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In this work, the effect of nanoparticle confinement on the magnetic relaxation of iron oxide (Fe3O4) nanoparti-
cles (NP) was investigated by measuring the hyperthermia heating behavior in high frequency alternating mag-
netic field. Three different Fe3O4 nanoparticle systems having distinct nanoparticle configurations were studied
in terms ofmagnetic hyperthermia heating rate andDCmagnetization. Allmagnetic nanoparticle (MNP) systems
were constructed using equivalent ~10 nm diameter NP that were structured differently in terms of configura-
tion, physical confinement, and interparticle spacing. The spatial confinement was achieved by embedding the
Fe3O4 nanoparticles in the matrices of the polystyrene spheres of 100 nm, while the unconfined was the free
Fe3O4 nanoparticles well-dispersed in the liquid via PAA surface coating. Assuming the identical core MNPs in
each system, the heating behavior was analyzed in terms of particle freedom (or confinement), interparticle
spacing, and magnetic coupling (or dipole–dipole interaction). DC magnetization data were correlated to the
heating behavior with different material properties. Analysis of DC magnetization measurements
showed deviation from classical Langevin behavior near saturation due to dipole interaction modifica-
tion of the MNPs resulting in a high magnetic anisotropy. It was found that the Specific Absorption
Rate (SAR) of the unconfined nanoparticle systems were significantly higher than those of confined
(the MNPs embedded in the polystyrene matrix). This increase of SAR was found to be attributable to
high Néel relaxation rate and hysteresis loss of the unconfined MNPs. It was also found that the
dipole–dipole interactions can significantly reduce the global magnetic response of the MNPs and there-
by decrease the SAR of the nanoparticle systems.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, magnetic fluid hyperthermia (MFH) via super-
paramagnetic nanoparticles (NP) has been extensively studied
for possible medical use in cancer therapy [1,2]. In MFH, super-
paramagnetic particles are exposed to an alternating (AC) magnetic
d Applied Science, 493 Rhodes
, USA. Tel.: +1 513 556 3100.
field in which the NP oscillate with the applied field. Energy dissipation
frommagnetic relaxation of themagnetic nanoparticles (MNPs) gener-
ates heat and gives rise in local temperature. If the temperature of that
region increases to 42–45 °C from the physiological temperature of
37 °C, the local heat generated via cell-targeted uptake in the tumor re-
gion can effectively kill cancer cells [3]. For these clinical applications,
the MNPs need to maintain sufficient heating, characterized by Specific
Absorption Rate (SAR), in order to destroymalignant tissues [4]. In gen-
eral, SAR depends onMNPs anisotropy constant (K), saturation magne-
tization (Ms) particle size, and geometry [5]. The measured SAR also
depends on the amplitude (H) and frequency (f) of the alternating
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magnetic field as well as the local properties such as the viscosity and
heat capacity of the carrier liquid or surrounding tissue.

Therefore, for optimum SAR, intensive efforts have beenmade to in-
vestigate its dominating factors. For example, Hergt et al. reported an
SAR value of 960Wg−1 for a bacterial magnetosome sample measured
at alternating magnetic field amplitude of 10 KA/m and a frequency of
410 KHz [6]. However, bacterial magnetosome sample is not a proper
choice for biomedical applications due to the requirements of the
medical reservation for bacterial protein coating [7]. The highest SAR
value reported so far in literature is about 3000 W/g at alternating
magnetic field of 58 KA/m and frequency of 274 KHz for metallic iron
cubes with an anisotropy constant of 91 KJm−3 and saturation magne-
tization of 1700 KA/m [8]. One of the limitations of the metallic nano-
particles is inadequate biocompability in physiological environment
for use in-vivo [9]. Presently, the only magnetic material with excellent
biocompability and highmagnetization that have been intensively used
for in-vivo and in-vitro studies is the superparamagnetic iron-oxide
nanoparticles [10].

In the study of magnetic hyperthermia, iron-oxide nanoparticles
were found to exhibit different heating behaviors that are related to
the particle size, particle geometry, inter-particle spacing, physical con-
finement, and surrounding environment. These are considered the key
factors that strongly influence SAR.Most of the previous studies have fo-
cused on the correlations between hyperthermia heating and material
characteristics such as particle size and distribution, only a few investi-
gated effects of dipole interactions on SAR. Some earlierworks indicated
that magnetic dipole interactions, associated with particle surface
morphologies, structures and concentrations, play an important role in
hyperthermia heating behaviors [11,12]. For example Singh et al. re-
ported an enhanced heat dissipation in an agglomerated system of
10 nm diameter superparamagnetic nanoparticles under an alternating
magnetic field, due to hysteresis loss [13]. Using computer simulations
they concluded that, as the number of particle/cc increases from 1010

to 1014, a deviation from the Langevin response to the hysteresis loss
is associated with the coupling of dipole–dipole interactions. However,
Serantes et al. found completely opposite behavior for monodisperse
single domain MNPs, in that they observed a decrease in hysteresis
loss with increasing dipolar interaction which reduced the overall
heating performance of the MNPs in alternating magnetic field [14].

Despite the extensive research on superparamagnetic magnetites,
the fundamental hyperthermia heating mechanicals are not yet well
identified, especially in terms of dipole interactions. In this study,
superparamagnetic iron-oxide nanoparticles were investigated on the
correlations between SAR and dipole interactions. A systematic study
was carried out using four different superparamagnetic Fe3O4 nanopar-
ticle systemswith different structural andmagnetic properties. The first
system consists of the as-synthesized, uncoated Fe3O4 nanoparticles,
with an average diameter of 9 nm, (denoted as Uncoated/Fe3O4). The
second system is the Fe3O4 nanoparticles coated with polyacrylic acid
(PAA) (denoted as PAA/Fe3O4). The third is the polystyrene nanosphere
(NS) with 10 nm diameter Fe3O4 nanoparticles uniformly embedded in
itsmatrix,which has an overall average diameter of 100 nm(denoted as
PS/Fe3O4). The last system,which is the same as PS/Fe3O4 but with silica
thin film surface coating (denoted as Si/PS/Fe3O4). As these nanoparticle
systems are structurally and characteristically different in terms of par-
ticle size, surface functionalization, physical confinement, and interpar-
ticle spacing, the magnetic and hyperthermia behaviors are altered.
With these variables, the operating mechanism on hyperthermia
heating was identified with a dipole–dipole interaction model. A rela-
tionship was established between the physical configuration of nano-
particles and heating behaviors. The magnetic hyperthermia heating
was attributed mainly to Néel relaxation and hysteresis loss. Magnetic
hyperthermia heating byNéel relaxationwas found to be affected by di-
pole–dipole interactions for thenanoparticle systems. A physical dipolar
interaction model was proposed to interpret the hyperthermia heating
behaviors of all nanoparticle systems.
2. Experimental details

Uncoated Fe3O4 nanoparticles were synthesized using a co-
precipitation method, where 2.00 g (0.01 mol) of FeCl2·4H2O and 5.5 g
(0.02 mol) of FeCl3·6H2O (Sigma-Aldrich, St. Louis, MO, USA) were
first dissolved in 50mL distilled H20 at 80 °C in a nitrogen environment.
While continuously stirring this mixture, aqueous sodium hydroxide
(NaOH) was slowly added to precipitate Fe3O4 particles. After the
mixture was then stirred at 80 °C for another 3 h in a nitrogen environ-
ment Fe3O4 nanoparticles were magnetically separated from the solu-
tion and then washed repeatedly with distilled water to remove any
unprecipitated iron salts from the solution.

The procedure for synthesizing PAA/Fe3O4 and NS samples are de-
scribed in our previous report, where PAA coated single Fe3O4 nanopar-
ticles were prepared using polyol method [15]. Fe3O4 nanoparticles that
were encapsulated in the polystyrene nanospheres were first syn-
thesized via a co-precipitation method [16], which combined a mod-
ified miniemulsion/emulsion polymerization and sol–gel technique.
Some of the PS/Fe3O4 composite nanospheres (NS) were further
functionalized to give a surface layer of silica i.e. coating the entire
PS/Fe3O4 NS [17]. Finally, all the nanoparticle samples were dis-
persed in H2O.

X-ray diffraction (XRD) measurements were carried out for charac-
terization of the nanoparticle samples. The nanoparticle solution was
first dried onto a glass substrate and X-ray diffraction pattern was
recorded on a Siemens D-500 X-ray diffractometer using a CuKα
(1.5406 A°) radiation source. All the samples were scanned in the 2θ
range of 5° to 65° at a step size of 0.01°.

Transmission electronmicroscopy (TEM) images were taken using a
JEOL 2010F to study the morphology of MNPs. Samples were prepared
for TEM by putting a drop of MNP solution on a carbon coated copper
grid and letting it dry at room temperature. Themeanhydrodynamic di-
ameter and size distribution of the MNPs dispersed in water were mea-
sured by Zetasizer Nano Series, Malvern Instruments.

Thermogravimetric analysis (TGA) of each type of MNP sampleswas
carried out using a TGA (Model-Q 50) at room temperature to 700 °C at
a temperature scan rate of 20 °C/min in N2 atmosphere.

DC magnetization data were obtained at temperature T = 300 K
using a Quantum Design MPMS-5 superconducting quantum interfer-
ence device (SQUID) up to a maximum field amplitude of ±10 kOe.

Themagnetothermal properties of theMNP systemswere character-
ized using a home-made magnetic hyperthermia system (shown in
Fig. 1). The system consists of the magnetic field generation system,
temperature monitoring, and a water circulation system to prevent
heat from the coil affecting the samples. The 10 turn coil used in this
work is 84 mm long and has an inner diameter of 39 mm, and is made
of 1/8″ copper tubing. The coil is wound around a hollow G-10 cylinder
with two 1/8″ thick rectangular G-10 pieces attached on both ends of
the G-10 cylinder for support. The inner volume of the cylinder is filled
with styrofoam insulation except for an open center volume for the in-
sertion of the sample vial into magnetic field region. The magnetic field
is produced using a sinusoidal 13.56 MHz AC signal, generated by a ENI
OEM-6 radio frequency generator, with a maximum output of 750 W.
The AC signal is applied to the copper coil circuit through a matching
network. The matching network consists of a tuning box (MFJ Versa
Tuner V) and a separate high-voltage variable capacitor (capacitance
ranges from 10 pF to 80 pF) connected in series with the coil. The induc-
tor selector and π section capacitor in the tuning box are varied until
maximum (minimum) forward (reverse) signal is observed. In this
way, a resonance condition is established when the impedance of the
load matches the power amplifier. A 2 mm outer diameter pick up coil
made of two turns of AWG 30 copper wire was used to determine the
strength of the magnetic field created in the coil. The magneto thermal
heating measurements were carried out using a glass vial containing
1 mL of magnetic nanoparticle solution placed at the center of the cop-
per coil. All the temperature measurements were made using a FISO



Fig. 1. Schematic of experimental set up of the magnetic hyperthermia system (MHS).
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fiber optic temperature sensor (FOT-L-SD) attached to a signal condi-
tioner (FTI-10). During themagnetothermal measurements, room tem-
perature tap water was continuously passed through the copper tubing
in order to remove the heat generated from the coil by the high AC
current.

3. Results and discussion

3.1. X ray diffraction (XRD)

All 2θ scan diffraction peaks of each nanoparticle system were ana-
lyzed and found to match those of magnetite from the database code
amcsd 0002404. The analysis of the diffraction pattern in Fig. 2(a)
shows that the diffraction peaks of the Fe3O4 nanoparticles correspond
to (220), (311), (400), (511), and (440) planes which indicate an
Fig. 2. (a) X-ray diffraction results of as synthesized Fe3O4 nanoparticles. Areaweighted thicknes
particles calculated by Mudmaster program and solid line (red) is the corresponding lognorma
inverse spinel type of structure [18]. Using the diffraction angle of the
(311) peak the lattice constant (a) is calculated to be 8.3122 A , which
is comparable to the lattice constant a= 8.394 A of the bulkmagnetite
reported in JCPDS card No 790417. However, the calculated lattice con-
stant is also found to be a close match with the γ-Fe2O3 indicating that
the composition of the particles is in between Fe3O4 andγ-Fe2O3. Broad-
ening of the XRD peaks can be attributed to the particle size of pow-
dered samples. There are several mathematical approaches such as the
Variance method [19], the Scherer method [20], and the Bertaut–War-
ren–Averbach (BWA) method [21], by which the crystal size of the
nanoparticles can be determined from the increased width and reduced
height of the diffraction peaks. The Variance method provides informa-
tion related to themean size, while the Scherer method gives the mean
crystallite thickness. The BWAmethod however can be used to calculate
the mean crystalline size, strain and size distribution of the particles.
s distribution of (b) Uncoated/Fe3O4 (c) PAA/Fe3O4 (d) PS/Fe3O4 and (e) Si/PS/Fe3O4 nano-
l distribution fitting.

image of Fig.�2
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This method employs an excel based program known as Mudmaster,
which was created by Drits et al. [22]. In the present study, the
Mudmaster program was used to calculate the mean crystallite dimen-
sions and distribution of diameters of the Fe3O4 nanoparticles. The in-
formation regarding the mean crystallite size and distributions can be
calculated from the interference function (ϕ). The interference function
(ϕ) is related to the intensity (I) of the diffraction pattern by the follow-
ing relationship [22]:

I 2θð Þ ¼ Lp 2θð ÞG2 2θð Þϕ 2θð Þ þ bg ð1Þ

where Lp is the Lorentz polarization function, G is the structure factor,
and bg is the background. The Mudmaster programs automatically cor-
rect the Lp, G, and bg before interference function (ϕ) is submitted for
the Fourier analysis. Therefore, the resulting analysis for ϕ is precise as
shown by Drits et al. and Eberl et al. [23]. In the present study, the crys-
tallite size and size distribution are calculated from the (311) peak
which shows the strongest reflection. Fig. 2(b–e) shows the area
weighted thickness distribution of various Fe3O4 nanoparticle samples
as determined by the BWA technique. Table 1 shows the mean area
weighted thickness distribution, mean crystallize size determined
from extrapolated mean, and volume weighted thickness distribution
calculated using the Mudmaster program of different samples used in
this study.

3.2. Transmission electronmicroscopy (TEM) and Dynamic Light Scattering
(DLS)

Fig. 3(a–d) shows the transmission electron microscopy (TEM) im-
ages of Uncoated/Fe3O4, PAA/Fe3O4, PS/Fe3O4, and Si/PS/Fe3O4 samples,
respectively. Fig. 3(a) and (b) shows that the mean size of Fe3O4 in the
Uncoated/Fe3O4 and PAA/Fe3O4 is 9 nm in diameter. Fig. 3(c) shows that
the Fe3O4 nanoparticles are approximately 10 nm diameter and are em-
bedded in the spherical polystyrene matrix having an overall mean di-
ameter of 100 nm. PS/Fe3O4 with a thin silica surface coating (Si/PS/
Fe3O4) shown in Fig. 3(d) has nearly identical Fe3O4 sizes and distribu-
tions. As can be seen from these figures, none of the individual Fe3O4 NP
in eachmaterial wasmonodispersed. According to a report by Dormann
et al., the size distribution of the particles for non-uniform distribution
of nanoparticles can be well described by the lognormal function of
the form [24]:

f dð Þ ¼ 1ffiffiffiffiffiffi
2π

p
σd

exp
− ln2 d

dc
2σ2

2
664

3
775 ð2Þ

where dc is the mean particle diameter and σ is the standard deviation.
The size distribution of each systemwas calculated and the correspond-
ing histogram, with the associated log normal fit is shown as an inset of
Fig. 3(a–d). From thefit it was found that, themean sizes of the particles
in Uncoated/Fe3O4, PAA/Fe3O4, PS/Fe3O4 and Si/PS/Fe3O4 are 8.82 ±
0.175 nm, 8.96 ± 0.77 nm, 215.78 ± 55.51 nm and 118.57 ± 6.14 nm
respectively.
Table 1
Thickness distribution of MNPs calculated by Mudmaster program.

Sample information Thickness
(area weighted)
(nm)

Extrapolated mean
(nm)

Thickness
(volume weighted)
(nm)

Uncoated/Fe3O4 3.4 4.9 5.9
PAA/Fe3O4 3.6 4.2 5.1
PS/Fe3O4 4.6 4.7 5.5
Si/PS/Fe3O4 5.6 6.4 6.7
Fig. 4(a–d) shows the hydrodynamic size determined by DLS, the
mean diameters of Uncoated/Fe3O4, PAA/Fe3O4, PS/Fe3O4, and Si/PS/
Fe3O4 nanoparticle samples are 295 nm, 32 nm227 nm, and 191 nm, re-
spectively. The polydispersity index (PDI) is ameasure of aggregation in
the sample. The PDI, determined by the Zeta Sizer DLS system, for the
Uncoated/Fe3O4, PAA/Fe3O4, PS/Fe3O4 and Si/PS/Fe3O4 samples was
found to be 0.333, 0.132, 0.183 and 0.143 respectively. The relatively
high polydispersity index of Uncoated/Fe3O4 indicates considerable ag-
glomeration in this system. The DLS measurements of these nanoparti-
cle systems at higher concentrations exhibit increased hydrodynamic
sizes (not shown), which indicate progressed particle aggregation at
higher concentrations. This result is consistent with one of our recent
observations [25].

3.3. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of each sample was carried out
on 1 mL of the 10 mg/mL magnetic nanoparticle solution that was
dried at 46 °C for over 24 h. A portion of the sample was transferred
to the TGA balance for the measurement. Fig. 5 shows the TGA analysis
curves of different Fe3O4 samples. In each of the curves, a weight loss of
1–2wt.% occurs below200 °C corresponding to evaporationofmoisture.
For Uncoated/Fe3O4, a weight loss of 15% occurs from 90 °C and con-
tinues up to 280 °C, which is possibly due to evaporation of water and
organic components from the surface of the aggregated nanoparticles.
PAA/Fe3O4 exhibits two weight loss steps at around 230 °C and
430 °C. The first weight loss (3%) at 230 °C can be attributed to evapora-
tion of moisture and the second one (10%) at 430 °C to the decomposi-
tion of PAA on the surface of the Fe3O4 nanoparticles. As the
temperature increases further a continuous decrease in weight loss
can be seen from the TGA data of PAA/Fe3O4. This analysis also confirms
that the PAA coating was formed on the surface of the Fe3O4 nanoparti-
cles. For the polystyrene/Fe3O4 nanosphere sample, a rapid decrease in
weight loss (20%) is observed at 430 °C, which is associated with the
burn out of polystyrene at that specific temperature. This result is con-
sistent with the thermogravimetric analysis performed by Xu et al. for
the same Polystyrene/Fe3O4 nanosphere system [17]. However, ther-
mogravimetric analysis of Si/PS/Fe3O4 sample does not exhibit any sig-
nificant weight loss, which is possibly due to highmelting point of silica
about 1600 °C. This analysis confirms the silica shell on the surface of
the PS/Fe3O4 nanosphere, which indeed gives a good stability of this
nanoparticle for biomedical applications.

3.4. Magnetic property measurements

Fig. 6(a–d) shows themagnetization curves of Uncoated/Fe3O4, PAA/
Fe3O4, PS/Fe3O4, and Si/PS/Fe3O4, respectively, at different Fe3O4 con-
centrations. All curves exhibit reversible hysteresis curve with almost
zero retentivity and coercivity, showing the superparamagnetic nature
of these samples. As can be seen from thefigures, the saturationmagne-
tization increases with increasing Fe3O4 concentration for all samples.
This behavior indicates that the superparamagnetic nanoparticles are
non-interacting at high field. For a non-interacting system, the magne-
tization (M) of a dilute assembly of superparamagnetic particles in an
external magnetic field (H) can be well described by the Langevin
function [26]:

M ¼ MsL xð Þ ¼ Ms coth xð Þ−1
x

� �
ð3Þ

whereMs is the saturationmagnetization,x ¼ μomH
kbT

,m being themagnet-
ic moment, μo is the permeability of free space, kb is the Boltzmann con-
stant, and T is the absolute temperature. Themagnetic moment (m) can
be extracted by fitting Eq. (3) with experimental magnetization curve.

Assuming at a high fieldmagnetization is unaffected by any interac-
tion, experimental magnetization data of each sample is fitted [Fig. 7(a–



Fig. 3. Transmission electronmicroscopy image of (a)Uncoated/Fe3O4 (b) PAA/Fe3O4 (c) PS/Fe3O4 and (d) Si/PS/Fe3O4 nanocomposites and inset shows the corresponding histogramwith
log normal fitting.
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d)] by Eq. (3). From fitting, the obtained values of the magnetic mo-
ments of the individual MNPs arem= 2.72 × 10−19 Am2 for Uncoated/
Fe3O4, m = 6.35 × 10−19 Am2 for PAA/Fe3O4, m = 2.35 × 10−19 Am2

for PS/Fe3O4, and m= 2.45 × 10−19 Am2 for Si/PS/Fe3O4. A discrepancy
Fig. 4. Hydrodynamic size distribution of (a) Uncoated/Fe3O4 (b)
between the experimental and theoretical curves for each sample can
be seen near saturation, which can be attributed to the magnetic anisot-
ropy being present in the Fe3O4 nanocrystals. However, non-magnetic
surfactant layer does not have any contribution to magnetization and
PAA/Fe3O4 (c) PS/Fe3O4 and (d) Si/PS/Fe3O4 nanocomposites.

image of Fig.�3
image of Fig.�4


Fig. 5. Thermogravimetric analysis (TGA) results of different Fe3O4 nanocomposite
systems.
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resulting response in the applied magnetic field is coming from themag-
netic materials. Therefore each sample is rescaled for magnetization per
unitmass of the Fe3O4 nanoparticles using the TGA results. Consequently,
the saturation magnetization of 293 KA/m, 325 KA/m, 321 KA/m,
309 KA/m is obtained for Uncoated/Fe3O4, PAA/Fe3O4, PS/Fe3O4 and Si/
PS/Fe3O4 respectively. Fig. 8 shows the magnetization per gram of Fe3O4

nanoparticles for each sample.
The classical Langevin equation is derived considering the fact that

theMNPs are isotropic. But in reality, such a condition is notwell satisfied
when different magnetic anisotropies are present in the nanocrystals
[27]. Themagnetic anisotropy energy of particles in an externalmagnetic
field is given by [28]:

E θ;φð Þ
kbT

¼ σ sin2θ−ξ cos θ−φð Þ; ð4Þ
Fig. 6. DCmagnetization curve from SQUID system for (a) Uncoated/Fe3O4 (b) PAA/Fe3O4 (c) P
shows the magnetization curve at a very low field.
where, σ ¼ Keff V
kBT

and ξ ¼ μoMsVH
kBT

, Keff is the effective anisotropy con-
stant, V is the volume of the particle, θ is the angle between the an-
isotropy axis and magnetization, and φ is the angle between the
applied magnetic field and the anisotropy axis. Using the thermal
equilibrium function derived by Respaud et al., the magnetization
(M) of the particle can be numerically calculated using the following
equation [29,30]:

M ¼
Zπ=2

0

M φð Þ sin φð Þdφ: ð5Þ

Respaud et al.'s numerical calculations showed that for values of σ
less than 1–2, there was no effect on the calculated magnetization due
to magnetic anisotropy. As the anisotropy constant increases, deviation
from the Langevin equation becomes significant but low field magneti-
zation is still unaffected by magnetic anisotropy. Under this condition,
magnetic anisotropy of the nanoparticles can be approximated from
the experimental highfieldmagnetization using amodified relationship
for magnetic saturation. At sufficiently high field (H), magnetization of
the particles can be calculated by the following equation [31]:

M ¼ Ms 1− b

H2

� �
; ð6Þ

whereMs is the saturation magnetization and b is a constant associated
with the magnetocrystalline anisotropy. For large fields, plots of exper-
imental values ofM vs 1/H2 should give a straight linewith the value of b
determined from the slope and the saturation magnetization from the
intercept at 1/H = 0. For a uniaxial magnetic nanocrystal, the effective
anisotropy of the particle can be approximated by the equation:

K
eff
¼ μoMs

15b
4

� �1=2
(see supplementary information of ref. 4), when-

ever the value of b is known. Using this relationship, the effective
anisotropy constant of 106.24 KJm−3, 56.92 KJm−3, 87.82 KJm−3,
S/Fe3O4 and (d) Si/PS/Fe3O4 nanocomposite systems at different concentrations and inset

image of Fig.�5
image of Fig.�6


Fig. 7. Solid line represents experimental magnetization curve of different samples and dotted line represents the theoretical fitting of Langevin expression.
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100.26KJm−3 is obtained for Uncoated/Fe3O4, PAA/Fe3O4, PS/Fe3O4, and
Si/PS/Fe3O4 respectively. The corresponding values of σ are 9.7, 5.1, 8.0
and 9.2 for Uncoated/Fe3O4, PAA/Fe3O4, PS/Fe3O4 and Si/PS/Fe3O4 re-
spectively, which is well above the Langevin limit of 1–2. Therefore,
these nanoparticle systems are in the moderately high anisotropic re-
gion as described by Respaud et al.
3.5. Magneto thermal property

The heating behaviors of different nanoparticle systems were mea-
sured at total mass concentrations of 0.5, 1, 2.5, 5, and 10 mg/mL. A
1mLof sample of each concentrationwas exposed to a 13.56MHz alter-
nating magnetic field with amplitude of 4500 A/m. All samples were
exposed to the same magnetic field for 35 min and temperature mea-
surements were performed at a 2 minute interval using a FISO optical
fiber temperature probe. Fig. 9(a) and (b) shows the time dependent
temperature curves of Uncoated/Fe3O4 and PAA/Fe3O4 at various
Fig. 8. DC magnetization curve scaled for per gram of Fe3O4 nanoparticles.
nanoparticle concentrations. The temperature of the sample reaches a
saturation temperature after a period of time, as the heat generation is
balanced by the heat loss of the nanoparticle system. It can be seen
from the figure that the saturation temperature depends on the particle
concentration of the liquid solution,with higher saturation temperature
observed for higher volume fractions of Fe3O4. Fig. 9(c) shows the time
dependent temperature curve of eachMNP sample at a fixed concentra-
tion of 10 mg/mL. As can be seen from thefigure, for 10 mg/mLmagnet-
ic nanoparticle solution the PAA/Fe3O4 and Uncoated/Fe3O4 samples
show the highest temperature change of ΔT = 44 °C and 51 °C respec-
tively after 35min of magnetic field exposure, while PS/Fe3O4 and Si/
PS/Fe3O4 exhibit much lower temperature change of ΔT = 14 °C and
18 °C respectively.

The different magnetic hyperthermia heating behaviors from these
nanoparticle systems can be explained by the characteristics of the
nanoparticles. Each nanoparticle system is structured differently in
terms of configuration, inter-particle spacing, and physical confine-
ment, where all these quantities may significantly impact the heating
performance of the nanoparticles. The characteristic heating ability of
each nanoparticle systems can be approximated by calculating the spe-
cific absorption rate (SAR) which is represented by the equation [32]:

SAR ¼ Cwater
ms

mi

dT
dt

� �
initial

; ð7Þ

where C is the specific heat capacity of the sample. As the mass of the
iron oxide content is small in the fluid, the specific heat capacity is as-
sumed to be equal to that of water which is 4.18 Jg−1°C−1. ms is the
total mass of the sample,mi is the mass of the iron oxide in the sample
solution, and dT

dt

� �
initial is the initial slope. SAR is determined using the ini-

tial slope of the heating curve. Note that an adiabatic condition was
maintained during the experiment for minimizing the initial heat loss.
The initial slope is determined from the first 200 s of the heating
graph where temperature rise with time is almost linear. Fig. 10(a)
shows the initial heating rate as a function of concentration, which
shows almost a linear trend. This heating rate was used to calculate
the SAR of themagnetic nanoparticles at the concentrations investigated

image of Fig.�7
image of Fig.�8


Fig. 9. Heating curve of (a) Uncoated/Fe3O4 (b) PAA/Fe3O4 at five different concentrations and (c) heating behavior of all four samples at a fixed concentration of 10 mg/mL.
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[Fig. 10(b)]. The highest SAR value of 169W/g was found for 0.5 mg/mL
of Uncoated/Fe3O4, 110W/g for PAA/Fe3O4 at the same concentration in-
vestigated. According to a report by Hergt et al. themagnetic nanoparti-
cles having SAR of 100 W/g is a suitable choice for hyperthermia
application [33].

The heat dissipation for an assembly of superparamagnetic particles
arises due to the delay of themagnetic moment response in an ACmag-
netic field. Three potential mechanisms are responsible for nanoparti-
cles heating in AC field, namely: Néel relaxation, Brownian relaxation,
and hysteresis loss. In the case of Néel relaxation, heat dissipation occurs
when particles overcome an energy barrier, EB ¼ KV sin2θ (where, K is
the effective magnetic anisotropy constant and V ¼ 4

3πr3 is the particle
volume with radius r, and θ is the angle between the magnetization
and anisotropy axis), in an alternating magnetic field. At zero magnetic
field, minimum energy of the particle occurs at θ= 0 and θ= π, which
are the two equilibrium positions of the particle moment. However, as
the temperature increases, thermal fluctuation kBT (where kB is the
Boltzmann constant of 1:38� 10−23 J

�
K and T the absolute tempera-

ture) is large enough to overcome the anisotropy barrier EB, which
causes the magnetic moment of the particles to fluctuate rapidly in dif-
ferent anisotropic directions and resulting zero netmagnetization is ob-
served for an assembly of superparamagnetic particles. This behavior of
the particle is more analogous to the paramagnetic particles and can be
described by an effective paramagneticmodel. For a superparamagnetic
particle containing 105 atoms, it is described as a single-domainmateri-
al and acting as a giant magnetic moment. The characteristic time relat-
ed to the thermalfluctuation ofmagnetizationwith different anisotropy
Fig. 10. (a) Initial heating rate of all samples at five different concentrations a
axis is given by Arhenius and first introduced by Néel in the following
equation [5,34]:

τN ¼
ffiffiffi
π

p
2
τo exp

KV
kBT

� �� 	, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KV
.

kBT

r� 	
; ð8Þ

where, τo is in the order of 10−9–10−13 s.
In case of the Brownian relaxation, heating of the particles in liquid

suspension occurs due to viscous drag between the particles and liquid,
where the entire particle has a rotational movement with an applied AC
magnetic field. The Brownian relaxation time is given by the following
equation [5]:

τB ¼ 3ηVH

kBT
; ð9Þ

whereη is the viscosity of the liquid and VH is thehydrodynamic volume
of the particle.

Generally, bothNéel and Brownian relaxations can occur at the same
time. The relaxation of the particle is characterized by the effective re-
laxation time τeff, defined as: 1

τeff
¼ 1

τB
þ 1

τN
. The time delay between the

alignment time defined, as the measurement time τmeasurement ¼ 1
2πf ,

and the effective relaxation time, at a given frequency is responsible
for dissipation of energy. If τmeasurement N τeffective, then particle relaxes
by dumping energy into the fluid and if τmeasurement b τeffective, then no
magnetic relaxation takes place as AC field is changing too fast. From
the above equation it is clear that Néel relaxation can be influenced by
nd (b) variation of SAR with respect to the nanoparticle concentrations.
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Fig. 11. Brownian, Néel and effective relaxation time as a function of particles diameter for
different values of anisotropy constant (K).
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changing the anisotropic properties and diameter of the particles, while
Brownian relaxation can be adjusted by dispersing the nanoparticles in
different viscousmediumor particle size. Usingη= 0.888mPa-s (given
by the zeta sizer), the expression for Néel, Brownian, and effective relax-
ations is demonstrated graphically as a function of particles diameter in
Fig. 11 for different values of anisotropy constant (K), where the hori-
zontal dashed line represents the measurement time (τm) and vertical
dashed line represents the inflection point where both Brownian and
Néel relaxation processes are equally contributing to the energy
dissipation.

From Fig. 11 it is observed that, if K= 40 KJm−3, both Brownian and
Néel relaxations contribute equally to hyperthermia heating for the par-
ticle diameter of 11.51 nm. As the particle size decreases to 11.51 nm,
effective relaxation is dominated by the Néel relaxation process. For
particle diameter greater than 11.51 nm, Brownian relaxation sets in.
Thus, a critical diameter is defined at which both relaxation mecha-
nisms are effective. It is found that, as the anisotropy constant increases
to 50KJm−3, this critical diameter decreases to 10.56 nm. It is further re-
duced for even lower anisotropy constant. Thus, it is clear that themag-
netic hyperthermia heating is strongly affected by the anisotropic
properties and size of the particles. On the other hand, Vallejo-
Fernandez et al. showed that above certain critical diameter in a very
small field hysteresis losses dominant over the susceptibility loss [35].
This critical diameter is defined by:

Dp 0ð Þ ¼ 6kBT ln fτoð Þ
πK

� �1=3
; ð10Þ

where, τo is assumed to be 10−9 s, f is the frequency of themeasurement
(in this case, f = 13.56 MHz), and K is the anisotropy constant of the
particles. Therefore using the experimentally determined anisotropy
constant (K) of the particles for each sample (see Section 3.4), the crit-
ical diameters of the particles are found to be 6.84 nm, 8.46 nm, 7.29 nm
and 6.98 nm for Uncoated/Fe3O4, PAA/Fe3O4, PS/Fe3O4 and Si/PS/Fe3O4
Table 2
Brownian and Néel relaxation time of different nanoparticle systems.

Sample information Brownian relaxation
time τB(sec)

Néel relaxation
time τN(sec)

Uncoated/Fe3O4 8.91 × 10−3 8.82 × 10−9

PAA/Fe3O4 1.34 × 10−5 2.37 × 10−9

PS/Fe3O4 4.18 × 10−3 4.25 × 10−9

Si/PS/Fe3O4 2.47 × 10−3 2.2 × 10−9
respectively. This analysis leads to conclusion that for a highly polydis-
perse sample all three mechanisms of heating can be effective.

An attempt has been made to find qualitative information about
different heating mechanisms involved in variety of systems. Using
the results of DLS, volume weighted thickness from XRD and the
effective anisotropy constant calculated from the DC magnetization
data, both Brownian and Néel relaxation times of the fore-mentioned
nanoparticle systems were calculated. Table 2 shows the Brownian
and Néel relaxation times calculated for different nanoparticle systems
using Eqs. (8)–(9). As can be seen from the table, Brownian relaxation
time for each nanoparticle system ismuch higher than themeasurement
time of τmeasurement = 1.173 × 10−8 s. Therefore, Brownian relaxation
cannot be a dominant mechanism for heating of the particles in the al-
ternating magnetic field at a frequency of 13.56 MHz. On the other
hand, Néel relaxation time for each system of nanoparticle is of the
order of 10−9 s, which is much faster than Brownian relaxation time
and shorter than measurement time. It is then reasonable to conclude
that Néel relaxation and hysteresis loss are the main mechanisms in
the hyperthermia heating process at the frequency of 13. 56 MHz.

It has been found in several previous researches that intracellular
magnetic heating is less efficient than heating of the particles in the
aqueous solution due to reduction of Brownian motion in the cell [36].
Most of the intracellular heatingmainly originated from the Néel relax-
ationmechanism. ConsideringNéel relaxation and hysteresis loss as the
main mechanisms for hyperthermia heating, it has been evident that
heating in presence of AC field is affected by several structural charac-
teristics of the nanoparticles. These include the particle distribution, in-
terparticle spacing, configuration, and confinement. Any changes in
these material characteristics can alter magnetic relaxation process,
and in turn affect hyperthermia heating behaviors. Therefore, to under-
stand the heating mechanism of NPs in AC magnetic field, the effect of
dipole–dipole interaction on hyperthermia heating behavior is taken
into account. Furthermore, due to agglomeration of the particles, hys-
teresis heating can also be a dominant mechanism over Néel relaxation
in AC magnetic field.

3.6. Relation between magnetic dipole interaction and hyperthermia
heating

In this study, we propose a physical model in terms of dipolar inter-
actions, which is illustrated in Fig. 12. The dipolar interaction energy be-
tween two particles withmagneticmomentsmi andmj at the position ri
(i = 1 and 2) and rj are given by [37]:

Ed−d ¼ μo

4πr3ij

m!i � m! j−
3
r2ij

m!i � r!ij


 �
m! j � r!ij


 �" #
; ð11Þ

where r!ij ¼ r!i− r! j is the separation distance between the two particles.
If m1 = m2 = m and the magnetic moments of the particles are in the
same direction, that is along the direction of r12 the above equation is
simplified to

Ed−d ¼ −2μom
2

4πr312

: ð12Þ

If themagneticmoments of the particles are in the perpendicular di-
rections of r12, this equation can be written as:

Ed−d ¼ μom
2

4πr312

: ð13Þ

FromEqs. (11)–(13), it is clear that the dipolar interaction energy in-
creases as the interparticle separation decreases. In other words, the
particles tend to agglomerate in the presence of strong dipole–dipole
interactions.
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Fig. 12. Schematic diagram of the different nanoparticle system (a) representative of uncoated nanoparticles (b) nanoparticles coatedwith polymer (c) nanoparticles embedded in nano-
sphere matrix.
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Due to dipole interaction, the moment of the particle coupled anti-
ferromagnetically can be compared to a unidirectional anisotropy of
each nanoparticle [37]. But this unidirectional anisotropy does not affect
the low field magnetization or Néel relaxation if easy directions of all
nanoparticles are uniformly distributed in all directions [38], which
agrees well with our explanation described in Section 3.4. In fact, this
antiferromagnetic coupling is likely the origin of hysteresis loss at
highest concentrations for all nanoparticle systems investigated.

According to the model presented in Fig. 12, single Uncoated/Fe3O4

nanoparticles can relax either by switching their magnetic moment in
response to AC field or by the physical rotation of the particle itself.
However, for τmeasurement ≪ τB, we can easily neglect the relaxation by
Brownian motion. Moreover, TEM and DLS results show that Uncoat-
ed/Fe3O4 has considerable agglomeration, which apparently increases
the effective particle size. Therefore, in addition to Néel relaxation, hys-
teresis loss may also be possible for larger clusters. This idea is further
supported by experimental evidence, where a small hysteresis loop is
observed in the DC magnetization curve of Uncoated/Fe3O4, as shown
in the inset of Fig. 6(a) at higher concentrations. On the other hand,
the strength of dipolar interaction in PAA/Fe3O4 is assumed to be
much smaller due to surface coating. However, as the concentration in-
creases, a minor hysteresis loop also appears for the PAA/Fe3O4 sample
at the highest concentration of 10 mg/mL [inset of Fig. 6(b)]. Then, by
integrating the area of the magnetization curve, the hysteresis loop
area can be calculated. The loss due to hysteresis heating is just the
area of the loop multiplied by applied AC frequency. The integration
gives a value of the loop area to be 1.72 (a.u) for Uncoated/Fe3O4

while it is 10.63 (a.u) for PAA/Fe3O4 at the same concentration. These
results suggest that most of the heating in PAA/Fe3O4 arises due to hys-
teresis loss, while heating in Uncoated/Fe3O4 may be dominant by the
susceptibility loss and magnetic stirring. A recent report by Vallejjo-
Fernandez et al. showed that the contribution in overall heating by
Néel relaxation process is negligible while hysteresis heating and
heating due to magnetic stirring can be the dominant mechanism over
certain critical diameter (~13 nm) of Fe3O4 nanoparticles that were ex-
posed to 111.5 KHz alternatingmagnetic field [35]. The critical diameter
found in this study is 6.84 nm for Uncoated/Fe3O4 and 8.46 nm for PAA/
Fe3O4. For a 9 nm average diameter of Uncoated/Fe3O4, it can be con-
cluded that most of the heating in this sample arises from the hysteresis
loss and stirring effect, which is consistent with our previous hypothe-
sis. Consequently, much higher heating is observed for Uncoated/
Fe3O4 compared to PAA/Fe3O4. For PS/Fe3O4 and Si/PS/Fe3O4, the
Fe3O4 nanoparticles are embedded and physically confined in the poly-
styrene matrix. In this situation, the interparticle separation is small
which is on the order of one particle diameter. Thus, it is difficult to ther-
mally activate this system at a low AC field, where the nanoparticles
have to overcome the dipolar field produced by discrete nanoparticles.
Therefore, only hysteresis loss may be responsible for self-heating in
these nanoparticle assemblies. As a result, a much reduced hyperther-
mia output was observed from both PS/Fe3O4 and Si/PS/Fe3O4. A
minor hysteresis loop is shown in the inset of Fig. 6(a–d) at higher con-
centrations indicating the contributions from the hysteresis loss. The
areas of the hysteresis loop calculated for PS/Fe3O4 and Si/PS/Fe3O4 are
4.95 (a.u) and 7.65 (a.u) respectively, which are smaller than that calcu-
lated for PAA/Fe3O4. Consequently, a much reduced hyperthermia out-
put was detected from these samples.

The effect of the dipolar interaction on hyperthermia heating behav-
ior of the MNP systems can be investigated by varying the interparticle
distance i.e. at varying concentrations. Our experimental observation
shows that the overall SAR of all nanoparticle samples decreases at
higher concentrations [Fig. 10(b)]. This behavior can be explained by
considering the co-occurrence of Néel relaxation and hysteresis mecha-
nism for non-aggregated and aggregated nanoparticles, respectively. As
the concentration increases, the particles tend to agglomerate (con-
firmed by measuring DLS) resulting in a larger dipolar interaction.
Therefore, it is likely that Néel relaxation progressively decreases at
higher concentrations and the hysteresis loss is the only dominant
mechanism. Similar behavior was observed by Urtizberea et al. [39]
and Piñeiro-Redondo et al. [40], where they attributed the decrease in
SAR with increasing nanoparticle concentrations due to dipole interac-
tions for single domain superparamagnetic nanoparticles. A recent
study on ferrite-based nanoparticles by Luis C. Branquinho et al.
shows that, as the particle concentration increases, chain formation is
more favorable and resulting in decreases in SAR [41]. Their results
show that,with the decreasing interparticle separation, the chain length
increaseswhich ultimately reduces the heating performance. Therefore,
a theoretical model based on dipole–dipole interactions valid for low
field regime is also proposed by the same authors. They concluded
that the experimental conditions, optimal chain size and diameter of
the particles all significantly affect the heating ability of the nanoparti-
cles. On the other hand, according to Serantes et al., computational tech-
nique is effective in finding the effect of interaction for an assembly of
superparamagnetic particles. They developed a Monte Carlo (MC)
method based on the metropolis algorithm and found that the higher
heating of the single domain MNPs is associated with the decrease of
hysteresis loss at high nanoparticle concentrations [14]. Based on
these studies, it can be concluded that the dipole interaction is en-
hanced by having a shorter interparticle separation at a higher concen-
tration. This will lead to a decrease in SAR.

3.7. Field dependence of SAR

In order to further investigate the dominant heatingmechanism, the
heating profiles are established for each nanoparticle systemat different
AC field amplitudes. Fig. 13(a–c) shows the time dependent heating
curves of 10 mg/mL Uncoated/Fe3O4, PAA/Fe3O4 and PS/Fe3O4 at
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Fig. 13. Time dependent temperature curve at different ACmagneticfield strength for (a) Uncoated/Fe3O4 (b) PAA/Fe3O4 and (c) PS/Fe3O4 and (d) variation of SARwith square of ACmag-
netic field strength.
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different AC magnetic field amplitudes. Each curve shows a sharp in-
crease in temperature as the magnetic field increases. According to the
linear response theory (LRT), SAR shows square field dependence
which can be expressed by the following equation [32]:

SAR ¼ μoH
22π2 f 2χoτeff

1þ 2πfτeff

 �2 : ð14Þ

Fig. 13(d) shows SAR as a function of square of theACfield, that has a
linear trend with increasing field. This result is in good agreement with
the theoretical model as predicted by Rosenweig and also experimen-
tally verified by Xuman Wang et al. [42].

4. Conclusion

In this work, magnetic hyperthermia behaviors of different Fe3O4

nanoparticles systems (confined and unconfined) were investigated in
high frequency alternating field. The experimental results of DCmagne-
tization measurements show superparamagnetic characteristics of all
Fe3O4 samples at room temperature. The experimental results on the
different nanoparticle systems show a clear correlation between mag-
netic hyperthermia heating and dominating structural factors including
physical arrangement, size, and anisotropy. The confined systems (PS/
Fe3O4 and Si/PS/Fe3O4) are nanoscale Fe3O4 (10 nm) particles embed-
ded in the matrix of polystyrene spheres (100 nm). The unconfined
ones are free Fe3O4 nanoparticles of similar dimensions well dispersed
in liquid (Uncoated/Fe3O4, PAA/Fe3O4). Their heating curves were ana-
lyzed by taking into account of the Néel and Brownian relaxations, hys-
teresis loss, and magnetic dipole–dipole interactions.

Based on our analysis we are able to conclude that: (1) specific ab-
sorption rates (SAR) of the unconfined NP systems (such as Uncoated/
Fe3O4, PAA/Fe3O4) are higher than the confined ones (PS/Fe3O4 and Si/
PS/Fe3O4); (2) the increased SAR values in the unconfined NP systems
are attributed to Néel relaxation and hysteresis loss, and (3) the
confined systems exhibit lower SAR values due to dipole–dipole inter-
actions. A physical model was proposed to explain the effect of dipole
interactions on the hyperthermia heating behavior of the Fe3O4

nanoparticles.
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