necrosis area with
combined therapy (Figure 9d) and the H&E-stained major
organs (Figure 9d) and the body weight of the mice (Figure
SSb) also confirmed the biocompatibility of the hydrogel
therapeutic system. Notably, the tumor was not completely
eliminated, and except for the combined treatment group, a
certain amount of tumor metastasis to the lung can be seen in
other groups of mice (Figure 9d). The results demonstrated
that the 4T1 tumor cells were prone to metastasize highly
aggressively and the HTS-PEG hydrogel system could inhibit
the lung metastasis of 4T1. All of these results revealed that the
developed hybrid hydrogel system with the synergistic
enhancement of antitumor effect can be a highly eflicient
postoperative adjuvant therapeutic approach to largely
minimize the risk of recurrence.

B CONCLUSIONS

In summary, we have successfully applied the nonmagnetic
materials—HTS-induced magnetic heating effect in the
biomedical field. The AMF-induced hyperthermia mechanism
of HT'S was the dipolar polarization of charged ions with high-
frequency electromagnetic radiation. The charged ions were
confined into the biocompatible hydrogel and utilized in the
prevention of breast cancer postoperative recurrence. The
AMF-induced hyperthermia behavior and dual stimuli-
responsive (pH and AMF) DOX release of these hydrogels
were studied. The hybrid hydrogel formulation could be
rapidly heated with AMF exposure, and the anticancer drug
release could be accelerated under acid tumor microenviron-
ment and magnetic heating effect. In summary, the hybrid
hydrogel facilitates chemothermal cotherapy and effectively
prevents local breast cancer recurrence in two kinds of breast
cancer mouse models. The biocompatible HTS will open a
new avenue to apply the nonmagnetic materials in magnetic
hyperthermia field.

B MATERIALS AND METHODS

Reagents and Chemicals. Agar powder, sodium chloride
(NaCl), calcium chloride (CaCl,), potassium chloride (KCl), and
other inorganic salts were supplied by Sinopharm Group Co. Ltd.
(Shanghai, China). Glycol chitosan (GC, 430 kDa) with 75%
deacetylation was purchased from Wako Pure Chemical Industries
Ltd. (Tokyo, Japan). The aldehyde-modified PEG2000 (DF-
PEG2000) was purchased from Yaribo Co. Ltd. (Shanghai, China).
The anticancer drug doxorubicin hydrochloride (DOX) was supplied
by Shanghai Jinhe Bio-Technology Co. Ltd. (Shanghai, China).
Dulbecco’s modified Eagle’s medium (DMEM), Roswell Park
Memorial Institute (RPMI) 1640 medium, fetal bovine serum
(FBS), penicillin—streptomycin (PS), and trypsin were bought from
Gibco Life Technologies (Beijing, China). 4T1, MCF-7, and 1929

cells were obtained from the American type culture collection
(ATCC). Female BALB/c mice were obtained from Weitong River
Laboratory Animal Technology Co., Ltd. (Beijing, China).

Methods. Preparation and Characterization of HTS-PEG
Hydrogels. The hydrogel was prepared according to our previous
publications.””** Briefly, 4% (w/w) glycol chitosan solution and 3%
(w/w) DF-PEG,g, solution were prepared by dissolving glycol
chitosan or DF-PEG,p in an 8.0—15.0% (w/w) sodium chloride
aqueous solution. As a typical hydrogel preparation, equal volumes of
glycol chitosan and DF-PEG, solution were mixed uniformly to get
the gelation within ~60 s. The control hydrogel was prepared without
the saline solution. Prior to all animal experiments and cell
experiments, the as-prepared hydrogel was sterilized with an
ultraviolet lamp for 24 h.

Fourier transform infrared spectra (FT-IR) were obtained by
model VERTEX80 Fourier transform infrared spectrometer at room
temperature (Bruker, Germany). The morphology of the HTS-PEG
hydrogel was characterized by FESEM. Equilibrium swelling ratio and
degradation of the hydrogel were measured gravimetrically. Rheology
analyses were carried out using a TA-AR2000 rheometer (TA
instruments) with a parallel plate geometry at 37 °C. The morphology
of the hydrogels was characterized by FESEM. The capacitance of the
saline solution was measured by a precision impedance analyzer
(4294A, Agilent).

Inductive Heating Properties of HTS Solutions and HTS-PEG
Hydrogel under AMF Exposure. The inductive heating properties of
the NaCl (HTS) and other kinds of inorganic salt solutions were
evaluated using 1 mL of salt solutions with different concentrations
contained in a S mL EP centrifugal tube. The PE tubes were placed in
the middle of a copper induction coil and exposed under an AC
magnetic field at a frequency (f) of 495 kHz and field intensities (H)
of 150, 220, and 285 Oe. The change in temperature was
continuously logged by fiber optic probes inserted within PE tubes,
and the heating curves with time were plotted. In addition, the HTS-
PEG hydrogels were subjected to three rounds of repeated exposure
using AMF on/off cycling (495 kHz, 220 Oe) in ~15 min intervals to
investigate their magnetic heating reproducibility.

Dielectric Constant Measurement of Different Saline Solutions.
The dielectric constant (&’) of different kinds of ion solutions was
tested on a precision impedance analyzer with a man-made box. The
frequency dependence of the dielectric constant can be calculated by
measuring the capacitance using the below formula

’

_ Cxd
A

where C is the capacitance, A is the area of the two plates, and d is the
separated distance of the two plates.

lon Confinement Effect of Hydrogel Formulation. The ion
confinement efficiency of the HTS-PEG hydrogel was evaluated by a
self-designed temperature measurement system. Agar phantom (8
mL, 4% (w/w), agar powder, 0.6% (w/w) NaCl, and 95.4% (w/w)
water) was added into a 15 mL centrifuge tube, and a 4 mL 15%
HTS-PEG hydrogel was transferred into the centrifuge tube on top of
the agar phantom. Three optical fibers were fixed within the system,
with one probe put in the center of the HTS-PEG hydrogel (T1) and
the other two below it at distances of 6.5 and 10.5 mm (T2 and T3, as
illustrated in Scheme 2). At different time intervals of 0, 12, 24, and
48 h, the centrifuge tube containing the phantom and hydrogel system
was exposed under AMF for 6 min. Temperatures of the three
positions, namely, T1, T2, and T3, were continuously measured and
compared.

Rheology Analyses of HTS-PEG Hydrogels. As a typical operation,
a 0.2 mL GC HTS solution was spread on a parallel plate. Then, a 0.2
mL DF-PEG,yy, HTS solution was added dropwise onto the surface
of the GC solution evenly, and the samples were applied to the
rheometer. The storage moduli G’ and loss moduli G” were collected
to monitor the gelation process in an oscillatory mode. The value of
the critical strain region (gel transfer to sol) was detected using the
strain amplitude sweep method. The change in modulus values versus
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Scheme 2. Design for Temperature Measurement System
Based on Agar Phantom/HTS-PEG Hydrogel

HTS-PEG _ T1
hydrogel f 4mm AT1
_lt25mm T AT2
t 4mm
— T3
Agar \
Temperature
probe

frequency or strain was analyzed by the samples prepared using the
above method and incubated for 20 min before data collection.

In Vitro Hydrolytic Degradation and pH-Dependent Drug
Release with or without Exposure under AMF. The in vitro
hydrolytic degradation of the hydrogel was performed under
simulated physiological environment. Briefly, each lyophilized hydro-
gel was divided into two groups. Group I was immersed in 10 mL of
PBS (pH = 7.4) and group II was immersed in 10 mL of PBS (pH =
6.5). Weight loss was performed as a function of incubation time at 37
°C. At determined time points, the samples were lyophilized, and the
change in weight was measured. The weight remaining rate (%) at
each time interval was determined using the equation

ight remaini W= We 009

weight remaining rate = X 100%

Wo ()
where W, is the beginning weight of each sample and W, is the dry
weight of the degraded hydrogels at different time intervals. All results
were estimated from the data of three individual experiments.

Drug release for extended time periods was studied at different pH
values with or without AMF exposure. Samples of 1 mL hydrogels
with 2.0 mg mL™ DOX were sealed into a dialysis bag (cutoff
molecular weight of 3000 Da). These dialysis bags were kept in the
plastic centrifuge tubes and, respectively, immersed in 20 mL of PBS
(pH = 7.4 and 6.5) in 37 °C water bath with occasional stirring.
Release medium (1 mL) was extracted and replaced with fresh PBS,
periodically. The vials were shaken in darkness at 37 °C. To
investigate the role of AMF exposure on drug release, parallel drug
release experiments were conducted on two samples of approximately
the same weight, with one subjected to the AMF (f = 495 kHz, H =
220 Oe) for 10 min at different time intervals and another one as a
control. Determination of DOX release and the cumulative DOX
release were calculated with a spectrophotometer measurement at an
absorbance value of 480 nm. Results were estimated from the data of
three individual experiments.

In Vivo Antitumor Efficacy of the DOX-Loaded Hydrogel. All
animal studies were conducted in accordance with the experimental
protocols involving animal study approved by the Institutional Animal
Care and Use Committee of Tsinghua University. All of the animals
were kept at a pathogen-free condition, maintained under artificial
day—night cycles (12 h light—dark cycles; 23 °C room temperature,
30—60% environment humidity), and received food and water ad
libitum.

To establish the tumor model, mice were subcutaneously injected
in the left back with § X 10° MCF-7 or 4T1 cells. The mice were
randomly assigned to five groups (n = 4 for each group). When the
volumes of tumor reached around ~0.2 cm?, the ~2/3 of the tumor
were removed by surgery with 1/3 left to simulate the residual tumor
bed for postoperative recurrence. Mice were treated with saline
(group 1), DOX-hydrogel (group 2), HTS-PEG hydrogel (group 3),
HTS-PEG hydrogel + AMF (group 4), and DOX-HTS-PEG hydrogel
+ AMF (group S). After 24 h of implantation, the mice in groups 4
and S were anesthetized and placed in an AMF (495 kHz, 220 Oe) for
hyperthermia treatment about 12 min. The temperature distribution
was recorded by fiber optic probes inserted within the tumor and
rectal. Mice were monitored in the following weeks for survival and
tumor profiling. Animal weight and tumor volume were measured and
calculated once every 2 or 3 days for 27 days. The animals were then

sacrificed and the tumor volume (V) was calculated using the
following equation

_LxWw?
2 3)

where the length (L) is the longest diameter and the width (W) is the
shortest diameter perpendicular to the length. The tumor volumes are
normalized against the original volumes (V;) for monitoring the
tumor growth process. All mice were monitored every other day for
body weight and tumor size. At day 27, mice were cervically
dislocated under an anesthetic status, and major organs (heart, liver,
spleen, lung, and kidney) and tumors were removed, immersed in 4%
buffered paraformaldehyde for 48 h, and embedded in paraffin. The
paraffin-embedded tissue samples of the implanted tumor were sliced
and stained with hematoxylin and eosin (H&E) for histopathological
changes evaluated by microscopy.

Statistical Analysis. All of the experimental data were presented as
the mean + standard deviation (SD) values. Statistical analysis was
conducted using one-way ANOVA followed by post hoc ¢ test with
the least significant difference method using the SPSS (IBM7 SPSS
version 23) to evaluate differences between two groups. Values of P,
which were less than 0.0S, were considered statistically significant.
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