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ABSTRACT: Alternative cancer treatments such as photothermal
therapy (PTT) and magnetic hyperthermia (MHT) techniques
have been studied to show promising potential as supplementary
modalities. However, such techniques have their own limitations;
for instance, highly concentrated intratumoral injections of
magnetic nanoparticles are required to compensate their low
specific loss power under safe and low magnetic field intensity for
the MHT, while the PTT has limitations in the treatment of deep-
seated tumors due to low light penetration. Here, the decoration of
the multi-walled carbon nanotube (MWCNT) surface by magnetic
nanoparticles (≈8.5 nm) was achieved by a hydrothermal method
and the development of MWCNT/Mn0.5Zn0.5Fe2O4 (MZFC)
hybrids for magneto-photothermal dual-mode cancer therapy.
The obtained specific loss power of the MZFC hybrids is found to be at least 1 order of magnitude higher, with improvement
from ∼19 W/g to 225 W/g, under the excitation of both an AMF with a magnetic field intensity of 6.4 kA/m and a frequency of 300
kHz and a simultaneous NIR laser of 0.5 W/cm2 irradiation. The synergistic utilization of the photothermal and magnetic properties
of MZFC effectively diminishes the required magnetic field amplitude and NIR laser power density. Our in vitro cell experiments
confirmed that the thermal effects mediated by the MZFC after endocytosis delivered enhanced cytotoxicity in the presence of dual
excitation of NIR laser and AMF. These findings indicate that MZFC nanohybrids possess significant potential as targeted
nanoheating agents for hyperthermia applications.
KEYWORDS: functional nanohybrids, photothermal therapy, magnetic hyperthermia, magneto-photothermal, synergistic therapy

1. INTRODUCTION
Progress in the research of tumor nanotherapy has been
encouraging over the past decades. Nanoparticles with unique
multifunctional features for combinative cancer therapy have
been extensively developed, which is considered an emerging
approach in nanomedicine. Specifically, the use of energy-
absorbing thermotherapeutic metals (gold, silver)1−8 and
magnetic nanoparticles (MNPs)9−14 has rapidly making
progress in cancer treatment technology, i.e., photothermal or
magnetic hyperthermia.12,15−17 The merits of this therapeutic
modality originate from the unique multifunctional features,
which play a significant role in controlling local heating inside
the cells. This modality increases the hyperthermia therapy
efficiency and accuracy while reducing the side effects and
invasiveness by keeping the temperature of healthy tissue at the
physiological level via remote-controlled heat mediators.18

Two types of hyperthermia depending on the stimulus used as
a trigger, i.e., optical or magnetic properties activated
nanoheating agents. Magnetic hyperthermia (MHT) utilizes
heat dissipation by MNPs to kill tumor cells when under an
alternating magnetic field (AMF),19−22 while photothermal
therapy (PTT) employs photothermal agents that are activated

by near-infrared laser (NIR) irradiation.23−27 However, both
magnetic hyperthermia and photothermal therapy have their
limitations.28,29 For instance, highly concentrated intratumoral
injections of magnetic nanoparticles are required to compen-
sate the low specific loss power (SLP) under low magnetic field
intensity for the MHT,30 the real-time temperature monitoring
is invasive thermometry,31 and the nanoparticles distribute
non-uniformly within the tumor.32 Therefore, enhancing SLP
value through modifications in the material properties, size,
shape, and aggregation state of magnetic nanoparticles emerges
as the pivotal factor for augmenting the effectiveness of
magnetic hyperthermia.33−36 In PTT, high-power laser
exposure can damage surrounding healthy tissue, and some
nanoparticles (gold and silver) used are not FDA-approved
materials and may not meet biosafety requirements.37
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Moreover, the photothermal therapy has long been limited to
superficial tumors; in the best scenario, near-infrared light in
the second region can penetrate breast tissue for 10 cm and
skull/brain tissue or deep muscle for 4 cm. However, due to
tissue absorption and light scattering, the photothermal effect
is markedly weakened for the case of deep tumors.38−40

Therefore, there have been initiatives to search for more
effective hyperthermia therapy approach by consolidating
different modulates.41−44 An effective strategy involves the
synergistic combination of magnetic hyperthermia (MHT) and
photothermal therapy (PTT) to generate cumulative heating at
a specific site of interest. In addition to the cumulative effect,
this combined approach leverages the complementarity of PTT
and MHT, leading to a synergistic hyperthermia effect. An
advantageous characteristic of magnetic hyperthermia (MHT)
is its ability to be performed without limitations related to
tissue depth. Furthermore, the iron oxide nanoparticles have
obtained approval as contrast agents for magnetic resonance
imaging (MRI), which can realize the integration of tumor
diagnosis and treatment.45,46 Nevertheless, MHT produces a
significantly lower heating yield per unit mass compared to
PTT.

Combining PTT and MHT implies providing nanohybrids
with responsiveness simultaneously to both AMF and NIR to
overcome their intrinsic limitations. Consequently, reduced
nanoparticle injected dose and NIR laser power exposure may
be achieved by combination therapy. Moreover, Multifunc-
tional nanohybrids exhibit image trackability through different
modalities. The magnetic component can be visualized using
MRI, while the light-absorbing part can be imaged through
photoacoustic imaging.

To date, significant efforts have been made to construct
multifunctional nanohybrids as a platform for synergic
therapy.47,48 For instance, Curcio et al.15 reported that the
use of dual heating capability (PTT + MHT) in synthesized
iron oxide nanoflowers @ CuS Hybrids reduced nanoparticle
administered dose, magnetic field frequency, and laser power
exposure. Numerous studies about gold or silver plasmonic
nanostructures have been explored for combining PTT +
MHT. Srikanth et al.37 designed multifunctional Ag/Fe3O4
nanoflowers to act as dual hyperthermia agents, and their
results showed that the specific absorption rate of Ag/Fe3O4
nanoflowers was increased significantly under simultaneous
AMF and NIR laser irradiation. Fiorito et al.49 successfully
synthesized multifunctional three-material inorganic hetero-
structures (Fe3O4@Au@Cu2−xS) as an effective route for
enhancing their heating ability; the presence of Au and Cu2−xS
domains enables substantial adsorption in the first near-
infrared (NIR) biological window. Combining MHT and PTT
can be selected for a more efficient treatment. Recently,
although based on Fe3O4 nanohybrids, they have been
intensively investigated, as mentioned above. However, The
Curie temperature of Fe3O4, which is 858 K, exceeds the
desirable range (315−320 K) for efficient heat generation
purposes.50 Previous reports indicate that Mn−Zn ferrite
exhibits a low Curie temperature and that its magnetic
properties can be modulated via introducing a minor
concentration of Zn through doping.51,52 Additionally,
manganese zinc-ferrite with good biocompatibility53 and
magneto-photothermal properties provided as s competitive
nanoheater in clinical conditions. Functionally modified zinc−
manganese ferrite can yield unexpected properties. For
instance, MnZnFe2O4 @ starch nanoparticles exhibits good

colloidal stability, dispersibility, and the heating efficiency.51

ZnxMn1−XFe2O4@SiO2:zNd3+ core−shell nanoparticles show a
good synergistic heating effects under simultaneous exposure
with an alternative magnetic field and NIR laser.54 Addition-
ally, studies demonstrated that graphene, carbon nanotubes, or
organic substances such as polypyrrole and polythiophene have
good biocompatibility, and high photothermal conversion
efficiency under NIR. Moreover, graphene and carbon
nanotubes have excellent thermal conductivity, which can
dramatically increase the thermal conductivity of the hybrid
doping carbon nanotubes. As a result, the hyperthermia
efficiency and temperature distribution will be significantly
improved under the excitation of an AMF or NIR laser.15,48

For example, Wang et al.55 constructed multiscale graphene
aerogel polymer composites that exhibit high-efficiency heating
capability and temperature stability for hyperthermia applica-
tions. An eco-friendly magnetic graphene oxide−lignin nano-
composite was fabricated, which can achieve considerable
performance under the AMF in fluid hyperthermia therapy.56

Magnetic carbon nanotubes with low Curie temperatures were
proposed by Zuo et al. for self-regulating the temperature of
magnetic hyperthermia.57 Carbon nanotubes (CNTs) can
engage in non-covalent and covalent π−π interactions with
molecules through their surfaces of CNTs. Functionalizing the
surface of CNTs with hydrophilic atoms can address the issue
of aggregation. Additionally, hydrogen bonding interactions
have been demonstrated to be effective in modulating the
properties of pharmaceutical compounds and in applications
such as drug evaluation, identification, and delivery.58 Despite
the remarkable efforts primarily focused on exploring the
photothermal and magnetic hyperthermia properties of
magnetic composites, less attention has been paid to
developing their synergetic properties for hyperthermia therapy
applications. However, a combination of the two modes can
offer several advantages over using either approach alone,
including complementary mechanisms, synergistic effects,
versatility, and non-invasiveness.

We synthesized a nanocomposite that can produce dual-
thermal effects to achieve enhanced heating efficiency for
magneto-photothermal cancer therapy applications. The nano-
hybrids composed of Mn0.5Zn0.5Fe2O4 and MWCNTs, which
demonstrated simultaneous stimulation of MWCNTs/
Mn0.5Zn0.5Fe2O4 (MZFC) hybrids with a low iron concen-
tration, can provide unrivaled heating efficiency at a clinically
compatible dose of acceptable irradiation. This dual heating
effect was evaluated across a range of biological complexities,
starting from aqueous suspensions to in vitro tumor cells. In all
tested scenarios, both heating effects demonstrated significant
efficacy. While each heating modality alone was moderately
cytotoxic, impairing the viability of some cancer cells, the
combination of magnetothermal therapy and photothermal
therapy achieved complete cancer cell death.

2. EXPERIMENTAL SECTION
2.1. Synthesis Procedure. MWCNTs/Mn0.5Zn0.5Fe2O4 nano-

hybrids were synthesized using the solvothermal/polyol method. A
typical reaction was performed as follows: 2.7 g of FeCl3·6H2O, 0.495
g of MnCl2·4H2O, and 0.34 g of ZnCl2 were dissolved in 70 mL of
diethylene glycol (DEG) at 90 °C, and certain carboxylated
multiwalled carbon nanotubes (MWCNTs) were added into the
solution and stirred under room temperature to form a precursor
solution. Meanwhile, 1 g of flaky sodium hydroxide (NaOH) was
dissolved in DEG (20 mL) at 90 °C, followed by adding the NaOH
solution and 30 mL of diethanolamine (DEA) into the precursor
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Figure 1. (a) Illustration of the synthesis process of MWCNTs/Mn0.5Zn0.5Fe2O4 hybrids. (b) Schematic of measurement setup of MWCNTs/
Mn0.5Zn0.5Fe2O4 hybrids for magnetic hyperthermia, photothermal hyperthermia, and dual magneto-photothermal applications. Enlarged diagram
of the apparatus for magnetic hyperthermia (c), photothermal hyperthermia (d), and the dual (e) in vitro application.

Figure 2. (a) SEM image of Mn0.5Zn0.5Fe2O4 nanoparticles. (b) TEM image of Mn0.5Zn0.5Fe2O4 nanoparticles. (c,d) SEM image of MZFC-4
hybrids in different magnifications. (e) M-H measurements of MWCNTs/Mn0.5Zn0.5Fe2O4 synthesized with different contents of MWCNTs. (f)
Enlarged M−H measurement at low fields for determination of M and H values. (g) XRD measurements of MWCNTs/Mn0.5Zn0.5Fe2O4 hybrids
with different contents of MWCNTs. (h) Size distribution of the MZFC-4. (i) Typical extinction spectrum of the MWCNTs/Mn0.5Zn0.5Fe2O4
dispersed in water.
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solution and stirred vigorously for 15 min to form a homogeneous
solution. The solvothermal synthesis was carried out in a 200 mL
autoclave for 10 h at 180 °C. Finally, the product was magnetically
separated, and then particles were rinsed with alcohol and deionized
water until there were no unreacted floaters on the top of the liquid
before overnight drying at 60 °C.

For comparison purposes, the Mn0.5Zn0.5Fe2O4 (MZF) nano-
particles were synthesized using the same method but without the
addition of carboxylic MWCNTs. The synthesized samples were
labeled as MZFC-n (n = 1, 2, 4, 6, and 8) according to the different
mass percentage contents of MCNTs. The preparation route of
MZFC-n is displayed in Figure 1a.
2.2. Magnetic Hyperthermia Measurement. MWCNTs/

Mn0.5Zn0.5Fe2O4 (1 mg) were dispersed in deionized water (1 mL).
The magnetic hyperthermal efficiency was studied using a calorimetric
method. The MZFC was dispersed in the gel phantom with a
cylindrical hole and then exposed in the AMF with a f = 300 kHz and
H = 6.4 kA/m to 7.2 kA/m. The temperature rise was recorded with a
probe of a fiber-optic temperature converter. A real-time infrared
thermal imaging camera was also used for monitoring. The
description of the gel phantom fabrication is in the Supporting
Information section. In order to minimize thermal fluctuations, the
temperature within the coil was maintained at 27 °C using a water
cooling circuit. The temperature increase was measured over time
(dT/dt) during the initial linear slope (t ≈ 30 s) to assess the heating
effect in relation to SLP, which is defined as the power dissipation per
unit mass of sample (W/g)

=
m

T
t

SLP
CV d

d
s

where C is the specific heat capacity of the sample, m is the total mass
of the sample, and Vs is the volume of the sample.
2.3. Photothermal and Dual Magneto-Photothermal Meas-

urements. Photothermal experiments were conducted under the
NIR (808 nm) with a constant power density (0.5, 1 W/cm2)
irradiation. The aqueous suspension of nanoparticles, enclosed within
a 5 mL EP tube, was subjected to illumination by an NIR laser
positioned at a distance of 5 cm from the sample. The laser power
densities of 0.5 and 1 W/cm2 for the respective applied powers.
During the study on photothermal conversion efficiency, the MZFC-4
dispersion exhibited an optical extinction of 1.3 at 808 nm. In the
photothermal conversion efficiency study, the optical extinction at
808 nm for the MZFC-4 dispersion was adjusted to 1.3. Schematic of
the photothermal and magnetic hyperthermia experimental setup is
shown in Figure S4a,b.
2.4. Cellular Uptake. To conduct cellular uptake experiments, we

synthesized MZFC incorporating IR780 using a previously established
method,59 where IR780, a prototypic NIR heptamethine cyanine
agent, was loaded into MZFC-4. This agent emits fluorescence with
high intensity within the 807−823 nm wavelength range, making it
suitable for imaging applications. The MCF-7 cells were incubated in
a confocal Petri dish (with a diameter of 20 mm) at a density of 2 ×
105 cells per well and cultured for 12 h. The cells were then incubated
with MZFC-4/IR780 (IR780 with a concentration of 10 μM) at 37
°C for 2 h. After three washes, the cells were subjected to staining
with LysoBrite Green (1 μM) and Hoechst 33342 (10 μg/mL) at 37
°C for 20 min. Following another three washes with PBS, the cells
were visualized using a confocal microscope.
2.5. In Vitro Viability Assays of MZFC. The MCF-7 cells were

utilized to evaluate the biocompatibility of MZFC. Initially, the cells
were seeded onto a 96-well plate (1 × 104 cells/well). Then a 24 h
incubation period to allow cell adhesion, the media were removed,
and then washed with PBS. Then the cells were incubated with
varying concentrations (0−1000 μg/mL) of MZFC. Following an
additional incubation period of 24 h and 48 h for different control
groups, the culture medium was substituted with DMEM and using
MTT to assay cell viability.
2.6. Evaluation of Toxicity. MCF-7 cells were plated in laser-

confocal Petri dishes (2 × 105 cells/well) and cultured for a duration
of 24 h. Following multiple washes with PBS and replacement with

fresh DMEM, the MCF-7 cells were plated with varying
concentrations of MZFC-4 and incubated for a duration of 4 h.
Subsequently, the cells were subjected to irradiation using both an
AMF (H = 6.7 kA/m, f = 300 kHz) and an NIR (P = 0.5 W/cm2) for
10 min. The cells were treated using magneto-photothermal for 10
min, subsequently incubated with DMEM for 20 min. The calcein-
AM and propidium iodide (PI) staining was performed, and imaging
using a fluorescent inverted microscope. Furthermore, cell viability
following the dual-mode treatment was assessed using an MTT assay.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization. The as-prepared MZF

and MZFC-4 samples underwent characterization using SEM
and TEM, and the corresponding images are depicted in
Figure 2a−d. The SEM images of MZFC-2 and MZFC-6 can
be found in Figure S1a−c. Notably, the SEM images revealed
the interweaving of a network of MWCNTs among the
Mn0.5Zn0.5Fe2O4 grains (Figure 2c,d). Additionally, Figure 2h
displays Mn0.5Zn0.5Fe2O4 nanoparticles randomly dispersed on
the MWCNTs, showcasing an average diameter of approx-
imately 8.5 nm. The observed distribution can be attributed to
the carboxyl groups present on MWCNTs. The DLS results of
as-prepared samples indicated the formation of MZFC-4 with
an average size of 6.5 nm, as shown in Figure S2.

The prepared MZFC nanohybrids were characterized using
X-ray diffraction (XRD). As depicted in Figure 2g, the
diffraction patterns revealed distinct peaks corresponding to
crystallographic planes. These peaks can be attributed to the
spinel structure of Mn0.5Zn0.5Fe2O4.

60,61 Notably, the dif-
fraction peak associated with the multi-walled carbon nano-
tubes (MWCNTs) was not observed, suggesting a low
concentration of MWCNTs in the nanohybrids. Furthermore,
no peaks indicative of crystalline impurities were detected,
affirming the synthesis of high-purity Mn−Zn ferrite with good
crystallinity.51,62

The FTIR spectra of MZFC nanohybrids were obtained and
are presented in Figure S1d. The band observed at 3422 cm−1

can be owed to the O−H stretching mode, which corresponds
to either free water or water molecules absorbed onto the
samples. The peaks observed at 682 and 1739 cm−1 arise from
the bending vibrations of the C−H bonds and the bending
absorption of the COO−, respectively. Moreover, the peak
detected at 1739 cm−1 corresponds to the stretching vibration
of C�O, indicative of carbonyl or carboxylic acid moieties.
The bands observed in 900−1200 cm−1 due to the C−O−C
and C−O bonds stretching vibration. Additionally, the
absorption peak at 1627 cm−1 is indicative of the unoxidized
MWCNT domains skeletal vibration, suggesting the existence
of a sp2 hybridized honeycomb lattice structure. Finally, the
band in the range of 540−560 cm−1 is assigned to the
stretching vibrations of the octahedral M−O bonds and
tetrahedral in the ferrite structure. The UV−vis−NIR spectra
of MZFC-n aqueous dispersions at concentrations of 0.5 mg/
mL are shown in Figure 2i. It is noteworthy that the samples
displayed broadband extinction across the visible to near-
infrared light range at varying contents of multi-walled carbon
nanotubes (MWCNTs). Notably, the doped carbon nanotubes
exhibited considerably higher light absorption compared to
their undoped counterparts, implying the potential for
enhanced photothermal effects in the doped samples.
Particularly for MZFC-4, an extinction of approximately 1.3
was observed at a wavelength of 808 nm, which serves as a
critical parameter for calculating the photothermal conversion
efficiency.
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3.2. Magnetic Characterization. Magnetic measurement
was performed by using a vibrating sample magnetometer
(VSM). The magnetic properties of each sample have been
compiled and are presented in Table S1. As depicted in Figure
2e, the pure Mn0.5Zn0.5Fe2O4 (MZF) has a Ms value of 47.5
emu/g, and the MZFC magnetization decreases with the
content of MWCNTs increases. The M−H loops of MZFC-2
and MZFC-4 basically coincide and have a minimum value of
39 emu/g. The presence of MWCNTs plays a diluent role,
leading to a decrease in saturation magnetization. By focusing
on the low-field region of the magnetic hysteresis loops, as
depicted in Figure 2f, it becomes evident that all samples
exhibit distinct hysteresis loops. This observation suggests the
absence of a ferromagnetic state at room temperature.
3.3. Photothermal Therapy. As shown in Figure 3a, when

carbon nanotubes absorb light energy, their surface electrons
are excited, generating localized heat, which leads to the
heating of the surrounding tumor tissue and ultimately results
in the death of tumor cells. In biomedicine, the tissue has a
dissipation loss of light, which hinders the effect of photo-
thermal therapy, as schematically shown in Figure 3b.
Therefore, rational selection of specific wavelengths of light
and photosensitizers to enhance the photothermal conversion
efficiency can effectively improve the tumor thermal ablation
effect. Subsequently, photothermal conditions, such as the
nanoparticles’ concentration and different content of
MWCNTs, were reasonably investigated as illustrated in
Figure 3c, (d), and (e), and the temperature change curves
of different content of MWCNTs are shown in Figure S5.
Following irradiation, the solutions exhibited a rapid increase
in temperature with escalating concentrations (0.5, 1, and 3
mg/mL). To ensure minimal damage to surrounding tissues
and adhere to the thermal ablation temperature for cellular

death in the body (>45 °C), it is necessary to minimize both
the concentration and laser power density employed. Ideally, a
temperature change exceeding 20 °C is desired. Remarkably,
the MZF or MZFC-1 solution (1 mg/mL) achieved a
temperature rise of 30.5 °C when subjected to laser irradiation
under a power density of 1.0 W/cm2. This result demonstrates
the capability of satisfying the temperature requirement for
tumor hyperthermia, underscoring its potential efficacy. The
photothermal conversion efficiency (ηT) of the MZFC-4
nanohybrids was also calculated by following the previous
method63 (see SI Photothermal conversion efficiency). The
nanohybrids exhibited a calculated ηT value of 41.7%, whereas
the MZF alone demonstrated a value of 18.3%. This significant
increase of 23.4% in the photothermal efficiency of MZFC-4
highlights the remarkable enhancement achieved by the MZFC
nanohybrids in terms of their photothermal conversion ability.
These findings position the MZFC nanohybrids as a promising
photothermal agent with outstanding potential for various
applications.

Furthermore, the effect of MZFC nanohybrids with varying
contents of MWCNTs was examined under NIR laser
irradiation at a power density of 1.0 W/cm2. The results
demonstrate that photothermal therapy (PTT) mediated by
MZF exhibits comparable efficacy to that of MZFC nano-
hybrids, but only when the MWCNT content is low. With the
increase of MWCNTs, the solution temperature keeps
increasing; however, it is worth noting that the temperature
difference between MZF and MZF-1 is very small, and their
temperature curves basically coincide. This is mainly
attributable to the fact that the molar extinction coefficient
of the composite does not change significantly when the
doping content of MWCNTs is 1%, resulting in no
improvement in the photothermal conversion effect of the

Figure 3. (a) Schematic diagram of photothermal conversion. (b) Scattering and absorption of near-infrared light inside the tissue. Photothermal
performances of the MZFC nanohybrids in solution. Heating curves under a period of 10 min irradiation with an 808 nm laser for values of the
power density of 1 W/cm2 (c) various concentrations of MZF (d) various concentrations of MZFC-1. (e) Temperature change curves of MZF (1
mg/mL) with different contents of MWCNTs upon irradiation of the 808 nm laser at 1.0 W/cm2.
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MZFC. At the high content of MWCNTs, the heating effects
of MZFC are obviously better than those of MZF. Compared
with the MZF without doped MWCNTs, the temperature
difference is increased by 10.2 °C when the doping content of
MWCNTs is 8%. This finding holds significant implications for
enhancing the efficacy of tumor hyperthermia.
3.4. Photothermal and Magnetic Thermal Properties

of MWCNTs/Mn0.5Zn0.5Fe2O4 Composites. Our previous
published work64 showed that using doped carbon nanotubes
can improve the magnetocaloric effect, but with the continuous
increase of MWCNTs. The magnetocaloric effect exhibits an
initial increasing trend followed by a significant decrease.
Previous studies have shown that both MZFC-2 and MZFC-4
exhibit good magnetothermal effects.64 Based on the findings
of this paper, the photothermal conversion effect of MZFC-4 is
significantly better than that of MZFC-2. Therefore, MZFC-4
was selected as the optimal sample for magnetothermal-
photothermal synergistic therapy in the following experiments.
The photophysical properties of MZFC were explored,
including its UV absorption and photothermal conversion
efficiency. Figure 4a,b demonstrates the diagram of MZFC-4
suspension and the infrared thermal images of MZFC-4 at
different concentrations, respectively. Infrared thermal images
of MZF with different MWCNT contents in various
concentrations upon NIR laser (1 W/cm2) irradiation for 10
min are shown in Figure S6. Figure 4c illustrates the evaluation
of the photothermal conversion performance of water and
MZFC-4 at various concentrations under NIR laser exposure.
Following a 10 min NIR laser irradiation at 0.5 W/cm2, the
temperature increases of water and MZFC-4 aqueous solutions
at concentrations of 0.5−3 mg/mL, compared to room
temperature (26.7 °C), were 1.6, 15.8, 21.2, and 22.7 °C,
respectively. Upon increasing the laser power density to 1.0
W/cm2, the ΔT of water and MZFC-4 aqueous solutions at the

same concentrations were 6.5, 36.9, 42, and 43.5 °C,
respectively, compared to room temperature (26.7 °C). The
final solution temperature gradually rose with an increase in
concentration from 0 to 3 mg/mL, while the temperature
change became less pronounced when the MZFC-4 concen-
tration reached 3 mg/mL, as shown in Figure 4c. Notably, the
temperature change of MZFC-4 with a concentration of 3 mg/
mL closely resembled that of the 1 mg/mL concentration
under a power density of 1 W/cm2 (Figure 4d). Moreover,
considering high doses MZFC-4 might be bio-persistent and
potentially toxic, an MZFC-4 concentration of 1 mg/mL was
chosen in the following experiments. The high photothermal
conversion efficiency of MZFC-4 was attributed to the
MWCNTs with outstanding photothermal conversion capa-
bility that did not scatter light out. Even though
Mn0.5Zn0.5Fe2O4 has a poor photothermal conversion perform-
ance, doping MWCNTs significantly improved the near-
infrared light absorption of nanohybrids, and as a result, the
photothermal conversion efficiency was enhanced dramatically.
Furthermore, MZFC-4 exhibited exceptional thermal and
photostability. The photothermal conversion stability was
evaluated by toggling the near-infrared (NIR) laser on and off
while simultaneously recording the real-time temperature
changes during the heating and cooling phases, as depicted
in Figure 4e. After five cycles, the photothermal conversion
capability of MZFC-4 remained consistent at a level
comparable to the first cycle. Notably, there were no
discernible signs of light aggregation or bleaching resulting
from the temperature elevation, indicating the inherent
stability of MZFC-4 against photothermal cycling. The
photostability of MZFC-4 meets the requirements for PTT
applications. IR thermal images of the MZFC-4 solution
further demonstrated its superior photothermal therapy
efficacy (Figure 4b). These results demonstrated that MZFC-

Figure 4. (a) Diagram of MZFC-4 suspension at different concentrations. (b) Infrared thermal images of MZFC-4 with various concentrations
upon irradiation for 10 min. (c) Heating curves of water and MZFC-4 aqueous dispersion (0.5, 1.0, and 3 mg/mL) under the 808 nm NIR laser of
0.5, (d) 1.0 W/cm2. (e) Recycle the heating−cooling curve of MZFC-4 for five on/off rounds. (f) Calculated ηT at 808 nm of MZFC-4, the curve
depicts the photothermal effect of the MZFC-4 aqueous dispersion (1 mg/mL) during specific irradiation periods, followed by the cessation of laser
irradiation. (The NIR laser was operated at 0.5 W/cm2).
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4 is an excellent photothermal agent candidate for photo-
thermal therapy.

The magnetothermal and photothermal effects of MZFC-4
were initially evaluated in aqueous suspensions by varying the
magnetic field amplitudes within the range of 6.4−7.2 kA/m.
Three heating methods were carefully selected: (i) magnetic
hyperthermia only (MHT), at f = 300 kHz with the H from 6.4
to 7.2 kA/m; (ii) Photothermal treatment was performed
solely using an 808 nm laser with power levels ranging from 0
to 1.0 W/cm2; and (iii) combined MHT and PTT:
simultaneous irradiation of both PTT and MHT. In order to
avoid the laser probe being affected by the alternating magnetic
field, the laser and the coil should be kept at a reasonable
distance (5 cm), as shown in Figure 5a.

Figure 5b reveals IR images and temperature profiles in the
gel phantom surface acquired with each protocol, the MZFC-4
with a concentration of 1 mg/mL. Meanwhile, the AFM with
H = 6.7 kA/m and f = 300 kHz, and NIR with the P = 0.5 W/
cm2. Under the MHT + PTT model, a cumulative effect was
observed across all magnetic field amplitudes, and the
temperature elevation caused by both PTT and MHT is
more than the PTT or MHT alone (Figure 5e). In particular, it
is worth noting that in the early stage of heating under the
presence of NIR (1 W/cm2), the temperature difference under
each magnetic field amplitude was not obvious, mainly because
the heating rate of the sample stimulated by the laser was faster
than that induced by a magnetic field. However, in the late
stage of heating, this phenomenon would weaken, and the
sample solution under each magnetic field amplitude showed
an obvious temperature difference (Figure 5d).

The magnetic and laser-induced heating can be precisely
controlled by adjusting the parameters of the alternating
magnetic field (AMF) and near-infrared (NIR) irradiation.
The effectiveness of magnetic hyperthermia is commonly
quantified by SLP, as described in the Methods Section.
Consistent with expectations, the SLP exhibited an increase
with both H and f of the AMF during magnetic hyperthermia

(MHT), as summarized in Figure 5f. In the MHT + PTT
mode, the heating efficiency exhibited a significant increase
with laser power density. Figure 5f shows the value of SLP
obtained under MHT alone and in dual mode. The SLP was
effectively doubled in the presence of a laser for all H, which
resulted in a maximum heat generation rate of 235 W/g at an
irradiation intensity of 1.0 W/cm2 (7.2 kA/m, 300 kHz). The
SLP increases at least 1 order of magnitude from the MHT (19
W/g) only to the dual mode (225 W/g). Furthermore, it is
noteworthy that within the low-field range, the SLP for MZFC-
4 remains relatively small. Hence, the combination of AMF
and NIR laser irradiation holds even greater promise in this
low magnetic field amplitude regime, rendering it more
suitable for clinical trials while also yielding a more
pronounced improvement in laser-induced SLP. These
findings underscore the concept that developing innovative
composite nanostructures with synergistic light absorption and
magnetic properties for simultaneous PTT and MHT
represents a crucial avenue for the advancement of highly
efficient nanostructured hyperthermia agents.

To assess the heating efficiency of MZFC-4, an AMF with a
strength in the range of 6.4 to 7.2 kA/m at 300 kHz was used
to irradiate the MZFC-4 aqueous solution (1 mg/mL) for 10
min. Figure 6a shows the temperature profiles obtained by
thermal IR for each protocol using a H = 6.7 kA/m at 300 kHz
and a P = 0.5 W/cm2. The observed temperature increased by
28.7 °C for the MHT + PTT treatment for 10 min, which is
comparable to the total increases under the two individual
modalities, 7 °C for MHT only, and 22 °C for PTT only. The
heating resulting from magnetic hyperthermia (MHT)
exhibited a linear increase with the duration of alternating
magnetic field (AMF) exposure, as depicted in Figure 6b. The
temperature rise (ΔT) displayed a significant dependence on
the magnetic field amplitude. Moreover, the temperature
elevation induced by the combined approach of magnetic
hyperthermia and photothermal therapy (MHT + PTT)
demonstrated an augmentation with both the magnetic field

Figure 5. (a) Experimental setup for combined hyperthermia experiments is depicted schematically. (b) Gel phantom diagram and the thermal
images acquired from the surface of the gel phantom (height = 3 cm and diameter = 3 cm) containing 1 mg/mL of MZFC-4 after heating 600 s for
MHT, PTT, and DUAL. The heating curves of the MZFC-4 aqueous solution are presented, showcasing the response under various AC magnetic
fields (6.4 < H < 7.2 kA/m) at a f = 300 kHz, coupled with irradiation from an 808 nm laser at two different power densities: 0.5 W/cm2 (c) and
1.0 W/cm2 (d). The temperature elevation after 600 s of heating is depicted in (e), while (f) illustrates SLP as a function of H for various laser
power densities.
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amplitude (H) and laser power density, as illustrated in Figure
5c. In order to reach the targeted ablation temperature range of
cellular death in the body, i.e., 42−47 °C, excitation strengths
as large as P = 1.0 W/cm2 and H = 7.2 kA/m are required for
individual photothermal or magnetic hyperthermia therapy,
respectively. However, a major challenge in clinical trials is the
need to ensure that both laser irradiation exposures and the
magnetic dose are maintained below safety limits to minimize
damage to healthy tissues while selectively targeting cancer
cells for destruction. Simultaneous irradiation of both MHT
and PTT therapies significantly lowers the required values of
magnetic field amplitude (H) and laser power density (P) to
achieve the desired temperature elevation within the
therapeutic window, thereby enhancing the effectiveness of
treatment.

The temperature elevation of the MZFC-4 solution under
combined exposure to an alternating magnetic field (AMF)
and an NIR laser is depicted in Figure 6c. In the absence of
laser irradiation, achieving the necessary temperature range for
tumor hyperthermia requires relatively high magnetic field
amplitudes (H). However, in the presence of P = 0.5 W/cm2

and 1.0 W/cm2, a significant enhancement in the attained
temperatures is observed. For instance, at H = 5.8 kA/m, the
temperature after 10 min of exposure increases from 29 to 46
and 67 °C for P = 0 and 0.5 W/cm2, respectively. Notably,
reaching a target temperature of 42 °C without laser irradiation
necessitates a H = 7.2 kA/m. However, this requirement
decreases considerably when simultaneous P = 0.5 or 1.0 W/
cm2 are applied. These findings highlight the synergistic
heating effect of the MZFC-4 nanohybrids through the
combined utilization of both heating modalities.
3.5. In Vitro Cell Uptake of the MZFC-4 Nanohybrids.

In the present study, cell uptake and distribution of MZFC-4 in
MCF-7 cells were studied by intracellular colocalization.

The cell nuclei were stained with Hoechst, exhibiting blue
fluorescence upon illumination with a 405 nm laser. While the
IR780/MZFC-4 could produce red fluorescence under the

excitation of a 488 nm green laser, the lysosome was stained by
Lysobrite green and could produce green fluorescence under
the illumination of 500 nm. Following a 30 min, 2 h, and 4 h
incubation period with MCF-7 cells, we observed strong
colocalization of MZFC-4 and Lysotracker fluorescence, as
depicted in Figure 7a, red fluorescence signals from MZFC-4

could be observed near the lysosome, which colocalization
with Lysobrite green, suggesting the endocytosis of MZFC-4-
700 nanohybrids by MCF-7 cells, and the MZFC-4 was taken
up via an endolysosomal pathway. Furthermore, the intra-
cellular localization can be clearly confirmed in the 3D images
as shown in Figure 7c and d. Hence, the MCF-4-700
nanohybrids demonstrated cellular internalization in tumor
cells, enabling localized generation of heat through magnetic-
photothermal synergistic hyperthermia therapy. Furthermore,
the high specific surface area of the multi-wall carbon
nanotubes allows for drug loading, such as DOX, facilitating
intracellular drug delivery for chemotherapy. This property
showcases significant potential for synergistic therapeutic
approaches combining drug delivery, magnetic hyperthermia,
and photothermal therapy.
3.6. Synergistic Effect of Magnetic-Photothermal

Hyperthermia. Although the MWCNTs and MZFC nano-
hybrids used in this study are known to be biocompatible, it is
essential to evaluate the cytotoxicity of this system to ensure its
safety and suitability for biomedical applications. Therefore,
further studying the biocompatibility of MZFC nanohybrids in
vitro or in vivo is needed to fully realize their biomedical
applications. As shown in Figure 8a,b, after incubation of
MCF-7 cells with the MCF-4-7 nanohybrids for 24 and 48 h,
the cell viability of the nanohybrids in the present study was
found to be comparable to that of the control, even at a

Figure 6. (a) Thermal images of MZFC-4 aqueous solution dispersed
in a gel phantom, which irradiation by MHT, PTT, and DUAL for 10
min. (b) Temperature elevation of MZFC-4 solution (1 mg/mL) at
different magnetic field amplitudes. (c) The achieved temperature
after a 10 min heating period is plotted as a function of H for various
NIR laser power densities.

Figure 7. (a) Confocal microscope images were captured to observe
the cellular uptake at 30 min, 2 h, and 4 h in MCF-7 cells incubated
with MZFC-4. (b) Bright field image of cells. (c,d) Three-dimensional
(3D) images were obtained to visualize the MCF-7 cells after varying
incubation times with the MZFC-4 nanohybrids at a concentration of
100 μg mL−1.
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concentration of 1000 μg/mL−1. These results suggest that the
nanohybrids exhibited no cytotoxicity under the tested
conditions.

The cytotoxicity of MZFC-4, in combination with an AMF
and N*IR laser, was assessed against MCF-7 cells using the
MTT assay. As shown in Figure 8c, no significant cytotoxicity
was observed on MCF-7 cells treated with a low concentration
of MZFC-4 (∼50 μg mL−1). Specifically, for MHT with high
concentration dependence, the inhibitive rate of MZFC-4 was
51.4% at the concentration of 1 mg mL−1 under AMF (300
kHz, 6.7 kA/m) irradiation for 10 min. However, the
inhibitory rate of MZFC-4 significantly increases to 71.6%
when subjected to NIR laser (0.5 W/cm2) irradiation for 10
min. This observation can be attributed to the fact that
magnetic hyperthermia (MHT) generates a lower heating yield
per unit mass compared to photothermal therapy (PTT). It is
worth noting that the antitumor effect of MZFC-4 exhibits a
concentration-dependent trend, highlighting the crucial role of
MZFC-4 in hyperthermia applications. Remarkably, even in
the presence of a magnetic field and NIR laser, the cell viability
remains high at 97% when MCF-7 cells are incubated with
MZFC-4 at a concentration below 100 μg/mL. As the
concentration of MZFC-4 increases, the cell viability decreases
remarkably. When exposed to both NIR (0.5 W/cm2, 808 nm)
and AFM ( f = 300 kHz, H = 6.7 kA/m) irradiation, the cell
viability incubated with MZFC-4 (1.0 mg L−1) was 10.3%,
indicating that the PTT and MHT combination augmented

the cytotoxicity of MZFC-4 remarkably. The aforementioned
results confirm that the combination of MZFC-4 + dual
modulation exhibits the most pronounced toxicity toward
cancer cells among all the tested formulations.

The cytotoxicity data were further substantiated by the live/
dead cell staining assays, providing additional evidence for the
observed toxic effects of the MZFC-4 + dual modulates on
cancer cells. The absence of a red fluorescence signal in the
control group implies that without MZFC-4 under dual
irradiation, there is no apparent cytotoxicity to cancer cells. In
comparison to the control group, which only received NIR
laser and AFM irradiation, the MZFC-4 group exhibited a
more intense red fluorescence, confirming the cytotoxic
activities of MZFC-4. Furthermore, MCF-7 cells preincubated
with MZFC-4 and subsequently subjected to a combination of
808 nm laser and AMF irradiation displayed the most
pronounced red fluorescence, indicating a promising syner-
gistic effect for cancer cell eradication.

4. CONCLUSIONS
In conclusion, we have demonstrated that the heating
efficiency of MZFC-4, which is a newly synthesized photo-
responsive and magnetically responsive nanohybrid, is
significantly enhanced by combining the magnetic hyper-
thermal effect of Mn0.5Zn0.5Fe2O4 and the photothermal
response of MWCNTs. The combined PTT and MHT

Figure 8. (a) Cell viability of cells was assessed after a 24 h incubation period with varying concentrations of MZFC-4, (b) 48 h. (c) Cell viability of
MCF-7 cells was evaluated after incubation with various concentrations of MZFC-4 under alternating magnetic field exposure ( f = 300 kHz, H =
6.7 kA/m) and NIR laser irradiation for 10 min. (d) Confocal images were captured to visualize the cellular staining of live cells (green
fluorescence, calcein-AM) and dead cells (red fluorescence, propidium iodide) in the presence of MZFC-4 (1 mg/mL) and under the combined
exposure of AMF (300 kHz, 6.4 kA/m) and NIR laser irradiation (0.5 W/cm2) for 10 min.
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techniques provide cumulative heating, hence enabled a
reduced dosage. The SLP of the MZFC-4 hybrid increases
by an order of magnitude under low magnetic field and
simultaneous NIR laser irradiation. Due to its efficient
intracellular uptake and high biocompatibility toward MCF-7
cancer cells, MZFC-4 was examined for dual-mode hyper-
thermal therapy involving NIR laser and AMF. The MTT assay
results demonstrate enhanced hyperthermia effects, validating
the combined application of NIR laser and AMF as an effective
modality for hyperthermia-induced tumor cell killing in vitro.
The cell viability incubated with MZFC-4 was 10.3% when
exposed to both 808 nm laser and AFM irradiation for 10 min,
indicating that the combined PTT and MHT remarkably
augmented the cytotoxicity of MZFC-4. The proof-of-concept
in vitro demonstration indicates that the synthesized MZFC-4
is a promising nanomaterial as a targeted nanoheating agent for
magneto-photothermal hyperthermia applications.
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