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Magnetic hyperthermia using heat locally generated by magnetic
nanoparticles (MNPs) under an alternating magnetic field (AMF) to
ablate cancer cells has attracted enormous attention. The high
accumulation of MNPs and slow heat dissipation generated in
tumors are considered the dominant factors involved in magnetic
hyperthermia. However, the influence of intracellular micro-
environment on magnetic hyperthermia has been ignored. This
study unveiled for the first time the critical role of intracellular
microenvironment on magnetic hyperthermia. The intracellular
microenvironments of cancer cells and normal cells showed differ-
ent influence on the magnetothermal properties and magnetic
hyperthermia effects of MNPs. The MNPs in cancer cells could
generate higher temperatures and induce higher rates of apoptosis
than those in normal cells. Compared with that of normal cells, the
intracellular microenvironment of cancer cells was more conducive
to Brownian relaxation and the dynamic magnetic response of
internalized MNPs. The cancerous intracellular microenvironment
had a discriminative effect on the magnetic hyperthermal effect of
MNPs due to the low viscoelasticity of cancer cells, which was
verified by the softening or stiffening of cells and simulation models
created using viscous liquids or elastic hydrogels. These findings
suggest that the intracellular microenvironment should be consid-
ered another critical factor of the magnetic hyperthermal effect
of MNPs.
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New concepts

Our study unveils the critical role of intracellular microenvironment of
cancer cells in magnetic hyperthermia. The intracellular microenviron-
ment of cancer cells is more conducive to the magnetothermal conversion
and magnetic hyperthermal effect of MNPs than the normal healthy cells.
The internalized MNPs in cancer cells can generate higher temperatures
and induce higher rates of apoptosis than the MNPs in normal cells. The
intracellular microenvironment of cancer cells has been demonstrated
one of the dominant factors of magnetic hyperthermia.

Introduction

Magnetic hyperthermia, which involves the use of magnetic
nanoparticles (MNPs) to generate localized heat under an alter-
nating magnetic field (AMF) of appropriate field intensity (few
tens of kA m™') and frequency range (100-300 kHz),'™ has
been developed as a promising approach for cancer treatment
because of its tissue penetration depth®® and biocompati-
bility.”® The use of magnetic hyperthermia to treat prostate
cancer and pancreatic cancer has been approved by the U.S.
Food and Drug Administration.” Numerous clinical trials have
been conducted by MagForce AG (Berlin, Germany) to investi-
gate the efficacy of magnetic hyperthermia for the treatment of
pancreatic cancer.>® However, magnetic hyperthermia can not
only ablate cancer cells but also affect normal healthy cells
because cancer cells and normal cells coexist within the same
milieu,’® and all these cells can take up MNPs.'** Under-
standing the principles of magnetic hyperthermia and its
cellular bias is critical to maximize its anticancer therapeutic
effect while minimizing its negative side effects on normal
healthy cells.

The different vasculatures of tumors and healthy tissues are
generally considered to contribute to the success of magnetic
hyperthermia. Healthy tissues have an orderly and efficient
vascular network and lymphatic vessels for blood circulation
and lymphatic drainage. However, tumors have disorganized
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and chaotic vascular networks and lymphatic vessels that are
immature, tortuous, and hyperpermeable."*'> The hyper-
permeable vasculature and poor lymphatic drainage allow the
MNPs to extravasate from the vasculature and remain in the
tumors, thereby enhancing the cellular uptake of MNPs by
cancer cells, which is known as the enhanced permeability
and retention (EPR) effect.'® The increased uptake and reten-
tion of MNPs in cancer cells results in the generation of high
local temperatures to effectively ablate cancer cells. Moreover,
the distorted vasculature cannot dissipate heat easily, resulting
in the overheating of tumors.

In addition to the effects of the typical characteristics of
the vasculature of tumors, other factors affecting the magne-
tothermal properties of MNPs should also be considered.'”°
The microenvironment surrounding MNPs can affect the
Brownian relaxation of superparamagnetic MNPs and their
magnetothermal conversion.”’”>> Nevertheless, it is unclear
whether the intracellular microenvironment of different cell
types affects the magnetothermal properties of MNPs or if the
cells themselves can discriminate magnetic hyperthermia.
Therefore, the aim of this study was to investigate how
the intracellular environment of cancer cells and normal
cells affects the magnetothermal properties and magnetic
hyperthermal effect of MNPs. Human bone osteosarcoma cells
(MG63 cells), normal human osteoblasts (NHOst cells) and
human bone marrow-derived mesenchymal stem cells (MSCs),
which are related to bone osteosarcoma,”® were used to
compare whether different cell types affect the magnetother-
mal properties of MNPs and their magnetic hyperthermia
efficiency (Scheme 1). The results indicated that the intra-
cellular environment of cancer cells was discriminatively
beneficial for the magnetothermal conversion and magnetic
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hyperthermal effect of MNPs, which could be another key
factor of magnetic hyperthermia.

Results
Characterization and cellular interaction of MNPs

The MNPs were synthesized and modified with citrate for
colloidal stability in culture medium.>* The MNPs had a
flower-like shape with an average size of 30.2 + 4.9 nm
(Fig. 1(A) and (B)). X-ray Diffraction (XRD) demonstrated that
each diffraction peak of the bare-MNPs and citrate-MNPs
corresponded to the standard Fe;O, pattern (JCPDS file no.
19-0629) and the lack of additional peaks indicated that the
synthesized MNPs were composed of pure-phase Fe;O, with a
cubic spinel structure (Fig. 1(C)).>* The surface chemical state
of the bare-MNPs and citrate-MNPs was analyzed by X-ray
photoelectron spectroscopy (XPS).>° The Fe 2p spectra of
the bare-MNPs (ESI,¥ Fig. S1A) and citrate-MNPs (Fig. 1(D))
exhibited two primary peaks at ~710 eV and ~723 eV, corres-
ponding to Fe 2p;, and Fe 2p,,, respectively, which are
characteristic of Fe;04.>” XPS profiles of O1s electrons of the
bare MNPs (ESI,i Fig. S1B) and citrate MNPs (Fig. 1(E)) were
deconvoluted into two peaks located at ~529 eV and ~ 531 eV,
corresponding to the oxygen in O-H or O-C components
and oxygen species in the Fe-O component of magnetite,
respectively. The C 1s spectra provided insight into the
presence of citrate on the Fe;zO, surface. Analysis of the
citrate-MNPs spectrum C 1s region (Fig. 1(F)) revealed an
enlarged C—O0 peak area (25.2%) in comparison to that of
the bare-MNPs spectrum (18.6%) (ESL Fig. S1C). Modification
of the MNPs by citrate was further confirmed by Fourier
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of cancer cells and normal cells on the magnetothermal properties of

internalized MNPs and the magnetic hyperthermia efficiency. The illustration was generated with BioRender (https://app.biorender.com/).
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Fig. 1 Physical characterization and cellular uptake of MNPs. TEM images of MNPs at (A) low and (B) high magnification. (C) XRD patterns of bare-MNPs,
citrate-MNPs and JCPDS card: 19-0629. XPS analysis and fitted curves of (D) Fe 2p peaks, (E) O 1s peaks and (F) C 1s peaks of citrate-MNPs.
(G) Hydrodynamic size distribution of citrate-MNPs. (H) Zeta potentials of bare-MNPs and citrate-MNPs. (I) Prussian blue staining of MNPs in MSCs,
NHOst cells and MG63 cells after culture with 120 ug mL™2 MNPs for 0, 2, 6, 12, 24 and 48 h. (J) Cellular uptake of MNPs by MSCs, NHOst cells and MG63
cells after culture with 120 pg mL™* MNPs for 12 h. Data are expressed as the mean + S.D. (n = 3). N.S.: no significant difference.

transform infrared spectroscopy (FT-IR), which revealed char- The citrate-MNPs exhibited superparamagnetic properties at
acteristic absorption peaks of COO~ groups at 1388.7 and room temperature (ESL Fig. S1E). The citrate-MNPs could be well
1568.1 cm ' (ref. 25) (ESI,T Fig. S1D). dispersed in aqueous solution without precipitation (ESL T Fig. S1F).
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The hydrodynamic size of citrate-MNPs in water (Fig. 1(G)),
MSC growth medium (MSCGM), osteoblast basal medium (OBM)
and Dulbecco’s modified Eagle’s medium with high glucose
(DMEM) was 106.7 & 37.3, 118.6 + 42.5,128.7 & 36.7 and 133.0
46.4 nm, respectively (ESLT Fig. S1G-I). The hydrodynamic dia-
meters of the citrate-MNPs in water and media were not signifi-
cantly different, indicating good colloidal stability of the MNPs in
the physiological environment. The zeta potential of the bare-
MNPs was 36.3 + 4.2 mV (Fig. 1(H)). After modification, the zeta
potential of the citrate-MNPs was —29.9 £+ 0.5 mV owing to the
introduction of citrate groups on the MNPs surface. The citrate-
MNPs were used in all the following experiments.

The MNPs were subsequently used for cell culture to inves-
tigate their optimal concentration for magnetic hyperthermia.
Without AMF exposure, the MNPs cannot generate heat, and
the influence of MNPs on cell viability without AMF exposure was
first evaluated. Three types of osteosarcoma microenvironment-
related cells (MG63 cells, NHOst cells and MSCs) were cultured
with MNPs at concentrations ranging from 0 to 240 ug mL ™. Live/
dead staining revealed that the MNPs did not affect cell viability
at concentrations ranging from 0 to 120 pg mL ™", as all the cells
were alive (ESLT Fig. S2A, C and E). When the concentration
of MNPs increased to 240 ug mL ™", some dead cells (red fluores-
cence) were observed. The quantification of cell viability via the
WST-1 assay also demonstrated that cell viability was not signifi-
cantly affected by MNPs concentrations up to 120 ug mL "' (ESL}
Fig. S2B, D and F). A high concentration of MNPs (240 pg mL ™)
significantly reduced cell viability. The cell morphology did not
change when the cells were cultured with 120 pg mL~" MNPs for
12 h (ESLT Fig. S3). These results indicated that MNPs up to
120 pg mL~ " were compatible with all the cells. Therefore, MNPs
at a concentration of 120 pg mL ™" were used in the following
experiments.

The cellular uptake of the MNPs was monitored during cell
culture. MSCs, NHOst cells and MG63 cells were cultured with
120 pg mL~' MNPs for 0-48 h, and Prussian blue staining was
used to visualize the internalized MNPs (Fig. 1(I)). When the cells
were cultured with MNPs, MNPs were detected in all the cells. The
three types of cells showed similar uptake performance. The
cellular uptake of MNPs increased with culture time within
12 h. However, prolonged culture duration beyond 12 h led to a
reduction in internalized MNPs, which was attributable to cell
proliferation and metabolic processes. ICP-OES quantification
revealed that the amount of MNPs internalized by MSCs, NHOst
cells and MG63 cells after 12 h of culture was 41.9 + 5.7, 40.0 +
4.0 and 38.9 £ 5.7 pg per cell, respectively. The cellular uptake
amount of MNPs among the three types of cells was almost the
same (Fig. 1(J)). Accordingly, the subsequent experiments were
performed with an MNP concentration of 120 pg mL ™" and a cell
culture time of 12 h to achieve maximal cellular uptake of MNPs
with minimal influence on cell viability.

Influence of the intracellular microenvironment of cancer cells
and normal cells on the magnetothermal properties of MNPs

To investigate whether the intracellular microenvironment of
different cell types affects the magnetothermal properties of
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MNPs, cancer cells (MG63) and normal cells (MSCs and NHOst
cells) were cultured with 120 g mL~" MNPs for 12 h. After 12 h
of culture with MNPs, the cells were washed, collected and
exposed to an AMF. The temperature change was recorded, and
the specific absorption rate (SAR), an indicator of the magne-
tothermal conversion efficiency, was calculated. As shown in
Fig. 2(A), the temperature of the three types of cells increased
with increasing AMF irradiation time. However, the tempera-
ture increase in cancer cells (MG63 cells) was significantly
greater than that in normal cells (MSCs and NHOst cells).
The SAR of cancer cells was also significantly greater than that
of normal cells (Fig. 2(E)). The results indicated that the
intracellular microenvironment of cancer cells and normal cells
had different effects on magnetothermal conversion efficiency
and that compared with normal cells, cancer cells facilitated
the magnetothermal conversion of MNPs.

The favorability of the cancerous intracellular microenvir-
onment for the magnetothermal conversion of MNPs might be
due to the disordered cytoskeletal structure of cancer cells.
It has been reported that cancer cells have disordered cytoske-
letons and are softer than their normal counterpart cells.>*>57*
Actin filament staining indicated that normal cells (MSCs and
NHOst cells) presented well-organized actin filaments across
cell bodies, whereas cancer cells presented disordered actin
filament organization with predominant assembly in periph-
eral regions (ESLt Fig. S4A). The uptake of MNPs did not affect
actin filament organization in either normal cells or cancer
cells (ESL Fig. S4B).

To demonstrate the influence of the cytoskeleton on the
magnetothermal conversion of MNPs, softening and stiffening
of the cells by cytochalasin D (Cyto D) and paraformaldehyde
(PFA) fixation were conducted, and the treated cells were used
for magnetothermal conversion evaluation. The actin filaments
of both normal cells and cancer cells after Cyto D treatment
showed similar disordered actin filament organization (ESLt
Fig. S4C and D). The internalized MNPs remained in the cells
even after Cyto D treatment (ESLt Fig. S4E and F). The
magnetothermal conversion of the MNPs was compared after
Cyto D, PFA fixation or lysis (ESL,T Fig. S5). All groups showed a
gradual increase in temperature with increasing AMF irradia-
tion time. The magnitude of the temperature increase differed
among the different treatments. The lysed cells presented the
fastest temperature increase and highest SAR, followed by
the Cyto D-treated cells, intact cells and fixed cells, which
corresponded with the cytoskeletal structure. Disturbance of
the cytoskeleton increased the magnetothermal conversion
efficiency, whereas fixation resulted in decreased efficiency of
magnetothermal conversion of the MNPs.

When the cancer cells and normal cells were compared after
lysis, Cyto D treatment and fixation, the cancer cells still
presented greater increases in temperature and the SAR than
the normal cells after Cyto D treatment (Fig. 2(B) and (E)). This
occurred because the Cyto D treatment disturbed but did
not destroy the cytoskeletal structure (ESI,f Fig. S4C and D).
However, all the fixed and lysed cells presented the same
temperature increase (Fig. 2(C) and (D)) and the same SAR

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Magnetothermal conversion (temperature change and SAR) and magnetic hyperthermal effect of intracellular MNPs in MSCs, NHOst cells and
MG63 cells without any treatment or after Cyto D treatment, fixation or lysis. (A)—(D) Temperature-time curve during 10 min of AMF irradiation,
temperature increase after 10 min of AMF irradiation, and (E)—(H) SAR of MNPs in (A), (E) intact cells, (B), (F) Cyto D-treated cells, (C), (G) fixed cells and
(D), (H) lysed cells. (I), (K) Representative flow cytometry image of cell apoptosis and (J), (L) the apoptosis rates of (I), (J) intact cells and (K), (L) Cyto
D-treated cells. Data are expressed as the mean + S.D. (n = 3). Significant difference: *p < 0.05, ***p < 0.001. N.S.: no significant difference.

(Fig. 2(G) and (H)). This occurred because lysis released the
MNPs from the cells, and the free MNPs had the same magneto-
thermal properties. Fixation crosslinked the cytoskeletal network
and made the cells stiffer, which also resulted in the same
magnetothermal properties of the MNPs in the fixed cells.

The results indicated that the intracellular MNPs in MG63 cells
presented a significantly greater magnetothermal conversion

This journal is © The Royal Society of Chemistry 2025

efficiency and induced greater temperature changes than did
the intracellular MNPs in normal cells because of the differences
in cytoskeletal structure. A temperature just a few degrees above
the physiological temperature can cause protein unfolding,

entanglement, nonspecific aggregation, initiation of the heat

shock response and ultimately induction of cell apoptosis.

32,33

The different temperature increases generated by the intracellular
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MNPs in different cell types might induce different degrees of cell
apoptosis. Cell apoptosis after AMF irradiation was evaluated via
flow cytometry (Fig. 2(I)-(L) and ESL Fig. S6). The cells without
MNPs were used as controls. Compared with the control group,
there was no significant difference in the apoptosis rate of cells
exposed to AMF alone, MNPs alone, or Cyto D alone, indicating
that AMF irradiation, MNPs and Cyto D treatment did not induce
cell apoptosis (ESL Fig. S6). In contrast, the apoptosis rate of cells
in the MNP + AMF group increased significantly, which was
attributed to the heat generated by the MNPs internalized within
the cells. Furthermore, the cells in the MNP + Cyto D + AMF group
had a greater apoptosis rate than did those in the MNP + AMF
group; this occurred because Cyto D increased the magnetother-
mal conversion efficiency.

Interestingly, the cancer cells showed a greater apoptosis
rate than did the normal cells when the different types of cells
were compared (Fig. 2(I)-(L)). The MG63 cells in the MNP +
AMF group exhibited a greater apoptosis rate than did those in
the MSC and NHOst cell groups did, which can be explained by
the greater magnetothermal conversion efficiency of the intra-
cellular MNPs in the cancer cells. After Cyto D treatment, MG63
cells also presented a greater apoptosis rate than did MSCs and
NHOst cells in the MNP + Cyto D + AMF group; this occurred
because Cyto D treatment increased the magnetothermal con-
version efficiency of intracellular MNPs, and the efficiency
was greater in Cyto D-treated cancer cells than Cyto D-treated
normal cells.

Discriminative magnetic hyperthermia of cancer cells via MNPs

To examine whether the magnetic hyperthermal effect of MNPs
could discriminatively ablate cancer cells in a mixture of cancer
cells and normal cells, cancer cells and normal cells were
cocultured, and the magnetic hyperthermia induced by MNPs
in different cell types was compared. The MG63 cells were
labeled with green fluorescence protein (GFP) and then cocul-
tured with normal cells (MSCs or NHOst cells). The cocultured
cells were incubated with 120 ug mL~" MNPs for 12 h. Then, the
cells were washed, collected and exposed to AMF. The apoptosis
rates of cancer cells and normal cells were compared (Fig. 3).
In the absence of MNPs (control), the apoptosis rate was very
low, and there was no significant difference between cancer
cells and normal cells, confirming that the AMF did not
discriminatively affect the death of either cancer cells or normal
cells. In the MNP + AMF group, the apoptosis rate of both
cancer cells and normal cells increased due to the heat gener-
ated by the MNPs under the AMF. However, the apoptosis rate
of cancer cells was significantly greater than that of normal
cells. When MG63-GFP cells were cocultured with MSCs in
the MNP + AMF group, the apoptosis rate of MG63-GFP cells
(27.2 £ 1.4%) was significantly greater than that of MSCs
(12.0 + 2.0%) (Fig. 3(A) and (B)). When MG63-GFP cells were
cocultured with NHOst cells in the MNP + AMF group, the
apoptosis rate of MG63-GFP cells (25.5 + 4.4%) was signifi-
cantly greater than that of NHOst cells (10.9 £+ 1.3%) (Fig. 3(C)
and (D)). The results suggested that the magnetic hyperther-
mal effect of the MNPs could discriminatively induce more

4368 | Mater. Horiz., 2025,12, 4363-4378
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significant apoptosis in cancer cells than in normal cells in the
mixed cell population. Until now, the enhanced cellular uptake
of MNPs and poor heat dissipation have been considered
the predominant factors related to the magnetic hyperthermal
effect of MNPs. In addition to these factors, the intracellular
microenvironment of cancer cells should be considered another
critical factor.

Alternating current susceptibility of MNPs in different types
of cells

The alternating current (AC) susceptibility of MNPs in different
types of cells was measured to further explain the different
influences of the intracellular microenvironment of cancer cells
and normal cells on the magnetothermal conversion efficiency
of MNPs. The AC susceptibility of free MNPs (MNPs dispersed
in distilled water) is shown in Fig. 4(A). The real AC suscepti-
bility component (;') of free MNPs from 10 Hz to 10 kHz
progressively decreased with increasing frequency. The imagin-
ary component (") showed a Brownian relaxation-related peak
near 10 kHz, revealing the prevalence of Brownian relaxation
of the synthesized MNPs with diameter around 30 nm in the
studied frequency range.’ This is consistent with the AC
susceptibility of other previously reported superparamagnetic
nanoparticles whose internal magnetic moment remains
aligned with the AC field primarily through Brownian rotation
during the AC field cycle.”%?**%°

The AC susceptibility of MNPs in MSCs, NHOst cells and
MG63 cells without treatment or after Cyto D treatment, PFA
fixation or cell lysis was shown in Fig. 4(B)-(E) and ESL, T Fig. S7.
The dynamic magnetic response of the intracellular MNPs, with
the exception of those in the lysed cell group, clearly differed
from that of MNPs in water. Compared with the AC suscepti-
bility of free MNPs in water, the absolute value of y” of
intracellular MNPs in all the cell types decreased across the
entire frequency range (ESL,T Fig. S7), indicating the shifting of
the Brownian relaxation peak to a lower frequency. Compared
with that of the intracellular MNPs in intact cells, the y” value
increased and the y” peak tended to shift toward a higher
frequence after Cyto D treatment but the y” value decreased
and the y” peak tended to shift toward a lower frequence
after fixation. This trend was observed in all three types of
cells, indicating that Cyto D treatment and fixation influenced
the dynamic magnetic response of the intracellular MNPs
by softening and stiffening the intracellular environment,
respectively.

When the three types of cells were compared, the y” of MNPs
within MG63 cells was greater than that of MNPs within MSCs
and NHOst cells. The y” peak tended to shift toward a higher
frequence than did that of the normal cells, indicating that
the MNPs in the cancer cells had a greater dynamic magnetic
response than did those in the normal cells (Fig. 4(B)).
However, the y” values of MNPs in the lysed MSCs, NHOst cells
and MG63 cells showed Brownian-related peaks at approxi-
mately 10 kHz, which was similar to that of free MNPs,
indicating that intracellular MNPs were released from the cells
after cell lysis (Fig. 4(E)).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Apoptosis of cancer cells and normal cells induced by the magnetic hyperthermal effect of MNPs during coculture of MG63-GFP cells and MSCs
or NHOst cells. (A) Representative flow cytometry image and (B) apoptosis rate of cocultured MSCs and MG63-GFP cells with or without MNPs after AMF
irradiation. (C) Representative flow cytometry image and (D) apoptosis rate of cocultured NHOst and MG63-GFP cells with or without MNPs after AMF
irradiation. Data are expressed as the mean + S.D. (n = 3). Significant difference: **p < 0.01. N.S.: no significant difference.

Simulation of the influence of the intracellular
microenvironment on the magnetothermal properties of MNPs
using viscous liquids and elastic hydrogels

Cells are active viscoelastic materials whose viscosity and
elasticity are dependent on the cell type. Compared with
normal cells, cancer cells are less viscous and less elastic due
to their disordered cytoskeletal structure.”®* ' The differences
in the magnetothermal properties of intercellular MNPs
between cancer cells and normal cells are likely related to the
differences in viscoelasticity between these cells. To test this
hypothesis, viscous liquids and elastic hydrogels were prepared
to simulate the viscoelastic properties of living cells to elucidate
the influence of viscosity and elasticity on the magnetothermal
properties and dynamic magnetic response of MNPs (Fig. 5).
MNPs were suspended in polyethylene glycol (PEG) solutions
of different concentrations, and the viscosity increased with
increasing PEG concentration (Fig. 5(A), (B) and Table 1).
During AMF irradiation, the temperature of the viscous solution
increased with increasing irradiation time. However, the rate

This journal is © The Royal Society of Chemistry 2025

of increase in temperature decreased with increasing viscosity
(Fig. 5(C)). The SAR of the MNPs also significantly decreased
with increasing viscosity (Fig. 5(D)). Moreover, the AC suscepti-
bility of the MNPs was measured, and the results revealed the
progressive broadening and shifting of the y” peak toward a
lower frequency when the viscosity increased (Fig. 5(E)). These
results suggested a negative correlation between the Brownian
relaxation of MNPs and viscosity.

MNPs were embedded in polyacrylamide (PAAm) hydrogels
of different degrees of crosslinking by adjusting the amount of
the crosslinking agent N,N-methylenebis acrylamide (Bis). The
elastic modulus of the hydrogels increased with increasing
degree of crosslinking (Fig. 5(F), (G) and Table 2). Under AMF
irradiation, the temperature of the hydrogels increased with
increasing irradiation time, and the rate of increase in tempera-
ture decreased with increasing hydrogel elasticity (Fig. 5(H)).
Furthermore, the SAR of the MNPs (Fig. 5(I)) exhibited the same
trend as the temperature changed, indicating an inverse relation-
ship with elasticity. The imaginary Brownian peak of the AC
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Fig. 4 Comparison of the AC susceptibility of intracellular MNPs in MSCs, NHOst cells and MG63 cells without any treatment or after Cyto D treatment,
fixation or lysis. (A) AC susceptibility of free MNPs in water. AC susceptibility of intracellular MNPs in (B) intact cells, (C) Cyto D-treated cells, (D) fixed cells

and (E) lysed cells.

susceptibility of the MNPs tended to shift to a lower frequency as
the elasticity increased (Fig. 5(J)). Notably, the decreased y” values
of the MNPs in viscous liquids and elastic hydrogels resembled
those of the intracellular MNPs in living cells (Fig. 4(B) and (C)),
suggesting that the intracellular microenvironments had similar
effects on the dynamic magnetic response of the MNPs via
viscosity and elasticity within the cells.

4370 | Mater. Horiz., 2025,12, 4363-4378

Discussion

Magnetic hyperthermia employs MNPs to create localized heat
upon exposure to an AMF. This therapeutic approach has gar-
nered significant attention owing to its excellent biocompatibility
and tissue penetration. The European Union has approved Nano-
Therm®, an aminosilane-coated Fe;O, superparamagnetic

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Influence of the viscosity of liquids and the elasticity of hydrogels on the magnetothermal conversion and AC susceptibility of MNPs. (A) Viscous
PEG solutions of different concentrations. (B) Apparent viscosity of viscous PEG solutions at shear rates ranging from 0.1 to 100 s~ at 37 °C.
(C) Temperature change, (D) SAR and (E) AC susceptibility of MNPs in viscous PEG solutions under AMF irradiation. (F) PAAm hydrogels with different
degrees of crosslinking. (G) Elastic modulus of the PAAmM hydrogels. (H) Temperature changes and (I) SAR and (J) AC susceptibility of MNPs in PAAm
hydrogels under AMF irradiation. Data are expressed as the mean + S.D. (n = 3). Significant difference: *p < 0.05, **p < 0.01, ***p < 0.001. N.S.: no
significant difference.

Table 1 Viscosity of PEG solutions containing MNPs

PEG solution 10% 20% 25% 30% 40%

Viscosity (mPa s) 131+ 1.2 65.1 + 7.9 108.6 + 7.4 290.6 + 5.3 607.6 + 27.7
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Table 2 Elasticity (G') of PAAm hydrogel embedded with MNPs
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PAM hydrogel 8%-Bis 0.008% 8%-Bis 0.025%

8%-Bis 0.03% 8%-Bis 0.06% 8%-Bis 0.08%

G' (KPa) 0.11 £ 0.05 0.27 £ 0.04

nanoparticle, as an adjunctive therapy for glioblastoma in
combination with radiotherapy.***” It has been assumed that
magnetic hyperthermia for cancer therapy is based on two key
factors. One is the enhanced accumulation of MNPs in cancer
cells, and the other is poor heat dissipation due to the dis-
organized and chaotic vascular networks and lymphatic vessels
in tumors. However, our study demonstrated that the intra-
cellular microenvironment is also critical for magnetic
hyperthermia because the intracellular microenvironment of
cancer cells is more favorable for magnetothermal conversion
of MNPs than that of normal cells. In other words, the intra-
cellular microenvironment of cancer cells can discriminate the
magnetothermal conversion of intracellular MNPs.

The favorable intracellular microenvironment of cancer cells
for magnetothermal conversion of intracellular MNPs is likely
due to the low viscoelastic properties of cancer cells compared
with those of normal cells. This was demonstrated by using
Cyto D treatment to soften the cells or by using fixation
treatment to stiffen the cells. Both cancer cells and normal
cells subjected to Cyto D treatment presented greater magne-
tothermal conversion of the intracellular MNPs, whereas the
fixed cells (both cancer cells and normal cells) presented lower
magnetothermal conversion efficiency of the intracellular
MNPs than did the untreated cells. A simulation of the viscoe-
lastic intracellular microenvironment using viscous liquids and
elastic hydrogels also demonstrated that low viscosity and low
elasticity promoted the magnetothermal conversion of MNPs.

Under an AMF, the magnetic moments of MNPs reorient to
align with the external field, converting electromagnetic energy
into thermal energy. The orientation degree of magnetic
moments depends on the properties of the MNPs.”?® The
superparamagnetic nanoparticles that were used in this study
rely on relaxation loss to reorient their magnetic moments
for magnetothermal conversion.*>"* Relaxation includes Néel
and Brownian relaxation.”* Néel relaxation refers to magnetic
moment reorientation when MNPs remain immobilized.
In contrast, Brownian relaxation refers to entire MNP rotation
with reorientation of the magnetic moment.*® Brownian relaxa-
tion converts magnetic energy to thermal energy through the
physical rotational friction of MNPs.** The intracellular MNPs
were not immobilized; thus, the magnetothermal conversion
should be based on the Brownian relaxation of the MNPs.

AC susceptibility was utilized to elucidate the influence of
the different intracellular environments of cancer cells and
normal cells on the Brownian relaxation of MNPs. The y” value
of the intracellular MNPs in the cancer cells (MG63) was greater
and the frequency of the y” peak was higher than those in the
normal cells (NHOst cells and MSCs) (Fig. 4(B)); this should
be due to the less viscous and less elastic intracellular micro-
environment of cancer cells, which allows easier rotation of the

4372 | Mater. Horiz., 2025, 12, 4363-4378
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MNPs compared with the intracellular microenvironment of
normal cells. This hypothesis was verified by softening or
stiffening the cells or by using models established with differ-
ent viscous liquids and elastic hydrogels. Softening cells with
Cyto D treatment resulted in low viscosity and low elasticity,
increasing the y” peak frequency of MNPs, while stiffening cells
with fixation resulted in high viscosity and high elasticity,
decreasing the ;" peak frequency (ESL T Fig. S7). Softening the
cells, creating lower viscosity and lower elasticity, facilitated
easier rotation of the MNPs to generate more heat under AMF
irradiation, whereas stiffening the cells, creating higher viscos-
ity and higher elasticity, made rotation of the intracellular
MNPs more difficult, generating less heat via Brownian relaxation
under AMF irradiation.

The findings of this study suggest that intracellular MNPs
could generate more heat to induce more significant apoptosis
in cancer cells than in normal cells. The intracellular micro-
environment should be considered another critical factor of the
magnetic hyperthermal effect of MNPs. These insights provide
useful information for optimizing MNP-based hyperthermia
to achieve maximal anticancer effects with minimal damage
to healthy cells.

Conclusion

The influence of the intracellular microenvironment of cancer
cells and normal healthy cells on the magnetothermal proper-
ties and magnetic hyperthermal effect of MNPs was elucidated
by investigating the magnetothermal conversion, SAR and
Brownian relaxation of intracellular MNPs in these cell types.
Compared with normal cells (NHOst cells and MSCs), the
internalized MNPs in cancer cells (MG63 cells) showed greater
temperature changes and SAR values, leading to greater
apoptosis rates. These results suggest that the intracellular
microenvironment of cancer cells is more conducive to the
magnetothermal conversion of MNPs than that of normal
healthy cells. The discriminative magnetic hyperthermal effect
of MNPs on cancer cells was due to the low viscoelasticity of
the cancer cells, which was verified by softening or stiffening
the cells and simulated models created using different viscous
liquids and elastic hydrogels. The intracellular microenviron-
ment of cancer cells should be considered one of the domi-
nant factors of magnetic hyperthermia.

Materials and methods
Reagents and chemicals

Sodium hydroxide, granular (NaOH), iron(m) chloride hexa-
hydrate (FeCl;-6H,0), iron(u) chloride tetrahydrate (FeCl,-4H,0),

This journal is © The Royal Society of Chemistry 2025
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sodium citrate tribasic dihydrate, cytochalasin (Cyto D), Triton
X-100, DMEM, Opti-MEM"E I reduced serum media, penicillin-
streptomycin solution (100x), trypsin-EDTA solution (0.25%),
t-glutamine, AAm, Bis, ammonium persulfate (APS) and an
annexin V-FITC apoptosis detection kit were purchased from
Sigma-Aldrich. Fetal bovine serum (FBS), Alexa Fluor VR 488
phalloidin, Lipofectamine™ 2000 transfection reagent, G418,
Geneticin® and eBioscience™ annexin V-APC apoptosis detec-
tion kits were acquired from Thermo Fisher Scientific, Inc. A
Prussian Blue Stain Kit was purchased from ScyTek Labora-
tories, Inc. Phosphate-buffered saline (PBS, 10x, pH 7.4) was
obtained from Nacalai Tesque, Inc. Hoechst 33258 solution,
tetrazolium salt (WST-1 reagent) and a CellStain® double-
staining kit were purchased from Dojindo. N-Methyldiethanol-
amine (NMDEA), diethylene glycol (DEG), ethanol, ethyl acetate,
paraformaldehyde (PFA, 4%), bovine serum albumin (BSA), nitric
acid (HNO3, 67%), hydrogen peroxide (H,0,, 30%) and N,N,N',N'-
tetramethylethylenediamine (TEMED) were purchased from Wako
Pure Industries, Ltd. The pAcGFP1-N1 plasmid expressing GFP
was purchased from Clontech Laboratories (Palo Alto, CA). The
MSCGM and OBM were purchased from Lonza. All chemicals were
used without further purification.

Synthesis and physicochemical characterization of MNPs

MNPs were synthesized via a solvothermal method.****

A solution containing 4 mmol FeCl; and 2 mmol FeCl, (in
polyols of NMDEA and DEG) was stirred for 1 h under an N,
atmosphere. Afterward, a polyol solution of NaOH was added
dropwise to the iron chloride solution and stirred for another
3 h. The mixture was then heated to 220 °C within 1 h. After
reacting for 12 h, the black sediment was magnetically sepa-
rated and washed with a mixture of ethanol and ethyl acetate.
The separated black sediment was dispersed in an aqueous
solution of sodium citrate and reacted at 60 °C for 24 h to
achieve chelation between the MNPs and citrate ions, thereby
functionalizing the MNPs with citrate ions. The citrate-MNPs
were obtained by centrifugation (12000 rpm, 15 min) and
washed with distilled water three times. The morphology and
size of the citrate-MNPs were examined via TEM with a JEOL
JEM-ARM200F. The XRD patterns and XPS spectra of bare-
MNPs and citrate-MNPs were measured by MiniFlex600-Cu
and ULVAC-PHI QuanteraSXM, respectively. The FT-IR spec-
trum of the prepared citrate-MNPs was measured. The normal-
ized field-dependent magnetization (M-H) curve of the citrate-
MNPs was measured. The hydrodynamic size and zeta potential
of the citrate-MNPs in distilled water or various culture media
(DMEM, MSCGM and OBM) was analyzed via dynamic light
scattering (DLS, Beckman Coulter). Triplicate samples were
used for the measurements to calculate the means + standard
deviations.

Biocompatibility of MNPs

The biocompatibility of the MNPs was quantitatively evaluated
via a WST-1 assay and visualized via live/dead staining. The
MSCs, NHOst cells and MG63 cells were separately seeded in
96-well cell culture plates at a concentration of 1 x 10* cells per well.

This journal is © The Royal Society of Chemistry 2025
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After 24 h, the culture medium was replaced with fresh medium
containing MNPs ranging from 0 to 240 pg mL ™", and the cells
were cultured for 24 h. After 24 h of culture, the cells were
washed with PBS and then incubated in serum-free medium
containing calcein AM and propidium iodide (PI) for live/dead
staining analysis. In addition, cells treated with various con-
centrations of MNPs were washed with PBS and incubated with
diluted WST-1 reagent for 3 h to assess cell viability. Triplicate
samples were used for the measurements to calculate the
means =+ standard deviations.

Cellular uptake of MNPs

Prussian blue staining was performed to visualize the inter-
nalized MNPs in MSCs, NHOst cells and MG63 cells.*> The
three types of cells were cultured in 24-well plates (1.8 X
10° cells per well) and exposed to MNPs at a concentration of
120 pg mL~" for 0-48 h. Then, the cells were washed five times
with PBS to remove noninternalized MNPs and fixed. The fixed
cells were subsequently incubated with the working iron stain
solution for 3 min, followed by three rinses with distilled water
and staining of the cell nuclei with nuclear fast red solution for
5 min.*>*’ Finally, the cells were washed and observed under
an optical microscope with a bright-field configuration.
ICP-OES was used to quantify the amount of MNPs inter-
nalized by MSCs, NHOst cells and MG63 cells. Specifically, each
cell type was seeded in a Petri dish (P-100, Falcon) at a
concentration of 5 x 10° cells per dish and allowed to adhere
for 24 h. Thereafter, the cells were exposed to 120 pg mL ™"
MNPs for 12 h. After incubation, the cells were rinsed five times
with PBS and harvested via trypsin/collagenase. The cell sus-
pension was centrifuged (1100 rpm, 5 min), and the collected
cells were resuspended in PBS and counted. The collected cells
were then digested with 1.0 mL of digestion solution (HNO;:
H,0,, v/v = 2:1) for 1 d. The solutions were subsequently
diluted with distilled water and filtered through a 0.22 pm
membrane, and the iron content of each sample was deter-
mined via ICP-OES. Triplicate samples were used for the
measurements to calculate the means + standard deviations.

Influence of the intracellular microenvironment of cancer cells
and normal cells on the magnetothermal properties of MNPs

To investigate whether the intracellular microenvironment of
MSCs, NHOst cells and MG63 cells affects the magnetothermal
properties of MNPs, cells (5 x 10° cells) in Petri dishes (P-100,
Falcon) were incubated with 120 ug mL~* MNPs for 12 h. The
cells were then rinsed five times with PBS to remove the non-
internalized MNPs and obtain MNP-loaded cells. The MNP-
loaded cells were used for magnetothermal measurements
without any other treatment or after Cyto D treatment, fixation
or lysis, as shown below. Triplicate samples were used for the
measurements to calculate the means + standard deviations.

Cells without treatment (intact cells)

MNP-loaded cells were detached with a mixture of trypsin/
collagenase solution and then collected via centrifugation.
Thereafter, the MNP-loaded cells were resuspended in 100 puL
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of PBS and transferred into 0.5 mL Eppendorf tubes. The
samples were then placed in the center of a Double H CoilSets
AMF (frequency: 373.6 kHz; field intensity: 130 Oe) for 10 min
(D5 series, nB nanoScale BioMagnetics, Zaragoza, Spain).
During AMF irradiation, the temperature of the cell suspension
was recorded by a fiber optic thermometer (Rugged Monitoring,
Canada).

Cyto D treatment of cells

Actin filaments are the major component of the cytoskeleton
and play a key role in regulating cell mechanical properties.”®
Cyto D binds to the actin core and the growth end of F-actin,
thereby inducing actin depolymerization and leading to cell
softening.*®*® To investigate whether the cytoskeleton affects
the magnetothermal conversion of MNPs, MNP-loaded cells were
treated with Cyto D (1.0 pM) for 1 h to disrupt the structure of the
actin filaments.>*" Then, the cells were detached with a trypsin/
collagenase solution, collected via centrifugation and resuspended
in 100 pL of PBS. The cell suspension was exposed to AMF for
magnetothermal measurement.

To investigate the actin filament configuration after Cyto D
treatment, Cyto D-treated, MNP-loaded cells were fixed with 4%
cold PFA, permeabilized with 0.2% Triton X-100 and blocked
with 1% BSA. The actin filaments of the cells were subsequently
stained with Alexa Fluor VR 488 phalloidin, and the cell nuclei
were stained with Hoechst 33258. The stained cells were
observed with a fluorescence microscope (BZ-X710, Olympus).

Fixation of cells

PFA, a widely utilized fixative for cell membranes and cytoplas-
mic proteins, causes covalent crosslinks between molecules
and effectively glues them together to form an insoluble mesh-
work structure. This process stiffens the cells.’*** MNP-loaded
cells were detached with a trypsin/collagenase solution,
collected via centrifugation and resuspended in a mixture of
100 pL of PBS and 900 pL of 4% PFA solution for cell fixation.
After 1 h of cell fixation, the fixed cells were washed with PBS
three times, collected, dispersed in 100 uL of PBS and exposed
to AMF for magnetothermal measurement.

Lysis of cells

MNP-loaded cells were detached with a trypsin/collagenase
solution, collected via centrifugation and resuspended in
100 pL of PBS. The resulting cell suspension was subsequently
lysed via five cycles of freezing (liquid nitrogen), thawing (60 °C)
and ultrasonic disruption (ice bath). Finally, the lysed cells were
exposed to AMF for magnetothermal measurement.

Calculation of the SAR

The magnetothermal conversion efficiency of MNPs in different
types of cells without any treatment or after Cyto D treatment,
fixation or lysis was quantified by using the SAR.>* The SAR is
the amount of energy converted into heat per unit of time and

4374 | Mater. Horiz., 2025, 12, 4363-4378

View Article Online

Materials Horizons

mass and can be calculated via the following equations.

190

SAR — £
mynNps At

(1)

where Q is the heat (J) generated by the MNPs within a time At
(s) by a mass (in kg) of MNPs. This is an inherent property of
the material.

For an adiabatic system, a calorimetric approach related to
the heat dissipated (Q) by MNPs in a colloid and the observed
increase in temperature (A7) can be calculated via eqn (2).

Q = (mMNPs'CMNPs + Meceln-Ceell + mwater'cwater)'At (2)

where Myinps, Meenl AN Myaer are the masses of the MNPs, cells
and liquid carrier, respectively. The cyvnpsy Ceenn a0 Cyater are
their specific heat capacities, which are intrinsic characteristics
of each material.”® Therefore, eqn (1) can be written as eqn (3).

(WlMNPs * CMNPs + Mecells * Ceells + Mwater * Cwutcr) AT

MMNPs

Since cyps = 449 J (K™' kg™"), ceen = 4125 J (K™' kg™,
Cwater — 4185 J (K71 kg71)21 and MyNpes'CMNPs + Meell"Ceell K
Myater Cwater, €N (3) can be written as eqn (4).

(mwutcr : Cwatcr) AT
SAR=——"7"—.— 4
PIMNPs At )

where AT/At is the temperature increase (slope) at an early time
(¢ = 60 s) during AMF irradiation.

Magnetic hyperthermal of MNPs on cancer cells and normal
cells

The apoptotic cells after AMF irradiation were analyzed to
evaluate the magnetic hyperthermal effect of MNPs on cancer
cells and normal cells. The MSCs, NHOst cells and MG63 cells
in Petri dishes (5 x 10° cells per dish) were incubated with
120 pg mL~* MNPs for 12 h. The cells were then rinsed five
times with PBS to remove the noninternalized MNPs and obtain
MNP-loaded cells. Cells cultured without MNPs were used as
controls. Some MNP-loaded cells and cells without MNPs were
treated with Cyto D to investigate the influence of Cyto D
treatment on magnetic hyperthermia. The cells were then
detached with a trypsin/collagenase solution and collected via
centrifugation. Thereafter, the cells in the different groups were
resuspended in 100 pL of PBS and transferred into 0.5 mL
Eppendorf tubes. The samples were then exposed to AMF
(frequency: 373.6 kHz; field intensity: 130 Oe) for 10 min.
After AMF irradiation, the cells were spun down by centri-
fugation at 1100 rpm and resuspended in 1 x binding buffer.
5 pL of the annexin V-FITC conjugate and 10 pL of PI were
added to each tube and incubated at room temperature in the
dark for 10 min to stain the apoptotic cells. After passing
through a 35 pm nylon filter cover, the stained cell suspensions
were transferred to plastic 12 x 75 mm test tubes. Cells
cultured without MNPs and before AMF irradiation (control)
and MNP-loaded cells before AMF irradiation were also stained.
The fluorescence of the cells was measured immediately by
using a flow cytometer (BD Accuri C6 Plus). Living cells were

This journal is © The Royal Society of Chemistry 2025
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not stained with either PI or the annexin V-FITC conjugate.
Early apoptotic cells were stained with the annexin V-FITC
conjugate alone, while late apoptotic cells were stained with
both the annexin V-FITC conjugate and PI. Both early apoptotic
cells and late apoptotic cells were used to calculate the apop-
tosis rate. Triplicate samples were used for the measurements
to calculate the means + standard deviations.

Discriminative magnetic hyperthermal effect of MNPs on
cancer cells in mixed cell populations

MG63 cells were labeled with GFP by transfection with a GFP-
encoding plasmid to differentiate cancer cells from normal
cells. Normal cells (MSCs or NHOst cells) and cancer cells
(MG63-GFP) were cocultured in a Petri dish at a 1:1 ratio with
a total number of 5 x 10° cells in the presence of 120 pg mL™"
MNPs for 12 h. The cells were then rinsed five times with PBS to
remove the noninternalized MNPs and obtain MNP-loaded
cells. Cocultured cells without MNPs were used as a control.
After 12 h of culture with or without MNPs, the cells were
collected and exposed to AMF as described above. The apopto-
tic cells in the mixed cell populations were analyzed by staining
and flow cytometry as described above. Normal cells and cancer
cells were divided according to green fluorescence. Triplicate
samples were used for the measurements to calculate the
means + standard deviations.

AC susceptibility measurement

AC susceptibility is a measure of a material’s response to an
external magnetic field.’*>® During AC magnetic susceptibility
measurement, the applied magnetic field oscillates between
positive and negative values at a set frequency. As the oscilla-
tion frequency increases, the magnetic spin of MNPs can
irreversibly lag behind the magnetic field switching;>® this
means that while the oscillation frequency of the magnetic
spin is the same as that of the external AC magnetic field, there
is a phase difference between them. Thus, the AC magnetic
susceptibility measurement yields two quantities: the magni-
tude of the susceptibility, y, and the phase shift, ¢ (relative to
the external AC magnetic signal). Alternately, one can consider
susceptibility as having a real AC susceptibility component, y’,
and an imaginary component, y’. The two representations are
related by eqn (5) and (6).

y' = ycosq; " =ysing (5)
¢ = arctan(y"/y") (6)

The imaginary component, y”, indicates the Brownian and
Néel relaxation dissipation of the MNPs; ;" will have a nonzero
value if there is any lag of the spin behind the oscillating field.
To elucidate the relaxation mechanism of intracellular MNPs,
the MNPs in different types of cells without any treatment or
after Cyto D treatment, fixation or lysis were sealed within tubes
(® 6 mm, H 40 mm).®® AC susceptibility measurement was
conducted with a magnetometer (Physical Properties Measure-
ment Systems, Quantum Design) at an applied magnetic field
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AC amplitude of 10 Oe at room temperature over a frequency
range of 10 Hz-10 kHz.*'

Measurement of the magnetothermal properties of MNPs in
simulated models created using viscous liquids and elastic
hydrogels

Owing to the cytoskeletal network and high water content of
cells, which confers liquid- and solid-like behavior, cells are
considered to be multiscale, three-dimensional viscoelastic
materials.®>®* To investigate whether viscosity and elasticity
affect the magnetothermal properties of MNPs, PEG solutions
of different viscosities and PAAm hydrogels of different elasti-
cities were prepared for comparison. MNPs were suspended in
different PEG solutions prepared according to the composi-
tions shown in ESI, Table S1. The viscosity of the PEG solu-
tions containing MNPs was measured by a rheometer (Anton
Parr, Germany) in rotational shear mode.®> Measurements were
conducted with shear rates ranging from 0.1 to 100 s~ *, and the
viscosity at a shear rate of 0.1 s~ was determined to be the
zero-shear viscosity.

Chemically crosslinked PAAm hydrogels were synthesized
via free radical polymerization of AAm with Bis, and the degree
of crosslinking was adjusted by varying the amount of the
crosslinker Bis.®®®” The synthesis conditions are shown in
ESI,f Table S2. MNPs were embedded in PAAm hydrogels.
Dynamic rheological testing of the PAAm hydrogels containing
MNPs was performed with a rheometer. All samples were tested
in the linear viscoelastic region, and dynamic frequency sweeps
were performed at angular velocities ranging from 0.01 to
100 Hz.°® All rheological measurements were performed in
triplicate at 25 °C.

The viscous solutions and elastic hydrogels containing
MNPs were exposed to AMF for 10 min to measure the magne-
tothermal properties of the MNPs. The SAR values of the
viscous liquids and elastic hydrogels were calculated on the
basis of the temperature rise (slope) at an early time (¢ = 60 s) as
described above. In addition, the AC susceptibility of the MNPs
in viscous solutions and elastic hydrogels was also measured
via the same method described above.

Statistical analysis

All quantitative experiments were repeated in triplicate (n = 3),
and the results are expressed as the mean =+ standard deviation
(S.D.). Statistical analysis of the experimental data was per-
formed via one-way analysis of variance (ANOVA). A p value of
0.05 was set as the level of significance, and data were classified
according to their p values as follows: *p < 0.05, **p < 0.01 and
**xp < 0.001.
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