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Due to the relatively low efficiency of magnetic hyperthermia and photothermal conversion, it is rather
challenging for magneto-photothermal nanoagents to be used as an effective treatment during tumor
hyperthermal therapy. The advancement of magnetic nanoparticles exhibiting a vortex-domain structure
holds great promise as a viable strategy to enhance the application performance of conventional mag-
netic nanoparticles while retaining their inherent biocompatibility. Here, we report the development of
Mng sZng sFe,O,4 nanoflowers with ellipsoidal magnetic cores, and show them as effective nanoagents for
magneto-photothermal synergistic therapy. Comparative studies were conducted on the heating per-
formance of anisometric MngsZngsFe,O,4 (MZF) nanoparticles, including nanocubes (MZF-C), hollow
spheres (MZF-HS), nanoflowers consisting of ellipsoidal magnetic cores (MZF-NFE), and nanoflowers
consisting of needle-like magnetic cores (MZF-NFN). MZF-NFE exhibits an intrinsic loss parameter (ILP)
of up to 15.3 N h m? kg%, which is better than that of commercial equivalents. Micromagnetic simulations
reveal the magnetization configurations and reversal characteristics of the various MZF shapes.
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Additionally, all nanostructures displayed a considerable photothermal conversion efficiency rate of more
than 18%. Our results demonstrated that by combining the dual exposure of MHT and PTT for hyperther-
mia treatments induced by MZF-NFE, BT549, MCF-7, and 4T1 cell viability can be significantly decreased

rsc.li/nanoscale by ~95.7% in vitro.

netic hyperthermia with magnetic particles, including targeted
treatment, minimal downtime, and

Introduction

non-invasiveness,

Magnetic hyperthermia emerges as a highly promising
medical treatment approach, harnessing the heat generated by
magnetic nanoparticles (MNPs) upon exposure to an applied
alternating magnetic field (AMF), effectively targeting and era-
dicating tumor cells."™ There are several advantages of mag-
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customization.>” Apart from magnetic hyperthermia, magnetic
nanoparticles serve as contrast agents in MRI, providing
higher image contrast. By enhancing the signals of specific
tissues, they assist doctors in diagnosing diseases more accu-
rately. In particular, magnetosomes, with their strictly con-
trolled morphology and crystal form, exhibit prominent appli-
cation advantages in the field of MRI.*** Furthermore, mag-
netic nanoparticles can act as drug delivery vehicles, precisely
delivering drugs to diseased sites through magnetic guidance,
thus minimizing damage to healthy tissues. This precisely tar-
geted delivery approach significantly enhances drug efficacy
and reduces side effects."™'* Additionally, magnetic nano-
particles can be used to label specific cells and rapidly separate
them through magnetic fields. This is particularly useful in
cell therapy and research, facilitating a deeper understanding
of cell functions and interactions."> While magnetic hyperther-
mia has been extensively studied in recent years, resulting in
noteworthy progress, its translation to clinical trials remains
relatively limited. A significant constraint of magnetic
hyperthermia therapy (MHT) lies in its low specific absorption
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rate (SAR). Therefore, boosting the SAR of magnetic nano-
particles is a significant modality to gain greater efficiency in
hyperthermia. Multicore nanoflowers represent highly efficient
nano-heaters in magnetic hyperthermia, exhibiting specific
absorption rate (SAR) values that rank among the highest
reported for magnetic materials."*™'® The elevated SAR
observed in magnetic nanoflowers stems from the inherent
magnetic exchange couplings present within the core constitu-
ents that compose the flower-like assemblies, thereby impart-
ing them with enhanced susceptibility."”*® Furthermore, mag-
netic nanoflowers exhibit a greater degree of spin surface dis-
order compared to nanoparticles with single-core morphology,
owing to their higher surface/volume ratio.'® Recent studies
have confirmed that the magnetic vortex can effectively
enhance the value of the SAR.”>°® In a magnetic vortex, the
magnetic spins in a ferromagnetic material are arranged in a
circular pattern around a central core. This magnetic configur-
ation can be induced in MNPs and has been demonstrated to
significantly enhance their heating efficiency in MHT. This
enhancement can be attributed to the ever-present perpen-
dicular orientation of the magnetic moment with the magnetic
field direction, leading to higher energy dissipation in the
form of heat. However, further research studies are needed to
fully realize the potential of magnetic vortices in magnetic
hyperthermia and to develop more effective methods for indu-
cing and controlling magnetic vortices. Consequently, the
multi-vortex states in MNPs are a promising modality to
further enhance hyperthermia efficiency. Based on our pre-
vious studies, we discovered that the cylindrical geometry of
the MNPs facilitates the formation of the triple-vortex state,
resulting in a remarkable four-fold increase in heat generation
efficiency.”*** The value of the SAR can be greatly enhanced by
employing different strategies such as effective anisotropy
enhancement,”®® exchange coupled magnets,**° and mag-
netic vortex procession.'”'® Meanwhile, exploring the promis-
ing potential of merging different MNP modalities with
hyperthermia therapy to achieve an optimized effect is urgent.
Recently, iron oxides have been found to exhibit photothermal
effects as well.'**'** Building upon this understanding, a
highly effective strategy involves synergistically combining the
effects of magnetic hyperthermia (MHT) and photothermal
therapy (PTT) to achieve cumulative heating at a specific site of
interest."">**” The main merit of MHT is that it can be
carried out without depth limitation. Nevertheless, MHT gen-
erates a significantly lower heating yield per unit mass com-
pared to PTT.>**! The materials used in photothermal therapy
are usually non-toxic or of low toxicity, causing minimal side
effects to the human body. In addition, due to the high selecti-
vity of photothermal therapy, it can precisely irradiate the
tumor area, thereby minimizing damage to surrounding
normal tissues and reducing the occurrence of side
effects.*”** The combination of magnetic hyperthermia and
photothermal therapy presents several advantages over utiliz-
ing each approach individually. These include complementary
mechanisms, synergistic effects,'>** increased versatility, and
non-invasiveness.® Consequently, the combination of dual-
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exposure therapies, integrating MHT and PTT, may enable
reductions in nanoparticle injection dose and near-infrared
(NIR) laser power exposure. Moreover, MNPs are image-track-
able, by MRI for the magnetic component, or by photo-acous-
tic imaging for light absorption.**™>° Despite extensive investi-
gations of Fe;O, nanoparticles, their Curie temperature of
585 °C surpasses the desired range (42-47 °C) for efficient heat
generation.”® Prior research has evidenced that manganese-
zinc ferrite exhibits a lower Curie temperature, and its mag-
netic properties can be finely tuned through minor zinc
doping.®*** Additionally, manganese-zinc ferrite demon-
strates outstanding biocompatibility and remarkable magneto-
photothermal properties, rendering it a highly competitive
nano-heater for various clinical applications.>* By functionaliz-
ing manganese-zinc ferrite, beneficial properties for therapy
can be achieved. For example, MnZnFe,O, nanoparticles with
starch demonstrate good colloidal stability, dispersibility, and
heating  efficiency.”>  Core-shell ~ nanoparticles  of
Zn,Mn, _xFe,0,@Si0, :zZNd**  exhibit synergistic heating
effects when exposed simultaneously to an alternating mag-
netic field and NIR laser.>® Additionally, the ferrite materials
exhibit a significant Fenton effect, which can catalyze the con-
version of H,O, to cytotoxic ‘OH in the weakly acidic tumor
environment, thus realizing chemodynamic therapy. Moreover,
under the action of alternating magnetic fields, ferrite
materials generate heat due to hysteresis loss, which can
further enhance the Fenton effect.’®

In this study, Mng sZn, s;Fe,0, structures with ellipsoidal
magnetic core nanoflowers (MZF-NFE), cubic Mn, 5Zn, sFe,0,
(MZF-C), hollow spherical Mn, sZn,sFe,0, (MZF-HS), and
Mn, sZn, sFe,0, with needle-like magnetic core nanoflowers
(MZF-NFN) were synthesized. The heating efficiency of the
various structures was experimentally investigated, and the
magnetization vortex configurations and reversal behaviors
were also systematically studied using micromagnetic simu-
lation. Finally, the magneto-photothermal hyperthermia per-
formance of MZF-NFE was evaluated in MCF-7, BT549, and
4T1 cells under AMF and NIR irradiation.

Results and discussion

The described solvothermal synthesis method is illustrated in
Fig. 1a, and the more detailed preparation methods are pre-
sented in the Experimental section of the ESL.} In the solvo-
thermal process, sodium acetate is hydrolyzed in solution to
provide OH™ to precipitate metal cations to form crystal nuclei.
The formation of MZF-NFE is dependent on the self-
assembled CTAB micelles. The effect of reaction temperature
(180 °C, 200 °C, and 220 °C) and the amount of NaAc
(10 mmol, 15 mmol, and 20 mmol) on the morphology of MZF
was studied. Transmission electron microscopy (TEM) images
provide clear evidence of the nanoflower structure observed in
the obtained MZF (200 °C and 15 mmol), with an average dia-
meter of 160 nm (Fig. 2b and c). Fig. 1(b) shows the diagram
based on MZF-NFE-PEG synergistic MHT/PTT therapy.
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Fig. 1 (a) A schematic that illustrates the synthesis route of MZF-NFE—-PEG multicore nanoflowers. (b) Illustration of synergistic MHT/PTT therapy

based on MZF-NFE-PEG.

Scanning electron microscopy (SEM) revealed that the as-pre-
pared nanoparticles with an obvious nanoflower structure are
well-dispersed (Fig. 2d and e). The SEM images of MZF-NFE
that were synthesized at 200 °C with varying amounts of NaAc
are shown in Fig. S2a-i.f The results show that the nano-
flower structure with needle-like magnetic cores (MZF-NFN)
can be obtained by changing the amount of NaAc. The EDS
mapping shown in Fig. 2f demonstrates the homogeneous
distribution of Mn, Zn, Fe, and O in the obtained MZF-NFE.
The interplanar spacing of 0.3 nm, as shown in Fig. 2(g),
corresponds to the (220) plane of MZF-NFE, providing confir-
mation of the spinel structure. The corresponding selected
area electron diffraction pattern reveals the presence of weak
crystallization in MZF-NFE (Fig. 2h). Moreover, X-ray diffrac-
tion (XRD) analysis confirms that the as-prepared sample
aligns with the standard peaks (JCPDS no. 74-2403),>” as
shown in Fig. 2(i).

Fig. 2(j-m) shows the spectra from XPS of Fe 2p, Mn 2p,
Mn 3s, and Zn 2p for MZF-NFE, while Fig. S3-S5t1 show the
corresponding spectra for MZF-C, MZF-NFN, and MZF-HS. As
shown in Fig. 2(j), the Fe 2p spectrum consists of two primary
asymmetric peaks, Fe 2ps/, and Fe 2p;,, with binding energies
of 710.5 and 723.8 eV, respectively. Additionally, the two
smaller peaks observed at approximately 718.8 and 731 eV
correspond to the satellite peaks of Fe 2p;, and Fe 2p,,,
respectively.

The results indicate that Fe®" is the sole oxidation state
present on the MZF-NFE surface/near-surface. Regarding the
Fe 2p;), peak, three contributions at approximately 709.8, 711,
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and 712.3 eV represent distinct circumstances of Fe*' ions.
The peaks at 709.8 and 711 eV can be attributed to Fe**
cations with different occupancies (tetrahedral or octahedral)
in the spinel ferrite, while the higher binding energy at around
712.3 eV is associated with Fe® ions bonded with hydroxyl
groups.®® In high-resolution XPS of Mn 2p, the corresponding
Mn 2p,,, and Mn 2p;), signals are observed at 653 and 641 eV
in an ~2:1 peak area ratio indicating that Mn is present in an
oxidation state (Fig. 2k). Furthermore, two prominent peaks in
the Mn 3s spectrum are positioned at 81.2 and 92.6 eV, provid-
ing further confirmation of the presence of Mn** ions. The
XPS spectrum of Zn 2p, shown in Fig. 2(m), exhibits two peaks
situated at 1021.6 and 1044.6 eV, substantiating the existence
of Zn in the corresponding oxidation state.>® The FTIR spectra
of MZF-NFE-PEG and MZF-NFE are shown in Fig. 2(n). The
band observed at 3420 cm ™" is attributed to the O-H stretching
mode, corresponding to either free water or absorbed water.
Furthermore, the frequency band in the range of
540-560 cm™" is assigned to the tetrahedral and octahedral M-
O stretching bands present in ferrites.®® In particular, a new
peak was formed at about 890 cm™" in the MZF-PEG, which
belonged to the C-O stretching vibration peak of the ester
group of the graft copolymer. The results indicated that PEG
was grafted onto the MZF surface. The FTIR spectra of MZF-
HS, MZF-HS-PEG and PEG are shown in Fig. S7.1

As observed from the TEM image in Fig. 3a,
Mn, 5Zn, sFe,0, has a cubic-like structure. EDS mapping is
shown in Fig. S6a and S6b.{ Fig. 3b displays the TEM image of
MZF-NFN with an average size of 250 nm. The MZF-NFN

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Morphology and composition characterization of MngsZngsFe,O4—PEG (MZF-NFE). (a) Mechanism of spinel structure formation of
Mng 5Zng sFe;04. (b) TEM image of MZF-NFE. (c) TEM image showing the high yield of MZF-NFE—PEG. (d) SEM image of MZF-NFE—-PEG. (e) SEM
image of well-dispersed MZF-NFE—-PEG. (f) EDS mapping shows the elemental compositions of the same structure. (g) Atomic-resolution TEM
image of MZF—NFE, and (h) selected area electron diffraction of MZF-NFE. (i) XRD patterns of MZF-NFE—-PEG. High-resolution XPS spectra of (j) Fe

2p, (k) Mn 2p, (1) Mn 3s, and (m) Zn 2p. (n) FTIR spectra.

needle-like cores (major axis ~#70 nm, and minor axis ~22 nm)
are smaller than the MZF-NFE ellipsoidal cores (major axis
~60 nm, and minor axis ~43 nm), as shown in Fig. 3c and d.
The EDS mapping shown in Fig. 3e demonstrates the homo-
geneous distribution of Mn, Zn, Fe, and O in the obtained
MZF-NFN. The preparation of hollow spherical
Mn, 5Zn, sFe,0,~PEG nanoparticles (Fig. 3f) and the detailed
steps are presented in the ESIT (Experimental section). Fig. 3g
and h shows the TEM images of MZF-HS nanoparticles, which
are hollow spheres with an average diameter of 350 nm. The
SEM images clearly show that MZF-HS has a smooth surface
and good dispersion (Fig. 3i and j). The TEM-EDS elemental

This journal is © The Royal Society of Chemistry 2024

mapping images suggest the presence of Fe, Mn, Zn, and O
components in the nanoparticles (Fig. 3k), and the energy-dis-
persive X-ray spectroscopy analysis further validates that the
as-prepared  nanoparticles are composed of pure
Mn, 5Zn, sFe,0, (Fig. S8a—ct). The N, physisorption results of
the different shapes of MZF are shown in Fig. 3i. Compared
with MZF-NFE, the amount of N, adsorbed by the other
shapes of MZF decreased significantly. The specific surface
area of MZF-NFE was 119 cm?® g7 The isotherms of MZF-NFE
and MZF-NFN exhibited a characteristic type IV feature, indi-
cating the presence of a mesoporous architecture, which
enhances their capacity for effective anticarcinogen loading.

Nanoscale, 2024, 16, 10428-10440 | 10431


https://doi.org/10.1039/d4nr00104d

Published on 30 April 2024. Downloaded by Nanyang Technological University on 6/6/2024 6:43:52 AM.

Paper

Urea
f 9 Fe* @Zn** EG ; ¥ XA c:/k‘.t
SN

@ Mn»PCTAB TP ~RINET S

/ >~ Solvothermal

S
E
Mn, sZn, sFe,0,-CTAB w0 I ]
NH,-PEG-NH & 30
- - G k Remove CTAB °
4= : a ool
(L]
I EDCI/NHS © 10
i\ N 10}
Mng sZng sFe,0,-PEG Hollow Mn, sZn,sFe,0, { PEG
0
MZF-C MZF-HS MZF-NFNMZF-NFE
N_[—wmzc
| 80F —MzF-Hs
MZF-NFN
40} ——MZF-NFE
o
2
€E 0
D
=_40
_80 3

View Article Online

Nanoscale

o

% 120}

@100} ——M2ZF-C

s —— MZF-HS
~ S 8of MZF-NFN

- —o— MZF-NFE

2 60}

2

© 40 "

@

2 20}

=

(1]

=

€]

e IRE PG G S o

00 02 04 06 08 10
Relative pressure (P/Po)

[ without PEG
] With PEG

a o
o O

-4000 -2000 O 2000 4000

H (Oe)

Fig. 3 Morphology and composition characterization of Mng sZng sFe,O4. (a) TEM image of cubic Mng sZng sFe;O4. (b) TEM image of MZF-NFN. (c)
and (d) SEM images of MZF—-NFN. (e) TEM—-EDS elemental mapping images of an individual MZF-NFN. (f) Illustration of the preparation of hollow
spherical Mng sZng sFe,O4—PEG nanoparticles (MZF-HS—PEG). (g) TEM image of MZF-HS nanoparticles. (h) Enhanced TEM image of MZF—HS nano-
particles. (i) and (j) SEM images of MZF-HS nanoparticles. (k) TEM—-EDS elemental mapping images of individual MZF-HS nanoparticles. (1) N,
adsorption—desorption isotherms of the different shapes of MZF. (m) Zeta potential of the four structures with PEG and without PEG. (n) The H-M

curves of MZF—-C, MZF-HS, MZF-NFE, and MZF-NFN.

The surface charge of Mn, sZn, sFe,O, nanoparticles with
and without PEG was assessed for different shapes by measur-
ing their { potential. The magnitude of the { potential serves
as an indicator of the colloidal system’s potential stability.
Nanoparticles exhibiting notably positive or negative { poten-
tial will effectively repel each other, contributing to enhanced
dispersion stability.>> It was found that all the as-prepared
MZF with different shapes exhibited positive { potential with
magnitudes higher than +37 mV (Fig. 3m). After PEG modifi-
cation of MZF, the zeta potential value of manganese-zinc
ferrite decreased. The main reason is that PEG is a non-ionic

10432 | Nanoscale, 2024, 16, 10428-10440

polymer with a large number of ether bonds (-O-) on its mole-
cular chain. When PEG is modified onto the surface of manga-
nese-zinc ferrite, the ether bonds on the PEG molecular chain
interact with the surface charges of manganese-zinc ferrite,
thereby shielding some of the surface charges, which results
in a decrease in the zeta potential value. Additionally, PEG
molecules possess excellent hydrophilicity, which enhances
the surface hydrophilicity of manganese-zinc ferrite after
modification. The increased hydrophilicity reduces the inter-
action between the surface of manganese-zinc ferrite and
water, further decreasing its surface charge density and sub-

This journal is © The Royal Society of Chemistry 2024
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sequently lowering the zeta potential value. PEG modification
on the surface of manganese-zinc ferrite forms a spatial steric
hindrance layer, which prevents direct contact and electrostatic
interactions between manganese-zinc ferrite particles. This
spatial steric hindrance effect can reduce the surface charge
density of manganese-zinc ferrite, thereby decreasing its zeta
potential value. The magnetic properties of Mng sZng sFe,0,
with the different shapes were investigated using a vibrating
sample magnetometer (VSM) at 300 K as demonstrated in
Fig. 3n. The saturation magnetization (M) values of all
samples are between 60.7 and 79.1 emu g~ '. MZF-NFN shows
the largest M, value of 79.1 emu g ', while MZF-C has the
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lowest M, value of 60.7 emu g~'. MZF-HS and MZF-NFN have
an almost equal value of 61.7 emu g~ *. Additionally, Fig. S9at
shows the M-H curves of MZF-NFN with different solvo-
thermal temperatures (180, 200, and 220 °C). The M values
are equivalent at different solvothermal temperatures, which
indicates that the reaction temperature has little effect on M.
The M; value of MZF-NFE increases with the amount of NaAc;
however, when the amount of NaAc reaches 20 mmol, the M
value is equivalent to that for 15 mmol, with both reaching the
maximum value of 79.1 emu g~ (Fig. S9bt).

Fig. 4a illustrates the schematic diagram of the photother-
mal conversion of MZF-NFE. The UV-vis-NIR spectra of MZF-
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Fig. 4 (a) Schematic diagram of photothermal conversion; (b) UV-vis-NIR spectra of corresponding colloidal dispersions for MZF-HS, MZF-NFE,
and MZF-NFN; (c) temperature elevation for an aqueous dispersion of MZF-NFE at a concentration of 0.5 mg mL™" irradiated for 10 min using an
808 nm laser at various power densities. (d) Temperature elevation for MZF-NFE aqueous dispersions at varying concentrations, all irradiated under
an 808 nm laser (0.5 W cm™2); (e) heat transfer for MZF-NFE with different concentrations; and (f) the recycling heating—cooling curve of MZF—NFE
for five consecutive on/off rounds. (g) Thermal images of MZF—-NFE at various concentrations. (h) Experimental and fitted temperature decays of the

MZF—-NFE solution after the laser was switched off.
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HS, MZF-NFN, and MZF-NFE aqueous dispersions are shown
in Fig. 4b. Notably, all three nanostructures demonstrated
broadband absorption spanning from visible to near-infrared
light, with the MZF-HS nanostructure exhibiting particularly
high absorbance (2.7) when irradiated with NIR (808 nm). As
shown in Fig. 4c, the photothermal conversion performance of
MZF-NFE (0.5 mg mL™") was evaluated at different NIR power
densities at room temperature. The AT increased by 20.3 °C as
the power density increased from 0.3 to 1.0 W cm™>. More
details of the AT curves for MZF-NFN, MZF-NFE, and MZF-
HS are discussed in Fig. S10a-i.f Besides the NIR power den-
sities, the concentration of the nanoparticles also had a great
influence on AT (Fig. 4d, Fig. S10if). At low concentrations,
NIR could easily penetrate the MZF-NFE solution, resulting in
all the MZF-NFE nanoparticles absorbing NIR. However, when
the concentration of MZF-NFE increased, NIR was almost
completely absorbed at the bottom of the solution and could
not reach the top layer, as shown in Fig. 4e. In addition, the
heat generated by the lower MZF-NFE could not be quickly
transferred to the top layer as MZF-NFE has low thermal con-
ductivity, resulting in a temperature dead zone (TDZ), which
caused a lower overall solution temperature. Photothermal
stability is an important characteristic of photothermal agents.
There was no noticeable change in the photothermal effect
after five cycles of NIR irradiation, indicating that all samples
possessed excellent thermal stability and photostability, as
shown in Fig. 4f. The more detailed photostability of MZF-
NFN and MZF-HS is presented in Fig. Slla and S11b.}
Thermal images of MZF-NFE with different concentrations are
shown in Fig. 4g. Following the theory proposed by Chen
et al.®* (eqn (S1)1), the temperature decay curve for MZF-NFE
shown in Fig. 4h was integrated with respect to time (AT vs. t)
and subsequently fitted; the details of MZF-HS and MZF-NFN
are shown in Fig. S12a-c.f The photothermal conversion
efficiency (n) rates of MZF-HS, MZF-NFE, and MZF-NFN were
calculated to be 24.7%, 20.3%, and 18.6% (Fig. S12d¥).

The magnetic heating effects of the different MZF struc-
tures with various concentrations were investigated under an
AMF. The AMF applied had an amplitude of 60 to 120 Oe with
a constant frequency of 300 kHz. An MZF-NFE aqueous solu-
tion exhibited a rapid temperature increase, and the AT
showed a strong dependency on H, with AT reaching about
25.3 °C in 10 min with an amplitude of 120 Oe (Fig. 5a). The
MZF-NFE aqueous solution had the maximum value of AT
compared to those of the other three shapes under the same
AMF conditions (Fig. S13a-ht). Considering the safe field con-
dition® (H x f< 5 x 10° A m s~ '), when comparing the different
shapes of MZF, the obtained SAR values under the same AMF
parameters indicate the following order in heating perform-
ance: SARyzrc < SARmzr-us < SARmzr nen < SARmzp nre @S
shown in Fig. 5b. Details of the SAR values for the different
shapes of MZF with varying concentrations can be found in
Fig. S14a and 14b.f Notably, the SAR of MZF-NFE was
enhanced by close to 7 times that of MZF-C, implying that the
shape-controlled synthesis of nanocrystals is vitally important
to improve their magnetic hyperthermia performance.
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Moreover, as shown in Fig. 5c, the value of the SAR decreases
with the concentration of magnetic nanoparticles; further
details are presented in Fig. S14c-f.T Furthermore, to quanti-
tatively evaluate the intrinsic material heat induction perform-
ance independent of AMF, the ILP values were experimentally
determined by measuring the AMF-induced self-heating

curves, where ILP = o The ILP values are 1.6 nH m* kg™*

for MZF-C and 15.2 nH m* kg~ " for MZF-NFE. As shown in
Fig. 5d, the obtained ILP values of the different shapes in
water are compared with ILP values of other previously
reported magnetic nanoparticles.'*****"* MZF-NFE showed
the highest value among the magnetic nanoparticles. The
value is about 100 times that of commercial iron oxide and is
also similar to that of recently reported core/shell exchange-
coupled NPs.”> The high ILP values of MZF-NFE and MZF-
NFN are mainly attributed to magnetic vortices>'>* and
exchange couplings between the cores.'* The ILP is linearly
correlated with the increase of exchange coupling between
the cores."® Therefore, the ILP of MZF-NFN should be larger
than that of MZF-NFE due to exchange coupling. However,
this was not the case, as revealed in Fig. 5d. Instead, the mag-
netization vortex configuration is another important factor in
the heating efficiency of the multicore nanoflowers.'”*'
Micromagnetic simulations of the MZF-NFE structure show
that a multi-vortex configuration is formed at the remanence
state. However, no magnetic vortex is formed for MZF-NFN
due to the high aspect ratio of the magnetic core; this depen-
dency is in accordance with the results reported by Gao
et al.”® For MZF-NFE, the presence of the exchange coupling
and magnetic-vortex configuration simultaneously leads to a
higher ILP than that for MZF-NFN. The exceptionally high
ILP value of MZF-NFE would potentially enable the nano-
particle to completely kill tumor hyperthermia and extend its
effect to magnetic thermoablation for the necrotization of
cancer cells.

To investigate heat transfer and ablation inside the tumor
tissue loaded with MZF-NFE, a realistic model of a solenoid
(Fig. 5e) is employed to evaluate the magnetic field, anticipate
the temperature distribution, and estimate the damaged frac-
tion of biological tissue during magnetic hyperthermia treat-
ment. The treatment temperature distribution in the biological
tissue of the proposed physical model can be accurately pre-
dicted by solving Pennes’ bio-heat transfer equation’ (eqn
(S11) and (S12)). Details of the simulation parameters and
model are presented in the Experimental section of the ESIL{
The simulated magnetic fields match the measured experi-
mental field, and Fig. 5f illustrates the resulting magnetic field
distribution obtained from the simulation. Fig. 5g shows the
temperature distribution with varying fields of 60, 80, and 100
Oe. The critical magnetic field of H = 100 Oe at f= 300 kHz is
proposed for optimal temperature at 47 °C for therapy. The
extent of tumor tissue damage is significantly influenced by
the amplitude of the AMF, as shown in Fig. 5h, where the
damaged fraction is more than 0.95 when the amplitude of the
magnetic field is at 100 Oe.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Heating profiles of the MZF—NFE aqueous solution (1 mg mL™) under AMF (f = 300 kHz, H = 60 Oe to 120 Oe). (b) The SAR values as a
function of H x f product for MZF (1 mg mL™) with different shapes. (c) The SAR values of MZF-NFE at different concentrations (1 mg mL™, 2 mg
mL™2, and 5 mg mL™) under an AC magnetic field (H = 60 to 120 Oe) at f = 300 kHz excited for 600 s. (d) The heating performance as represented
by the ILP values of different MZF shapes. (e) The sectional view presenting the geometrical model for MHT. (f) The magnetic field is generated by
the current-carrying solenoid in the y—z plane. (g) Temperature distributions and (h) tissue-damaged fraction inside the tumor for different H values
of 60 Oe, 80 Oe, and 100 Oe, respectively. (i) The heating curves for MZF-NFE under various H values (60 Oe to 120 Oe) at f = 300 kHz, on
exposure to an NIR laser at a power density of 0.3 W cm™2. (j) The SAR values of MZF-NFE (1 mg mL™) as a function of P under an AMF (H = 80 Oe)

at f = 300 kHz.

As shown in Fig. 5i, the heating capabilities of MZF-NFE
triggered by MHT and PTT were studied with different magnetic
amplitudes and laser power densities separately, and both para-
meters can distinctly improve the heating efficiency. As
expected, the SAR increases with the NIR and AMF in the dual-
exposure mode (Fig. 5j and Fig. S18b¥). Under a fixed magnetic
field (H = 60 Oe and f = 300 kHz), the specific absorption rate
(SAR) significantly increases when a laser is concurrently
applied. Consequently, the SAR is significantly higher than it is
in MHT and PPT and reaches beyond 600 W g~* in the dual-
exposure mode (P = 0.7 W em™> and H = 60 Oe). Therefore, the
dual exposure of AMF and NIR irradiation is very promising in
enhancing the heating capacity of MZF-NFE.

This journal is © The Royal Society of Chemistry 2024

The high ILP of the MZF-NFE can originate from the
energy of complex magnetization reversal. Micromagnetic
simulation using a GPU-accelerated MuMax3 program was
carried out to understand the magnetization configurations of
the different shapes of MZF.”> Typical material parameters of
MZF were utilized and are listed in Table S1.T For the cubic-
shaped nanoparticles with sizes smaller than 52 nm, the rema-
nent state has a single-domain magnetization configuration.
Fig. 6a reveals that there is no vortex from the cubic-shaped
nanoparticles. A critical particle size of at least ~10-30 nm”? is
required for a stable vortex state in MZF-HS. The magnetic
configuration for larger-size hollow spheres with a diameter of
300 nm (inner diameter of 100 nm) was simulated and the M-
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Fig. 6 Micromagnetic simulation of the cyclical variation of magnetic moments from various particle shapes under an alternating magnetic field:
(a) cubic, (b) MZF-HS, and (c) MZF-NFE. (d) Simulated magnetization configuration of MZF—NFE at 100 Oe. Simulated normalized hysteresis loops
of (e) MZF—HS and (f) MZF-NFE; insets show the magnetization configuration at various magnetic field strengths. (g) Enlarged normalized hysteresis

loops of MZF—-NFE at low fields.

H curve is shown in Fig. 6e. At a field of H ~ —800 Oe, the
hollow sphere has a single domain state. Multi-step magnetic
state transitions take place when the field decreases as is
evident from the sharp magnetization change (Fig. 6¢e) as well
as the differential susceptibility, y = dM/dH, shown in
Fig. S15.1 A double-vortex state was observed at H = —600 Oe,
consisting of a pair of clockwise and counterclockwise vortices
and the vortex axis of the two vortices aligns with the magnetic
field as shown in Fig. S16.f The magnetic configuration
changes into a counterclockwise vortex at H ~ —300 Oe. The
vortex configuration was retained throughout the magnetic
field sweep until H ~ +600 Oe, and finally into a single domain
state at +800 Oe. The multi-step magnetic state transitions
observed in Fig. 6e are not present in the experimental equi-
valent shown in Fig. 3n. This can be attributed to the imperfec-
tions and the variations in vortex axes of the nanoparticles
used in the VSM measurement. Fig. 6b depicts the magnetic
configuration of MZF-HS in the minor magnetic field sweep
between —100 Oe and +100 Oe; more details can be found in
Fig. S17.1 These results demonstrate the potential for stable

10436 | Nanoscale, 2024, 16, 10428-10440

vortex states to form in submicrometer hollow spherical nano-
particles at low external field. Furthermore, the magnetic
vortex configurations and reversal behaviors of MZF-NFE were
also studied by varying the nanoparticle orientation angle, 6
(0°, 22.5°, 45°, 67.5°, and 90°) between the x-axis and the mag-
netic field direction, as shown in Fig. S18.1 The magnetic ellip-
soids of MZF-NFE have an average major axis a % 60 nm and a
minor axis b ~ 43 nm. The magnetization configuration in the
minor magnetic field sweep between —100 Oe and +100 Oe
and M-H loops of MZF-NFE by varying 0 are presented in
Fig. 6¢ and f, respectively. Fig. 6g shows the M-H loops of
MZF-NFE under a low magnetic field; it is observed that MZF-
NFE has a lower coercivity, suggesting that the magnetic
moment can be reversed at a lower applied magnetic field.
More details for switching behaviors at different 0 values are
shown in Fig. $19.1 While MZF-NFE forms the vortex state as
the angle 6 changes from 0° to 90°, a notable difference in the
vortex chirality is evident, as shown in Fig. 6d (6 = 0°). As
shown in Fig. S20a and S20b,T when 6 = 0° and 90°, the mag-
netic cores along the external magnetic field show a pair of

This journal is © The Royal Society of Chemistry 2024
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vortices with opposite chirality at the remanent state while
only a single vortex was formed in the magnetic cores that
deviate from the direction of a magnetic field. However, as
shown in Fig. S18,f when 6 = 22.5°, § = 45° and 6 = 67.5°, each
magnetic core only forms a single vortex. Details on exchange
energy, demagnetization, and Fig. S21a-d{ shows the Zeeman
energy contributions to the total energy of the MZF-NFE.
Additionally, the magnetic coupling between the magnetic
cores exhibits significant differences at different orientations
in the magnetization processes, as shown in Fig. S22a and b.T
Compared with the other structures, MZF-NFE exhibits a
multi-vortex configuration, suggesting that it has better
heating capacity.

Additionally, MCF-7, 4T1 and BT549 cells are selected to
evaluate the intrinsic cytotoxicity of MZF-NFE by MTT. As
shown in Fig. 7a, after 48 h of incubation, MZF-NFE demon-
strates no significant cytotoxicity against MCF-7, 4T1, and
BT549 cells, as evidenced by a cell viability of more than 81%,
even at an MZF-NFE concentration of up to 1000 pg mL ™,
highlighting the favorable biosafety profile of MZF-NFE.
Furthermore, the cell viability was similar among MCF-7, 4T1
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Fig. 7 (a) Confocal images of calcein—AM (green, live cells) and PI (red,

Control
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and BT549 cells following treatment with the same concen-
tration of MZF-NFE.

Combining PTT and MHT can effectively enhance the
heating effect, hence investigations on their phototherapeutic
and magnetic hyperthermia therapy effect on MCF-7, 4T1, and
BT549 cells in vitro were carried out. As shown in Fig. 7b, upon
exposure to an AMF (f = 300 kHz, H = 80 Oe) and irradiation
with NIR (0.5 W cm™2) separately, the cell viability is main-
tained at a high level (17.6% for AFM, 12.4% for NIR).
However, upon exposure to AFM and NIR irradiation, a signifi-
cant increase in cell death was observed, with over 95.7% of
cell death occurring at an MZF-NFE concentration of 1.0 mg
mL™". These results indicate that MZF-NFE is an excellent
system for synergistic MHT/PTT. Moreover, to assess cell viabi-
lity, a fluorescent LIVE/DEAD assay was performed, and the
results are shown in Fig. 7c. In the control group, almost no
dead cells were observed. In the magnetic hyperthermia
(MHT) group, approximately 60% of the cells died, while the
photothermal therapy (PTT) group exhibited around 65% cell
death. Remarkably, nearly all cells died in the dual-exposure
group. Consistent with the above-mentioned findings, these

Merge

b Calcein-AM PI

Control

MHT

PTT

Dual

d

LysoBrite Green Hoechst DOX Merge

dead cells) dye-contained cells incubated with MZF-NFE (1 mg mL™)

and treated with MHT (300 kHz, 80 Oe), PTT (0.5 W cm™2) and dual exposure for 10 min. (b) Cell viability of BT549, 4T1 and MCF-7 cells incubated
with MZF—-NFE at various concentrations for 24 h. (c) Cell viability of BT549, 4T1 and MCF-7 cells incubated with MZF-NFE in the presence of
AMF (300 kHz, 80 Oe), NIR laser, and dual exposure for 10 min. (d) Confocal microscope images of cellular uptake of MZF—-NFE in BT549 cells

after 1, 2, and 4 h.

This journal is © The Royal Society of Chemistry 2024
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observations reveal the exceptional synergistic effects of MZF-
NFE in magnetic hyperthermia therapy (MHT) and photother-
mal therapy (PTT) at the cellular level. To monitor the uptake
behavior of MZF-NFE, fluorescence images were obtained
using confocal laser scanning microscopy. Cell nuclei were
stained with Hoechst, producing blue fluorescence under illu-
mination with a 405 nm laser. On the other hand, MZF-NFE/
DOX emitted red light under the excitation of a 488 nm laser.
Additionally, lysosomes were stained with Lysobrite green, gen-
erating green fluorescence when exposed to a 500 nm light
source. As shown in Fig. 7d and Fig. S19,1 BT549 and MCF-7
cells incubated with MZF-NFE/DOX exhibit distinctly red fluo-
rescence signals in the lysosome and colocalization with
Lysobrite green, indicating that MZF-NFE/DOX was taken up
into the BT549 cells via an endolysosomal pathway. Notably,
the cells incubated with MZF-NFE/DOX exhibited slightly
weaker red fluorescence signals after 1 h, but only small
amounts of MZF-NFE/DOX were found inside the cells, which
can be attributed to the free DOX small molecules being taken
up into cells by passive transport as the main fashion.”* In
contrast, stronger red fluorescence signals and more MZF-
NFE/DOX were found inside the lysosome after incubation for
4 h. The primary reason is that nanoscale biomaterials typi-
cally depend on endocytic pathways for cell entry, which is
energy-dependent and relatively slow.”®

Conclusions

In conclusion, we have successfully synthesized Mn, sZn, sFe,0,
nanoflowers with ellipsoidal and needle-like magnetic cores,
cubic Mn, sZn, sFe,0,4, and hollow spherical Mng 5Zn, sFe,0,
via a solvothermal method, and a systematic investigation was
conducted to assess their photothermal properties and magneti-
zation vortex configurations. The synthesized MZF-HS nano-
particles have a maximum photothermal conversion efficiency
of 24.7%. Additionally, MZF-NFE has the highest ILP value of
15.3 nH m? kg™, which is attributed to the formation of mul-
tiple magnetic vortices. In vitro experiments demonstrated that
cell viability is at 17.6% for AFM and 12.4% for NIR. However,
with the proposed dual-exposure therapy, the cell viability
decreased significantly to 4.3% at an MZF-NFE concentration
of 1.0 mg mL™". Therefore, this work demonstrates that MZF-
NFE has the potential for efficient cancer hyperthermia therapy
using the dual-exposure magneto-photothermal approach.
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