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magnetic hyperthermia efficacy†
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Conventional magnetic nanoagents in cancer hyperthermia therapy suffer from a low magnetic heating

efficiency. To address this issue, researchers have pursued magnetic nanoparticles with topological mag-

netic domain structures, such as the vortex-domain structure, to enhance the magnetic heating perform-

ance of conventional nanoparticles while maintaining excellent biocompatibility. In this study, we syn-

thesized hollow spherical Mn0.5Zn0.5Fe2O4 (MZF-HS) nanoparticles using a straightforward solvothermal

method, yielding samples with an average outer diameter of approximately 350 nm and an average inner

diameter of about 220 nm. The heating efficiency of the nanoparticles was experimentally verified, and

the specific absorption rate (SAR) value of the hollow MZF was found to be approximately 1.5 times that of

solid MZF. The enhanced heating performance is attributed to the vortex states in the hollow MZF struc-

ture as validated with micromagnetic simulation studies. In vitro studies demonstrated the lower cell viabi-

lity of breast cancer cells (MCF-7, BT549, and 4T1) after MHT in the presence of MZF-HS. The synthesized

MZF caused 51% cell death after MHT, while samples of MZF-HS resulted in 77% cell death. Our findings

reveal that magnetic particles with a vortex state demonstrate superior heating efficiency, highlighting the

potential of hollow spherical particles as effective heat generators for MHT applications.

1. Introduction

Magnetic hyperthermia therapy (MHT) is a medical treatment
technique that uses magnetic nanoparticles (MNPs) to gene-
rate heat and destroy cancer cells.1–4 In MHT, magnetic nano-
particles absorb energy from an alternating magnetic field
(AMF) and convert it into heat, which can be used to kill
cancer cells. MHT has the potential to be a less invasive and
more targeted treatment for cancer than traditional treatments
like chemotherapy or radiation therapy. To achieve the desired
effect there is a need to overcome the major obstacle of devel-
oping magnetic nanoparticles with a high specific absorption
rate (SAR) which operates within a safe tolerance field.5,6

Previous studies have focused on the optimization of single-
domain magnetic nanoparticle properties, such as by tuning
the shape, size, composition, and magnetic anisotropy to

enhance their efficiency in MHT.7–9 The improved magnetic
properties of ferrimagnetic iron oxide nanoparticles have
resulted in a significant improvement of SAR values, increas-
ing them from approximately ∼10 to ∼1000 W g−1.10 Further
enhancement has also been achieved via exchange-
coupling11,12 and improvement of magneto-crystalline
anisotropy.13,14 Ferrimagnetic iron oxide nanoparticles possess
a certain remanence and stray field, which leads to inevitable
agglomeration due to the magnetic dipole–dipole
interaction.15,16 Recently, MNPs possessing a magnetic vortex
ground state have emerged as highly promising biomedical
materials, owing to their significantly higher saturation mag-
netization in comparison to conventional superparamagnetic
nanoparticles.17–21 The flux-closure structure of the vortex con-
figuration leads to an enhanced heating efficiency, even at a
lower concentration and under a safer magnetic field.
Additionally, the unique magnetic vortex structure endows the
MNPs with great colloidal stability due to negligible remanent
magnetization and the absence of a stray field. The vortex
nanoring,19–22 nanodisc,23 cubic24 and ellipsoid25 structures
with high saturation magnetization have been reported to
show high MHT efficiency. Furthermore, Wong et al.26,27

demonstrated a substantial fourfold increase in heating
efficiency, which was attributed to the formation of multiple
vortices as opposed to a single vortex configuration. The utiliz-
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ation of magnetic nanoparticles featuring a multi-vortex struc-
ture presents a promising way towards achieving even greater
advancements in the heating efficiency.

Nanoparticles exhibiting a hollow morphology have gar-
nered growing research interest due to their substantial pore
volume, elevated surface-to-volume ratio, and reduced density
in comparison to solid nanoparticles of similar
dimensions.28–30 For example, hollow nanoparticles can serve
as high-performance targeted drug carriers due to the hollow
nature of the MNPs.31–33 Additionally, micromagnetic simu-
lations were conducted on hollow spherical particles, revealing
that the presence of a stable vortex state is dependent on the
critical particle size. Particularly, as the shell thickness
decreases, the critical particle size decreases further, indicat-
ing the influence of the shell thickness on the stability of the
vortex state.17 To elucidate the underlying mechanism behind
the MHT resulting from the magnetic vortex configuration, it
is indispensable to explore its inhibitory effect on cancer cells
by a combination of experimental and simulation methods. In
this study, we have synthesized spherical Mn0.5Zn0.5Fe2O4

(MZF) and hollow Mn0.5Zn0.5Fe2O4 (MZF-HS) to investigate
their structural effects on MHT properties. Micromagnetic
simulation was utilized to explore the magnetization vortex
configurations and reversal behaviors. Finally, the MHT per-
formance of MZF-HS was evaluated in MCF-7, BT549, and 4T1
cells under AMF for 10 min.

2. Materials and methods
2.1. Synthesis of hollow spherical Mn0.5Zn0.5Fe2O4-PEG

The synthesis procedure of the hollow spherical
Mn0.5Zn0.5Fe2O4-PEG is as follows: first, FeCl3·6H2O (1.08 g),
ZnCl2 (0.13 g), and MnCl2·4H2O (0.198 g) were dissolved in

60 mL ethylene glycol (EG) under magnetic stirring until a
homogenous liquid was obtained. Then, the different amounts
of urea (1.45 g, 24 mmol; 1.92 g, 32 mmol; 2.4 g, 40 mmol)
and cetyltrimethylammonium bromide (CTAB) (2.18 g,
6 mmol) were added and stirred for 15 min at 90 °C until it
became completely transparent. Next, the mixture was trans-
ferred into a Teflon autoclave for the solvothermal process and
heated at different temperatures (180 °C, 200 °C, 220 °C) for
24 h. After cooling to room temperature, the resulting black
solution was washed multiple times with ethanol and deionized
water before being dried overnight at 60 °C under vacuum con-
ditions. Finally, CTAB was removed by acetone reflux at 85 °C to
obtain pure hollow spherical Mn0.5Zn0.5Fe2O4. The synthesis
route as shown in Fig. 1.

2.2. Synthesis of hollow spherical Mn0.5Zn0.5Fe2O4-PEG

The as-prepared hollow spherical Mn0.5Zn0.5Fe2O4 nano-
particles were modified with PEG-bis-amine. Briefly, 15 mg
Mn0.5Zn0.5Fe2O4 nanoparticles were ultrasonically dispersed
into 20 mL deionized water, then incubated with 250 μL of
100 mg mL−1 N-ethyl-N′-(3-(dimethylamino)-propyl) carbodi-
imide hydrochloride (EDC) and 200 μL of 100 mg mL−1

N-hydroxysuccinimide (NHS), and stirred vigorously for 30 min
at room temperature. Subsequently, the resulting NHS-acti-
vated nanoparticles were covalently linked to NH2-PEG-NH2

(300 μL 100 mg mL−1) at room temperature by stirring for 6 h,
and then dried at 60 °C in a vacuum for 12 h.

2.3. Magnetothermal measurements in aqueous suspension

An AMF with an amplitude of 6.7 kA m−1 at a fixed frequency
of 300 kHz was applied to induce MHT. Time-dependent temp-
erature curves of Mn0.5Zn0.5Fe2O4-PEG aqueous solution were
obtained by the calorimetric method and different concen-
trations of Mn0.5Zn0.5Fe2O4-PEG aqueous solution in EP tubes

Fig. 1 Illustration of the synthesis process of MZF-HS-PEG and the schematic diagram for MHT.
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(3 mL) were placed within the magnetic coils. To quantitatively
assess the heating efficiency, the specific absorption rate
(SAR), which quantifies the amount of energy converted into
heat per unit time and mass, was calculated with the following
eqn (1):34

SAR ¼ C
dT
dt

� �
ms

mm

� �
ð1Þ

where C is the specific heat capacity of water (4.18 J g K−1),
dT
dt

is the initial slope of the time-dependent temperature curve,
ms is the mass of the suspension and mm is the mass of
Mn0.5Zn0.5Fe2O4-PEG.

2.4. Micromagnetic simulations

The magnetization configuration of the hollow spherical
Mn0.5Zn0.5Fe2O4 (MZF-HS) nanoparticles was investigated
using MuMax3 to solve the Landau–Lifshitz–Gilbert (LLG)
eqn (2) in three dimensions.27

@Mðr; tÞ
@t

¼ γG Mðr; tÞ � Heffð Þ � αG
Ms

Mðr; tÞ � Heff ð2Þ

where M(r,t ) is the magnetization vector, Heff is the effective
field, Ms is the saturation magnetization, γG is the gyromag-
netic ratio (1.78 × 107 s−1 Oe−1), and αG is the damping
coefficient.

The micromagnetic simulations yielded valuable insights
into the magnetization configurations and reversal behaviors
of MZF-HS at the microscopic level, establishing a correlation
between theoretical models and observations derived from
experimental results. The system’s total energy encompasses
four components: exchange energy (EExchange), Zeeman energy
(EZeeman), anisotropy energy (EAnisotropy), and demagnetizing
energy (EDemag) as shown in the eqn (3).

ETotal ¼ EExchange þ EZeeman þ EAnisotropy þ EDemag: ð3Þ
The materials parameters for Mn0.5Zn0.5Fe2O4 were

employed in the simulation and are as follows: Ms of 400 × 103

A m−1, exchange stiffness constant Aex of 1.2 × 10–11 J m−1,
magneto-crystalline anisotropy k = 0, and the Gilbert damping
constant α of 0.1. A cell size of 4 nm × 4 nm × 4 nm was
applied for all the simulations.

3. Results and discussion
3.1. Structure and magnetism

Transmission electron microscopy (TEM) imaging was
employed to investigate the morphology of the hollow spheri-
cal Mn0.5Zn0.5Fe2O4 nanoparticles. As shown in Fig. 2a–c, no
hollow spherical structure is formed when the molar ratio
between urea and iron is 1 : 6. However, an obvious hollow
spherical Mn0.5Zn0.5Fe2O4 morphology is found when the
molar ratio is 1 : 8 and 1 : 10, and the average nanoparticle dia-
meter of the hollow spherical samples is about 350 nm, their
size distribution conforms to Sturges’ criterion,35 as shown in

Fig. 2f; the average inner diameter size is about 220 nm as dis-
played in Fig. 2h. In the reaction process, urea (H2NCONH2)
provides an alkaline environment and releases NH3 to produce
a hollow structure; the reaction mechanism is presented in the
ESI (Fig. S3†). When the content of urea increases to 32 mmol,
the MZF spheroid has the best morphology and a clear spher-
oid boundary, as shown in Fig. S1a and b.† When the urea
content was increased further, the spheres became more irre-
gular and began to break up, as shown in Fig. S1c.† The
damage degree can be reduced by controlling the amount of
urea reasonably. Additionally, the nanoparticles have a good
dispersion due to the low stray field and the modified surface
of the hollow spherical nanoparticles with PEG. The scanning
electron microscopy (SEM) images of the sample indicate the
hollow nature of spherical Mn0.5Zn0.5Fe2O4, as depicted in
Fig. 2d and e, and the SEM images of Mn0.5Zn0.5Fe2O4 when
the molar ratio is 1 : 10 are depicted in Fig. S2.† The EDS
mapping is shown in Fig. 2g which indicates that Mn, Zn, Fe,
and O are homogeneously distributed in the obtained
MZF-HS. Room-temperature hysteresis loops were examined to
analyze the magnetic features of Mn0.5Zn0.5Fe2O4 nano-
particles. Ms exhibits an increasing trend with a higher molar
ratio between urea and iron, reaching its maximum value of
61.3 emu g−1 at a molar ratio of 1 : 10, as depicted in Fig. 2i.
The results suggest that Ms is related to the structure of the
magnetic nanoparticles.

Da Silva et al.36,37 prepared cubic spinel ferrite-based nano-
particles by precisely regulating the molar ratio of different
metals and studied the influence of different stoichiometric
ratios on its magnetic properties. In this study, we are com-
mitted to the comparative study of the effect of the hollow
structure on its magnetothermal properties, and only a single
stoichiometric ratio sample is prepared, which can be seen
from the XRD pattern that it is a pure spinel structure. The
X-ray diffraction (XRD) data are presented in Fig. 3a; it is con-
firmed from the XPS spectra that Mn0.5Zn0.5Fe2O4 was success-
fully synthesized, and XRD can also confirm this by comparing
the standard PDF peaks of the MnZn ferrite (JCPDS no. 74-
2403).38 2θ ≈ 18.7°, 29.98°, 35.71°, 42.35°, 53.27°, 57.27°,
62.36°, 74.24° and 88.6° are the obvious diffraction peaks,
corresponding to the cubic spinel ferrite diffraction peaks of
the (200), (220), (311), (222), (400), (422), (511), (440), (533) and
(415) crystal faces.

As shown in Fig. 3b, the Fe2p peaks comprise two primary
asymmetric peaks, namely Fe2p3/2 and Fe2p1/2, exhibiting
binding energies of 710.5 eV and 723.8 eV, respectively. The
two minor peaks observed at approximately 718.8 eV and 731
eV correspond to the satellite peaks of Fe2P3/2 and Fe2P1/2,
respectively. The findings indicate that Fe3+ is the sole oxi-
dation state observed on the MZF-NFL surface/near-surface.
Regarding the Fe2p3/2 peak, the presence of three distinct con-
tributions at approximately 709.8 eV, 711 eV, and 712.3 eV
corresponds to three distinct bonding states of Fe3+ ions. The
peaks observed at 709.8 eV and 711 eV can be attributed to the
Fe3+ cations with varying occupancies (either tetrahedral or
octahedral) within the spinel ferrite structure. Conversely, the
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peak at a higher binding energy of approximately 712.3 eV
corresponds to Fe3+ ions bonded with hydroxyl groups.39 In
the high-resolution XPS of Mn2p, the corresponding Mn2p1/2
and Mn2p3/2 signals are observed at 653 and 643.8 eV in a
∼2 : 1 peak area ratio marking that Mn is present in a +2 oxi-
dation state (Fig. 3c). Fig. 3d presents the XPS spectrum of
Zn2p, revealing the presence of the Zn oxidation state through
the two peaks observed at 1021.6 eV and 1044.6 eV.40

Exploring the application of the as-prepared MZF-HS in
tumor hyperthermia therapy, the magnetothermal experiment
system is shown in Fig. S4.† Fig. 4a illustrates the magnetic
induction heating process. The SAR of MZF and MZF-HS, with
concentrations ranging from 1 to 7 mg mL−1, were employed
to assess their heat generation capacities when exposed to an

AMF (H = 6.7 kA m−1, f = 300 kHz) for a duration of 10 min.
Temperature elevation has a strong dependence on the con-
centration of magnetic nanoparticles, as shown in Fig. 4b and
c; the experimental data were fitted using the Box–Lucas
model41 to obtain the typical heat transfer time and the
asymptotic temperature. And more details are provided in
Fig. S5.† Additionally, the typical heat transfer time and the
asymptotic temperature are listed in Table S1.† As shown in
Fig. 4d, the MZF magnetic inductive heating capacity is
obviously lower than MZF-HS. The SAR value of MZF-HS is
close to 1.5 times of MZF at a concentration of 1.0 mg mL−1.
Furthermore, the magnetic field strength is also another
important factor affecting magnetic induction heating. As
shown in Fig. 4e and f, the magnetic heating rate increases sig-

Fig. 2 The TEM images of (a) MZF, (b) MZF-HS (1 : 8), and (c) MZF-HS (1 : 8). The SEM images of (d) MZF, and (e) MZF-HS (1 : 8). (f ) the size distri-
bution of MZF-HS. (g) TEM-EDS elemental mapping images of individual MZF nanoparticles. (h) The average inner size distribution of MZF-HS. (i)
The H–M curves of MZF.
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nificantly with the increase of H. The temperature difference
of MZH-HS solutions under various H can be observed from
the infrared thermal image in Fig. 4g. As shown in Fig. 4h,
with the increase of magnetic field strength, the SAR value
increases significantly.

In the previous study, the magnetic vortex configuration for
hollow spherical particles has been confirmed by the experi-
mental method.17 To investigate the difference in the SAR of
MZF and MZF-HS, the magnetization dynamics were studied
using micromagnetic simulation. A two-dimensional cross-
section of the simulation model with different ε values is

shown in Fig. 5a, where ε ¼ inner radius
external radius

. The external

radius was maintained at 350 nm, while the inner radius was
varied. The ε value of the as-prepared MZF-HS in this work is
about 0.7, as shown in Fig. 2c. Hysteresis loops were obtained
by varying ε from 0 to 0.9; the sweep magnetic field magnitude
spans from −2k Oe to +2k Oe. Fig. 5b–e illustrate the normal-
ized hysteresis loops of MZF-HS at ε = 0, 0.5, 0.7 and 0.9,
respectively. The details for ε = 0.1 and 0.3 are presented in
Fig. S6a and b.† The hysteresis loop area within ±100 Oe is sig-
nificantly larger at ε = 0.7 and 0.9, indicating enhanced
heating performance as observed experimentally. As depicted
in Fig. 5b, a single domain state was observed at point A, and
this state persists until point B. At this stage, the field is gradu-
ally lowered, overcoming the energy barrier and leading to the
gradual formation of a vortex state corresponding to point C,

and magnetic state transitions were observed as the differen-
tial magnetic susceptibility, χ = dM/dH decreased as shown in
Fig. 5f. On further reduction of H to −1500 Oe (point D), the
magnetization configuration saturates into a single domain
state. Additionally, for values of ε less than 0.5, the magnetiza-
tion reversal behaviors are similar to those for ε = 0.5 (Fig. S6a
and b†). With an increase in ε to above 0.5, a higher frequency
of magnetic state transitions is observed, indicated by the
occurrence of multiple abrupt magnetization switching result-
ing in an increased number of spikes in χ, as depicted in
Fig. 5g–i. The χ details for ε = 0.1 and 0.3 are presented in
Fig. S6c and d.† As the magnetic field is swept from negative
to positive, the magnetization configuration undergoes a tran-
sition from a negative single-domain state to a positive single-
domain state, as illustrated in Fig. 6a. Specifically, at H = −600
Oe, a distinctive double vortex state emerges, consisting of a
pair of clockwise and counterclockwise vortices. Separated by a
domain wall, the two vortices possess their vortex axis parallel
to the magnetic field, while the spins of the domain wall align
themselves along the magnetic field direction, as depicted in
Fig. 6b. This domain wall narrows with the lowering of the
magnetic field which extends the vortex region. Upon further
reduction of the magnetic field to −300 Oe, the magnetic
structure transitions into a single vortex configuration. The
single magnetic vortex state is maintained until the reverse
magnetic field is increased to +1500 Oe before saturating into

Fig. 3 (a) XRD patterns of MZF-HS. High-resolution XPS spectra of (b) Fe2p, (c) Mn2p, and (d) Zn2p.
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Fig. 4 (a) Magnetic induction heating diagram. Temperature–time curves of MZF-HS, with ε = 0 (b) and ε = 0.7 (c), for increasing the concentration
of MZF-HS from 1 to 7 mg mL−1, the experimental data are represented by filled symbols and the fitting data are represented by solid red lines. (d)
The SAR values of MZF (ε = 0) and MZF-HS (ε = 0.7) under different concentrations. Temperature–time curves of MZF-HS, (e) with ε = 0, and (f ) ε =
0.7 on increasing H from 6.7 to 7.7 kA m−1. (g) Infrared thermal images of MZF-HS (ε = 0.7, C = 1 mg L−1) under different H excitations. (h) SAR values
of MZF (ε = 0) and MZF-HS (ε = 0.7) under various H excitations.

Fig. 5 (a) A 2D schematic diagram of different ε MZF-HS. The simulated normalized hysteresis loops of MZF-HS with ε = 0 (b), ε = 0.5 (c), ε = 0.7 (d),
and ε = 0.9 (e). The differential magnetic susceptibility χ (χ = dM/dH) of MZF-HS with different inner/external radius ratios (ε) and the normalized hys-
teresis loops of MZF-HS with ε = 0 (f ), ε = 0.5 (g), ε = 0.7 (h), and ε = 0.9 (i).
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a single domain state. The formation of stable double vortex
states is observed across a wide range of ε values, particularly
when ε exceeds 0.5. This behavior can be attributed to the
diminishing contribution of the demagnetization field, energe-
tically favoring the formation of a domain wall. Conversely, for
ε values below 0.5, there is a higher contribution from the
demagnetization field, resulting in only a single vortex state.
Hence, the presence of a hollow structure plays a crucial role
in stabilizing the double vortex configuration. It is worth
noting that according to the study of Aquino et al.,42 the
opening of the hysteresis cycle is observed on both sides of the
center of the hysteresis loop, while in this experiment, no
obvious opening was found on both sides of the center of the
hysteresis loop measured. Indeed, the measured hysteresis
loop is the sum of the interactions of many nanoparticles,
such as the dipole interaction, which affects the hysteresis loop,
so that the loop cannot match the loop of a single particle.

In addition to analyzing the magnetization structure, we
present the variations of exchange energy, demagnetization
energy, Zeeman energy, and total energy as a function of the
external magnetic field H, as illustrated in Fig. 7a–d,
respectively. For clarity, the exchange energy curves for ε =
0.1, 0.3, 0.7, and 0.9 are depicted in Fig. S7a and b† separ-
ately. As the magnetic field undergoes reversal, the
exchange energy experiences sharp drops, for ε = 0, the
drop indicates the formation of a single domain from a
vortex state, while multiple drops for ε = 0.5 signify the
state change from a double vortex to a single vortex before
saturating at a single domain state. For ε values exceeding
0.5, the pair of counterclockwise and clockwise vortex cores
results from the interplay between magnetostatic energy
and exchange energy. In the presence of a strong magnetic

field, the dominant contribution to the total magnetic
energy arises from the Zeeman energy. Consequently, the
spins predominantly align along the direction of the mag-
netic field, effectively minimizing the impact of the
exchange energy on the overall magnetic energy. With the
reduction of the applied magnetic field, the demagnetiza-
tion effects and stray fields are minimized. As depicted in
Fig. 7d, with the increase of ε, the vortex states are more
stable as indicated by the lower total energy in the system.
At sufficiently low magnetic fields, the reduction in shell
thickness results in the formation of a stable double vortex
state. The existence of stable vortices in MZF-HS suggests
that the vortices contribute to the improved SAR observed
experimentally.

Although MZF has been shown to have good cytocompat-
ibility in previous studies,43 particle size also has a significant
impact on cytotoxicity.44 Therefore, the cytotoxicity of MZF-HS
was first evaluated for MCF-7 cells with the methyl thiazolylte-
trazolium (MTT) assay. The dose dependence of cell viability is
curve-fitted using Hill’s equation according to a method
reported by Li et al.,45 as shown in Fig. S8.† The cooperativity
index is γ = 0.53 for the control group conditions (MCF-7 cells
incubated with MZF-HS under dark conditions), the finding
indicates positive cooperativity for the control group con-
ditions. As shown in Fig. 8a, after incubation for 24 h and
48 h, MZF-HS exhibits no remarkable cytotoxicity against
MCF-7 cells as evidenced by the cell viability of more than
80%, even at a high concentration of 200 µg mL−1, indicating
the favorable biosafety of MZF-HS. The cell cytotoxicity was
also evaluated in the MCF-7, BT549 and 4T1 cells under the
AMF. As expected, the AMF ( f = 300 kHz, H = 6.7 kA m−1)
enhances the cell ablation. Fig. 8b illustrates the results of cell

Fig. 6 (a) The magnetization configuration for MZF-HS with ε = 0.7 under an external field sweep. (b) The field-induced double vortex comprising a
pair of transitions of counterclockwise and clockwise vortices into a single vortex state.
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Fig. 7 The curves of (a) Eexch, (b) Edemag, (c) EZeem, and (d) Etotal as a function of magnetic field H.

Fig. 8 (a) MCF-7 cells incubated with different concentrations of MZF-HS for 24 h and 48 h. (b) The viability of MCF-7, BT549 and 4T1 cells was
assessed upon incubation with MZF-HS and exposure to an AMF with a frequency of 300 kHz and a magnetic field strength of 7.0 kA m−1 for a dur-
ation of 10 min. (c) The confocal images depict calcein-AM (green, live cells) and propidium iodide (red, dead cells) staining of cells that were incu-
bated with MZF-HS (1 mg mL−1) and subjected to treatment with an AMF with a frequency of 300 kHz and a magnetic field strength of 7.0 kA m−1

for a duration of 10 min. (d) Confocal microscope images of the cellular uptake of MZF-HS in MCF-7 cells after 1 h, 2 h, and 4 h.
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viability upon exposure to AMF ( f = 300 kHz, H = 6.7 kA m−1).
At a concentration of 1.0 mg mL−1, the cell death maintains at
a level of <55% for MZF, while a marked increase in the cell
death of >77% for MZF-HS was observed. Furthermore, a fluo-
rescent LIVE/DEAD assay was also performed to visualize the
cell viability (Fig. 8c). Almost no dead cells in the control
group were observed. Approximately 51% of the cells died in
the MZF group, whereas more than 77% of the cells died in
the MZF-HS group. These results are consistent with the SAR
results and corroborate with the simulation findings, demon-
strating that MZF-HS has an excellent hyperthermia effect at
the cellular level.

Additionally, the uptake behavior of MZF-HS was tracked
using confocal laser scanning microscopy to capture fluo-
rescence images. The cell nuclei were stained with Hoechst,
which emits blue fluorescence upon illumination with a
405 nm laser. Under excitation from a 488 nm laser, the
MZF-HS/DOX complex exhibited red fluorescence. In contrast,
the lysosome was stained with Lysobrite green and displayed
green fluorescence upon illumination at 500 nm. As depicted
in Fig. 8d, MCF-7 cells incubated with MZF-HS/DOX exhibited
clear red fluorescence signals within the lysosome, exhibiting
colocalization with Lysobrite green. This observation strongly
suggests that MZF-HS/DOX was internalized into MCF-7 cells
via an endolysosomal pathway. The results showed the
effective uptake of MZF-HS/DOX by cancer cells. Interestingly,
the cells incubated with MZF-HS/DOX displayed slightly
weaker red fluorescence signals after 1 h. However, only small
amounts of MZF-HS/DOX were observed inside the cells,
suggesting that the uptake of free DOX small molecules via
passive transport is the main mechanism.46 In contrast, stron-
ger red fluorescence signals and more MZF-HS/DOX were
found inside the lysosome after incubation for 4 h. The
primary factor is due to the reliance of nanoscale biomaterials
on energy-dependent and relatively slower endocytic
pathways.47

4. Conclusions

In conclusion, MZF-HS and MZF nanoparticles were success-
fully synthesized. The SAR value of MZF-HS was approximately
1.5 times that of MZF, demonstrating MZF-HS to be a potential
MNP for MHT applications. The micromagnetic simulations
unveiled a significant enhancement in the stability of the
vortex state and an increase in the hysteresis loop area with
increased ε, indicating an enhanced heating performance as
observed experimentally. In vitro studies using breast cancer
cells (MCF-7) demonstrated significantly lower cell viability
after MHT in the presence of MZF-HS. Specifically, MZF
resulted in 51% cell death, whereas MZF-HS resulted in 77%
cell death. Considering the superior heating efficiency of
MZF-HS, the findings in this study highlight the potential of
hollow spherical particles as effective heat generators for MHT
applications.
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