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A nontoxic and biocompatible thermoseed is developed for the magnetic hyperthermia. Two kinds of thermoseed
materials: hierarchical hollow and solid lichee-like Fe3O4 assemblies, are synthesized by a facile hydrothermal method. The
crystal structure of Fe304 assemblies are characterized by x-ray diffraction, scanning electron microscopy, and transmission
electron microscopy. Moreover, the prepared Fe;O,4 assemblies are used as a magnetic heat treatment agent, and their
heating efficiency is investigated. Compared to solid assembly, hollow lichee-like Fe3O4 assembly exhibits a higher specific
absorption rate of 116.53 W/g and a shorter heating time, which is ascribed to its higher saturation magnetization, larger
initial particle size, and the unique hierarchical hollow structure. Furthermore, the magnetothermal effect is primarily
attributed to Néel relaxation. Overall, we propose a facile and convenient approach to enhance the heating efficiency of
magnetic nanoparticles by forming hollow hierarchical assemblies.

Keywords: magnetic hyperthermia, heating efficiency, hierarchical Fe3O,4 assemblies

PACS: 44.10.+i, 87.85.J—, 75.75.—

1. Introduction

Magnetic fluid hyperthermia (MFH) is an effective means
of cancer treatment based on the magnetic nanoparticles
(NPs).[1:2] In this process, magnetic NPs are locally injected
into cancer tissues, which are then exposed to an external
alternating magnetic field (AMF). This field causes the par-
ticles to reach therapeutic temperatures (42-46 °C), which
eventually kills tumor cells.>>] MFH, with minimal side ef-
fects, provides a distinct advantage over other treatment meth-
ods such as chemotherapy and radiation therapy.[®! Owing
to their excellent biocompatibility, biodegradability, magnetic
targeting ability, and local heating ability in AMF, super-
paramagnetic iron oxide NPs have garnered considerable in-
terest in tumor diagnosis and thermal therapy.[’! Several
shapes of iron oxide NPs have been utilized as efficient heat

10-131 such as nanorods (NRs),H* nanocubes,[!9]

mediators, |
and linear chains.['®! However, in the process of MFH, how
to use less magnetic material and quickly reach the required
treatment temperature in a short time is an important prob-
lem that needs to be solved. An ideal magnetic heat treatment
agent should possess high heating efficiency as well as su-
perparamagnetic properties to avoid magnetic reunion during
the process of magnetic targeting.!!'”) Most superparamagnetic

NPs obtained by traditional methods exhibit low heating effi-

DOI: 10.1088/1674-1056/ac0789

ciency due to their small particle size and low saturation mag-
netization (M;).['®! Increasing the particle size is favorable for
enhancing the M of magnetic particles, which can increase the
heating efficiency. However, the superparamagnetism of par-
ticles can be lost with the increase in particle size. This is not
conducive to the targeted delivery of magnetic particles. To re-
solve this issue, Fe304 assemblies with hierarchical structure
have been proposed, which possess a three-dimensional (3D)
nanostructure. Owing to their unique properties, 3D nanos-
tructures, typically formed using nanoparticles (OD), nanorods
(1D), and nanoplates (2D) as building blocks, have attracted
extensive attention.[!-23]

Meanwhile, although the magnetic properties of FezO4
NPs have been investigated, [24] and Fe;04 NPs have been
established as good materials for applications in MFH

[25] the performance of hierarchical Fe304 hollow

treatment,
assemblies and solid assemblies in hyperthermia has been
rarely compared in the existing literature. Further, it is note-
worthy that the research on magnetothermal effect is essen-
tially at a nascent stage based on the simple analysis of experi-
mental results, and the heat generation mechanism of magnetic
NPs with hierarchical structure has not been described yet.

In an earlier study, we proposed a simply controlled
hydrothermal method?®! to prepare the superparamagnetic
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Fe304 NPs with 3D lichee-like hierarchical structure. In this
work, the heating efficiency and magnetothermal mechanism
of hierarchical hollow Fe;0,4 assembly are examined, which
are compared with those of solid assembly. The results reveal
that the hollow assembly exhibits higher heating efficiency,
higher saturation temperature, and a shorter heating time than
solid assembly. This indicates that hierarchical hollow Fe3O4
assemblies with a unique monodisperse graded structure can
serve as an excellent magnetic heat treatment agent in biomed-
ical applications.

2. Experimental details
2.1. Synthesis of lichee-like hollow Fe; O, assemblies

The simplest synthetic route to 3D hierarchical structure
is self-assembly in which ordered aggregates are formed in
a spontaneous manner. We use the hydrothermal method, 3!
which is conducted in a high-temperature and high-pressure
reaction environment. The hydrothermal method provides bet-
ter control on the morphology and particle size distribution,
and it is conducive to improving the magnetic properties and
purity of the product. The details of the process are as follows:
ferric chloride (FeCl3-6H,0), sodium citrate, urea, and poly-
acrylamide (PAM) were obtained from Sigma-Aldrich. All the
chemicals used were analytical grade. In a typical synthesis
process, 0.27 g of FeCl3-6H,0O was added to a round-bottom
beaker containing 40 mL of deionized water, which was stirred
for 10 min until the solution became yellow in color. Then,
0.88 g of sodium citrate, 0.36 g of urea, and 0.35 g of PAM
were dissolved in the solution under mechanical stirring for
10 min. The experiment was performed under atmospheric air.
After being magnetically stirred for 30 min at room tempera-
ture, the mixed solution was poured into a teflon-lined stain-
less steel autoclave with a capacity of 50 mL, which was then
heated to and retained at 200 °C for 12 h. Subsequently, the au-
toclave was naturally cooled to room temperature, and the re-
sulting black suspension was washed with distilled water and
absolute ethanol. The precipitate was separated by centrifuga-
tion at 3000 rpm for 2 min, rinsed with absolute ethanol for
several times, and dried in an oven at 60 °C for 6 h.

2.2. Characterization of material structure

The crystal structure of the studied sample was analyzed
by x-ray diffraction (XRD). The morphology of products was
investigated by scanning electron microscope (SEM), trans-
mission electron microscopy (TEM), high-resolution TEM
(HRTEM), and selected area electron diffraction (SAED).

2.3. Characterization of heating efficiency

The magnetic heating experiments were conducted using
an AMF generated by a magnetic hyperthermia machine with

a frequency of 55 kHz and field strength of 345 A/m. The ex-
perimental equipment is shown in Fig. 1. During the heating
experiment, the sample holder was placed inside the coil, and
the temperature rise was monitored using a thermometer.

p—3 thermometer
" R
L
®
H sample

H inductor coil

—— glass sleeve
—

& sample vessel

Fig. 1. Experimental equipment for measuring specific absorption rate.

3. Results and discussion

The SEM and TEM images of hollow and solid Fe3O4 as-
semblies are presented in Fig. 2. The SEM images in Figs. 2(a)
and 2(b) demonstrate that the sample is composed of many ini-
tial NPs connecting with each other to form stable 3D lichee-
like structures. Each assembly exhibits a hierarchical struc-
ture, while holes are observed in the individual assembly (in-
set of Fig. 2(b)), indicating the existence of porous structures.
Figure 2(d) shows the TEM images of the samples, which is
consistent with the SEM results that verify loose and porous
structures. Moreover, the TEM image in the inset of Fig. 2(d)
indicates that initial NPs are distributed on the periphery of the
primary assembly, and a void is found in the center of the as-
sembly, further validating the existence of porous and hollow
structures. However, the TEM image in Fig. 2(c) indicates that
the assembly is solid, and NPs are distributed on the entire as-
sembly. In addition, according to the measurement results, the
diameter of hollow Fe3;0Q4 assemblies is about 160 nm, which
are assembled by primary Fe3Oy4 crystals (mean diameter is
nearly 18 nm). However, solid Fe304 assemblies (130 nm)
consist of primary grains with a size of 16.5 nm.

The HRTEM image of hollow Fe30, assemblies is illus-
trated in Fig. 3(a). The lattice fringes are apparent with an
interval of 0.295 nm, which is consistent with the lattice spac-
ing of (220) plane of spinel-type Fe3O4. The lattice fringes of
(400) plane of Fe3O4 agree with the d-spacing of 0.210 nm.
Furthermore, the SAED pattern in Fig. 3(b) reveals the highly
polycrystalline characteristic of FezOy4, and the rings in the
pattern can be indexed to (111), (220), (311), (400), (511),
and (440) planes of spinel-type FezO4. The ring-like diffrac-
tion pattern suggests that the samples are composed of poly-
crystalline materials, which is consistent with the structure of
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Fe304 (magnetite, JCPDS 19-0629). Overall, hierarchical hol-
low Fe304 assembly is porous, and has a low density and large
specific surface area. Further, the hollow part can accommo-
date a large number of guest molecules, and cells and drugs

can be easily adsorbed on its surface, so it can be widely used
in the biomedical drug carriers.

Fig. 2. SEM and TEM images of solid Fe304 assemblies (heated for 8 h; (a),
(c)) and hollow Fe30,4 assemblies (heated for 12 h; (b), (d)). The insets in
(b) and (d) show SEM and TEM images of a single hollow Fe3O4 assembly,
respectively.

S, _——> (1)
3 (220)
> (440)

e
(111)

. \—)«:«11»
27 N— (400)

5 1/nm

Fig. 3. (a) HRTEM image and (b) SAED pattern of hollow Fe304 assem-
blies.

Figure 4 shows the XRD patterns of the prepared assem-
blies. All the characteristic XRD peaks correspond to face
centered cubic (FCC) structure of Fe3O4. Almost no XRD
peaks for impurity phases can be observed, which proves the
high crystallinity of the samples prepared using the proposed
hydrothermal method. All the diffraction peaks can be at-
tributed to the spinel-type Fe3O4. In addition, we calculate
the crystallite size (d) using the following Scherrer equation:
d = kA /Bcos 0, where B is the full-width-at-half-maximum
(FWHM) of the XRD peak, 6 is the diffraction angle corre-
sponding to the peak, and A is the wavelength of the x-ray
beam. Using the FWHM of the strongest diffraction peak at
26 = 35.6°, the size of grains can be calculated as 18.5 nm
and 16.8 nm, which are in good agreement with the diame-
ters of small primary grains. Obviously, it is also proved that
the synthesized lichee-like Fe304 assemblies are composed of
primary grains and have a unique hierarchical structure.

——s-1 8 h solid
s-2 12 h hollow

Intensity

20 30 40 50 60 70 80
20 (%)

Fig. 4. XRD patterns of the prepared assemblies.

The magnetic properties of hollow and solid Fe;04 as-
semblies at room temperature were investigated by our group
in Ref. [23]. The hysteresis loops indicate that both the sam-
ples exhibit typical superparamagnetic behavior without coer-
civity. As reported before,!?*! compared to the solid assem-
bly, the hollow assembly has a higher M, (73.3 emu/g). Fig-
ure 5 shows the variation in coercivity as a function of par-
ticle size. It is well known that reducing the size of mag-
netic particles can lead to the formation of single-domain par-
ticles, which causes superparamagnetism./29-28] When the size
of magnetic particles is below 20 nm, the transformation from
ferromagnetic to superparamagnetic behavior occurs. Mag-
netic NPs display superparamagnetism, i.e., they do not re-
main magnetized under an external AMF, preventing particle
aggregation.?! It is noteworthy that the assemblies exhibit su-
perparamagnetic characteristic and have high M, which may
govern the heating power in magnetic heating experiments.
Therefore, the hierarchical lichee-like FesO,4 assemblies can
be used as thermoseeds for local MFH treatment of cancers.
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Fig. 5. Relationship between particle size and coercivity. Ds and D,
represent the ‘superparamagnetism’ and ‘critical’ size thresholds.

When magnetic nanoparticles are subjected to an alternat-
ing magnetic field, in the process of repeated magnetization,
they absorb a large amount of electromagnetic wave energy
and convert it into heat through hysteresis loss, and relaxation
loss, etc. This heat generation process is called magnetother-
mal effect. It is generally believed that in the low and inter-
mediate frequency range, the loss mechanism of micron-sized

magnetic particles is mainly hysteresis loss, while the loss of
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superparamagnetic particles is primarily caused by relaxation
loss. The relaxation loss can be expressed as

2nft

—_— 1
1+ @2rfr)*’ M

P = mHoxoH’ f
where U is the permeability of free space, H and f are the
amplitude and frequency of the AC field, respectively. )y is a
magnetic-field-dependent parameter, which is defined as

X0 = Xi% (COth(é) - é) ; 2

where & is the Langevin parameter (§ = uoM;HV /kT, M; is
the domain magnetization of a suspended particle). The initial
susceptibility y; is determined from the differentiation of the
Langevin relationship.®! Evidently, the heating of the mag-
netic nanoparticles is not only related to the amplitude H and
frequency f of the AC magnetic field but also strongly de-
pends on the physical properties of the materials, such as the
particle size and shape as well as the microstructure. Figure 6
shows the variation in temperature of the samples as a func-
tion of heating time for particle concentration of 10 mg/mL
and 5 mg/mL. These curves are obtained using an in vitro ex-
periment of rise in temperature under an AMF of 55-kHz fre-
quency and different input powers (3.0 kW, 4.5 kW, 6.0 kW).
In all the experiments, the assemblies were heated from room
temperature to the highest heating temperature before they
were allowed to cool. It is evident in Fig. 6 that when the
sample concentration is 10 mg/mL, the temperature shows
an increasing trend under different powers, and the rate of
temperature rise is larger during the early stage of heating,
which gradually reduces, and finally a stable temperature is
reached. The slope of magnetocaloric curves of the magnetic
assemblies is different under different powers, and the high-
est temperature value is also different. Figure 6 reveals that
the hollow Fe3O4 assemblies with concentration of 10 mg/mL
and 5 mg/mL reach a maximum temperature of 60.8 °C and
41.2 °C, respectively, at input power of 4.5 kW. Obviously, the
required treatment temperature (42—46 °C) is reached in 2 min
when the concentration is 10 mg/mL. After nearly 7 min, the
sample reaches saturation temperature. Because the heat gen-
erated by the magnetic material finally balances with the heat
dissipated outside, it reaches the saturation temperature and
no longer changes. It is evident from the figures that the satu-
ration temperature and rate of temperature rise are highly de-
pendent on the concentration of assemblies, and they basically
show a positive correlation (as shown in Tables 1 and 2).

The efficiency of the heat generation by the mag-
netic nanoparticles is expressed using specific absorption rate
(SAR) with units of W/g, which provides a measure of the

rate at which energy is absorbed per unit mass of the magnetic

particles when they are exposed to an alternating magnetic
field.['] It is expressed as (using magnetite as an example)

follows: AT 1
SAR=C— ,
At mpe

3

where C is the specific heat capacity and mp. is the mass of Fe
in Fe304 NPs.[%131 AT /At is the initial rate of the temperature
rise. The SAR value provides a measure of the heat perfor-
mance of magnetic NPs.!?l The SAR value, saturation tem-
perature, duration, and initial heating rate of the magnetic as-
semblies under different input powers and various concentra-
tions are shown in Tables 1 and 2. When the power is 3.0 kW
and the concentration is 10 mg/mL, the maximum temperature
of magnetic solution is 53.0 °C, which is less than the tem-
perature at 4.5 kW and 6.0 kW. Further, the required heating
time for the former case is longer, and the SAR value is much
less than that obtained under other two conditions. When the
power is 4.5 kW, the maximum temperature is 60.8 °C, and the
SAR value is 116.53 W/g, which is much higher than that of
Fe3;O4 with other morphologies and sizes reported in Ref. [3].

65
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Fig. 6. Variation in the temperature as a function of heating time for dif-
ferent powers in an external AMF with frequency of 55 kHz [(a) particle
concentration = 10 mg/mL, (b) particle concentration = 5 mg/mL].

Table 1. SAR, saturation temperature, duration, and initial heating rate
under different input powers with concentration of 10 mg/mL.

Input power (kW) 3.0 4.5 6.0
SAR values (W/g) 79.06 116.53 104.13
Saturation temperature (°C) 53.0 60.8 59.8
Duration (s) 580 500 490
Initial heating rate (°C/min) 4.0 5.6 4.2
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Table 2. SAR, saturation temperature, duration, and initial heating rate
under different input powers with concentration of 5 mg/mL.

Input power (kW) 3.0 4.5 6.0
SAR values (W/g) 71.31 111.72 71.62
Saturation temperature (°C) 40.9 41.2 38.6
Duration (s) 320 290 250
Initial heating rate (°C/min) 3.1 3.8 3.2

To understand the influence of hollow and solid Fe3Oq4
assemblies on the magnetothermal properties, in vitro experi-
ments for the evaluation of temperature rise were conducted.
Figure 7 shows the time dependence of heating temperature of
the hollow and solid Fe3O4 assemblies with particle concen-
tration of 10 mg/mL and 5 mg/mL under an AMF with a fre-
quency of 55 kHz and input power of 4.5 kW. The SAR value
is widely used to characterize the heat generation capability of
magnetic nanoparticles. However, for a better comparison, we
also propose the intrinsic loss power (ILP) to normalize the
SAR value, which is calculated as follows:[1°]

SAR

ILP = i “4)
where H is the strength of the magnetic field and f is the
frequency. The SAR, ILP, saturation temperature, and ini-
tial heating rate of the magnetic assemblies under different
concentrations are shown in Table 3. It is clear that higher
concentration leads to a larger increase in temperature. Com-
paring the two types of assemblies, it can be observed that
the heating effect of hollow Fe3;O4 assemblies is better than
that of solid Fe3O4 assemblies. For example, hollow Fe;04
assemblies with concentration of 10 mg/mL need 2.2 min to
reach a temperature of 42 °C, while the solid Fe3O4 assem-
blies require 3.7 min to reach this temperature under the same
condition. The SAR and maximum temperature rise of hol-
low Fe3O4 assemblies at different concentrations are higher
than that of solid assemblies. Compared to the SAR of solid
Fe;04 assemblies (SAR = 79.06 W/g), the measured SAR of
hollow FezO4 (SAR = 116.53 W/g) is much higher under the
same conditions. Besides, in addition to high SAR, hollow
Fe;0,4 assemblies have a higher initial heating rate, and they
require a shorter time to reach the saturation temperature. For
hollow Fe304, ILP = 17800, which is higher than that of the
solid assembly and is sufficiently high for hyperthermia appli-
cation. This indicates that the hierarchical hollow lichee-like
Fe304 assemblies have strong heat production capacity and
excellent magnetothermal performance. When the concentra-
tion is 10 mg/mL, the temperature of hollow Fe3;O4 increases
from 23 °C to 60.8 °C in a duration of 500 s. When the tem-
perature reaches 60.8 °C, the temperature gradually tends to
be stable, and the average heating rate is nearly 4.6 °C/min.
Due to the in vivo heat balance effect, the initial temperature
of magnetic NPs is 37 °C. To reach the tumor treatment tem-
perature of 42—-46 °C, the heating time of magnetic NPs is only

1-2 min. From the perspective of clinical treatment, this heat-
ing rate of magnetic NPs is helpful to improve the treatment
efficiency and reduce the side effects on normal tissues and
cells caused by long-term heating. In addition, high magne-
tothermal temperature can also meet the requirements of clin-
ical thermal ablation.
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Fig. 7. Variation in the temperature as a function of heating time for hollow
and solid Fe3O4 assemblies under an AMF with frequency of 55 kHz.

Table 3. SAR, ILP, saturation temperature, and initial heating rate of
magnetic assemblies with different concentrations.

Morphology Hollow/Solid Hollow/Solid
Concentration (mg/mL) 10 5

SAR (W/g) 116.53/79.06 111.72/71.31
ILP (nHm?/kg) 17800/12076 17065/10893
Saturation temperature (°C) 60.8/55.0 41.2/38.4
Initial heating rate (°C/min) 5.6/4.2 3.8/2.4

It is well known that two relaxation mechanisms can oc-
cur for magnetic fluids: Néel relaxation and Brownian relax-
ation. Néel relaxation represents the fluctuations that arise
from the jumps of magnetic moment between different easy
directions. Brownian relaxation characterizes the viscous rota-
tion of all the particles.!?®! Because the size of primary grains
of Fe304 assemblies are below the critical size of monodomain
particles and these grains are connected and clustered, the
Brownian rotation of the grains under an external magnetic
field is limited. Therefore, the possibility of heat generation
by Brownian relaxation is relatively low. The generation of
heat in the assemblies can only be realized by the rotation
of the magnetic moment of primary grains under AMF. In
other words, for the synthesized hierarchical Fe3O4 assem-
blies, the heat is most likely generated through Néel relax-
ation. However, the thermal efficiency of hollow FezO4 as-
sembly is higher than that of solid Fe;04 assembly due to
the following reasons. Firstly, the My of hollow assemblies is
higher than that of solid assemblies. This implies that the mag-
netic moment per unit volume is higher, and the rotational ther-
mal efficiency of hollow aggregates under the external AMF is
higher. Secondly, because of its unique hollow structure, the
contact area between hollow particles and solution is larger
in the in vitro temperature rise experiment. Consequently, the
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heating is more uniform, which is conducive to the rise in tem-
perature. In addition, as shown in Figs. 2(a) and 2(b), com-
pared to the solid assemblies, hollow assemblies have a loose
and porous structure, large specific surface area, and exhibit
good dispersibility in the solution, while the solid assemblies
are more compact and have poor dispersibility. Due to these
characteristics, the transfer of heat generated by hollow sam-
ples into the solution is faster and more effective. Because
the hollow assemblies have a loose porous structure with gaps
between some primary grains, it can be inferred that the heat
production in the hollow structure is mainly caused by Néel
relaxation, but there is a small contribution of Brownian re-
laxation. These results indicate that the hierarchical lichee-
like hollow Fe304 assemblies may be an ideal thermoseed for
MFH. Overall, by forming a hierarchical hollow structure, we
establish an effective way to enhance the heating efficiency of
magnetic nanoparticles. The superparamagnetic properties of
the primary grains are retained, which is beneficial to the tar-
geted transport in an organism. At the same time, the hollow
part can hold a large number of guest molecules and can be
used as a drug carrier. More importantly, the primary grains
are stacked on each other to form larger spherical assemblies,
which causes an increase in the saturation magnetization and
facilitates their application in magnetic hyperthermia.

4. Conclusions

In this study, two kinds of iron oxide materials: hierarchi-
cal hollow and solid lichee-like Fe3O4 assemblies, were used
as thermoseeds for MFH, and their magnetothermal effect was
investigated. It was found that the hollow Fe;O4 assemblies
displayed higher heating efficiency, and their SAR reached up
to 116.53 W/g. Hyperthermia experiments revealed that hol-
low Fe304 magnetic fluid assembly could reach a maximum
heating temperature of 60.8 °C and the average heating rate
was 4.6 °C/min. Further, it was demonstrated that the unique
loose porous hierarchical structure of particles could improve
the contact area between hollow assemblies and solution and
also induced gaps between some primary grains. These re-
sults indicated My is not an only parameter to optimize the
SAR, and the heating efficiency of magnetic thermoseeds can
be enhanced by changing the arrangement of NPs. Further-
more, the high heat production of hollow Fe3zO4 assemblies
was mainly attributed to Néel relaxation with a small contri-
bution of Brownian relaxation.
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