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In the last few decades, magnetic nanoconstructs have attracted increasing attention
due to, among others, their specific magnetic properties and huge number of applications
in completely different fields. The purpose of this Special Issue is to cover the new develop-
ments in synthesis, characterization, and fundamental studies of magnetic nanoconstructs,
ranging from conventional metal oxide nanoparticles, to novel molecule-based or hybrid
multifunctional nano-objects. At the same time, this Special Issue is intended to focus
on and explore the potential of these novel magnetic nanoconstructs in nanomedicine
and biology, energy harvesting and storage applications, sensing applications, pollution
remediation, data storage, and several other possible applications.

Without claiming to be exhaustive in such a broad research field, this Special Issue
provides at least a partial snapshot of the state-of-the-art magnetic nanomaterial studies,
showing several recent advances, new ideas, and open problems.

The collection includes 17 research articles by authors from 18 countries, all over the
world, which shows once more the global scientific interest in the magnetism of nano-
objects and its crucial role in many new technological areas.

The original articles of this Special Issue cover several scientific themes and arguments
associated with synthesis, characterization, and the use of magnetic nanoconstructs. The
topics covered by the collection are summarized here below.

Engelmann et al. studied a dual frequency magnetic excitation of magnetic nanoparti-
cles for biosensing applications [1], comparing their experimental results with a thermal
equilibrium model, based on Langevin function and a micromagnetic Monte-Carlo (MC)-
simulation method that models the non-equilibrium dynamics of nanoparticles.

Cheon et al. [2] proposed new magnetic nanoparticles, functionalized with histidine
as nano-enzymes for the detection of acetylcholine, with high specificity and sensitivity.

In Ref. [3] Omelyanchik and co-workers focused on the preparation and study of
polymer-based nanocomposites that include magnetic nanoparticles with intriguing piezo-
electric properties. The obtained results suggested a possible future application of these
magnetoelectric composites as bioactive surfaces for guiding the differentiation of neuronal
stem cells.

Hydrophilic magnesium iron oxide nanoparticles, presented by Darwish et al. exhib-
ited high heating efficiency as hyperthermic system and a good Magnetic Particle Imaging
(MPI) signal with adequate spatial resolution [4]. Bringing together these physical prop-
erties, the proposed magnetic nanomaterials could be interesting for various biomedical
applications, such as image-guided cancer treatment.

Petrichenko and co-workers produced magnetoliposomes starting from 1,4-dihydropy-
ridines with different substituents and demonstrated that the properties of liposomes did
not change varying the length of alkyl chain or changing substituents at position 4 of 1,4-
dihydropyridines [5].

Novickij et al. used nisin-loaded magnetic nanoparticles stimulated by an alternating
magnetic field as a method for the treatment of drug-resistant foodborne pathogens and, in
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particular, they showed its efficacy to decrease the resistance to the drug of Listeria innocua
bacteria [6].

The immobilization of porcine pancreatic alpha-trypsin (PPT) by means of molecularly
imprinted polymers, fabricated on magnetic nanoparticles, was obtained by Kanubaddi
et al. The authors demonstrated that immobilized enzyme maintains its catalytic activity
also after several cycles of use, paving the way for a new method of point immobilization
of enzymes [7].

Co/Cu multi-layered nanocylinders, electrodeposited into anodized aluminium oxide
nanochannels, were synthesized and characterized by Mizoguchi and co-workers [8]. The
nanocylinders showed high current-in-plane giant magnetoresistance performances and a
cobalt spin–diffusion length that can be described by Valet–Fert equation.

Fuhrmann et al. proposed a novel approach for the magnetic imaging of superpara-
magnetic nanoparticles encapsulated in a polymer matrix, using data fusion of Magnetic
Force and Atomic Force Microscopies [9]. The numerical method developed by authors
allowed us to minimize topographic crosstalk and consequently, to characterize local
magnetic properties of nanoparticles.

Meanwhile, Brero and co-workers discussed the effect of negative polyelectrolyte
coatings on the magnetic resonance properties of maghemite nanoparticles with two
core dimensions [10]. The authors stated that the chosen nanoparticles are promising
superparamagnetic T2 contrast agents for MRI, but the polyelectrolyte coatings poorly
influenced their longitudinal and transverse relaxometric properties.

In Ref. [11], Usov and Gubanova used a theoretical approach based on the stochastic
Landau–Lifshitz equation to investigate which are the optimal physical characteristics of
magnetosome chains, used as heat mediator in magnetic hyperthermia.

Room-temperature magnetic memory effect from Fe-doped NiO nanoparticles, syn-
thesized and characterized by Gandhi et al. was correlated to the formation of defect
clusters that enhanced intraparticle interactions. Consequently, the magnetic anisotropy of
the nanoparticles changed, causing a different behaviour of magnetic moments relaxation
processes that could be intriguing for the design of future spintronic devices [12].

Omelyanchik et al. deeply studied the magnetic properties of nanocomposites con-
sisting of Co–ferrite nanoparticles, dispersed in a SiO2 matrix. The results presented by
authors showed that the annealing temperature changed the magnetocrystalline anisotropy
and the saturation magnetization of the nanocomposite, modifying the particle size and
also influencing the magnetic disorder of their surface [13].

Furthermore, Dutz and co-workers presented Co-doped iron oxide nanoparticles with
tunable magnetic properties. The most promising particle–magnetic field combination
seemed to be suitable for application in magnetic fluid hyperthermia, given that cell viabil-
ity analysis also did not show an increased toxicity for the Co-doped particles, compared
to the pure iron oxide ones [14].

Vangijzegem et al. proposed a continuous flow system preparation of very small iron
oxide nanoparticles by thermal decomposition. Studying the influence of experimental
parameters (e.g., ligand concentration and nature, temperature, etc.) on the nanoparticles
magneto-crystalline and relaxometric properties, the authors showed that they had inci-
dence on relaxometric and magnetic properties, while they did not affect size properties of
the nanoparticles [15].

Darwish et al. reported interesting results on magnetic ferrite nanoparticles, with high
performances again for the magnetic hyperthermia “on fire” topic [16]. In particular, they
compared cobalt–ferrite (8 ± 2 nm) and zinc–cobalt ferrite (25 ± 5 nm) nanoparticles coated
with sodium citrate, evaluating their heat release, and testing their cytocompatibility.

In the last article, Chen et al. developed a plasmonic vector magnetometer, based on
a side-polished few-mode-fiber, functionalized by MNPs [17]. The optical-fiber magnetic
sensor exhibited high sensitivity to both the magnetic-field intensity and orientation.
Therefore, considering its compact size and online detection scheme, it could be used in
the future for the detection of weak magnetic-field vectors.
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In conclusion, this Special Issue of Nanomaterials collects a series of original research
articles of front-line researchers, with an interdisciplinary approach on exploring the use of
magnetic nano-objects in a broad range of applications. I am confident that this Special
Issue will provide the reader with an overall view of the latest prospects in this fast evolving
and cross-disciplinary field.
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Abstract: Dual frequency magnetic excitation of magnetic nanoparticles (MNP) enables enhanced
biosensing applications. This was studied from an experimental and theoretical perspective: non-
linear sum-frequency components of MNP exposed to dual-frequency magnetic excitation were
measured as a function of static magnetic offset field. The Langevin model in thermodynamic
equilibrium was fitted to the experimental data to derive parameters of the lognormal core size
distribution. These parameters were subsequently used as inputs for micromagnetic Monte-Carlo
(MC)-simulations. From the hysteresis loops obtained from MC-simulations, sum-frequency com-
ponents were numerically demodulated and compared with both experiment and Langevin model
predictions. From the latter, we derived that approximately 90% of the frequency mixing magnetic
response signal is generated by the largest 10% of MNP. We therefore suggest that small particles
do not contribute to the frequency mixing signal, which is supported by MC-simulation results.
Both theoretical approaches describe the experimental signal shapes well, but with notable differ-
ences between experiment and micromagnetic simulations. These deviations could result from
Brownian relaxations which are, albeit experimentally inhibited, included in MC-simulation, or (yet
unconsidered) cluster-effects of MNP, or inaccurately derived input for MC-simulations, because the
largest particles dominate the experimental signal but concurrently do not fulfill the precondition of
thermodynamic equilibrium required by Langevin theory.

Keywords: magnetic nanoparticles; frequency mixing magnetic detection; Langevin theory; micro-
magnetic simulation; nonequilibrium dynamics; magnetic relaxation

1. Introduction

Magnetic nanoparticles (MNPs) have a plethora of applications not only in biomedical
diagnostics, mainly determined by sample preparation, but also in detection [1,2]. MNPs
are used as markers for biomolecules in immunoassays; in addition to the well-established
techniques of AC-Susceptometry [3] and Relaxometry [4], Frequency-Mixing Magnetic
Detection (FMMD) [5] has been increasingly applied during the past decade because of its
high selectivity. This technique relies on simultaneously applying a low-frequency magnetic
driving field, which brings the particles close to saturation, and a high-frequency excitation
field, which probes the particles’ susceptibility. Due to the nonlinear magnetization of
the MNP, harmonics of both the individual incident frequencies and the intermodulation
products of both frequencies are generated. Their signal can usually be picked up using a
receive coil; however, other magnetic detectors can also be employed [6]. Due to its high
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sensitivity, FMMD has been successfully applied to realize magnetic immunoassays for
the detection of a multitude of different analytes, for instance, viruses [7], antibiotics [8],
or bacterial toxins [9]. Furthermore, FMMD enables the distinction of different types of
MNP based on their different frequency mixing response spectrum [10–12], which opens
the potential for multi-analyte detection.

In this work, we present offset-field-dependent FMMD measurements of MNPs and
compare them quantitatively with two different modeling approaches: a simple Langevin-
function-based thermal equilibrium model based on a lognormal size distribution, and a
micromagnetic Monte Carlo (MC)-simulation method [13]. Although particles are immo-
bilized in the experiment and can thus only relax according to Néel relaxation, the MC-
simulation also includes Brownian relaxation. With this, micromagnetic MC-simulations
provide new insight into the frequency mixing excitation of MNPs by modeling their non-
equilibrium dynamics. For the Langevin model, the nature of relaxation is irrelevant. The
core size distribution parameters derived from the Langevin model were used as starting
values for the MC-simulation. As a consistency check, the MC results were again compared
against the Langevin model. Prospects and limitations of both models are discussed, and
suggestions for future research are developed.

2. Materials and Methods
2.1. Experimental Setup for Frequency Mixing Magnetic Detection

A custom-built measurement setup was employed for simultaneous sample excitation
and demodulation signal detection. This comprises two excitation and two pick-up coils
in a measurement head unit, allowing digital frequency demodulation directly from the
detected signal. Details on the setup can be found in earlier works [5,14,15]. The applied
alternating magnetic excitation field (AMF) was:

H(t) = H0 + H1 sin(2π f1t) + H2 sin(2π f2t) (1)

where H0 denotes the static magnetic offset field, H1 = 1.29 mT/µ0 is the magnetic field
amplitude at high frequency f1 = 30, 543 Hz, and H2 = 16.4 mT/µ0 is the amplitude at
low frequency f2 = 62.95 Hz. With this low-frequency amplitude, the particles are driven
well into the nonlinear regime of the magnetization curve. The almost 400-fold higher f 1
yields well-detectable voltages at the mixing frequencies.

ABICAP® columns from Senova GmbH (Weimar, Germany) containing polyethylene
filters with pore sizes of approximately 50 µm, a height of 5 mm, and a diameter of 5 mm
were primed with ethanol in a desiccator to remove air bubbles from the filter. After
washing the column twice with 500 µL of distilled water, 450 µL of nanomag®-D SPIO
(Prod.#: 79-00-201; Micromod Partikeltechnologie GmbH, Rostock, Germany) was flushed
through the column, followed by another washing step to ensure homogeneous MNP
distribution and to remove unbound MNPs. The sample was dried at ambient conditions.
Then the columns with the immobilized MNPs were measured at varying static field
strength H0 = (0, . . . , 24) mT/µ0 in steps of 0.48 mT/µ0. Due to coil-current resistive
heating, the temperature T in the measurement head was approximately 318 K. The first
four nonlinear magnetic moment demodulation components from frequency mixing (both
real and imaginary part) were stored: f1 + n · f2 with n = 1, 2, 3, 4. Background subtraction
was performed using data from reference measurements without a sample, and phase
correction for frequency-dependent phase shift inside the induction coil and amplification
chain was performed.

2.2. Thermodynamic Langevin Model of a Magnetic Nanoparticle Ensemble

In the classical thermodynamic model description, the MNP sample can be described
as an ensemble of noninteracting particles. (The validity of this assumption for our sample
is assessed in Appendix A by an estimation of the dipole–dipole energy.) Neglecting

6
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surface effects, the saturation magnetic moment of a spherical particle with a core diameter
dc is given by:

∣∣mp
∣∣ = mp(dc) =

Msπd3
c

6
(2)

with Ms denoting the saturation magnetization of the MNP. For simplicity, all particles are
assumed to be spheres.

The total magnetic moment of the particle ensemble in thermodynamic equilibrium is
calculated by averaging over a Boltzmann distribution of the orientations of the individual
particle moments, yielding a dependence on the amplitude of the applied magnetic field
|H| = H, which is governed by a Langevin function [16]:

L (ξ) = coth(ξ)− 1
ξ

(3)

with the dimensionless magnetic field variable:

ξ =
mpµ0H

kBT
(4)

and with temperature T, Boltzmann’s constant kB = 1.38 ×·10–23 J/K, and the permeability
of vacuum µ0 = 4π ×·10–7 Vs/Am [17].

In the average over the particle ensemble, it has to be considered that the saturation
magnetic moment mp of each particle depends on its diameter dc. Usually, particle ensem-
bles exhibit a lognormal size distribution with a probability density function PDF(dc) given
by [17]:

PDF(dc, d0, σ) =
1√

2π · dc · σ
· exp

(
− ln2(dc/d0)

2σ2

)
, (5)

with the median diameter d0 and the standard deviation σ of the diameters’ natural
logarithm.

The total magnetic moment of the ensemble of Np particles is then calculated by
integrating over the lognormal distribution:

mtot = Np

∫ ∞

0
ddc·PDF(dc)·mp(dc)·L

(
Msπd3

c
6kBT

µ0H
)

. (6)

In our FMMD scheme [5], the particle ensemble is exposed to a two-frequency excita-
tion with static offset magnetic field (see Equation (1)). Inserting Equations (1) and (2) into
(6) yields:

mtot =
Np Msπ

6

∞∫
0

ddc·PDF(dc)·d3
c ·

·L
(

Msπd3
c µ0

6kBT [H0 + H1 sin(2π f1t) + H2 sin(2π f2t)]
) (7)

As shown in [5], the nonlinearity of the magnetization curve gives rise to the emer-
gence of intermodulation products m·f 1 ± n·f 2 of the total magnetic moment of the particle
ensemble (with m and n denoting integers). In particular, the frequency mixing components
f 1 + f 2, f 1 + 2·f 2, f 1 + 3·f 2 and f 1 + 4·f 2 appear. In the limit of small excitation amplitudes
H1 and H2, these frequency mixing responses can be calculated with a Taylor expansion of
Equation (3), yielding offset field dependencies of the mixing components proportional to
the higher order derivatives of the Langevin function [5]. In the case of larger excitation
amplitudes H1 and H2, the Taylor approximation is no longer valid and has to be replaced
by the respective Fourier components of Equation (7). For instance, the average nonlinear
moment response m1(dc) at frequency f 1 + f 2 of one particle with diameter dc is given by:

7
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m1(dC) =
Msπd3

c
6 · 2k

k
∑

i=0
cos[2π( f1 + f2)ti]·

·L
(

Msπd3
c µ0

6kBT [H0 + H1 sin(2π f1ti) + H2 sin(2π f2ti)]
) (8)

The factor 2/k normalizes the sum and accounts for the full-period average over sin2(..)
which is 1

2 . The sampling time steps ti should be chosen such that a sufficient number of
samples is taken in one high frequency period. In our calculations, we took 10 steps in a
period 1/f 1, i.e., ∆t = ti – ti–1 = 0.1/f 1, yielding sufficient numerical precision. Although in
our experiments, the high frequency f 1 was 485 times larger than the low frequency f 2, it
was sufficient to select f 1 = 20·f 2 for our numerical calculations. Thus, k = 200 was used.

In a similar fashion, the response component m2(dc) at frequency f 1 + 2·f 2 is obtained
from:

m2(dc) =
Msπd3

c
6 · 2k

k
∑

i=0
sin[2π( f1 + 2 f2)ti]·

·L
(

Msπd3
c µ0

6kBT [H0 + H1 sin(2π f1ti) + H2 sin(2π·2 f2·ti)]
)

.
(9)

Note the cos[..]/sin[..] alternation in the reference frequency term behind the sum
symbol in Equations (8) and (9), which is due to the fact that with increasing order, the
frequency mixing responses are alternately uneven (point-symmetric) and even (axisym-
metric) functions. Components m3(dc) and m4(dc) are calculated similarly.

The total magnetic moment component mn,tot at the frequency mixing component f 1 +
n·f 2 is then obtained by integration over the lognormally weighted particle ensemble:

mn,tot
(
d0, σ, Np

)
= Np

∫ ∞

0
ddc·PDF(dc, d0, σ)·mn(dc). (10)

Equation (10) constitutes our forward model for calculating the frequency mixing
signals. The model contains just three fitting parameters, the lognormal distribution
characteristics median diameter d0 and width σ, and the total number of particles Np. The
measured nonlinear magnetic moment components of nanoparticle samples at frequencies
f 1 + n·f 2, n = 1, 2, 3, 4, were fitted with this model using the Levenberg–Marquardt
least-squares algorithm.

2.3. Micromagnetic Monte Carlo (MC-)Simulation

The nonlinear particle relaxation dynamics in nonequilibrium conditions under the
influence of an applied AMF, H, can be described by combined Néel–Brownian relax-
ation [13]. The Néel relaxation of the direction of the magnetic moment of a single MNP,
mp, is governed by the Landau–Lifshitz–Gilbert equation (LLG) [18]:

dmp

dt
=

µ0γ

1 + α2 ·
(
Heff ×mp + αmp ×

(
Heff ×mp

))
(11)

with the permeability of free space, µ0, the electron gyromagnetic ratio, γ, the damping
parameter, α, and the effective field Heff. The Brownian rotation of the MNP easy axis, n, is
described via the generalized torque, Θ, as follows [19]:

dn
dt

=
Θ

6ηVH
× n (12)

with the carrier matrix viscosity, η, and the MNP hydrodynamic volume, Vh = π/6 · d3
h, in

which dh is the hydrodynamic particle diameter. Néel and Brownian relaxation are coupled
in the internal particle energy:

U = −µ0 ·mp
(
mp ·H

)
− K ·Vc

(
mp · n

)2
+ ε IA (13)

8
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where mp =
∣∣mp

∣∣ = Vc · MS (cf. Equation (2)) is the magnitude of the MNP magnetic
moment, and Vc = π/6 · d3

c is the MNP core volume. The first term describes the Zee-
man energy including the applied field H. The second term incorporates the anisotropy
energy via the effective anisotropy constant, K, and under the assumption of uniaxial
anisotropy and spherically shaped particles. The third term in Equation (13) includes
magnetic dipole–dipole interaction. However, thermal energy, εtherm, dominates magnetic
interaction energy by two orders of magnitude in our MNP samples, so that particle–
particle interaction is negligible (ε IA � εtherm). Please refer to Appendix A for a detailed
estimation of the effect of magnetic dipole–dipole interaction energy that corroborates our
assumption. Thermal fluctuations are included by adding the terms Hth and Θth, which are
implemented as Gaussian-distributed white noise with zero mean values (〈Hi

th(t)〉 = 0 and
〈Θi

th(t)〉 = 0) and variances 〈Hi
th(t)H

j
th(t
′)〉 =

(
2kB T ·

(
1 + α2))/

(
γmpα

)
· δijδ(t− t′) and

〈Θi
th(t)Θ

j
th(t
′)〉 = 12kBTηVH · δijδ(t− t′), respectively. Here T is the global temperature in

the system. With this, the effective field and generalized torque read:

Heff = −
1

mp · µ0
· ∂U

∂m
+ Hth = H +

2K ·Vc

mp · µ0
·
(
mp · n

)
n + Hth (14)

Θ =
∂U
∂n
× n + Θth = −2K ·Vc

(
mp · n

)(
mp × n

)
+ Θth (15)

We apply the Stratonovic–Heun scheme to solve the system of coupled stochastic
differential Equations (11) through (15) and implement a Monte Carlo method routine
as described in our previous works [20–22]. The full source code is available as listed in
the Data Availability Statement and its results are denoted as MC-simulations henceforth.
Simulation parameters were chosen as listed in Table 1 with the MNP properties matching
the experimentally determined values from Table 2. Furthermore, the damping parameter α
was set to unity [23]. One thousand particles were simulated simultaneously and initialized
with randomized directions of magnetization and easy axes for each MNP. The MNPs
were then thermalized for one-fifth of the total number of time steps, N, before the AMF
was applied. We used N = 50,000 and averaged the magnetization over five independent
simulation runs to achieve a good compromise between accuracy and acceptable computa-
tion time. The time step sizes were then 10 ns. The simulations were performed with the
open-access Python code referenced in the Data Availability Statement. Calculations were
carried out on a PC cluster consisting of 2 × CPU Intel Xeon E5-2687W, 3.1/3.8 GHz, with
8 clusters each and RAM 64 GB each. The typical calculation time for one offset field value
was approx. 53 h.

To approximate experimental data for comparison, the excitation field parameters
were chosen as H1 = 1 mT/µ0, f1 = 40,000 Hz, H2 = 16 mT/µ0, f2 = 2000 Hz, and the
static field was varied from H0 = (0, . . . , 24) mT/µ0 with a step size of 1 mT/µ0.

Table 1. Simulation parameters applied in the micromagnetic simulation model.

Effective
Anisotropy

Constant

Saturation
Magnetization 1 MS

Mass Density
of Magnetite

Viscosity of
Surrounding

(Water)
Temperature

11 kJ/m3 476 kA/m 5.2 g/cm3 8.9× 10−4Pa·s 300 K
1 The literature value for bulk magnetite from [24] was used.
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Table 2. Material properties of MNPs from fitting the experimental data with the Langevin model.

Core Diameter
dc

Log-Normal
Distribution

Width σ

Polydispersity
Index (PDI)

Hydrodynamic
Diameter 2 dh

Concentration 1

7.81 nm 0.346 0.127 20 nm 2.4 mg(Fe)/mL
1 The concentration c is taken from the datasheet of the manufacturer. The concentration in the filter might be
smaller due to unbound particles being washed out undetected. 2 The hydrodynamic diameter dh is taken from
the datasheet of the manufacturer.

3. Results
3.1. Experimental Results and Thermodynamic Langevin Model Fitting

The Langevin model (Equation (10), with inputs (8) and (9), see Section 2.2) was fitted
to the measured real parts of the experimental data using the Levenberg–Marquardt least-
square algorithm routine, whose results are plotted in Figure 1. Although the immobilized
MNPs in the experimental setup are blocked in Brownian rotation, this step is justified
because Langevin theory approximates the magnetization of the entire ensemble of MNP
independently of the underlying mechanism of relaxation. The imaginary parts of the
response signal were found to be two orders of magnitude weaker and were therefore
disregarded. For all four demodulation components f1 + n · f2 with n = 1, 2, 3, 4, a very
good agreement between experimental and simulated results was observed, confirmed by
a coefficient of determination of R2 > 0.98. Only for component f 1 + f 2 at high offset field
did the simulation predict slightly higher values than measurement, whereas for f 1 + 2·f 2
and f 1 + 3·f 2, the simulation slightly underestimated measurements.
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Figure 1. MNP nonlinear magnetic moment for dual frequency excitation at mixing frequencies
fLF + n · fHF with n = 1, 2, 3, 4 from experimental measurement (H1 = 1.29 mT/µ0, f1 = 30,534 Hz,
H2 = 16.4 mT/µ0, f2 = 62.95 Hz) and fitted with the Langevin model of Equation (10) with the same
parameters.

Fitting yielded the MNP material properties of median core diameter, dc, and its
log-normal distribution width, σ, which are listed in Table 2. The hydrodynamic diameter,
dh, and the concentration of the MNP were taken from the datasheet of the manufacturer.
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3.2. Micromagnetic MC-Simulation Results

We used the MNP material properties derived from fitting the Langevin model to the
experimental data as described in the previous Section 3.1 (see Table 2) as input parameters
for the micromagnetic MC-simulations. These simulations yield magnetization curves
(M(H)-loops), which are shown for exemplary static offset fields in Figure 2.
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Figure 2. Exemplary magnetization curves (M(H)-loops) generated from micromagnetic MC-
simulations for different static offset fields H0 = (0, 10, 20) mT/µ0. Inset shows magnification
of small applied fields, revealing a slight opening of the loops.

The magnetization curves are (almost) identically overlapping, but shift towards the
magnetization saturation of MNP as the static offset field, H0, increases. The M(H)-loops
are very slightly opened, revealing minor hysteresis area (see Figure 2, inset). For values
of H0 > (H1 + H2), e.g., for H0 = 20 mT/µ0 in Figure 2, the applied field is constantly
keeping the MNPs in (almost) saturation and no hysteresis area is present.

From the M(H)-loops, the first four demodulation components f1 + n · f2 were calcu-
lated following Equations (8) and (9). For comparison, the experimental measurement data
and the MC-simulated data were normalized to their respective highest value, Mmax, and
plotted alongside each other in Figure 3. The agreement between experimental and simu-
lated data is acceptable, as confirmed by a coefficient of determination of R2 > 0.76 for all
four demodulation components. We observe for component f 1 + f 2 that MC-simulation con-
sistently underestimates the measurement results. However, the peak at H0 = 15 mT/µ0
coincides. For the mixing term f 1 + 2·f 2, MC-simulation underestimates the measurement
results for H0 < 18 mT/µ0 and H0 > 20 mT/µ0 and shows a mismatch of over 50% for the
peak value at H0 = 15 mT/µ0. MC-simulation and measurement of component f 1 + 3·f 2
coincide for values up to H0 = 10 mT/µ0 and again for H0 ≥ 20 mT/µ0. However, around
the peak at H0 = 16 mT/µ0, MC-simulations overestimate experimental data by approx.
70%. For mixing term f 1 + 2·f 2, MC-simulations match experimental data, except around
the peaks at H0 =11 mT/µ0 and H0 = 16 mT/µ0.
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Figure 3. Normalized MNP nonlinear magnetic moment for dual frequency excitation at mixing frequencies f1 + n · f2 with
n = 1, 2, 3, 4 comparing experimental results (H1 = 1.29 mT/µ0, f1 = 30,534 Hz, H2 = 16.4 mT/µ0, f2 = 62.95 Hz) and
predictions from micromagnetic MC-simulations (H1 = 1 mT/µ0, f1 = 40,000 Hz, H2 = 16 mT/µ0, f2 = 2000 Hz).

3.3. Comparing Micromagnetic MC-Simulation Results and Thermodynamic Langevin
Model Fitting

To test whether predictions from the Langevin model and MC-simulations show re-
producible results, we fitted the Langevin model directly to the results from MC-simulation.
We used the same input parameters for MC-simulations and Langevin model fitting of
H1 = 1 mT/µ0, f1 = 40, 000 Hz, H2 = 16 mT/µ0, f2 = 2000 Hz, and fixed the mean core
diameter with dc = 7.81 nm and variable distribution parameter σ for the fitting. The
results are plotted in Figure 4, confirming overall good agreement with a coefficient of
determination of R2 > 0.989 for all four demodulation components. From the qualitative
comparison, one sees that Langevin model fitting and MC-simulations coincide, except
for the secondary peaks for n = 3 and n = 4 (cf. Figure 4). The fitting yields a distri-
bution width of σ = 1.466. This is significantly different than the input parameters to
MC-simulations (σ = 0.346), questioning our hypothesis that assumes identical outputs
from the Langevin model and MC-simulation. As we discuss in detail in the next sec-
tion, we suspect the reasons for this lie with MNP properties that are not (yet) accurately
represented in the modeling.
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Figure 4. Normalized MNP nonlinear magnetic moment for dual frequency excitation at mixing
frequencies f1 + n · f2 with n = 1, 2, 3, 4 from micromagnetic MC-simulations fitted with the thermo-
dynamic Langevin model with fixed core diameter dC = 7.813 nm.

4. Discussion

The Langevin model has been extensively applied to describe MNP magnetization
for various applications such as diagnostic biosensing [25], Magnetic Particle Imaging
(MPI) [26], and therapeutic Magnetic Fluid Hyperthermia (MFH) [27]. Its application
to frequency mixing excitation seems therefore naturally reasonable. This assumption
is fostered by our results reporting very good agreement between experimental data
and Langevin model fitting (R2 > 0.98; cf. Figure 1). The resulting fitting parameters
(dc ≈ 7.8 nm and σ ≈ 0.35; cf. Table 2) are furthermore in good agreement with literature
values reporting a core diameter between dc ≈ 7 nm [28] and dc ≈ 11 nm [29] for nanomag®-
D SPIO. The broad size distribution (with width σ > 0.3) reflects a heterogeneous particle
size with an effectively range of dc = (3− 25) nm, cf. Figure 5.

Nevertheless, the Langevin model is only valid for noninteracting, single particle
ensembles with uniaxial anisotropy in thermodynamic equilibrium and (quasi)static mag-
netic fields [16]. Therein lies its major limitation, because the Langevin model cannot model
an opening of M(H)-loops (hysteresis), which are, however, expected for AMF excitations
at applied frequencies that approximate the inverse MNP relaxation time, f ∼ τ−1, as
the magnetic moment of each MNP begins to lag behind the driving AMF [2]. In contrast,
micromagnetic MC-simulations provide new insight in the frequency mixing excitation
of MNP by modeling the non-equilibrium dynamics of MNP by including thermal fluc-
tuations: The MC-simulations reveal a minor hysteresis in the M(H)-loop of the MNP (cf.
Figure 2), which is inaccessible via equilibrium Langevin theory. We attribute this minor
hysteresis to the small portion of large particles, whose magnetic relaxation is (thermally)
blocked by the volume (and therefore size cubed) dependent anisotropy barrier: K ·VC.
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This can be assessed by assuming an AC-field-dependent Brownian relaxation time
of [30]:

τB(HAC) =
τB√

1 + 0.21 · ξ(HAC)
2

(16)

and an AC-field dependent Néel relaxation time of [16]:

τN(HAC) = τ0 · exp

(
K ·VC

kB T
·
(

1− HAC
HK

)2
)

(17)

where HAC denotes the AMF amplitude, τB = 3ηVH/(kBT) the field-independent Brown-
ian relaxation time, ξ(HAC) = mHAC/(kBT) the reduced field parameter (cf. Equation (4)),
τ0 = 10−9 s the time constant, and HK = 2K/µ0MS the (uniaxial) anisotropy field strength.
From Equations (16) and (17), the effective relaxation time follows with:

τ =
1

τ−1
B + τ−1

N
. (18)

Using the (mean) values from Tables 1 and 2, and the experimental setup param-
eters with HAC = H1 + H2 ∼ 17 mT/µ0, one calculates τ ∼ τ0 ∼ 10−9 s so that
for f ∼ (30− 40) kHz the condition for the onset of hysteresis, f ∼ τ−1, is not ful-
filled. Because the measured imaginary parts of the mixing components are hundredfold
weaker than the real parts, we can conclude that dissipation is indeed negligible. How-
ever, for the small portion of large particles with dC ≥ 20 nm and naturally increasing
the effective hydrodynamic diameter dh > 20 nm, and presumably decreasing effective
anisotropy constant for these larger core particles, K ∼ 5 kJ/m3 [31,32], the effective
relaxation time increases by several orders of magnitude. The relaxation time for these
large particles is dominated by the Brownian relaxation mechanism, fulfilling the condi-
tion f ∼ τ−1. Consequently, the minor opening of the M(H)-loop observed in Figure 2
from MC-simulations is a direct contribution from these large size particles relaxing with
Brownian rotation. This assumption could, however, not be verified experimentally in our
current study, because the MNPs were immobilized due to sample preparation, blocking
Brownian rotation. Nevertheless, Figures 2 and 4 demonstrate the potential insight to
be gained on the micromagnetic level in the underlying mechanisms in dual frequency
excitation responses of MNP (see discussion regarding future experiments below).

Interestingly, these large size particles apparently also contribute most dominantly
to the Langevin model fitting to MC-simulation data (cf. Figure 4): When we deliberately
restrict the particle size range for Langevin model calculation to the largest portion of core
sizes (i.e., limiting the minimum core size dc), we find that 90% of the calculated signal
is contributed from the particles with dc ≥ 12.1 nm. Similarly, 99% of the signal stems
from dc ≥ 9.2 nm. With the reverse of the cumulative distribution function (CDF) of
the lognormal distribution (see Equation (A3) in Appendix B), the corresponding size
fractions (quantiles) of the distribution are calculated, beginning from the large-sized tail.
This finding is visualized in Figure 5. The largest 10.3% of the particles contribute 90%
of the FMMD signal. Furthermore, 99% of the signal is produced by the largest 31.8% of
particles. In other words, this means that almost all of the FMMD signal originates from
the large-sized tail of the size distribution.

This could also explain why the Langevin model can be fitted with very good agree-
ment to MC-simulation data (cf. Figure 4; R > 0.989), even though it is physically unable
to model nonequilibrium dynamic relaxation processes: The mathematical fitting routine
can force the fitting parameters (d0, σ, Np) to values outside the model’s range of validity
(for further details see Appendix B). As the opening M(H)-loop and our relaxation time
approximations (see above) suggest, thermodynamic equilibrium is not valid anymore
for large particles dC ≥ 20 nm at frequencies f ∼ (30− 40) kHz. Therefore, fitting the
model to the experimental data could lead to unreliable distribution parameters.
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Figure 5. PDF of lognormal distribution (solid line) with d0 = 7.81 nm and σ = 0.346 and its reverse
CDF, counted from large sizes (dashed line). The quantiles which yield 90% (99%; 99.9%) of the
FMMD signal are shaded in dark grey (grey; light gray), they consist of 10.3% (31.8%; 56.2%) of
particles on the large-sized tail of the distribution.

For other frequency-dependent biomedical applications of iron-oxide MNPs, such
as MPI [33,34] or MFH [32,35], an optimal core size of dc ∼ 25 nm has been suggested
from experiment and MC-simulation, stressing the importance of open hysteresis loops
for signal generation. Our results from Figures 4 and 5 could therefore indicate that
an opening of the M(H)-loop is also favorable for generating strong signals in mixed
frequency measurements. As mentioned above, our current sample preparation does not
allow experimental verification of this assumption, because Brownian rotation is blocked
for the immobilized MNP. Even more so, this assumption remains to be tested in future
experiments using MNP with larger core sizes, ideally suspended and freely rotatable
in solution. In future experiments, the question of whether the Brownian mechanism
dominates the MNP relaxation mechanism could be further probed by suspending MNP in
gelated matrices (e.g., agarose or poly-acrylamid gels), in which Brownian relaxation has
been shown to be controllably blocked in MFH measurements with particles of the same
size as used in the present study [36].

MC-simulations deviated quantitatively in intensity at the peaks by up to 70% from
the experimental values (cf. Figure 3) when directly compared. The first reason for this
could be that Brownian relaxation mechanism is blocked for immobilized MNPs in the
experimental sample, while it adds to the signal in MC-simulations (see paragraph above).
A second potential reason for deviations is that the parameters used for MC-simulation
input slightly differ from the experimental parameters. Another reason could be that MNPs
form clusters of a few particles in the experimental setting, which Dennis et al. consistently
found for nanomag-D SPIO from small-angle neutron scattering (SANS) and transmission
electron microscopy [37]. Clustering of MNPs has been suggested to lead to increased
particle–particle interaction, changed effective anisotropy, and restriction of MNP rotatabil-
ity [38–40]. Although the interplay of these clustering effects on MNP relaxation behavior is
the subject of ongoing discussions [39–42], it is overall assumed to diminish the experimen-
tal signal intensity [43]. Both the rise of particle–particle interaction—although purposefully
excluded from this study—and the influence of varying K could be investigated in future
MC-simulations studies (e.g., by diffusion-limited colloidal aggregation [42]) to advance
the understanding of its influence on mixed frequency excitation signal generation.

15



Nanomaterials 2021, 11, 1257

Finally, we are aware that our current study is limited by the extraction of input
parameters for the MC-simulations from Langevin model fitting to experimental data (cf.
Table 2). Future studies will complement these assumptions by experimental methods,
e.g., measuring MNP core sizes via transmission electron microscopy (TEM) or the MNP
magnetic core size distribution from magnetic measurement [44], in addition to determining
the hydrodynamic diameters from dynamic light scattering (DLS) experiments [20], which
will serve as input parameters to further validate our fitting and modelling.

5. Conclusions

With the current work, we present the first insights into dual-frequency magnetic exci-
tation of MNP from interpreting experimental results in terms of both the thermodynamic
Langevin model and nonequilibrium dynamic MC-simulations. In summary, we draw the
following conclusions from our comparative study:

1. Both the Langevin model and MC-simulations reproduce the shape of the experimen-
tal signal satisfactorily (see Figures 1 and 3). However, punctual deviations between
experimental data and MC-simulations are observed (see Figure 3).

2. MC-simulations allow the investigation of the dynamic hysteresis (M(H))-loop during
AMF excitation, revealing a minor opening (cf. Figure 2). This opening is attributed
to the small portion of large, thermally blocked particles.

3. Langevin model fitting suggests that 90% of the experimentally detected FMMD
signal intensity is generated by the largest 10% of the particles (cf. Figure 5).

4. For the large particles (dc > 20 nm) which dominate the FMMD signal, relaxation
cannot be neglected. However, this effect is not included in our Langevin model. We
suspect this is the reason for observed deviations between the Langevin model and
MC-simulations.

We are aware that these findings raise more questions and could serve as the starting
point for further investigations. Based on these conclusions we propose the following
respective future research directions:

• Complementary experimental methods should be used to derive MNP properties for
more accurate input in the MC-simulations (to address and remedy point 1, above).
From this, we also plan to further increase our predictive accuracy in the future by
coordinating simulation and experimental parameters to be identical (both materials
properties and field parameters).

• Experimental sample preparation should be expanded to allow—ideally gradually
controllable—Brownian rotation of MNPs (e.g., in poly-acrylamide gels) in order to
precisely analyze the role of the Brownian relaxation mechanism for signal generation
(see also next point below).

• Furthermore, MC-simulations could be expanded by including magnetic particle–
particle interaction effects and the inclusion of clustering-effects of MNPs. This
should be investigated with special regard to point 3 (above), because magnetic
interaction scales with increasing particle core size. Additionally, the influence of
effective anisotropy could be studied systematically with MC-simulations. Finally,
the dominant relaxation mechanism in dual frequency excitation could be further
investigated by weighting Néel and Brownian relaxation mechanisms systematically
in MC-simulations, and comparing the results to experimental findings.

• Point 4 (above) suggests the necessity for multi-theory approaches to interpret dual-
frequency MNP excitation responses. Therefore, systematic parameter studies, e.g.,
varying MNP properties such as effective anisotropy, median core sizes and shell
sizes, and AMF parameters (H1 H2, f1, f2), should be performed to generate a multi-
parameter repository from MC-simulations. This could serve as a basis for a unified
model to explain FMMD signal generation in the future. However, such a study must
be well designed to ensure acceptable computational effort.
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Appendix A. Estimating the Effect of Magnetic Dipole–Dipole Interaction Energy

The magnetic dipole–dipole interaction energy exerted on a single magnetic nanopar-
ticle by N neighboring particles with interparticle distance vector di can be described
by [20]:

ε IA = ∑
i

µ0

4πd3
i
·
(

3 · (m0 · di) · (mi · di)

d2
i

−m0 ·mi

)
(A1)

For two neighboring particles with magnetic moments |m0| = |mi| = mp = VC ·MS
(cf. Equation (2)), Equation (A1) can be simplified to the extremal energies:

ε IA,min =
µ0m2

p

4πd3 and ε IA,max = 3
µ0m2

p

4πd3 (A2)

Using Equation (A2) and the MNP properties from Table 2, we calculated a corridor
for ε IA in dependence of the interparticle distance, shown in Figure A1. The thermal
excitation energy of εtherm = kB · T = 25.8 meV for T = 300 K is also marked in Figure A1.
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From the intersection of εtherm and the corridor, the range of interparticle distances
in which magnetic dipole–dipole interaction energy is of the same order of magnitude
as the thermal excitation energy can be estimated with d = (7.1− 10.2) nm (see mark
in Figure A1). In other words, for average interparticle distances d > 10.2 nm, thermal
excitation can be assumed to dominate magnetic interaction.

The average interparticle distance davg can be estimated from the number of particles in
solution, z, by taking the inverse third root: davg = z−1/3. With z = 4.3 · 1015 1

cm3 (taken from
nanomag-D SPIO manufacturer’s datasheet) we estimate an average interparticle distance
of davg ≈ 61.5 nm. From Figure A1 one can see that for such an average interparticle
distance the thermal excitation energy is two orders of magnitude larger than magnetic
dipole–dipole interaction energy, εtherm � ε IA, corroborating our assumption to neglect
magnetic interaction between MNP for our calculations.

Appendix B. Log-Normal Distribution Probability Density Function (PDF)

The log-normal distribution probability density function (PDF) for a general particle
size d is defined as shown in Equation (5) with the median diameter d0 and the standard
deviation σ of the diameters’ natural logarithm. Integration over PDF from 0 to dc yields
the cumulative distribution function (CDF) [17]:

CDF(dc, d0, σ) =

dc∫

0

dd·PDF(d, d0, σ) =
1
2
+

(
1 + erf

(
ln(dc/d0)√

2 · σ

))
(A3)

Standard CDF cumulates particles starting from the small-sized tail of the distribution.
For FMMD, large particles contribute most of the signal. To quantify their contribution, it
is advantageous to consider the reverse cumulative distribution starting from the large size
tail, i.e., 1—CDF. The exemplary log-normal distribution PDF(dc,d0,σ) and its reverse CDF
using the parameters from Table 2 are plotted in Figure 5.

By fitting the Langevin model with fixed dc = 7.81 nm to the MC-simulation results,
a significantly larger width parameter σ = 1.466 was obtained (see Section 3.3). The
corresponding lognormal distribution and its reverse CDF are plotted in Figure A2. The
FMMD signal calculated with this distribution is plotted in Figure 4. Analogously to the
quantile analysis described in Section 4, the quantiles yielding 90%, 99%, and 99.9% of the
FMMD signal were also determined for this wider distribution, as shown in Figure A2.
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For this wider distribution, it was found that the largest 3.0% of the particles (with
dc > 18.8 nm) contribute 90% of the FMMD signal. The largest 11.4% of particles (with
dc > 13.7 nm) contribute 99% of signal. Almost all of the signal (99.9%) is generated by the
largest 24.3% of the particles above 10.8 nm core size.

References
1. Thanh, N.T.K. Magnetic Nanoparticles: From Fabrication to Clinical Applications; CRC Press: Boca Raton, FL, USA, 2012.
2. Krishnan, K.M. Biomedical nanomagnetics: A spin through possibilities in imaging, diagnostics, and therapy. IEEE Trans. Magn.

2010, 46, 2523–2558. [CrossRef] [PubMed]
3. Kriz, K.; Gehrke, J.; Kriz, D. Advancements toward magneto immunoassays. Biosens. Bioelectron. 1998, 13, 817–823. [CrossRef]
4. Lange, J.; Kötitz, R.; Haller, A.; Trahms, L.; Semmler, W.; Weitschies, W. Magnetorelaxometry—A new binding specific detection

method based on magnetic nanoparticles. J. Magn. Magn. Mater. 2002, 252, 381–383. [CrossRef]
5. Krause, H.-J.; Wolters, N.; Zhang, Y.; Offenhäusser, A.; Miethe, P.; Meyer, M.H.F.; Hartmann, M.; Keusgen, M. Magnetic particle

detection by frequency mixing for immunoassay applications. J. Magn. Magn. Mater. 2007, 311, 436–444. [CrossRef]
6. Cardoso, S.; Leitao, D.C.; Dias, T.M.; Valadeiro, J.; Silva, M.D.; Chicharo, A.; Silverio, V.; Gaspar, J.; Freitas, P.P. Challenges and

trends in magnetic sensor integration with microfluidics for biomedical applications. J. Phys. D Appl. Phys. 2017, 50, 213001.
[CrossRef]

7. Wu, K.; Saha, R.; Su, D.; Krishna, V.D.; Liu, J.; Cheeran, M.C.-J.; Wang, J.-P. Magnetic-nanosensor-based virus and pathogen
detection strategies before and during covid-19. ACS Appl. Nano Mater. 2020, 3, 9560–9580. [CrossRef]

8. Pietschmann, J.; Dittmann, D.; Spiegel, H.; Krause, H.-J.; Schröper, F. A Novel Method for Antibiotic Detection in Milk Based on
Competitive Magnetic Immunodetection. Foods 2020, 9, 1773. [CrossRef] [PubMed]

9. Achtsnicht, S.; Neuendorf, C.; Faßbender, T.; Nölke, G.; Offenhäusser, A.; Krause, H.-J.; Schröper, F. Sensitive and rapid detection
of cholera toxin subunit B using magnetic frequency mixing detection. PLoS ONE 2019, 14, e0219356. [CrossRef]

10. Lenglet, L. Multiparametric magnetic immunoassays utilizing non-linear signatures of magnetic labels. J. Magn. Magn. Mater.
2009, 321, 1639–1643. [CrossRef]

11. Tu, L.; Wu, K.; Klein, T.; Wang, J.-P. Magnetic nanoparticles colourization by a mixing-frequency method. J. Phys. D Appl. Phys.
2014, 47, 155001. [CrossRef]

12. Achtsnicht, S.; Pourshahidi, A.M.; Offenhäusser, A.; Krause, H.-J. Multiplex Detection of Different Magnetic Beads Using
Frequency Scanning in Magnetic Frequency Mixing Technique. Sensors 2019, 19, 2599. [CrossRef]

13. Shasha, C.; Krishnan, K.M. Nonequilibrium Dynamics of Magnetic Nanoparticles with Applications in Biomedicine. Adv. Mater.
2020, e1904131. [CrossRef]

14. Hong, H.; Lim, E.-G.; Jeong, J.-C.; Chang, J.; Shin, S.-W.; Krause, H.-J. Frequency Mixing Magnetic Detection Scanner for Imaging
Magnetic Particles in Planar Samples. J. Vis. Exp. 2016. [CrossRef]

15. Achtsnicht, S. Multiplex Magnetic Detection of Superparamagnetic Beads for the Identification of Contaminations in Drinking
Water. Ph.D. Thesis, RWTH Aachen University, Aachen, Germany, 2020.

16. Krishnan, K.M. Fundamentals and Applications of Magnetic Materials; Oxford University Press: Oxford, UK, 2016; ISBN 0199570442.
17. Gubin, S.P. Magnetic Nanoparticles; WILEY-VCH Verlag GmbH & Co.: Weinheim, Germany, 2009.
18. Gilbert, T.L. Classics in Magnetics A Phenomenological Theory of Damping in Ferromagnetic Materials. IEEE Trans. Magn. 2004,

40, 3443–3449. [CrossRef]
19. Usov, N.A.; Liubimov, B.Y. Dynamics of magnetic nanoparticle in a viscous liquid: Application to magnetic nanoparticle

hyperthermia. J. Appl. Phys. 2012, 112, 23901. [CrossRef]
20. Engelmann, U.M. Assessing Magnetic Fluid Hyperthermia: Magnetic Relaxation Simulation, Modeling of Nanoparticle Uptake inside

Pancreatic Tumor Cells and In Vitro Efficacy, 1st ed.; Infinite Science Publication: Lübeck, Germany, 2019; ISBN 978-3945954584.
21. Shasha, C. Nonequilibrium Nanoparticle Dynamics for the Development of Magnetic Particle Imaging. Ph.D. Thesis, University

of Washington, Seattle, WA, USA, 2019.
22. Engelmann, U.M.; Shasha, C.; Slabu, I. Magnetic Nanoparticle Relaxation in Biomedical Application: Focus on Simulating

Nanoparticle Heating. In Magnetic Nanoparticles in Human Health and Medicine: Current Medical Applications and Alternative Therapy
of Cancer; in press; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2021; ISBN 978-1119754671.

23. Shah, S.A.; Reeves, D.B.; Ferguson, R.M.; Weaver, J.B.; Krishnan, K.M. Mixed Brownian alignment and Néel rotations in
superparamagnetic iron oxide nanoparticle suspensions driven by an ac field. Phys. Rev. B 2015, 92, 94438. [CrossRef]

24. Aali, H.; Mollazadeh, S.; Khaki, J.V. Single-phase magnetite with high saturation magnetization synthesized via modified solution
combustion synthesis procedure. Ceram. Int. 2018, 44, 20267–20274. [CrossRef]

25. Darton, N.J.; Ionescu, A.; Llandro, J. Magnetic Nanoparticles in Biosensing and Medicine; Cambridge University Press: Cambridge,
UK, 2019; ISBN 1107031095.

26. Yu, E.Y.; Bishop, M.; Zheng, B.; Ferguson, R.M.; Khandhar, A.P.; Kemp, S.J.; Krishnan, K.M.; Goodwill, P.W.; Conolly, S.M.
Magnetic particle imaging: A novel in vivo imaging platform for cancer detection. Nano Lett. 2017, 17, 1648–1654. [CrossRef]

27. Soto-Aquino, D.; Rinaldi, C. Nonlinear energy dissipation of magnetic nanoparticles in oscillating magnetic fields. J. Magn. Magn.
Mater. 2015, 393, 46–55. [CrossRef]

19



Nanomaterials 2021, 11, 1257

28. Grüttner, C.; Teller, J.; Schütt, W.; Westphal, F.; Schümichen, C.; Paulke, B.R. Preparation and Characterization of Magnetic
Nanospheres for in Vivo Application. In Scientific and Clinical Applications of Magnetic Carriers; Häfeli, U., Schütt, W., Teller, J.,
Zborowski, M., Eds.; Springer: Boston, MA, USA, 1997; ISBN 978-1-4757-6482-6_4.

29. Kallumadil, M.; Tada, M.; Nakagawa, T.; Abe, M.; Southern, P.; Pankhurst, Q.A. Suitability of commercial colloids for magnetic
hyperthermia. J. Magn. Magn. Mater. 2009, 321, 1509–1513. [CrossRef]

30. Yoshida, T.; Enpuku, K. Simulation and Quantitative Clarification of AC Susceptibility of Magnetic Fluid in Nonlinear Brownian
Relaxation Region. Jpn. J. Appl. Phys. 2009, 48, 127002. [CrossRef]

31. Ludwig, F.; Remmer, H.; Kuhlmann, C.; Wawrzik, T.; Arami, H.; Ferguson, R.M.; Krishnan, K.M. Self-consistent magnetic
properties of magnetite tracers optimized for magnetic particle imaging measured by ac susceptometry, magnetorelaxometry and
magnetic particle spectroscopy. J. Magn. Magn. Mater. 2014, 360, 169–173. [CrossRef] [PubMed]

32. Engelmann, U.M.; Shasha, C.; Teeman, E.; Slabu, I.; Krishnan, K.M. Predicting size-dependent heating efficiency of magnetic
nanoparticles from experiment and stochastic Néel-Brown Langevin simulation. J. Magn. Magn. Mater. 2019, 471, 450–456.
[CrossRef]

33. Tay, Z.W.; Hensley, D.W.; Vreeland, E.C.; Zheng, B.; Conolly, S.M. The relaxation wall: Experimental limits to improving MPI
spatial resolution by increasing nanoparticle core size. Biomed. Phys. Eng. Express 2017, 3, 35003. [CrossRef] [PubMed]

34. Shasha, C.; Teeman, E.; Krishnan, K.M. Nanoparticle core size optimization for magnetic particle imaging. Biomed. Phys. Eng.
Express 2019, 5, 55010. [CrossRef]

35. Tong, S.; Quinto, C.A.; Zhang, L.; Mohindra, P.; Bao, G. Size-dependent heating of magnetic iron oxide nanoparticles. ACS Nano
2017, 11, 6808–6816. [CrossRef]

36. Engelmann, U.M.; Seifert, J.; Mues, B.; Roitsch, S.; Ménager, C.; Schmidt, A.M.; Slabu, I. Heating efficiency of magnetic
nanoparticles decreases with gradual immobilization in hydrogels. J. Magn. Magn. Mater. 2019, 471, 486–494. [CrossRef]

37. Dennis, C.L.; Krycka, K.L.; Borchers, J.A.; Desautels, R.D.; van Lierop, J.; Huls, N.F.; Jackson, A.J.; Gruettner, C.; Ivkov, R. Internal
Magnetic Structure of Nanoparticles Dominates Time-Dependent Relaxation Processes in a Magnetic Field. Adv. Funct. Mater.
2015, 25, 4300–4311. [CrossRef]

38. Engelmann, U.M.; Buhl, E.M.; Draack, S.; Viereck, T.; Ludwig, F.; Schmitz-Rode, T.; Slabu, I. Magnetic relaxation of agglomerated
and immobilized iron oxide nanoparticles for hyperthermia and imaging applications. IEEE Magn. Lett. 2018, 9, 1–5. [CrossRef]

39. Branquinho, L.C.; Carrião, M.S.; Costa, A.S.; Zufelato, N.; Sousa, M.H.; Miotto, R.; Ivkov, R.; Bakuzis, A.F. Effect of magnetic
dipolar interactions on nanoparticle heating efficiency: Implications for cancer hyperthermia. Sci. Rep. 2013, 3, 2887. [CrossRef]

40. Ilg, P.; Kröger, M. Dynamics of interacting magnetic nanoparticles: Effective behavior from competition between Brownian and
Néel relaxation. Phys. Chem. Chem. Phys. 2020, 22, 22244–22259. [CrossRef]

41. Landi, G.T. Role of dipolar interaction in magnetic hyperthermia. Phys. Rev. B 2014, 89, 014403. [CrossRef]
42. Ilg, P. Equilibrium magnetization and magnetization relaxation of multicore magnetic nanoparticles. Phys. Rev. B 2017, 95, 214427.

[CrossRef]
43. Ficko, B.W.; NDong, C.; Giacometti, P.; Griswold, K.E.; Diamond, S.G. A Feasibility Study of Nonlinear Spectroscopic Measure-

ment of Magnetic Nanoparticles Targeted to Cancer Cells. IEEE Trans. Biomed. Eng. 2017, 64, 972–979. [CrossRef] [PubMed]
44. Chantrell, R.; Popplewell, J.; Charles, S. Measurements of particle size distribution parameters in ferrofluids. IEEE Trans. Magn.

1978, 14, 975–977. [CrossRef]

20



nanomaterials

Article

Highly Sensitive Fluorescent Detection of Acetylcholine Based
on the Enhanced Peroxidase-Like Activity of Histidine Coated
Magnetic Nanoparticles

Hong Jae Cheon †, Quynh Huong Nguyen † and Moon Il Kim *

Citation: Cheon, H.J.; Nguyen, Q.H.;

Kim, M.I. Highly Sensitive

Fluorescent Detection of

Acetylcholine Based on the Enhanced

Peroxidase-Like Activity of Histidine

Coated Magnetic Nanoparticles.

Nanomaterials 2021, 11, 1207. https://

doi.org/10.3390/nano11051207

Academic Editor: Paolo Arosio

Received: 1 April 2021

Accepted: 28 April 2021

Published: 1 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of BioNano Technology, Gachon University, 1342 Seongnamdae-ro, Sujeong-gu,
Seongnam 13120, Gyeonggi, Korea; hjchun1201@naver.com (H.J.C.); pruedence122@gmail.com (Q.H.N.)
* Correspondence: moonil@gachon.ac.kr; Tel.: +82-31-750-8563
† These authors contributed equally to this work.

Abstract: Inspired by the active site structure of natural horseradish peroxidase having iron as a
pivotal element with coordinated histidine residues, we have developed histidine coated magnetic
nanoparticles (His@MNPs) with relatively uniform and small sizes (less than 10 nm) through one-pot
heat treatment. In comparison to pristine MNPs and other amino acid coated MNPs, His@MNPs ex-
hibited a considerably enhanced peroxidase-imitating activity, approaching 10-fold higher in catalytic
reactions. With the high activity, His@MNPs then were exploited to detect the important neurotrans-
mitter acetylcholine. By coupling choline oxidase and acetylcholine esterase with His@MNPs as
peroxidase mimics, target choline and acetylcholine were successfully detected via fluorescent mode
with high specificity and sensitivity with the limits of detection down to 200 and 100 nM, respectively.
The diagnostic capability of the method is demonstrated by analyzing acetylcholine in human blood
serum. This study thus demonstrates the potential of utilizing His@MNPs as peroxidase-mimicking
nanozymes for detecting important biological and clinical targets with high sensitivity and reliability.

Keywords: histidine coated magnetic nanoparticles; peroxidase mimics; nanozyme; acetylcholine
detection; Alzheimer’s disease

1. Introduction

Acetylcholine (ACh) is a vitally important neurotransmitter that is closely related
to functions of both the peripheral and central nervous systems that control various
human physiological processes and behaviors. Abnormal amounts of ACh, thus, are
able to provoke several cognitive or neural disorders, consisting of progressing dementia,
schizophrenia, and Parkinson’s and Alzheimer’s diseases [1–4]. Alzheimer’s disease, in
fact, belongs to the top 10 leading causes of death in the United State and is considered
as one of the major healthcare and economic burdens across the globe [5,6]. In order to
determine the level of ACh in clinical samples, several conventional methods such as
mass spectrometry, gas chromatography, and high performance liquid chromatography
have been exploited [2,7,8]. Though these approaches are sensitive and reliable, they
are generally expensive and somewhat burdensome to perform, as they require sample
pretreatment and sophisticated instrumentations as well as skilled technicians, which can
only be found in centralized hospitals and laboratories [2,7,8]. The prolonged time for
diagnosis is also a hurdle that prevents these methods from being broadly utilized in
regular testing of ACh in clinical samples. Therefore, it is crucial to develop a simple,
sensitive, but reliable approach for frequent ACh level examination that can not only help
detect and diagnose the disease at premature stages but also have better clinical preventions
and treatments [9].

Nanomaterials that can perform enzyme-like activities are defined as nanozymes and
considered to be the rival for natural enzymes in aspects such as high stability, low cost,
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and the robustness to be stored for a relatively long time [10]. Since the first peroxidase-
mimicking nanozymes, magnetic nanoparticles (MNPs), were discovered in 2007 [11],
plenty of nanozymes have been developed and studied [10,12–16]. However, MNPs
were still considered as fascinating materials in numerous biosensing fields [17–21] and
biomedical applications such as drug delivery, magnetic hyperthermia, and biomedical
imaging, owing to their inherent biocompatibility, low toxicity, as well as their exotic
response to the magnetic field [22,23]. Though the peroxidase-mimicking MNPs are more
stable in a broad range of pH and temperature values than natural horseradish peroxidase
(HRP), their practical applications in the sensing field are somewhat limited due to their
relatively low catalytic activity and specificity [18]. Thus, further modifications for size and
morphology optimization, or surface coating to ameliorate enzymatic activity of MNPs
with a simple synthetic procedure, are still an attractive topic in this research field. In
fact, there have been many attempts to modify the surface of MNPs with other molecules,
including SiO2, 3-aminopropyl triethoxysilane (APTES), dextran, and poly (ethylene glycol)
(PEG). Unfortunately, these alterations could lead to surface shield effects that prevent
catalytic sites of MNPs from substrates, resulting in lower catalytic performances [11].
Other studies utilized active polymers such as chitosan to protect MNPs from oxidation
as well as provide active amino groups for subsequent immobilizations or attachments
instead of boosting catalytic activity [24,25]. Therefore, it is necessary to develop other
efficient strategies to modify MNPs that perform better peroxidase activity.

Motivated by the necessity to enhance the catalytic activity of MNPs, we have de-
veloped histidine coated magnetic nanoparticles (His@MNPs), inspired by the natural
architecture of the active site of HRP, which contains a heme group having iron as cen-
tral to its catalytic molecules and two coordinated histidine residues. The as-synthesized
His@MNPs possessed uniform spherical morphology with application-friendly sizes of
less than 10 nm and exhibited much higher peroxidase activity compared to pristine or
other amino acids coated MNPs. With the amplified catalytic activity, the newly developed
His@MNPs were applied to detect ACh and choline levels in clinical samples. The simple
synthesis and effortless detection procedure of this system shows a promise for robust and
trustworthy detection of ACh with reduced costs and intricacies.

2. Materials and Methods
2.1. Materials

Iron (II) chloride tetrahydrate, L-alanine (Ala), L-arginine (Arg), L-histidine (His),
L-lysine (Lys), L-methionine (Met), sodium hydroxide, choline chloride, acetylcholine
chloride (ACh), choline oxidase (ChOx), acetylcholinesterase (AChE) from human erythro-
cytes, human serum, 3,3′,5,5′-tetramethylbenzidine (TMB), lactose, aspartic acid, glycine,
glutamic acid, and glutathione were purchased from Sigma-Aldrich (Milwaukee, WI).
Hydrogen peroxide (30%, H2O2) was purchased from Junsei Chemical Co. (Tokyo, Japan).
Amplex UltraRed (AUR) reagent was purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Choline/Acetylcholine assay kit (ab6534) was purchased from Abcam company
(Cambridge, MA, USA). All other chemicals were of analytical grade or higher, and used
without further purification. All solutions were prepared with DI water purified by a
Milli-Q Purification system (Millipore Sigma, Burlington, MA, USA).

2.2. One-Pot Synthesis of Histidine and other Amino Acids Coated Magnetic Nanoparticles

His@MNPs was synthesized as follows. Briefly, 0.3 g of His was added into 50 mL
of 75.84 mM aqueous FeCl2.4H2O solution, followed by vigorous stirring for 12 h at
25 ◦C. Subsequently, the above mixture was added dropwise to 50 mL of 200 mM sodium
hydroxide solution with continuous stirring and incubated during the course of 30 min
for reaction. Afterwards, the black precipitates were collected by the magnet, followed by
several washing steps with ethanol and distilled water. Finally, the resulting His@MNPs
were dried in a vacuum oven at 60 ◦C. As controls, other amino acids coated MNPs,
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including Met, Arg, Ala, and Lys coated MNPs, were also prepared as aforementioned
procedures except the kinds of employed amino acid.

2.3. Characterization of His@MNPs

The as-prepared His@MNPs were characterized by using scanning transmission
electron microscopy (STEM). To examine the element compositions, the energy-dispersive
spectrometer (EDS) (Bruker, Billerica, MA, USA) was employed. Fourier transform infrared
(FT-IR) spectra of His@MNPs were obtained using FT-IR spectrophotometer (FT-IR-4600,
JASCO, Easton, MD, USA). The crystal structure of nanomaterials was determined by
utilizing X-ray diffraction (Rigaku Corporation, Tokyo, Japan).

2.4. Investigation for the Peroxidase-Like Activity of His@MNPs and Controls

The peroxidase-mimicking activity of His@MNPs was demonstrated via the oxidation
of TMB in the presence of H2O2. Generally, 100 µg/mL of His@MNPs was added into
sodium acetate buffer (0.1 M, pH 4.0) containing 100 mM H2O2 and 5 mM TMB, followed
by 10 min incubation at 40 ◦C. After the reaction, the color change from colorless to blue
of oxidized TMB can be observed by the naked eye, and data were recorded in scanning
mode by employing a microplate reader (Synergy H1, BioTek, Winooski, VT, USA). The
oxidation of controls, including pristine MNPs as well as other amino acids coated MNPs
(Met@MNPs, Arg@MNPs, Ala@MNPs and Lys@MNPs), were also carried out and recorded
for comparisons.

The peroxidase-imitating activities of His@MNPs and pristine MNPs were further
elucidated via steady-state kinetic analysis deploying TMB and H2O2 as substrates. The
investigations were designed by varying the concentration of one substrate concentration
while fixing another substrate at a saturated concentration. For the kinetic assay of TMB,
1 M of H2O2 was added to 1 mL of reaction buffer with varying concentrations of TMB
from 3 µM to 800 µM. For H2O2-dependent kinetic assay, 800 µM of TMB was utilized
with varying concentrations of H2O2 from 0.03 M to 1 M. Kinetic parameters including
the apparent Michaelis-Menten constant (Km) and maximum initial velocity (Vmax) were
computed using the Lineweaver-Burk plots and Michaelis-Menten equation as follows:
ν = Vmax × 1/(Km + [S]), where ν is the initial velocity and [S] is the concentration of
substrate [3,11]. The catalytic constant kcat was stemmed from kcat = Vmax/[E], where
[E] is the iron concentration quantified by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Polyscan 60E, Thermo Jarrell Ash, Franklin, MA, USA) method.

2.5. Detection of H2O2, Choline, and ACh Using His@MNPs

Fluorescent detection of H2O2, choline, and ACh was conducted by utilizing AUR as a
substrate in a black 96-well plate, and the data were recorded by using a microplate reader.
For the detection of choline and ACh, Tris-acetate buffer at pH 7.0 was utilized due to the
pH-dependent nature of ChOx and AChE, which show their activities at around neutral
pH [26,27]. Regarding H2O2 detection, a total 200 µL solution consisting of 100 µg/mL
His@MNPs, 10 µM AUR, and H2O2 at various concentrations (0–250 mM) was incubated
at 40 ◦C for 15 min. The resulting fluorescence signals of oxidized AUR were recorded by
a microplate reader with the excitation and emission wavelength at 490 nm and 590 nm,
respectively. In terms of choline determination, the experiment was conducted via the
following procedure. A total 200 µL of mixture reaction containing His@MNP (100 µg/mL),
ChOx (0.6 U/mL), AUR (10 µM), and different concentrations of choline (0–200 µM) in
Tris-acetate buffer (10 mM, pH 7.0) was incubated at 40 ◦C for 15 min. The measurement
was performed by following the same aforementioned procedures for detection of H2O2.
ACh detection by His@MNPs was carried out by incubating His@MNP (100 µg/mL),
AChE (5 U/mL), ChOx (0.6 U/mL), AUR (10 µM), and ACh with different concentrations
(0–250 µM) in the Tris-acetate buffer for 15 min at 40 ◦C. The signal results were recorded
by the same procedure described above.
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For the selectivity assay toward ACh, several potentially interfering biological com-
pounds, such as carbohydrates (glucose, lactose), amino acids (aspartic acid, glycine, and
glutamic acid), and biothiol (glutathione), were employed with 10-times higher concentra-
tion (100 µM) in comparison with target ACh (10 µM).

The concentrations of ACh in spiked human blood serum samples were determined
through the standard addition method. Prior to addition, the human serum was diluted to
10% and predetermined amounts of ACh (3, 5, and 8 µM) were added to make spiked sam-
ples. Accordingly, the recovery rate [recovery (%) = measured value/added value × 100]
and the coefficient of variation [CV (%) = SD/average × 100] were computed as the
described equations to assess the precision and reproducibility of the assays.

3. Results and Discussion
3.1. Synthesis and Characterization of His@MNPs

A simple but efficient one-pot heat-treatment method was developed to synthesize
His@MNPs that exhibit significantly amplified peroxidase-like activity and were utilized
to detect ACh. The detection regime was based on the consecutive catalytic reactions
triggered from ACh, with the involvement of multiple enzymes including AChE and ChOx,
to create H2O2 as a final, direct product for peroxidase reaction. The peroxidase reaction
was performed by His@MNPs, which oxidize the AUR substrate into a highly fluorescent
product (AURox) (Scheme 1). The prepared materials then were well characterized by
different techniques. Firstly, the morphology and size of His@MNPs and pristine MNPs
were examined via TEM analysis, as shown in Figure 1a,b. The TEM images revealed
that both pristine MNPs and His@MNPs were well prepared with uniform, spherical
shapes and sizes of less than 10 nm, which are desirable for catalytic applications. The
size of His@MNPs was larger than that of pristine MNPs (roughly 2–3 nm larger), which
can plausibly be attributed to the histidine coating layer. To validate that, EDS analysis
was deployed to identify the contributing elements of His@MNPs. From Figure 1c, it can
be observed that all the components are well distributed. The occurrence of a nitrogen
element in His@MNPs instead of unmodified MNPs proved that the histidine layer was
well deposited. Additionally, the difference in zeta potential between His@MNPs and
MNPs could also be deduced from the presence of a histidine layer on the surface of MNPs
(Figure S1). The signature XRD patterns of pristine MNPs are shown in Figure S2a, which
was well aligned with the standard JCPDS database (JCPDS 00-019-0629). These peaks are
strong and distinct, implying the good crystallinity of bare MNPs. In respect to His@MNPs,
though the peaks pattern is analogous to that of pristine MNP, the intensities are apparently
decreased, which indicates the presence of a histidine coating layer. In the FT-IR spectra
(Figure S2b), the characteristic peaks at 540 cm−1 and at around 3300–3400 cm−1, which
derived from Fe-O bond and O-H stretching vibration, respectively, were observed in both
MNPs and His@MNPs, proving the occurrence of iron oxide particles [28]. Furthermore,
the appearance of a peak at 1120 and 1386 cm−1 represented C-O stretching and COO-
group originating from histidine residues. The broad peak at 1630 cm−1 in the His@MNPs
pattern also indicated the presence of C = O stretching frequency which derived from
histidine [29]. According to these results, the coating of histidine on the surface of MNPs
was consolidated.
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3.2. Enhanced Peroxidase-Like Activity of His@MNPs

The catalytic activity of His@MNPs was investigated via the peroxidase-facilitated
oxidation of colorimetric reagent TMB as substrate in the presence of H2O2. Due to the
peroxidase-like effect of His@MNPs, reactive oxygen species (ROS) were created which
further react with TMB to produce oxidized TMB, and thus the color of the reaction solution
changed from colorless to blue. For comparison, the peroxidase-imitating activities of
other amino acids coated MNPs, including Met@MNPs, Arg@MNPs, Ala@MNPs, and
Lys@MNPs, as well as the pristine MNPs, were also examined. According to the results,
the catalytic activity of His@MNPs was 10-fold higher compared to bare MNPs and was
significantly higher than other amino acids coated MNPs (Figure 2). This result was
also equivalent to the previously reported study [30], which describes the importance of
mimicking the natural active site of HRP. Ferric and ferrous ions present on the His@MNPs
might catalyze the peroxidase reaction, and the histidine residues additionally contributed
to the catalysis, like the natural active site of HRP. Preliminary optimizations related
to temperature and pH effects on the peroxidase-like activity of His@MNPs were also
conducted. The results, henceforth, revealed that pH 4.0 and temperature at 40~50 ◦C were
optimum conditions for the catalytic activity of His@MNPs (Figure S3).
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To further understand the affinity between His@MNPs and substrates (TMB and
H2O2), steady-state kinetic values including Km, Vmax, and kcat were computed and com-
pared with those obtained from pristine MNPs. Figure 3 showed the typical Michaelis-
Menten curves of initial velocities against various concentrations of TMB and H2O2 which
were further used to draw Lineweaver-Burk plots. The Lineweaver-Burk plots then were
applied to determine Km and Vmax. Table 1 summarized the catalytic parameters of
His@MNPs, unmodified pristine MNPs, HRP, and other peroxidase-like nanozymes which
were recently reported [2,3,11,16,31]. According to the Table 1, it is noticeable that the
Km value (TMB) for His@MNPs was approximately 3 times higher than that of natural
HRP. However, the Km value of His@MNPs toward H2O2 was roughly half that of bare
MNPs, indicating that the histidine modification efficiently increased the affinity toward
H2O2 rather than TMB, as similarly reported previously [30]. Though His@MNP showed
marginally lower affinity toward TMB, its catalytic efficiency (kcat) was determined to be
higher than those obtained from other nanozymes and HRP. The high kcat value could
be attributed to the presence of many efficient active sites by the histidine modifications
on MNPs.

Table 1. Comparison of kinetic constants of His@MNPs, pristine MNPs, HRP, and other peroxidase-mimicking nanozymes
with H2O2 and TMB. Km is the Michaelis-Menten constant, kcat is derived from kcat = Vmax/[E], where Vmax is the maximal
reaction velocity, and [E] is the iron concentration measured by ICP-AES.

Substrate [E]
(mM)

Vmax
(µM s−1)

Km
(mM)

kcat
(s−1) Ref.

MIL-101(Fe)
TMB - 1.0083 0.585 -

[2]H2O2 - 0.5138 1.89 -
BSA-Cu3(PO4)2

nanoflower
TMB - 0.099 0.1709 -

[3]H2O2 - 0.063 1.00 -

HRP
TMB 2.5 × 10−11 0.1 0.434 4 × 103

[11]
H2O2 2.5 × 10−11 0.087 3.70 3.48 × 103

NSP-carbon quantum dot TMB - 0.188 0.47 -
[16]H2O2 - 69.50 32.61 -

FeS2/SiO2
TMB - 0.31 0.948 2.22

[31]H2O2 - 1.181 0.0126 1.29
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Table 1. Cont.

Substrate [E]
(mM)

Vmax
(µM s−1)

Km
(mM)

kcat
(s−1) Ref.

MNP
TMB 9.7 × 10−6 0.18 0.142 1.88

This workH2O2 9.7 × 10−6 567.83 689.38 5.9 × 104

His@MNP
TMB 9.7 × 10−6 0.51 0.149 5.29

This workH2O2 9.7 × 10−6 676.45 381.62 3.9 × 104
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Figure 3. Steady-state kinetic assays of (a) His@MNPs and (b) pristine MNPs with TMB as substrate and their corresponding
double reciprocal (Lineweaver-Burk) plots of activity. H2O2 substrate was used in the steady-state kinetic assays performed
by (c) His@MNPs and (d) pristine MNPs.

Unlike natural enzymes, which are susceptible to harsh conditions, nanozymes are
highly stable, withstanding even high temperatures or extreme pH conditions, in which
most enzymes are denatured and lose their activities. To demonstrate the robustness of
His@MNPs, various pH and temperature conditions were applied and the results were
depicted in Figure S4. In particular, His@MNPs conserved their activities at various pH
conditions, even at acidic or basic conditions (where it remained over 90% active), whereas
HRP lost roughly 60% activity within basic pH conditions. Likewise, HRP began to plunge
when the temperature was higher than 30 ◦C, losing approximately 70% of activity at 37 ◦C,
while His@MNPs still retained acceptable activity over 70%. The minor loss of activity
in His@MNPs at high temperature could conceivably be explained due to the histidine
organic component. However, the activity loss is marginal, proving the high thermal
resistance of the as-developed His@MNPs.

In general, the peroxidase-mimicking activity is demonstrated by confirming the
generation of free hydroxyl (·OH) radicals from H2O2 [32,33]. To test this, a non-fluorescent
TA probe was deployed to examine the formation of free OH radicals, which are produced
during the decomposition of H2O2. Upon the formation of OH, the non-fluorescent TA
molecules transform into highly fluorescent products (2-hydroxy terephthalic acid), which
emit a unique fluorescence signal at around 435 nm. It is worth mentioning that, compared
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to bare MNPs, the amount of free OH radicals generated from His@MNPs was considerably
increased as demonstrated in Figure 4, indicating their higher catalytic activity.
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3.3. Highly Sensitive Fluorescent Detection of Choline and ACh

The level of ACh in clinical samples was determined via cascade catalytic reactions
starting from AChE coupled with ChOx, followed by a peroxidase-facilitated reaction
performed by His@MNPs as follows.

Acetylcholine AChE→ Choline + acetic acid (1)

Choline ChOx→ betaine + H2O2 (2)

H2O2 + AUR His@MNP→ H2O + AURox (3)

According to the above chain reactions, it can be observed that in the occurrence
of ACh, enzyme AChE catalyzes its hydrolysis to generate choline, which is the specific
substrate for choline oxidase. After choline molecules were cleaved by ChOx, H2O2
molecules were formed and subsequently consumed by the peroxidase-mediated reaction
catalyzed by His@MNPs. This reaction produces free ·OH radicals that interact with AUR
to create oxidized AUR. Based on previous reports, the concentration of ACh in body
fluid is extremely low, generally in the nanomolar range [34,35]. Thus, AUR was exploited
instead of other peroxidase substrates to monitor the presence of ACh since it can produce
a very sensitive, highly fluorescent product (AURox). By recruiting AUR as a peroxidase
substrate, the enzymatic reaction catalyzed by His@MNPs was performed at neutral pH
(pH 7.0).

Under the aforementioned conditions, the peroxidase activity of His@MNPs to de-
tect H2O2 with AUR as a substrate was examined. The results, which were shown in
Figure S5, demonstrated that within a suitable range, the fluorescence signals derived
from oxidized AUR increased as the concentrations of H2O2 raised, which established
a good linear correlation (R2 > 0.99). Accordingly, we further investigated the sensitiv-
ity of this system towards choline and ACh. In detail, as the concentration of choline
increases from 0.3 µM to 5.0 µM, a positively proportional increase was observed in the
respective fluorescence intensity, thus constructing a highly linear correlation (R2 > 0.99)
(Figures 5a and S6). Calculated from the linear regression equation (y = 0.9449x + 294.63),
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the limit of detection (LOD) was determined to be 200 nM. The LOD value was calculated
based on the formula: LOD = 3 × δ/slope, where δ is the standard deviation of blank and
slope is the slope of calibration curve. Subsequently, a convenient, one-step operation
was carried out to detect ACh via the multiple enzymatic reactions (AChE, ChOx, and
peroxidase-mimicking His@MNPs). Figure 5b as well as Figure S7 showed a qualified
linear relationship (R2 > 0.99) between the fluorescent signal and concentration of ACh
(0.25 µM to 5 µM). Particularly, a linear equation was established (y = 5.9983x + 539.76)
when the concentration of ACh increases from 0.25 µM to 5 µM. Based on this equation,
LOD down to 100 nM was achieved, which was lower than those of recent studies [3,8,36].
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using His@MNPs based assay. (c) Selectivity of His@MNPs based assay towards ACh. In the assay, concentration of ACh is
10 µM while other interfering substances are all 100 µM.

For biosensors, selectivity is an important criterion to assess the practical property,
especially in the diagnostic area [3]. To confirm the selectivity of the developed His@MNPs
based sensing regime, several interfering substances were utilized, including glucose,
lactose, aspartic acid, glycine, glutamic acid and glutathione. The results illustrated in
Figure 5c indicated that only in the presence of Ach can a significant fluorescent signal be
undoubtedly recognized, while other substances did not generate any considerable signals,
despite the fact that their concentrations were used at 10-times higher compared to the
target ACh.
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The practical application of the developed regime was further verified by detecting the
level of ACh in human serum (10%) via a standard addition method. The obtained results
exhibited an excellent precision, yielding CVs in the range of 1.16 to 7.54% and recovery
rates from 100.20% to 101.92%, demonstrating a good agreement with the spiked amount
of ACh (Table 2). Thus, the results confirm that the developed sensing systems utilizing
multiple enzymes and His@MNPs as peroxidase mimics are promising to be applied for the
real detection of ACh in clinical settings. Additionally, our His@MNPs based method was
compared with a commercial Choline/Acetylcholine Assay Kit (ab65345) for quantitatively
determining target acetylcholine. The observed correlation between the two methods was
R2 > 0.99 (Figure S8). This high concordance between the two methods ensured the validity
of the His@MNPs based strategy for reliable quantitative determination of acetylcholine.

Table 2. Detection precision of the His@MNPs based assay for the determination of ACh levels in
spiked human serum sample.

Sample Added
Value (µM)

Measured
Value a (µM) SD b CV c (%) Recovery d (%)

1 3 3.01 0.23 7.54 100.20
2 5 5.07 0.06 1.16 101.47
3 8 8.15 0.31 3.85 101.92

a The average value of six independent measurements. b The standard deviation (SD) of six successive measure-
ments. c Coefficient of variation. d Recovery = (Measured value/Expected value) × 100.

4. Conclusions

In conclusion, we have successfully synthesized very small-sized His@MNPs via
a facile one-pot method, yielding their significant enhancement in the peroxidase-like
activity. Compared to pristine MNPs, the newly synthesized His@MNPs, which were
designed to mimic the structure of active site of natural HRP, exhibited approximately
10-fold higher peroxidase-like activity. The activity enhancement was mainly due to
the increased affinity toward H2O2 and the presence of many efficient active sites by
the histidine modifications on MNPs. By coupling with appropriate enzymes including
AChE and ChOx, the developed nanozymes then were successfully exploited to detect
ACh with high specificity and sensitivity in which the LOD was recorded to be as low
as 100 nM. With the satisfied outcomes, our developed nanozymes with good stability
and enhanced peroxidase-mimicking activity are sufficient to be utilized for biological
sensing applications.
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.3390/nano11051207/s1, Methods for investigating the mechanism for the peroxidase-like activity of
His@MNPs, Figure S1: Zeta potential values of His@MNPs and pristine MNPs in sodium acetate
buffer (0.1M, pH 4.0), Figure S2: The graph (a) XRD and (b) FT-IR spectra of His@MNPs and pristine
MNPs, Figure S3: Effect of (a) pH and (b) temperature on the catalytic activity for oxidation of TMB
catalyzed by His@MNPs, Figure S4: Catalytic stabilities of His@MNPs and pristine MNPs against
(a) pH and (b) temperature, Figure S5: Dose-response curve for the detection of H2O2 and their
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Abstract: Polymer-based magnetoelectric composite materials have attracted a lot of attention due to
their high potential in various types of applications as magnetic field sensors, energy harvesting, and
biomedical devices. Current researches are focused on the increase in the efficiency of magnetoelectric
transformation. In this work, a new strategy of arrangement of clusters of magnetic nanoparticles
by an external magnetic field in PVDF and PFVD-TrFE matrixes is proposed to increase the voltage
coefficient (αME) of the magnetoelectric effect. Another strategy is the use of 3-component composites
through the inclusion of piezoelectric BaTiO3 particles. Developed strategies allow us to increase the
αME value from ~5 mV/cm·Oe for the composite of randomly distributed CoFe2O4 nanoparticles
in PVDF matrix to ~18.5 mV/cm·Oe for a composite of magnetic particles in PVDF-TrFE matrix
with 5%wt of piezoelectric particles. The applicability of such materials as bioactive surface is
demonstrated on neural crest stem cell cultures.

Keywords: multiferroics; magnetoelectric effect; nanoparticles; cobalt ferrite; barium titanate; PVDF;
PVDF-TrFE

1. Introduction

Multiferroics are a class of material where magnetism and ferroelectricity coexist in
coupling and synergy. The development of new composite multiferroic materials with
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better properties than in single-phase multiferroics, having the interrelated piezoelectric
and ferromagnetic properties once again take a lot of attention [1–3]. Coupled electrical
polarization and magnetization give rise to their mutual control. For example, the direct
magnetoelectric (ME) effect is the magnetically tunable polarization, change of the value or
direction of electrical polarization under the applied magnetic field. Those unique proper-
ties are advance for the application of ME composites in energy transfer/harvesting [4–6],
magnetic field sensors [5,7,8] and biomagnetic field sensors [9,10].

Magnetorheological smart materials are a class of composite materials having both
rheological and magnetic properties [11]. This kind of material is usually composed
of ferro (i-) magnetic micro- or nanofiller and elastic polymer matrix [12]. One of the
advantages of the elastic polymer composites is that they can be easily shaped for a specific
application, for instance, via using a 3d-printer [13]. It gives rise to interest in the utilization
of magnetorheological composites in different applications as mechanical manipulators,
actuators, tunable dampers, as well as soft robots, etc. [14].

If the above properties (multiferroics and magnetorheological) are met in one continu-
ity, these materials will merge attributes and advantages from both families. An interesting
example is represented by the magnetoelectric polymeric composites—materials consisting
of magnetic/magnetostrictive filler (e.g., magnetic nanoparticles (NPs)) and piezopolymer
matrix or polymer-bonded composites of ferroelectric and magnetic particles [15,16]. In
this class of materials, ME coupling occurs through strain interactions (elastic coupling) of
magnetic filler and piezoelectric particles or matrix [12,17–19]. As we know, the magnitude
of the magnetoelectric effect in elastic polymer-bonded composites is by an order of magni-
tude larger (~700 mV/cm·Oe [20]) compared to the composites based on a piezoelectric
polymeric matrix and magnetic nanoparticles (~40 mV/cm·Oe [15,18]). This fact can be
explained by a different mechanism of coupling: in bonded composites, elastic coupling
was explained by the mutual movement of two kinds of particles (magnetic in a magnetic
field and ferroelectric in an electric field, respectively) [21], while in the piezopolymeric
matrix is due to magnetostriction of magnetic fillers [15]. The highest value of ME effect
in polymer-bonded composites however was achieved in composites of micron-sized par-
ticles of lead zirconate titanate (PZT) and neodymium iron boron (NdFeB) [20], which
do not meet the requirements of biocompatibility. The goal of this work is to keep the
relatively high biocompatibility of composites based on a piezoelectric polymeric matrix,
to decrease the amount of inorganic inclusions and to achieve a high value of ME effect at
the same time.

Despite the magnetoelectric effect in polymeric nanocomposites (NCs) is still smaller
than in ceramic or laminar structures, they have advantages in simple fabrication, flexibility,
and easy shaping [15]. Additionally, polymeric interfaces can show good biocompatibility,
which together with multiferroic properties make them a unique tool for a set of bioap-
plications (e.g., cultivation surfaces with remotely controlled electric surface charge and
mechanical stresses by applying an external magnetic field [22,23]). Application of both
stimuli—charge and mechanical stress—may promote cell responses such as a controlled
differentiation of stem cells. The physical stimulation of stem cell differentiation can replace
the biochemical methods that are being used at the current time in stem cell-based ther-
apy of neurodegenerative disorders [24]. Differentiation of stem cells into osteocytes [25],
cardiomyocytes [26], and neural cells [27], initiated by electrical and mechanical stimulus
has been studied. Neural cells are more sensitive to electrical stimulation because of their
electric activities. Electrical stimulus induced by piezoelectric polymers leads to targeted
axonal growth, inducing directed cell migration and promoting neurogenesis [24]. The
first step of the investigation of physical factors’ effects on neuronal stem cell differenti-
ation is their cultivation on piezoelectric polymers that are the tests for biocompatibility
with followed targeted differentiation. The biocompatibility of PVDF was demonstrated
earlier on neuronal stem cells, isolated at the later stage of embryonic development [28].
Using the neural stem cells isolated in the early embryonic period can increase the ability
to direct their differentiation for future applications [29]. The biocompatibility effect of
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PVDF on the neural stem cells isolated in the early embryonic period should be studied
additionally. In vitro cell or organ growing for further transplantation is an attractive stem
cell-based therapy for the treatment of neurodegenerative disorders such as Parkinson’s
disease, Huntington’s disease, Alzheimer’s, amyotrophic lateral sclerosis [30], spinal cord
injury [28], and brain damage [31].

In this work, we prepared NCs based on two types of polymers, poly(vinylidene
fluoride) (PVDF) and its copolymers with trifluoroethylene (PVDF-TrFE) [32]. NCs based
on PVDF-TrFE demonstrated a higher magnetoelectric performance and thus were chosen
for further experiments. The highly crystalline CoFe2O4 NPs were prepared via a sol-
gel auto-combustion method [33] and they were used for the preparation of rheological
magnetoelectric materials [19]. Further, new strategies to increase magnetoelectric response
were involved: (i) application of magnetic field during crystallization of polymer to align
clusters of magnetic NPs and (ii) creation of 3-component composite with ferroelectric
BaTiO3 particles. We tested the piezoelectric polymers for future application as biointerfaces
for activation and targeted differentiation of neuronal stem cells: neuronal stem cells
isolated at the early embryonic stage cultivated on PVDF-based surface were able to
proliferate and differentiate into main types of neural cells (neurons and glial cells).

2. Materials and Methods
2.1. Synthesis of CoFe2O4 (CFO), Zn0.25Co0.75Fe2O4 (ZCFO) and BaTiO3 (BTO) Particles

Samples of CoFe2O4 NPs were prepared by the self-combustion method described in
detail elsewhere [33]. The Fe(NO3)3·9H2O (Carlo Erba Reagenti SpA, Cornaredo, Italy),
Co(NO3)2·6H2O (Scharlab S.L, Barcelona, Spain), citric acid (Scharlab S.L., Barcelona,
Spain), and of 30% ammonia solution (Carlo Erba Reagenti SpA, Cornaredo, Italy) were
used without further purification. In this process, 1-molar iron and cobalt nitrate aqueous
solutions in a 2:1 ratio, respectively, and citric acid with 1:1 molar ratio of metals to citric
acid were prepared. The pH level was adjusted to the value of ~7 by dropwise addition
of aqueous ammonia. Obtained sol was placed on a hotplate at 150 ◦C to form a gel for
2 h. The gels underwent successively a thermal treatment at 300 ◦C for 15 min, where
the auto-combustion reaction took place. Additionally, the Zn substituted cobalt ferrite
(Zn0.25Co0.75Fe2O4, ZCFO) NPs were prepared with the same sol-gel auto-combustion
method. A more detailed characterization of ZCFO NPs used here is reported earlier [34].

BaTiO3 (BTO) particles were prepared by the solid-phase reaction method, followed
by sintering using conventional ceramic technology described in detail elsewhere [35].
Briefly, BaCO3 and TiO2 powder with a purity of at least 99.95% were used as precursors.
Then, BaTiO3 particles were prepared by solid-state reaction method in two stages: at
T1 = 1150 ◦C during time τ1 = 4 h (1st stage) and T2 = 1170 ◦C in during τ2 = 4 h (2nd stage).

2.2. Fabrication of Magnetoelectric Nanocomposites (NCs)

For composite fabrication, the two different types of polymers, poly(vinylidene fluo-
ride) (PVDF) and its copolymer with trifluoroethylene (PVDF-TrFE) were used as a polymer
matrix. For the preparation of the polymer-precursor solution, PVDF (Alfa Aesar, Kan-
del, Germany) or PVDF-TrFE 55/45 (Piezotech, King of Prussia, PA, USA) granules were
dissolved in dimethylformamide (DMF) (Sigma-Aldrich, Darmstadt, Germany) at 40 ◦C
followed by mixing until complete dissolution of polymer granules. The concentrations
were about 1:4 in weight ratio for PVDF/DFM and 1:6 for PVDF-TrFE/DMF solution.
The dissolution time was about 45 min for PVDF and 90 min for PVDF-TrFE. The total
concentrations of PVDF/DMF and PVDF-TrFE/DMF were 1:8 and 1:12, respectively, since
at the next step an additional amount of DMF was introduced together with NPs.

Nanocomposites of NPs embedded in the piezoelectric polymer matrix were fabricated
by the solvent evaporation method assisted by a doctor blade technique [36]. The so-called
doctor blade or blade coating method is one of the simple methods for lab-scale production
of thin polymer composites. In this method, the polymer solution is placed on the substrate
in front of the moving blade and is smoothed out by it. The thickness of the layer is
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controlled by adjusting a gap between the knife (blade) and substrate. The thickness of the
final evaporated layer depends on the gap between knife and substrate, speed of coating,
the temperature of the substrate and physical properties of solution (viscosity, density, etc.).
The technological protocol of composite fabrication is strongly dependent on the type of
polymer, fillers, and type of solvent. The CFO or ZCFO NPs were ground, mixed with the
second part of DMF solvent and dispersed in preliminary prepared polymer-precursor
solutions in an ultrasonic bath for 2 h. The mixing of fillers in DMF solutions was applied to
decrease the particle agglomerations and their more homogeneous distribution in polymer
solutions. In the next set of samples, in the system demonstrated higher magnetoelectric
properties (oriented CFO/PVDF-TRfE), 5% and 10% weight content of BaTiO3 (BTO)
particles was added at the same step as CFO particles.

The solution of particles and polymers precursor was spread on a clean glass substrate
using a coating blade at a fixed distance between the substrates. The solvent was evaporated
by heating the composites in an oven at 75 ◦C for 15 min. Then, for the fabrication of the
ordered samples, this protocol was modified as follows: clusters of magnetic NPs were
aligned in the magnetic field before evaporation of the polymer’s solvent. The magnetic
field was applied in-plane of the dish with the precursor solution during evaporation
(Figure 1a). After evaporation, the particles were immobilized in a polymer matrix, when
the magnetic field was removed, aligned samples were obtained.
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Figure 1. (a) Illustration of the alignment of CFO NPs in PVDF polymer in a magnetic field; (b) optical image of the
formation of ordered chains of CFO NPs clusters in the liquid precursor of PVDF-TrFE polymer under external magnetic
fields of different inductions. The sketch represents a structure of the chain as an elongated assembly of NPs clusters with
the random distribution of easy axes of individual particles inside each cluster (red lines).

Figure 1b shows the alignment process of clusters composed of CFO NPs into chains
in a gradually increasing magnetic field up to 3 kOe. Electromagnets of the magnetometer
(7400 System VSM; Lake Shore Cryotronics Inc., Westerville, OH, USA) were used to
generate a homogeneous magnetic field (±0.1%) in a volume 10 mm3, which is bigger than
the volume of the samples (typical shape of sample is a square with edges of 4 mm and
thickness in the range of 30–60 µm). After switching of the magnetic field, optical images
were obtained with a 5.3 MP monochrome camera PixeLINK PL-D725MU-T (Edmund
Optics Inc., Barrington, NJ, USA) placed between two coils of the electromagnet. At a
field of about ~500 Oe, clusters of particles start to move, forming aligned structures. At a
field of about ~3 kOe, those structures achieved the final state and the further increase of
field does not change the shape of the clusters’ chains. The clusters of CFO NPs in PVDF-
TrFE-based solutions showed better alignment in the magnetic field, because of higher
viscosity and lower time of drying in comparison with PVDF-based (Figure S5). Moreover,
the difference between the two polymers was in the structure of the surface. According to
the atomic force microscopy (AFM), the pore size was 30 ± 12 nm in PVDF-TrFE-based and
100 ± 64 nm in PVDF-based NCs (see explanation in SI, Figure S6). The same experiment
of registration of movement and reorganization of particle aggregations, performed on
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samples after evaporation, showed that the particles were rigidly fixed in the polymer
matrix (no displacement was detected within experimental error).

Finally, magnetoelectric NCs were obtained by detaching the glass substrate. All
samples were prepared with 15% weight content (wt.%) of CFO or ZCFO NPs, because
according to literature data around the enhanced formation of ferroelectric β- and γ-phases
of PVDF polymers is expected [37].

All samples were poled using direct contact poling in a custom-designed chamber for
40 min at 40 ◦C [38]. The chamber was constructed as the adiabatic camera from thermo-
insulated material (polystyrene foam) and equipped with a thermoregulation system. The
maximal poled electric field was 50 MV/m.

2.3. Structural and Magnetic Characterization

The X-ray diffraction (XRD) studies were performed with a DaVinci2 diffractome-
ter (Bruker, MA, USA) using Cu Kα (λ = 1.54056 Å) in the 2θ geometry in a range of
10–70 degrees. The average size of crystallites dXRD was calculated for (440) peak with
Scherrer’s equation:

dXRD = 0.94·λ/(B·cos θ) (1)

where B is full width at half maximum (FWHM) and θ is a position of XRD reflections.
The size distribution of NPs was investigated by using an S-5500 Transmission Electron

Microscopy (TEM; Hitachi, Japan).
The magnetic properties were studied with a vibrating sample magnetometer 7400

System (VSM; Lake Shore Cryotronics Inc., Westerville, OH, USA) in the magnetic field up
to 1.1 T at room temperature (295 K). Since the maximal acquired field was not sufficient to
fully saturate the sample, the value of saturation magnetization was extrapolated with the
fitting of the high-field region using the Law of Approach to Saturation (LAS):

M(H) = MS(1 − A/H − B/H2) (2)

where A and B are fitting parameters [39]. The Equation (2) was applied previously to
estimate MS in different ferrite nanoparticles [34,40].

A deeper investigation of the magnetic properties was conducted by FORC analysis
(first-order reversal curve [41,42]). To measure the FORC, the sample was first saturated,
then the applied field was decreased to the value of the return field (Hr). The curve
measured from the Hr to the saturation field is a single FORC. The cycle of at least 100 rep-
etitions by decreasing the value of the Hr was recorded. The measurement of such curves
provides information from different paths of magnetization and interaction fields for all
the phases that contribute to the hysteresis loop. FORC method was recently applied
to study the magnetomechanical properties of magnetic elastomers (intrinsic magnetic
hysteresis of magnetic filler and mechanical compliance of the matrix) [43]. The FORC
diagram interpretation is based on its comparison with the Classical Preisach Model of
hysteresis [44]. In this model, the hysteron is a mathematical operator that acts on the
magnetic field and produces a square hysteresis loop characterized by a coercive field Hc
(half-width) and an interaction field Hu (horizontal bias) [45]. Each magnetic phase in the
material could be described by a single hysteron, while a set of hysterons will describe the
macroscopic hysteresis cycle of the entire sample. The hysteron’s distribution ρ(Hc, Hu)
is represented on the two-dimensional Preisach plane with Hc and Hu axis profiles. By
comparing the Hc and Hu axis profiles the information about the magnetic interactions in
the system can be obtained [46]. The FORC-curves were obtained via 7400 VSM FORC
Utility (Lake Shore Cryotronics Inc., Westerville, OH, USA).

2.4. Magnetoelectric Properties

The ME studies were carried out using a custom-designed setup for measuring the
magnetoelectric voltage ∆V with a lock-in amplifier (Model SR830, Stanford Research,
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Sunnyvale, CA, USA) at frequencies of 1 Hz–100 kHz. The input impedance of the lock-in
amplifier is 10 MOhm. The ME coefficient αME was defined using the following equation:

αME =
∆V

b ∆H
(3)

where ∆V is the amplitude of the induced ME voltage, b is the thickness of the sample,
and ∆H is the amplitude of the AC field HAC. The accuracy of ME signal measurements
was less than 1%. The amplitude of HAC was about 10 Oe and the DC field was varied up
to 10 kOe. The HAC and HDC fields were applied across the plane of the sample, that is
HAC‖HDC‖∆V (Figure 2). The Helmholtz coils were used for the generation of AC field,
the DC bias field was applied using an adjustable Halbach type magnet system (AMT & C
LLC, Troitsk, Russia). Electric contacts were made by the coating of aluminum foils on the
larger surface of composite films, thus, the ME coefficient was measured in α33 mode.
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Figure 2. Scheme of the experiment for direct magnetoelectric (ME) measurements (1—sample,
2—Helmholtz coils, 3—DC magnetic field source, 4—aligned chains of particle clusters); the red
arrow indicates the direction in which sample was rotated.

2.5. Magnetic and Piezoresponse Force Microscopy

Piezoresponse force microscopy (PFM) and local polarization switching spectroscopy
measurements were carried out with MFP-3D (Asylum Research, Goleta, CA, USA) com-
mercial scanning probe microscope using the CSG30/Pt (Tipsnano, Tallinn, Estonia) con-
ductive probe with the spring constant of 0.6 N/m. The PFM out-of-plane images were
scanned in the single frequency PFM mode at 3 V and a frequency of ~7 kHz. An alternat-
ing current (AC) voltage (3 V) was superimposed onto a triangular square-stepping wave
(f = 0.5 Hz, with writing and reading times 25 ms, and bias window up to ±150 V) during
the remnant piezoelectric hysteresis loops measurements. PFM images were also measured
with applying DC magnetic field. The magnetic field (Bext. = 1.4 kOe) was applied perpen-
dicular to the plane of the samples. To estimate the effective d33 piezoelectric constants,
the deflections and vibration sensitivity of the cantilever alignment were calibrated by
GetReal procedure using the IgorPro software. For the quantification of switching and
piezoelectric coefficient of samples, a dual AC resonance tracking piezoresponse force
microscopy (DART-PFM) was employed, which allowed us to probe the piezoresponse
that originated within a single domain with a spatial resolution up to submicrometers [47].
DART-PFM is comparatively a reliable technology to probe the piezoresponse from thin
polymer samples, because it uses dual AC resonance tracking to quantify the shift of
resonance to avoid the noise effects of the surface height topography and suppress the
contributions from electrostatic effects [48].

Besides, effective piezoelectric coefficient d33(Voltage) hysteresis loops were investi-
gated for further understanding of the magnetic field influence on piezoelectric response.
The hysteresis loops (PFM Amplitude (pm) and PFM phase) were acquired using the simple
harmonic oscillator (SHO) fit with Asylum Research software to exclude the magnification
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effect of Q factor of the contact resonance. Effective longitudinal piezoelectric response
(“effective d33”) was calculated by Equation (4):

d33 (pm/V) = (PFM Amplitude (pm) × cos (PFM Phase))/Applied AC voltage (V). (4)

Magnetic force microscopy (MFM) images were obtained using the ASYMFM HC
magnetic probe (Asylum Research, Goleta, CA, USA). For MFM scans commercial can-
tilevers (ASYMFM HC) coated with a magnetic layer of CoPt/FePt (tip apex radius 45 nm;
HC > 5 kOe) were utilized. The lift height is 300 nm.

2.6. Biological Tests of Polymeric Interfaces

Boundary cap neural crest stem cells (bNCSC) culture is a transient neural crest-
derived group of cells located at the dorsal root entry zone. Previous experiments have
shown that bNCSCs can differentiate into sensory neurons and glial cells in vitro [29] and
in vivo after transplantation [49]. The bNCSC were generated from E11.5 days mouse
embryo constitutively expressing red fluorescence signal (RFP) under actin promoter [50].
The bNCSCs were cultured as neurospheres in propagation medium: N2 medium contain-
ing bFGF (basic fibroblast growth factor) and EGF (epidermal growth factor) (20 ng/mL,
RnD Systems, Minneapolis, MN, USA), and B27 supplement (Gibco, Waltham, MA, USA).
bNCSCs were dissociated to single cells with 3PlE and plated on sterilized PVDF sub-
strate (70% alcohol and UV-light for 2 h) covered surface on the bottom of 4-well dishes
(D = 16.5 mm). bNCSCs were cultured in proliferation medium (stem cell medium) for
45 min. After that, the medium was replaced with a differentiation medium (DMEM-
F12/Neurobasal medium supplemented with N2, B27, 0.1 mM non-essential amino acids
and 2 mM sodium pyruvate).

After 72 hours’ incubation time neurospheres on the PVDF substrate were fixed for
15 min with 4% phosphate-buffered paraformaldehyde (PFH, Merk, Darmstadt, Germany)
at room temperature (RT) and washed with phosphate buffered saline (PBS, Gibco, Carls-
bad, CA, USA) three times for 10 min. Then, the cells were left overnight in PBS at +4 ◦C.
Then in 12 h, cells were washed and incubated in preincubation solution (1% bovine serum
albumin (BSA, Thermo Scientific, Waltham, MA, USA), 0.3% Triton X-100 (Invitrogen,
Carlsbad, CA, USA), and 0.1% sodium azide (NaN3, Merk, Darmstadt, Germany) in PBS)
for 60 min, and incubated with primary antibodies (GFAP; Rabbit, 1:500, Merk, Darmstadt,
Germany; III β-Tubulin; Rabbit, 1:500, BioSite, Täby, Sweden) overnight at 4 ◦C, followed
by the appropriate secondary antibodies (Alexa Fluor 488 goat anti-rabbit IgG (H + L; 1:250,
Life Technologies, Carlsbad, CA, USA)) for 4 h at RT. Subsequently, the PVDF substrate
was washed in PBS, and cells were incubated with Hoechst (1:10,000; Invitrogen, Carlsbad,
CA, USA) to label cell nuclei, and then mounted on a glass slide for analysis.

After the immunostaining procedure, PVDF substrate with cells was examined using
a fluorescence microscope Eclipse E800 (Nikon, Tokyo, Japan). Image analysis was carried
out using ImageJ.

3. Results and Discussions
3.1. Characterization of CFO and BTO Particles

The XRD pattern of the powder CoFe2O4 (CFO) sample indicates the high crys-
tallinity of nanoparticles without any amorphous content (Figure 3 and more detailed
in Figure S1a). The observed reflections were indexed to a cubic spinel lattice according
to card No.591-0063 for cobalt ferrite. The size of crystallites calculated by Equation (1)
dXRD = 17 ± 2 nm was close to the mean size of the particles observed with TEM micro-
analysis (Figure S1b, d = 15 ± 1 nm with standard deviation σ = 8 ± 1 nm). This fact
indicates the high crystallinity of synthesized NPs. Field dependence of magnetization
recorded at 300 K for powder NPs shows hysteretic behavior typical for ferrimagnetic
nanoparticles in the blocked state (Figure S2a). The coercivity field (HC) was ~1.3 kOe,
saturation magnetization (MS) was ~66 emu/g, and reduced remanence (MR/MS) of about
0.44. More detailed characterization of the magnetic and structural properties of particles
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was already reported elsewhere [34]. Magnetic interparticle interactions were evaluated
by measuring the remanence curves and plotting of ∆M-plots (see SI and refs. [51,52] for
more details). CFO powder sample shows a negative value of ∆M (Figure S2b) with the
maximum intensity of about ~0.1 that suggests that the interparticle dipolar interactions
are dominant. The Zn0.25Co0.75Fe2O4 (ZCFO) NPs have a similar average crystal size
16 ± 2 nm (Figure S1). Substitution of diamagnetic Zn2+ ions in the spinel structure of
cobalt ferrite results in a decreased value of magnetic anisotropy (KCFO = 1.6× 106 erg/cm3;
KZCFO = 0.95 × 106 erg/cm3 [34]) and a slightly higher value of the saturation magnetiza-
tion (~74 emu/g) concerning pure CFO sample (Figure S1a). ZCFO powder sample also
shows a negative value of ∆M (Figure S2b) of higher magnitude due to a larger saturation
magnetization, which led to the stronger dipolar interactions.
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Figure 3. XRD patterns of CFO and BTO nanoparticles, CFO/PVDF, CFO/PVDF-TrFE, and 
CFO/BTO10/PVDF-TrFE nanocomposites. The Miller indexes specified for pure CFO, BTO parti-
cles and PVDF (PVDF-TrFE) polymer are guided to corresponding reflections in composites via 
dashed lines. 

The XRD analysis of BaTiO3 (BTO) particles indicates the presence of a perovskite 
tetragonal structure (Figure 3 and more detailed in Figure S3). Positions of main reflec-
tions were indexed according to card No.152-5437. Cell parameters were a = 3.995 Å, c = 

Figure 3. XRD patterns of CFO and BTO nanoparticles, CFO/PVDF, CFO/PVDF-TrFE, and
CFO/BTO10/PVDF-TrFE nanocomposites. The Miller indexes specified for pure CFO, BTO par-
ticles and PVDF (PVDF-TrFE) polymer are guided to corresponding reflections in composites via
dashed lines.

The XRD analysis of BaTiO3 (BTO) particles indicates the presence of a perovskite
tetragonal structure (Figure 3 and more detailed in Figure S3). Positions of main reflections
were indexed according to card No.152-5437. Cell parameters were a = 3.995 Å, c = 4.030 Å;
V = 64.31Å; c/a = 1.0088, typical for BaTiO3. The size of crystallites (dXRD) calculated with
Equation (1) was 26 ± 8 nm.

3.2. Characterization of NCs

In Figure 3, XRD patterns for composites samples are presented. In all samples,
diffraction peaks allocated in 30–70◦ 2θ-range and attributed to spinel ferrite CoFe2O4 and
Zn0.25Co0.75Fe2O4 are indexed. The intensity of diffraction peaks is reduced compared to
the pure powder sample (Figure S1a) due to high polymer content in the samples. In the low
field region allocated diffraction peaks related to the PVDF and PVDF-TrFE polymers. The
higher relative intensity of diffraction peak at ~20◦ in PVDF-TrFE than in PVDF indicates
the higher crystallinity of PVDF-TrFE. Oriented and random nanocomposites showed
similar XRD patterns (Figure S4a). In 3-component NCs there are three distinguished
phases attributed to β-phase of PVDF-TrFE polymer, perovskite structure of BTO, and
spinel structure of CFO particles (Figure S4b). The pattern for ZCFO/PVDF-TrFE is similar
to the patterns for CFO-based NCs (Figure S4c).
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Patterns for PVDF are almost identical to the reported ones in [53]. Where the major
phase was the monoclinic α-phase crystal, confirmed by two intensive diffraction peaks
at 18.4◦ and 20.0◦ and a low intense peak at 26.6◦, corresponding to (020), (110), and (021)
reflections. Characteristic diffraction peak at 20.6◦ of β-phase is also presented but it is
merged with 110 reflections of dominant α-phase. In PVDF-TrFE polymer, β-phase is more
pronounced because it is to form in this modification as follows from the literature [32].

Macroscopic magnetic properties of composites samples were studied with VSM at
300 K (Figure 4). MS values of composite samples were reduced concerning CFO powder
due to the presence of diamagnetic polymer content. The coercivity field of PVDF-based
composites was almost equal to the same value of CFO powder ~1.3 kOe (Figure 4a).
Thus matrix stiffness was relatively high, preventing mechanical rotation of particles [54].
PVDF-TrFE-based composites demonstrated a slightly higher coercive field of ~1.5 kOe
(Figure 4b). Probably, it is related to slightly lower magnetic interparticle interactions, that
were better dispersed in PVDF-TrFE (see explanation below). Interestingly, that the samples
ordered in the magnetic field have almost the same magnetic properties as randomly
oriented samples. Figure 4c,d shows the angular dependence of M-H loops recorded for
oriented CFO/PVDF-TrFE sample in two different orientations of the magnetic field and
sample axis (along chains of CFO NPs clusters). In the first case, when the orientation of
the sample was always in-plane the hysteresis loops did not depend on the orientation of
the field. In the second case, when the direction of the field changed from in-plane to out
of plane orientation, a small difference was observed in both random and oriented samples
but this was mainly due to the geometrical change of measuring configuration (mutual
position of a sample and pick-up coils of VSM).
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 Figure 4. In-plane M-H loops reordered at 300 K for random and ordered (a) PVDF/CFO and (b) PVDF-TrFE/CFO
nanocomposite compared with CFO NPs; M-H loops for ordered PVDF-TrFE/CFO sample as a function of sample axis and
field direction in (c) in-plane and (d) from in-plane to out-of-plane orientations.
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Notably, the formation of those ordered chains does not induce any magnetic anisotropy
of composite samples. This fact can be explained by the dominant role of intra-aggregate
interparticle magnetic interactions on macroscopic magnetic reversal processes. In other
words, the arrangement of the clusters’ chains in the magnetic field orients aggregates
of several particles but inside those aggregates, the easy axes of magnetic anisotropy of
individual NPs are still distributed randomly [54,55]. Individually single-domain magnetic
NPs behave according to the Stoner–Wohlfarth model, thus angular dependence of mag-
netization was expected to change from rectangular to sloped line for easy and hard axes
respectively. Indeed, according to TEM investigation (Figure 5b), the produced powder is
formed by submicron-size aggregates of densely compacted particles. The dipolar nature of
interparticle interactions was confirmed with ∆M-plots (Figure S2b) and FORC diagrams.
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The Hr profile of FORC diagrams reflects the distribution of coercivities of the particle
ensembles (Figure 5a). For close-packed CFO NPs, two main maxima can be observed in
the FORC distribution (R1 and R2) [56]. The dominating region R1 reflects the behavior
of individual particle clusters. The minor spread in the Hu profile indicates that the
dipolar magnetic interaction between the particles is dominant: according to ref. [45],
magnetic single-domain NPs in clusters is characterized by wider FORC distribution than
for individual particles due to a strong and localized interaction. The region R2 results
from the interaction among clusters. Indeed, in the case of particles distributed in PVDF-
TrFE polymer (Figure 5b), the smaller region R2 is hindered by the sensitivity limit of
the VSM device due to the larger distance between clusters [46]; in the case of powder
sample (Figure 5a), clusters of NPs are close to each other: two distinct regions, R1 and
R2, can be distinguished. R1 regions are identical in Figure 5a,b, it means the dispersion
of individual particles in polymer does not affect the assembled clusters: interaggregate
interaction has a minor effect, while macroscopic magnetic properties of the samples
are determined mainly by their magnetocrystalline anisotropy and interactions in their
assemblies (clusters of several NPs). For elastomers in presence of magnetic field during
evaporation and without it (ordered and random samples, respectively), FORC-analysis
does not show the differences in Hc − Hu planes. This observation together with results of
angular M-H measurements (Figure 4c,d) indicates that even in the case of ordered clusters
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of NPs, samples are magnetically isotropic; distribution of individual easy axis of particles
is random.

The micromagnetic structure of prepared composite samples was studied using MFM
in zero external magnetic fields (Figure 6). MFM images show magnetically active regions
of about 0.1–1 µm formed by NPs aggregates (clusters of several particles) magnetized in
the same direction and arranged in chains [19]. The formation of those chains is caused
by the applied external magnetic field during polymerization. The contrast spots render
magnetized regions that do not match the signal of MFM magnitude with the topology.
The appearance of the magnetized regions on topologically flat areas confirms that particles
were immersed into the polymer and not exposed on the surface. In composites, evaporated
in the absence of a magnetic field, the magnetic contrast from clusters of magnetic particles
shows no preferential orientation of their magnetic moments (Figure S7).
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To quantitatively evaluate the impact of two sorts of interactions (intra- and inter-
aggregate) on magnetization state, the finite element method was performed utilizing
the FEMM software. To fulfill the simulation, a hypothetical case of two aggregates with
sizes close to those estimated from MFM (Figure 6a), the shapes close to observed with
TEM (Figure 6b), and measured magnetic properties of CFO powder was reproduced
(Figure 6c). A situation of collinearly magnetized aggregates (all magnetic moments of
individual particles formed those aggregates aligned in a head-to-tail manner) is rendered
in Figure 6c. Magnetostatics energy of this configuration was minimal among other consid-
ered cases (see more data in Figure S8). For example, configuration with the head-to-head
magnetization of aggregates has the maximal energy of interaggregate interactions with
a total energy of about 40% higher than in the previous configuration. If one or both
aggregates have a close structure with minor stray field and negligible interaggregate
interactions, the total energy increased by one and two orders of magnitude respectively.
This finding confirms that despite the appearance of magnetic microstructure observed
with MFM, its impact on macroscopic magnetic properties is still minor, while magnetic
interactions inside aggregates and particles themselves are dominant [57].

3.3. Random and Oriented NCs Based on CFO NPs in PVDF and PVDF-TrFE NCs

The dependence of ME voltage coefficients (αME) versus DC magnetic field (HDC) for
all composites has a peak-like behavior (Figure 7). The non-monotonous ME response with
a maximum at ~4 kOe is related to the magnetization processes of the CFO nanoparticles
(see Section 3.5). All measurements were performed at a fixed frequency of 10 kHz, which
is below resonant frequency for the samples. The lower frequency was chosen because of
the limitations of further biological experiments (long-time treatment at higher frequencies
will induce unwanted heating of the system).
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Figure 7. (a) Field and (b) angular dependencies of the ME voltage coefficient (αME) on DC bias magnetic field for ordered
and random PVDF/CFO and PVDFTrFE/CFO composites at AC field frequency of 10 kHz.

The ME voltage coefficients αME depend on the type of piezoelectric matrix: samples
with PVDF-TrFE piezoelectric matrix demonstrates larger ME coefficient in comparison
with PVDF-based (Figure 7a), which can be associated with better piezoelectric properties of
PVDF-TrFE polymer (d33 = −38 pC/N) in comparison with PVDF (d33 = −25.8 pC/N) [58].
Observed values of ME coefficients are in the range of reported data on ME polymer
composites [15]. However, for an accurate comparison of ME effect, such factors as types
of magnetic and ferroelectric components, their magnetic, ferroelectric, piezomagnetic
and piezoelectric properties, phase coexistence, mechanical coupling, fabrication tech-
niques should be taken into account. For example, P. Martins et al. observed linear
response of ME coefficient versus biasing DC magnetic field in the field up to 5 kOe in
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Ni0.5Zn0.5Fe2O4/PVDF-TrFE nanocomposites [17]. They observed a maximal α33 value of
1.35 mV/cm·Oe for composite with 15 wt% Ni0.5Zn0.5Fe2O4 nanoparticles (NPs) in 40 kHz
AC field with the amplitude of about 1 Oe and DC biasing field of 5 kOe. J. Zhang et al. [59]
found a higher α33 value of about 40 mV/cm·Oe in CoFe2O4/PVDF-TrFE measured in the
same field condition. In later work, P. Martins et al. compared the values of ME coefficient
of X2+Fe3+

2O4/PVDF-TrFE, where X2+ = Zn/Mn, Co, and Fe [18]. The higher value of ME
coefficient was observed in nanocomposite with CoFe2O4 NPs of about 15 nm prepared via
the hydrothermal route. Those particles had a coercivity of ~2.5 kOe and magnetization of
~61 emu/g at 10 kOe while the other studied particles exhibit superparamagnetic behavior
at room temperature. Measured values of αME coefficient are lower than in some cases
listed above (~17 and ~11 mV/cm·Oe for PVDF-TrFE/CFO and PVDF/CFO samples, re-
spectively), the further improvement can be achieved by the optimization of concentration,
composition, and better dispersion of magnetic particles.

The orientation of CFO particles during polymerization enhanced αME coefficient
(~50% for PVDF/CFO and ~30% for PVDF-TrFE/CFO polymer composites). Interesting to
note, that even if samples have isotropic magnetic properties, they demonstrated anisotropy
magnetoelectric properties. This fact is due to geometrical features of samples: in the in-
plane orientation of the field it is more difficult to deform the sample, while the out-of-plane
orientation when rectangular sample placed perpendicular to the field direction, is easier.
In cases of oriented samples, the angular dependence of the magnetoelectric coefficient
becomes slightly sharper (αME(0◦)/αME(90◦) is ~77% for random and ~83% for oriented
PVDF/CFO, ~84% for random and ~86% for oriented PVDF-TrFE/CFO samples).

To study the piezoelectrical domain switching behavior of the PVDF/CFO and PVDF-
TrFE/CFO samples, the “mini” chessboard structures were written without a magnetic
field (Figure 8a,c). The dark and bright square areas (7.5 × 7.5 µm2) correspond to applied
+150 V and −150 V DC biases, respectively. Strong PFM contrast confirms the complete
switching process in composite polymer samples under poling. The domains created are
rather stable in time. It was found that the magnitude of the PFM signal of polarized
regions for sample PVDF-TrFE/CFO is 4 times higher than for PVDF/CFO sample. Then
the samples were placed in a magnetic field (Bext. = 1.4 kOe) and the same polarized
area was scanned again (Figure 8b,d). It is experimentally shown that for PVDF/CFO
sample, an external magnetic field increases (~30%) the signal of the remnant piezoelectric
response or effective d33. For comparison, the PVDF-TrFE/CFO sample shows a ~64%
reduction in the effective d33. Besides, the values of the effective piezoelectric coefficient
d33 (Figure 8e,f) for PVDF/CFO composite are higher than for PVDF-TrFE/CFO. These
experiments demonstrate locally induced ME coupling on composites, which is associated
with the deformation of the piezoelectric matrix by magnetic CFO NPs. Thus, this method
additionally confirms the magnetoelectric nature of the composites [60].
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3.4. Further Improvements of ME Efficiency

Further improvement of ME efficiency was achieved via the inclusion of one additional
component, with 5% and 10% weight content of piezoelectric BaTiO3 (BTO) particles in
more efficient ordered PVDF-TrFE/CFO NC. Thus, 3-component NC samples, ordered
PVDF-TrFE/BTO5/CFO and PVDF-TrFE/BTO10/CFO, were obtained. The adding of
BTO fillers led to a small enhancement in the ME effect (Figure 9a), which is related to the
contribution of BTO with higher piezoresponse in comparison with PVDF-based polymers
(d33 = 191 pC/N [61]). When the concentration of BTO increased from 5 to 10% the ME
voltage coefficients αME decreased from 18.5 to 17 mV/cm·Oe. That was attributed to a
reduced quality of the crystallization of polymer when it is overfilled. Nonetheless, those
values are sensory higher than this value for ordered PVDF-TrFE/CFO NC. The local
piezoelectric hysteresis loop measured utilizing PFM demonstrates the response of d33 BTO
and PVDF-TrFE components to the applied magnetic field as a result of magnetoelectric
interaction (Figure 9b). The introduction of diamagnetic BTO particles into composites
does not affect their magnetic properties and they are almost identical within experimental
error with 2-component PVDF-TrFE/CFO NC.

Additionally, the Zn substituted cobalt ferrite (Zn0.25Co0.75Fe2O4, ZCFO) NPs with the
same size as CFO NPs, the slightly higher saturation magnetization, and lower magnetic
anisotropy were used to tune a magnetoelectric response. M-H loop of PVDF-TrFE/ZCFO
is shown in Figure 9c. PVDF-TrFE/ZCFO NC has much lower coercivity (HC~0.6 kOe)
and irreversibility fields (Hirr~3.8 kOe) than those for the family of PVDF-TrFE/CFO NCs
(HC~1.5 kOe; Hirr~7 kOe). NC with ZCFO particles shows slightly higher ME performance,
which more likely can be attributed to the higher MS value of ZCFO NPs. The higher
value of MS leads to the stronger magnetostatic interactions and thus to the stronger
interactions of particle clusters. A more significant change was detected in the position
of peak (Hpeak) in the field dependence of the ME voltage coefficients αME. The Hpeak
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was reduced at a factor 0.56–0.71, which is quite close to the ratio of magnetic anisotropy
constants KZCFO/KCFO~0.6.
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3.5. The Origin of ME Effect

The magnetoelectric effect was explained through magnetostatic interactions. In a
zero magnetic field in an equilibrium state, magnetic moments of aggregates are parallel
(C1) or antiparallel (C2) depending on the initial location (Figure 10, symmetrical cases
are not shown). When an external magnetic field higher than the magnetic anisotropy
of particles is applied (H > HA), a high-energy configuration (C3) is formed because of
magnetization of particles. In this case, dipolar forces will invoke a rearrangement of
particles to reach another low-energy configuration (C4) if the viscosity of the matrix will
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allow (as in liquid precursor of polymer in Figure 1b, when chains were formed) or to
arising of mechanical stresses if the matrix is rigid [54,55]. In the case of 3-component NCs,
the polymer matrix transfers the mechanical stresses from matrix to BTO particles by elastic
coupling that causes their electric polarization due to piezoelectric effect. This model can
explain the reason for the increase of magnetoelectric response in oriented samples. Indeed,
in samples with the random distribution of magnetic particles, configurations C1 and C2
have the same probability, but the low-energy C2 case in an external magnetic field will
form just another low-energy case C4. Thus only 50% of particles after a magnetic field is
ON will be in the high-energy configuration generating stronger mechanical stresses on the
piezopolymer matrix and causing a stronger magnetoelectric response. This model also
can explain, why the field-dependence of magnetoelectric response has peak-like behavior.
Reaching a certain field close to the magnetic anisotropy field of CFO particles (HA), almost
all local magnetic moments of magnetic particles are oriented along the external magnetic
field. For the case of ZCFO NPs with a lower anisotropy field (HA for single-domain
magnetic particles is proportional to Hirr [34]), the value of Hpeak is proportionally lower.
Further increase of the magnetic field only slightly rotates those moments in direction of
the magnetic field but, at the same time, the external magnetic field hides the gradient
of the local field. The magnetic force acting on each magnetic dipole (in this contest, an
aggregate) is proportional to the multiplication of the value of magnetic moment on the
gradient of the magnetic field (M·grad(B)) formed by external field and neighbor sources
of the magnetic field (such as neighbor aggregates). Thus, the reduction of the gradient of
the magnetic field will lead to the reduction of energy of interparticle (or interaggregate)
interactions and reduce the strain of the piezoelectric matrix.
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3.6. Biological Tests

Previously it has been shown that PVDF can be used for attachment and differentiation
of cells from different tissues: cardiovascular [26], osteogenic [25], muscle [62], and neu-
ronal cells [63]. The neural crest stem cells (bNCSC) adhesion, survival, and differentiation
were compatible with the PVDF material in line with previous findings on hippocampal
neurospheres [27]. However, the effect of electromagnetic activities on neurogenesis re-
mains controversial. The effect of PVDF on neural stem cells isolated in the later time
of embryonic development was shown previously [63]. However, isolation of cells at an
earlier stage of embryonic development gives the ability to direct their differentiation is
more addressed, but biocompatibility of materials should be studied additionally. To test
the biocompatibility of PVDF, we used bNCSC that reliably demonstrated their ability
to generate neurons and glial cells in vitro [64,65]. This type of cells is characterized by
highly proliferative activity (approximate cell population doubling time ~15–18 h) and was
isolated at the early stage of embryonic development (11.5 days mouse embryos). After
24 h of bNCSCs culture on PVDF substrate, the number of cells was increased, with some
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of them attached to the polymer and forming neurospheres, as evidence of strong prolifera-
tion activity (Figure 11). After 48 h the size of neurospheres was markedly increased. In
addition, a small number of elongated bNCSCs were present, which suggested the onset of
migrated and differentiated cells (Figure 11). After 72 h, the processes of cell migration from
neurospheres on the polymer substrate became more prominent. This process resulted in a
reduced density of intercellular connections and possibly due to increased adhesion to the
surface of the substrate. bNCSC placed on the material strongly attached and differentiated
during 3 days, which is in agreement with the previously published protocol [66,67].
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Figure 11. Images of neural crest stem cells (bNCSC), expressing red fluorescence signal (RFP)
after 24 h, 48 h, 72 h of culture on PVDF substrate (×20); arrow indicates cells migrating from the
neurosphere. Scale bar is 25 µm.

Two markers of cell differentiation were used for the immunofluorescent staining
procedure: neuronal—β3-tubulin and glial—GFAP (glial fibrillary acidic protein). Both
β3-tubulin positive cells and GFAP positive cells were present in the stained samples
(Figure 12). These data can be interpreted as the cells retaining their potential for differ-
entiation into neurons and glial cells in PVDF substrate. In addition, the stained samples
showed traces of the migratory activity of bNCSC cells on the PVDF surface (Figure 12).
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Neuronal stem cells isolated at the early embryonic stage cultivated on PVDF-based
surface were able to proliferate and differentiate into main types of neural cells (neurons and
glial cells). This finding together with an expected possibility to stimulate and modulate
those processes remotely via magnetic field invoking local electric polarization of interface
suggests that the developed materials can be used as bio-interfaces. For example, as a tool
for neuronal stem cell cultivation and targeted deafferentation for future application in the
treatment of neurodegenerative disorders and spinal cord injury and brain damage.

4. Conclusions

We have prepared and studied a set of samples of polymer-based nanocomposites hav-
ing magnetic and magnetoelectric properties owing to the inclusion of magnetic nanopar-
ticles in piezopolymers. New strategies to increase the magnetoelectric performance of
PVDF- and PVDF-TrFE-based nanocomposites by the orientation of NPs clusters in chains
in the polymer matrix and by the creation of 3-component nanocomposites by adding one
additional component (ferroelectric particles) have been demonstrated. In our study, the
magnetoelectric voltage coefficient (αME) of oriented 3-component PVDF-TrFE/BTO5/CFO
composites was about 18.5 mV/cm·Oe that is four times higher than it is in the randomly
oriented 2-component PVDF/CFO composite. A model based on magnetostatic interac-
tions of clusters of magnetic nanoparticles with randomly distributed easy axes for the
explanation of the ME transformation in 3-component composites has been suggested.
Local magnetic and piezoelectric properties have been studied employing scanning probe
microscopy. Further researches will be aimed to increase the magnetoelectric performance
by changing particle (both magnetic and ferroelectric) size, shape, and concentration in
such composites. Currently, the work on the use of obtained magnetoelectric composites as
a bioactive interface is in progress. The possibility to remotely vary the surface charge by
applying the magnetic field can be used to modulate the live process of neuronal stem cells,
e.g., to control and induce their differentiation. Our results suggest that PVDF-based sub-
strates are biocompatible for neuronal stem cells isolated at the early embryonic stage and
thus they can be used as a matrix for cell cultivation for future application in the treatment
of neurodegenerative disorders and spinal cord injury and brain damage. Furthermore,
the functionalization of the PVDF substrate may contribute to the guidance of stem cell
differentiation toward the required type of cells and may be used for the development of
new in vitro differentiation strategies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11051154/s1. Figure S1: (a) XRD pattern of CoFe2O4 and Zn0.25Co0.75Fe2O4 NPs; (b) TEM
micrograph and size distribution of CoFe2O4 NPs. Figure S2: (a) Room temperature (~300 K) M-H
loop (b) ∆M-plot of CoFe2O4 and Zn0.25Co0.75Fe2O4 NPs in form of powder. Figure S3: XRD pattern
of BaTiO3 particles. Figure S4: Comparison of XRD patterns for (a) random and oriented CFO/PVDF
and CFO/PVDF-TrFE nanocomposites; (b) nanocomposites with 5 and 10% of BaTiO3 particles; (c)
ZCFO/PVDF-TrFE nanocomposite. Figure S5: Optical images of aligned clusters of CFO NPs in (a)
PVDF-TrFE and (b) PVDF polymers. Figure S6: Atomic force microscopy (AFM) images of (a) PVDF-
TrFE/CFO and (b) PVDF/CFO NCs; histograms of the pore depth distribution obtained using the
WSxM program for (c) PVDF-TrFE/CFO and (d) PVDF/CFO NCs. The median value and standard
deviation (σ) of log-normal distribution are presented. Figure S7: Magnetic force microscopy (MFM)
images of PVDF-TrFE/CFO nanocomposite evaporated in the absence of magnetic field: (a) topology
and (b) MFM signals. Figure S8: Results of FEMM simulation of magnetic induction (B) for different
configurations of initial magnetization of particles aggregates: (a) “head-to-tail” magnetization state;
(b) “head-to-head” magnetization state; (c) one aggregate has a close structure and the second is
uniformly magnetized; (d) two aggregates have close structures.
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Abstract: Multifunctional magnetic nanomaterials displaying high specific loss power (SLP) and high
imaging sensitivity with good spatial resolution are highly desired in image-guided cancer therapy.
Currently, commercial nanoparticles do not sufficiently provide such multifunctionality. For example,
Resovist® has good image resolution but with a low SLP, whereas BNF® has a high SLP value with
very low image resolution. In this study, hydrophilic magnesium iron oxide@tetramethyl ammonium
hydroxide nanoparticles were prepared in two steps. First, hydrophobic magnesium iron oxide
nanoparticles were fabricated using a thermal decomposition technique, followed by coating with
tetramethyl ammonium hydroxide. The synthesized nanoparticles were characterized using XRD,
DLS, TEM, zeta potential, UV-Vis spectroscopy, and VSM. The hyperthermia and imaging properties
of the prepared nanoparticles were investigated and compared to the commercial nanoparticles. One-
dimensional magnetic particle imaging indicated the good imaging resolution of our nanoparticles.
Under the application of a magnetic field of frequency 614.4 kHz and strength 9.5 kA/m, nanoparticles
generated heat with an SLP of 216.18 W/g, which is much higher than that of BNF (14 W/g).
Thus, the prepared nanoparticles show promise as a novel dual-functional magnetic nanomaterial,
enabling both high performance for hyperthermia and imaging functionality for diagnostic and
therapeutic processes.

Keywords: hyperthermia; magnesium iron oxide; magnetic particle imaging; nanoparticle

1. Introduction

Iron oxide nanoparticles (IONPs) are widely used in magnetic separation, drug-
delivery, imaging, and hyperthermia cancer treatments, due to their biocompatibility,
magnetic-imaging capability, and hypothermic characteristics [1–4]. In particular, one of
the most developed IONP techniques is magnetic hyperthermia in which heat is generated
under an alternating magnetic field (AMF) to destroy tumor cells. IONPs that can elevate
the temperature of the target tissue above 45 ◦C are suitable for tumor treatment [4]. For
effective treatment, the cancerous tissue temperature should reach 42 to 45 ◦C, whereas
temperatures over 50 ◦C destroy the cancer cells via thermoablation.

A short treatment time is highly desirable for safe and effective hyperthermia treat-
ment. The specific loss power (SLP) is used as a parameter to investigate how much energy
is absorbed per magnetic nanoparticles mass (NPs) under AMF [2,3]. Hence, extensive
efforts have been made to produce magnetic nanomaterials possessing high SLP values.
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Concurrently, there is increasing interest in using NPs as imaging agents to monitor the lo-
cation and distribution of nanomaterials precisely and stably for magnetic-particle imaging
(MPI) applications [5–7].

MPI detects the positions and concentrations of IONPs via time-varying magnetic
fields. Thus, the IONPs act as MPI tracer agents, because they can be magnetized instanta-
neously by an external magnetic field and can stimulate a nonlinear response in a near-zero
magnetic field [6]. Compared with existing imaging modalities, MPI is recognized as a
favorable tool for cancer diagnosis, as it offers the advantages of zero background signal,
zero signal reduction with increasing tissue depth, quantitative linearity [7], and high
sensitivity. Additionally, for MPI, there is no need for ionizing radiation.

Various techniques have been developed for IONP fabrication, including co-precipitation,
thermal decomposition, and hydro-/solvothermal processes [8–13]. Among them, the
thermal decomposition technique has been widely studied. Thermal decomposition al-
lows for fine control over the morphology and size of IONPs by changing the synthetic
parameters (e.g., precursors, surfactants, pH value, and reaction time) [12,13]. The surface
properties of IONPs critically influence the overall performance of the materials. Hence,
surface modification of IONPs is usually carried out either during or after synthesis [9,10].

The presence of coatings on the surface of IONPs can protect the magnetic core from
oxidative environments, enhance stability and compatibility, and improve tumor-targeting
efficiency. Generally, IONPs are biocompatible and non-toxic; thus, they are suitable for
biomedical applications. It should be noted that biocompatibility is also strongly influenced
by the coating material [14–17]. To date, two types of iron oxide NPs have been applied in
clinical treatment: (i) shelled with polysaccharide layer and (ii) shelled with silica layer [14].

The current challenge in applying IONPs for diagnostic and therapeutic processes is
the development of a smart theranostic agent with high performance for hyperthermia
treatment and MPI. Currently, RES NPs is promising as an MPI contrast agent; however, it
has a low SLP value that restricts its use in therapeutic hyperthermia cancer treatments.
On the other hand, BNF has a relatively high SLP value in hyperthermia systems, but a
low MPI sensitivity. Therefore, IONPs that can combine, in a single material, the unique
advantages of commercially and clinically used IONPs will be promising theranostic agents.
As ideal theranostic agents, magnetic IONPs should be non-toxic and biocompatible with a
high magnetization value.

Controlling the size and morphology of NPs is an effective technique for improv-
ing SLP, image resolution, and biocompatibility [5–7]. Bauer et al. prepared zinc-doped
magnetite cubic NPs and achieved good MPI performance and a high SLP of 1019.2 W/g
under the action of an alternating magnetic field of strength 16 kA/m and frequency
380 kHz; however, these magnetic-field parameters exceed the safety limit of SLP testing,
i.e., 5 × 109 A m−1s−1 [5]. Recently, Dadfar et al. prepared citrate-coated superparamag-
netic IONPs and achieved good MPI performance and a high SLP of 350 W/g, with a
magnetic field of strength 46 kA/m and frequency 186 kHz; however, the main limitation
of the study was also that the magnetic field parameters exceeded the safety limit [6]. In
another report, Song et al. prepared carbon-coated FeCo NPs and achieved good MPI
performance and a high SLP of 406 W/g with a magnetic field of strength 100 kA/m and
frequency 30 kHz [7]; however, they did not clearly address the potential biocompatibility
issue, as the dissolution of the FeCo NPs would lead to the release of toxic Co2+ ions inside
the living organism [17].

In this study, we synthesized and characterized high-performance nanomaterials
that have high SLP and high sensitivity with good spatial resolution, based on magne-
sium iron oxide@tetramethyl ammonium hydroxide (MgIONPs@TMAH) NPs. To our
knowledge, the efficiency of MgIONPs@TMAH as a theranostic agent has not been in-
vestigated. In this study, we focused on the dual features of high SLP performance and
high MPI sensitivity necessary for the application of MgIONPs@TMAH in practice. To this
end, MgIONPs@TMAH nanoparticles were compared to the commercially and clinically
used IONPs.
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2. Experimental Work
2.1. Materials

Iron (III) acetylacetonate (97% purity), magnesium acetate tetrahydrate (≥99% purity),
benzyl ether (98% purity), tetramethyl ammonium hydroxide (10 wt% in H2O) and oleic
acid (≥99% purity) were purchased from Sigma Aldrich (St. Louis, MO, USA). Commercial
BNF NPs (iron oxide nanoparticles coated with dextran (Micromod Partikeltechnologie
GmbH, Rostock, Germany) and Ferucarbotran (RES NPs) iron oxide NPs shelled with
carboxydextran (Meito Sangyo Co., Ltd., Nagoya, Japan)) were used in the study.

2.2. Synthesis of Magnesium Iron Oxide@Tetramethyl Ammonium Hydroxide
Nanoparticles (MgIONPs@TMAH)

MgIONPs@TMAH nanoparticles were prepared by the following two steps consisting
of the synthesis of hydrophobic MgIONPs and surface modification with TMAH, as
described below.

2.2.1. Preparation of Hydrophobic Nanoparticles

MgIONPs were fabricated by a thermal decomposition process in benzyl ether. Iron
(III) acetylacetonate (0.7063 g), magnesium acetate tetrahydrate (0.02787 g), and oleic acid
(0.3389 g) were mixed with benzyl ether (20 mL). The solution was transferred to a three-
neck flask with a temperature sensor, nitrogen, a condenser, and a magnetic bar stirrer set
on a heating mantel. The solution was then mixed well for 60 min at room temperature for
degassing. The temperature was increased to 200 ◦C at a rate of 8 ◦C/min with vigorous
stirring. Afterwards, the solution was maintained at 200 ◦C for 50 min. The temperature
was then increased to 295 ◦C at a rate of heating of 5 ◦C/min with vigorous stirring and
maintained at 295 ◦C for 60 min, before cooling to room temperature. The prepared NPs
were washed twice with ethanol and separated using a magnet.

2.2.2. Surface Modification of MgIONPs with Tetramethyl Ammonium Hydroxide

To produce hydrophilic NPs for water dispersion, the prepared MgIONPs were coated
with TMAH. In brief, 10 mL TMAH was dispersed in DI water (10 mL). The TMAH solution
was then added to the prepared MgIONPs in an ultrasonic bath and further mixed for
30 min. The coated NPs were separated using a magnetic bar, washed with water, and
then dried in an oven at 80 ◦C for 2 days. The obtained NPs powder was well dispersed in
water and used for further studies.

2.3. Characterization

X-ray diffraction (XRD) of the NPs was carried out using an X-ray diffractometer
(Rigaku, Tokyo, Japan). The crystallite sizes (Dp) of the NPs were calculated using Scher-
rer’s formula, as follows [18]:

Crystallite size (Dp) = Kλ/(Bcosθ), (1)

Dp: the average crystallite size (nm), B: the full width at half maximum of the XRD
peak, λ: the X-ray wavelength (1.5406 Å), K: Scherrer’s constant (shape parameter: 0.89),
and θ: the XRD peak position.

1
d2

hkl
=

h2 + k2 + l2

a2 (2)

The zeta potential and particle size analyzer (ELSZ-2000; Photal Otsuka Electronics
Co., Osaka, Japan) was used to evaluate the absorbance properties using ultraviolet-visible
spectroscopy. The magnetic behaviors of NPs were investigated using vibrating sample
magnetometry (VSM; Lake Shore 7400 series; Lake Shore Cryotronics, Inc., Westerville,
OH, USA). ICP-OES (Optima 8300, Perkin Elmer, Waltham, MA, USA) was performed
to determine the metal content of the NPs. The morphology of NPs was examined by
TEM (Tecnai G2S Twin; Philips, USA) at 300 keV. For the magnetic particle imaging (MPI)

57



Nanomaterials 2021, 11, 1096

experiment, a gradient field of 2.6 T/m was applied to generate the field-free point, and an
excitation field of 200 µT at 25 kHz was used to magnetize the particles.

Heating profile was evaluated using a custom-designed laboratory system. A function
generator was used to generate a sinusoidal voltage signal, which was further amplified
to the desired power through an alternating current power amplifier (AE Techron 7224,
Elkhart, IN, USA). The SLP value was calculated using the following equation. Note that
we used data obtained from the first 10 s.

SLP = (Cp/m) × (dT/dt) (3)

dT/dt: time dependent temperature, Cp: 4.184 for water, and m: the mass of elements
per volume.

2.4. In Vitro Cytocompatibility Test

Cytocompatibility of the nanoparticles was evaluated through in vitro cytotoxicity
tests with murine NIH-3T3 fibroblasts cells. First, the cytotoxicity of the nanoparticles was
tested with a WST assay [19], which can quantitatively measure the metabolic activity of
mitochondria in live cells. The culture medium (1 mL) containing the different NP contents
(0.125, 0.25, 0.5, 1, or 2 mg/mL) was added to the cells and incubated for 24 h. Then,
the cells were washed with sterile Dulbecco’s phosphate-buffered saline. Finally, fresh
culture medium (0.5 mL) and WST assay solution (0.05 mL) were added to each well and
incubated for an additional 2 h. Then, the absorbance of each sample solution at 450 nm
was measured using a plate reader. We reported cell viability using the following equation:

Cell Viability (%) = (Ac − As)/Ac × 100, (4)

Ac: the absorbance of the control sample and As: the absorbance of the sample solution.
In addition, we examine the cytocompatibility of nanoparticles by using a Live/Dead

staining kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol.
This assay results in the staining of live cells and dead cells with green and red colors,
respectively. The percentage of live cells in the total cells (live and dead cells) after the
exposure to the nanoparticles can indicate cytocompatibility. Fluorescence images were
acquired using a fluorescence microscope (DMI3000B; Leica, Wetzlar, Germany).

3. Results and Discussion
3.1. Synthesis and Characterization of MgIONPs@TMAH

MgIONPs@TMAH were prepared and their efficiency as a theranostic agent for
hyperthermia and MPI was investigated and compared with commercial iron oxide NPs.
MgIONPs@TMAH were first prepared using a thermal decomposition process, followed
by coating with TMAH to obtain relatively uniform water-dispersable NPs (Figure 1).

Nanomaterials 2021, 11, x FOR PEER REVIEW 5 of 13 
 

 

 

Figure 1. Schematic representation of the steps in the synthesis of MgIONPs@TMAH. 

The prepared MgIONPs@TMAH were relatively monodisperse, with a narrow size 

distribution (15.0 ± 5.0 nm) (Figure 2A). For comparison, we acquired TEM images of two 

commercial IONPs. RES NPs had an average particle size of 3.0–8.5 nm, whereas BNF 

NPs showed an average particle size (14.0 ± 3.5 nm) (Figure 2B,C). The crystalline nature 

of the prepared MgIONPs@TMAH was examined using high-resolution TEM/XRD; the 

results of which are discussed in the following section. The corresponding SAED image 

of the NPs displayed ring characteristics, which is proportional to a structure of small 

domains. The SAED pattern also showed widespread rings with a low intensity, indi-

cating the reflection planes of the NPs. Generally, the presence of aggregation behavior 

between NPs is a result of high surface energy and magnetic dipole–dipole force. This 

detrimental aggregation was reduced by introducing a shell layer of polymer or organic 

material on the surface of the NPs [20,21]. 

 

Figure 2. (A) TEM and SAED images of the prepared hydrophilic magnesium iron oxide@tetramethyl ammonium hy-

droxide nanoparticles (MgIONPs@TMAH), (B) RES NPs, and (C) BNF NPs. 

Elemental compositions of the prepared MgIONPs@TMAH were quantified by 

ICP-OES. Element weight represented 58.52% of the entire NP content, in which Fe and 

Mg atoms were 58.3% and 0.22% in the composition, respectively. The crystalline prop-

erties of MgIONPs@TMAH were investigated and compared with the standard Joint 

Committee on Powder Diffraction Standards data (JCPDS: 88-1935) using XRD (Figure 

3A) [22]. The indexed peaks were (220), (311), (400), (511), and (440), and magnesium 

ferrite structure was confirmed. The crystallite sizes and the associated lattice parameters 

for MgIONPs@TMAH were 13.89 nm and 8.38 Å, respectively. The crystalline properties 

of NPs were calculated based on maximum intensity peak. Peak broadening depends on 

various factors, such as instrumental effects, strain effects, and a finite crystallite size. The 

peaks were rather broad and weak, likely due to disorder and small crystallite effects. 

The crystalline properties of NPs are important for heating efficiency [23]. When the 

MNP size is maintained below a critical volume/size during the nanoparticle synthesis, 

Figure 1. Schematic representation of the steps in the synthesis of MgIONPs@TMAH.

The prepared MgIONPs@TMAH were relatively monodisperse, with a narrow size
distribution (15.0 ± 5.0 nm) (Figure 2A). For comparison, we acquired TEM images of two

58



Nanomaterials 2021, 11, 1096

commercial IONPs. RES NPs had an average particle size of 3.0–8.5 nm, whereas BNF NPs
showed an average particle size (14.0 ± 3.5 nm) (Figure 2B,C). The crystalline nature of the
prepared MgIONPs@TMAH was examined using high-resolution TEM/XRD; the results
of which are discussed in the following section. The corresponding SAED image of the NPs
displayed ring characteristics, which is proportional to a structure of small domains. The
SAED pattern also showed widespread rings with a low intensity, indicating the reflection
planes of the NPs. Generally, the presence of aggregation behavior between NPs is a result
of high surface energy and magnetic dipole–dipole force. This detrimental aggregation
was reduced by introducing a shell layer of polymer or organic material on the surface of
the NPs [20,21].
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Figure 2. (A) TEM and SAED images of the prepared hydrophilic magnesium iron oxide@tetramethyl ammonium hydroxide
nanoparticles (MgIONPs@TMAH), (B) RES NPs, and (C) BNF NPs.

Elemental compositions of the prepared MgIONPs@TMAH were quantified by ICP-
OES. Element weight represented 58.52% of the entire NP content, in which Fe and Mg
atoms were 58.3% and 0.22% in the composition, respectively. The crystalline properties of
MgIONPs@TMAH were investigated and compared with the standard Joint Committee
on Powder Diffraction Standards data (JCPDS: 88-1935) using XRD (Figure 3A) [22]. The
indexed peaks were (220), (311), (400), (511), and (440), and magnesium ferrite structure was
confirmed. The crystallite sizes and the associated lattice parameters for MgIONPs@TMAH
were 13.89 nm and 8.38 Å, respectively. The crystalline properties of NPs were calculated
based on maximum intensity peak. Peak broadening depends on various factors, such as
instrumental effects, strain effects, and a finite crystallite size. The peaks were rather broad
and weak, likely due to disorder and small crystallite effects. The crystalline properties of
NPs are important for heating efficiency [23]. When the MNP size is maintained below a
critical volume/size during the nanoparticle synthesis, the MNPs tend to behave as single
magnetic domain structures, and at the smallest sizes, they exhibit superparamagnetic
behavior under standard conditions. As results, the value of Ms increases with the size
of the MNPs until it reaches a maximum that is close to the bulk magnetization value.
As the size of the MNPs increases, they eventually possess pseudo single-domains and
then multi-domain structures, in which the moment of each domain may not be oriented
in the same direction [24]. As the relaxation time and magnetization of the NPs have an
effect on the SLP value, a specific NPs size can exhibit effective heating [25]. Vreeland
et al. recorded that approximately 22 nm is the effective size to enhance the SLP value for
superparamagnetic NPs [25]. The diameter and shape of magnetic NPs are also important
factors associated with heating efficiency. Core-shell NP cubes exhibit a high heating
profile, due to low anisotropy and spin disorder reduction [23].
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The mean hydrodynamic size of MgIONPs@TMAH obtained by DLS was 167.0 ± 0.8 nm
(Figure 3B). Note that this value is slightly higher than that obtained from TEM analysis,
which is typical for hydrophilic NPs due to water–material interactions.

The zeta potential (ζ) of the MgIONPs@TMAH was investigated, as it is closely related
to the stability of nanoparticles. The magnetic NPs stability is significant in biomedical
applications [26]. A low zeta potential value (−12.0 ± 0.1 mV) implies that the NP may
show poor stability in aqueous solutions. ±30 mV is considered the limit value for setting
stability in colloidal systems, due to the formation of a high repulsion force between
nanoparticles at this value [27].

The absorbance of the prepared NPs was measured by UV-Vis spectroscopy.
MgIONPs@TMAH spectra showed broad absorption over the visible range (300–600 nm),
as a result of the presence of d-orbital in Fe3+ (Figure 3C). In particular, the absorption peak
at 490 nm corresponded to Fe3+ in a tetrahedral coordination [28–30].

The magnetic behavior of MgIONPs@TMAH was studied using VSM at room temper-
ature (~23 ◦C). The magnetization (M)–field strength (H) curves showed hysteresis loops,
indicating the ferromagnetism of the prepared MgIONPs@TMAH with a magnetization
saturation (Ms) at 55.1 emu/g (Figure 4). MgIONPs@TMAH showed very low coercivity
(Hc) and a remanence magnetization (Mr) of 30.2 Oe and 5.5 emu/g, respectively, due
to the soft magnetic nature of the NPs. The squareness (SQ) is defined as the ratio of
remanence magnetization to magnetization saturation. A single magnetic domain structure
is observed when SQ ≥ 0.5, whereas a material having SQ < 0.5 is considered to have a
multi-domain structure. In our study, MgIONPs@TMAH samples showed the presence of
multi-domain structures [31]. Performing a ZFC-FC analysis is useful to obtain the blocking
temperature, and thus the information about the superparamagnetic state at RT. However,
unfortunately, ZFC-FC analysis is not available at the moment. So, it is a limitation for this
research that will be performed as future work.

Nanomaterials 2021, 11, x FOR PEER REVIEW 7 of 13 
 

 

 

Figure 4. VSM of the prepared MgIONPs@TMAH. 

3.2. Hyperthermia Performance 

SLP was used as an indicator to evaluate the absorbed energy amount per metal NP 

mass under the action of an AMF [2]. In general, the SLP (heat generation) of NPs under 

an external AMF depends on Néel and Brownian relaxations [3]. Importantly, for human 

exposure, it is pivotal to maintain the product of the magnetic field strength (H) and its 

frequency (f) below a threshold safety value known as the Brezovich criterion. Based on 

this safety limit, the product of the frequency and the field amplitude (C = H × f) should 

remain below 5 × 109 A m−1s−1 to minimize any collateral effects of alternating magnetic 

fields on the human body [2,3]. Heating efficiency of the prepared nanoparticles was in-

vestigated by applying AC magnetic fields of various strengths (40 or 50 kA/m) at a fre-

quency of 97 kHz. The values of C in our experiments were calculated to be 3.8 × 109 and 

4.8 × 109 A m−1s−1 for 40 and 50 kA/m, respectively, which did not exceed the safety limit. 

On the other hand, at a constant field strength of 13.5 kA/m, while varying the frequency 

from 159.8 to 269.9 kHz, the values of C in our experiments were calculated to be 2.1 × 109 

and 3.6 × 109 A m−1s−1 for 159.8 and 269.9 kHz, respectively. These values also did not 

exceed the safety limit. However, in the case of using the low field strength of 9.5 kA/m 

and a high field frequency of 614.4 kHz, the value of C in our experiments was calculated 

to be 5.8 × 109 A m−1s−1, which slightly exceeds the safety limit. For the hyperthermia 

system in this study, the SLP values were obtained by employing the effects of field fre-

quency and field variation to investigate and optimize the heating effects. 

3.2.1. Effects of Magnetic-Field Strength Variation with a Constant Frequency 

The heating efficiency of MgIONPs@TMAH was investigated at a constant fre-

quency of 97 kHz, while varying the strength (40–50 kA/m), as shown in Figure 5A. The 

increase in temperature against time was mostly linear, and its rate gradually slowed. 

The rate of heating increased with the strength (Figure 5A). Accordingly, the heating ef-

ficiency increased as the strength increased from 40 to 50 kA/m. For example, the in-

creases in temperature were 6 and 20 °C after 200 s of AMF applications of 40 and 50 

kA/m, respectively. 

Figure 4. VSM of the prepared MgIONPs@TMAH.

60



Nanomaterials 2021, 11, 1096

3.2. Hyperthermia Performance

SLP was used as an indicator to evaluate the absorbed energy amount per metal NP
mass under the action of an AMF [2]. In general, the SLP (heat generation) of NPs under
an external AMF depends on Néel and Brownian relaxations [3]. Importantly, for human
exposure, it is pivotal to maintain the product of the magnetic field strength (H) and its
frequency (f ) below a threshold safety value known as the Brezovich criterion. Based on
this safety limit, the product of the frequency and the field amplitude (C = H × f ) should
remain below 5 × 109 A m−1s−1 to minimize any collateral effects of alternating magnetic
fields on the human body [2,3]. Heating efficiency of the prepared nanoparticles was
investigated by applying AC magnetic fields of various strengths (40 or 50 kA/m) at a
frequency of 97 kHz. The values of C in our experiments were calculated to be 3.8 × 109

and 4.8 × 109 A m−1s−1 for 40 and 50 kA/m, respectively, which did not exceed the safety
limit. On the other hand, at a constant field strength of 13.5 kA/m, while varying the
frequency from 159.8 to 269.9 kHz, the values of C in our experiments were calculated to
be 2.1 × 109 and 3.6 × 109 A m−1s−1 for 159.8 and 269.9 kHz, respectively. These values
also did not exceed the safety limit. However, in the case of using the low field strength
of 9.5 kA/m and a high field frequency of 614.4 kHz, the value of C in our experiments
was calculated to be 5.8 × 109 A m−1s−1, which slightly exceeds the safety limit. For the
hyperthermia system in this study, the SLP values were obtained by employing the effects
of field frequency and field variation to investigate and optimize the heating effects.

3.2.1. Effects of Magnetic-Field Strength Variation with a Constant Frequency

The heating efficiency of MgIONPs@TMAH was investigated at a constant frequency
of 97 kHz, while varying the strength (40–50 kA/m), as shown in Figure 5A. The increase in
temperature against time was mostly linear, and its rate gradually slowed. The rate of heat-
ing increased with the strength (Figure 5A). Accordingly, the heating efficiency increased
as the strength increased from 40 to 50 kA/m. For example, the increases in temperature
were 6 and 20 ◦C after 200 s of AMF applications of 40 and 50 kA/m, respectively.
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Figure 5. Temperature elevation by (A) MgIONPs@TMAH in response to the application of AMF with a constant frequency
of 97 kHz, while varying the strength from 40 to 50 kA/m. (B) MgIONPs@TMAH in response to the application of an
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3.2.2. Effects of Field Frequency Variation with a Constant Magnetic Field Strength

The heating efficiency of MgIONPs@TMAH was investigated at constant field strength
of 13.5 kA/m, while varying the frequency from 159.8 to 269.9 kHz, as shown in
Figure 5B. The heating efficiency increased with the variation of field frequency from
159.8 to 269.9 kHz. As a result, the temperature elevations were 2.5 ◦C and 7 ◦C after 200 s
of AMF applications at 159.8 and 269.9 kHz, respectively.
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3.2.3. Effects of a High-Field Frequency with a Low Magnetic Field Strength

The heating efficiency of MgIONPs@TMAH was investigated and compared with
BNF under the conditions of low field strength of 9.5 kA/m and a high field frequency
of 614.4 kHz, as shown in Figure 5C. During the first 70 s of AMF application, a tem-
perature change of 26 ◦C was observed for the prepared NPs, whereas a temperature
change of only 10.5 ◦C was observed for BNF. This indicates that the heating profile of the
MgIONPs@TMAH is substantially better than that of the commercial NPs.

Under the aforementioned conditions, the heating profile of the fabricated NPs was
enhanced under the field of frequency 614.4 kHz and strength 9.5 kA/m. Comparisons of
the SLP and intrinsic loss parameter (ILP) of the MgIONPs@TMAH and the commercial
NPs are shown in Table 1. The difference in ILP is high, which indicates that the sample
is dependent on applied field and agglomerating, which is probably caused by the low
stability of the suspension.

Table 1. Comparisons of the SLP and ILP of the prepared NPs and the commercial NPs (BNF).

Conditions f = 614.4 kHz; H = 9.5 kA/m f = 97 kHz; H = 40 kA/m

MgIONPs@TMAH SLP: 216.18 W/g
ILP:3.8 nHm2/kg

SLP:10.84 W/g
ILP:0.069 nHm2/kg

BNF SLP:14 W/g
ILP:0.25 nHm2/kg

SLP:195.2 W/g
ILP:1.25 nHm2/kg

We successfully obtained magnetic NPs exhibiting a high SLP under specific condi-
tions with the given magnetic field parameters and a saturation temperature of 45 ◦C,
suggesting that MgIONPs@TMAH can be used in cancer treatment. The heating time
needed for the temperature to reach 45 ◦C is affected by various factors, including magnetic
field conditions, the viscous medium, and the diameter and sample concentration of the
magnetic NPs. Localized hyperthermia using NPs under low magnetic fields is favorable
for treating small or deeply set tumors. It was reported that zinc-doped magnetite cubic
nanoparticles show a 5-fold improvement in the specific absorption rate (SAR) in mag-
netic hyperthermia while providing a good MPI signal, when comparing with un-doped
spherical nanoparticles [5].

3.3. Magnetic Particle Imaging Performance

It is notable that, due to the exploitation of magnetization, the tracer used in MPI
is similar to that used in magnetic hyperthermia. The mechanism of heat generation
in magnetic hyperthermia depends on the Brownian and Néel relaxation principles for
magnetization reversal, which is similar to the signal generation mechanism in MPI. To
generate a signal, MPI tracers must undergo magnetization reversal, which requires the
overcoming of inertial torques and viscous and thermal effects using the Néel and Brownian
relaxations. Modulation of the diameter and particle shape of NPs can tune the magnetic
behavior, induce saturation magnetization, and further enhance magnetic hyperthermia
properties and MPI [5–7]. SLP and the spatial resolution of MPI are influenced by the
saturation magnetization, as shown by Equation (5) for SLP and Equation (6) for MPI:

SLP =
π · µ0 · χ′′ ( f ) · H2 · f

ρMNPs · φ
, where χ′′ ( f ) =

µ0M2
s V

3kBT
ωτR

(1 + ω2τ2R)
, (5)

f and H: the frequency and magnetic field strength, ρMNPs: the magnetic NP density,
φ: the magnetic NP volume fraction, µ0: the permeability, and χ”: the susceptibility. Ms: the
magnetization, V: the volume of the magnetic NP,ω = 2πf : the AMF sweep rate, τR: the
relaxation time, and kB: Boltzmann’s constant.

MPI : spatial resolution ≈ 24kBT
µ0πMs

G−1d−3, (6)
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G: selection field gradient, d: magnetic diameter NP, T: temperature of the mag-
netic NP.

MPI allows for the monitoring of the locations and distributions of magnetic NPs.
The performance of the MgIONPs@TMAH (36.5 mg/mL) as a contrast agent for MPI was
compared with that of RES NPs (36.5 mg/mL). RES NPs (100 µL) and MgIONPs@TMAH
(100 µL) were subjected to an excitation field to generate the MPI signals, of which images
were acquired from two positions using 1D-MPI, as shown in Figure 6B. MgIONPs@TMAH
produced a signal approximately the same as that of RES NPs, as shown in Figure 6A; thus,
the imaging capability of MgIONPs@TMAH was recognized by 1D-MPI.
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3.4. In Vitro Cytotoxicity Tests

The cytotoxicity of MgIONPs@TMAH was examined with NIH-3T3 fibroblasts as
shown in (Figure 7). For in vitro cytotoxicity tests, we performed both metabolic activity
measurements using a WST assay (Figure 7B) and live/dead staining (Figure 7A). A WST
assay can indicate cell viability based on colorimetric products by measuring the absorbance
of the medium. It is important to note that there can be a variation in measurement
(and error), which sometimes results in values over 100% (higher absorbance than the
control). The relative cell viability of the sample (0.125 mg/mL) was not significantly
different from that of the control sample. The cytotoxicity of the MgIONPs@TMAH
showed dose dependence. The viability of the cells somewhat decreased with the increasing
concentrations (1 and 2 mg/mL). WST results were in agreement with those of live/dead
staining (Figure 7A). With 0–0.5 mg/mL of MgIONPs@TMAH, most of the cells were
stained live, with only a small number of red-stained (dead) cells. These results indicate
that the MgIONPs@TMAH have low cytotoxicity (<1 mg/mL).

The major issue in the developed nanomaterial is the high tendency of particles to
agglomerate, even after the functionalization. It is fundamentally one of the most impor-
tant factors for biomedical applications and still a challenging target [32–36]. Magnetic
nanoparticles have large surface energy that causes the colloidal instability and aggregation.
To mitigate this issue, layering of various coating materials, such as surfactants, has been
commonly performed either during or after the synthesis of the nanoparticles. In general,
post synthesis techniques can be introduced to modify nanoparticles to avoid aggregation
or to stimulate disaggregation. The formation of a layer on the particle can prevent aggre-
gation. If the synthetic route allows for the inserting of surface coating molecules before
aggregation takes place, the particles can remain well dispersible in target media straight
away. Additionally, surface molecules can be exchanged through chemical synthesis after
the particle synthesis. Such post synthetic technique offers the possibility for a variety of
surface modifications, which can be adjusted to the required applications. In some cases,
especially in water, stability of nanoparticles is strongly affected by their surface charge.
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This behavior is influenced by the ion content of the water and the amount of charged ions
on the surface of the nanoparticles. Surface modification and surface charge can have a
major impact on the biological response to particles, including phagocytosis and genotox-
icity; hence, these parameters need to be controlled. However, if the surface properties
cannot be controlled, nanoparticles quickly form large particles due to agglomeration. Also,
the heating efficiency of nanoparticles is affected by the size of the nanoparticles and the
coating layer. Hence, the magnetic nanoparticles should be prepared with a proper method
to reach the target temperature [37,38].

Nanomaterials 2021, 11, x FOR PEER REVIEW 10 of 13 
 

 

3.4. In Vitro Cytotoxicity Tests 

The cytotoxicity of MgIONPs@TMAH was examined with NIH-3T3 fibroblasts as 

shown in (Figure 7). For in vitro cytotoxicity tests, we performed both metabolic activity 

measurements using a WST assay (Figure 7B) and live/dead staining (Figure 7A). A WST 

assay can indicate cell viability based on colorimetric products by measuring the ab-

sorbance of the medium. It is important to note that there can be a variation in meas-

urement (and error), which sometimes results in values over 100% (higher absorbance 

than the control). The relative cell viability of the sample (0.125 mg/mL) was not signifi-

cantly different from that of the control sample. The cytotoxicity of the 

MgIONPs@TMAH showed dose dependence. The viability of the cells somewhat de-

creased with the increasing concentrations (1 and 2 mg/mL). WST results were in 

agreement with those of live/dead staining (Figure 7A). With 0–0.5 mg/mL of 

MgIONPs@TMAH, most of the cells were stained live, with only a small number of 

red-stained (dead) cells. These results indicate that the MgIONPs@TMAH have low cy-

totoxicity (<1 mg/mL). 

 

Figure 7. (A) Live/dead fluorescence imaging of the cultured cells and (B) cytocompatibility examined using a WST as-

say for various NP concentrations. 

The major issue in the developed nanomaterial is the high tendency of particles to 

agglomerate, even after the functionalization. It is fundamentally one of the most im-

portant factors for biomedical applications and still a challenging target [32–36]. Mag-

netic nanoparticles have large surface energy that causes the colloidal instability and 

aggregation. To mitigate this issue, layering of various coating materials, such as surfac-

tants, has been commonly performed either during or after the synthesis of the nanopar-

ticles. In general, post synthesis techniques can be introduced to modify nanoparticles to 

avoid aggregation or to stimulate disaggregation. The formation of a layer on the particle 

can prevent aggregation. If the synthetic route allows for the inserting of surface coating 

molecules before aggregation takes place, the particles can remain well dispersible in 

target media straight away. Additionally, surface molecules can be exchanged through 

chemical synthesis after the particle synthesis. Such post synthetic technique offers the 

possibility for a variety of surface modifications, which can be adjusted to the required 

applications. In some cases, especially in water, stability of nanoparticles is strongly af-

fected by their surface charge. This behavior is influenced by the ion content of the water 

and the amount of charged ions on the surface of the nanoparticles. Surface modification 

and surface charge can have a major impact on the biological response to particles, in-

cluding phagocytosis and genotoxicity; hence, these parameters need to be controlled. 

However, if the surface properties cannot be controlled, nanoparticles quickly form large 

particles due to agglomeration. Also, the heating efficiency of nanoparticles is affected by 

the size of the nanoparticles and the coating layer. Hence, the magnetic nanoparticles 

should be prepared with a proper method to reach the target temperature [37,38]. 

Figure 7. (A) Live/dead fluorescence imaging of the cultured cells and (B) cytocompatibility examined using a WST assay
for various NP concentrations.

The average particle diameter in the single domain (from 20 to 70 nm) along with
a narrow size distribution was reported to exhibit good heating performance [39]. The
reported values for SLP in the literature are in the range of 10–100 W/g for magnetic field
conditions of H = 10 kA/m and f ≈ 400 kHz [40]. Nigam et al. reported that magnetite
nanoparticles coated with citrate had a Ms value of 57 emu/g with high SLP to reach the
target temperature (43 ◦C) in a short time [41]. High SLP (150 W/g) was reached by Reyes-
Ortega et al. under a magnetic field condition of H = 20 mT and f = 205 kHz [42]. Magnetite
nanoparticles stabilized with chitosan (15 nm) showed higher SLP (119 W/g) than uncoated
magnetite nanoparticles likely due to the enhancement in the particle dispersion, which
was obtained by the coating of the hydrophilic shell layer [43]. The magnetic fluid MFL
AS (Nanotherm®, MagForce Nanotechnologies AG, Berlin, Germany), which consists of
superparamagnetic iron oxide nanoparticles dispersed in water at an iron concentration
of 112 mg/mL, has been approved for clinical trials. The iron oxide core is covered by
an aminosilane-type shell and its size is approximately 15 nm in diameter. The required
magnetic field to reach the target temperature with a frequency of 100 kHz and a variable
field strength of 0–18 kA/m is generated in the MFH®300F applicator. We compared the
results of this study to those reported in the literature, as summarized in Table 2.
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Table 2. Comparison between particles reported in the literature and the current study.

Sample Size
(nm)

Ms
(emu/g) SLP

Alternating
Current (AC)

Field
Condition

ILP MPI Good
Performance

Chitosan-coated Fe3O4 [44] 37 71.5 595 H: 14, f : 335 9 -

PEG-coated Fe3O4 [45] 31 54 355 H: 27, f : 400 1.22 -

Fe3O4 [46] 37 67 213 H: 23.9, f : 571 0.72 -

Fe3O4,Sph [5] 19.2 ± 1.3 101.5 189.6

H: 16, f : 380

1.9

+
Fe3O4,Cube 15.5 ± 1.1 107.3 356.2 3.6

Zn0.4Fe2.6O4,Zn-Sph 19.1 ± 1.0 125.7 438.6 4.5
Zn0.4Fe2.6O4,Zn-Cube 15.4 ± 1.1 130.4 1019.2 10.47

FeCo@C [7] 40 nm 192 406 H: 100, f : 30 1.3 +

Citrate-coated IONPs [6]
10.6 ± 1.8 73.8 230 H: 46, f : 186 0.58

+13.1 ± 2.2 82.5 350 0.88

Fe3O4@ZnO [47] 10 31.2 80 H: 25.12, f : 250 0.49 -

MgIONPs@TMAH 15.0 ± 5.0 55.1 216.18 H: 9.5, f : 614.4 3.8 Current study

4. Conclusions

In summary, we have successfully reported the synthesis of hydrophilic MgIONPs@TMAH
through a two-step process consisting of thermal decomposition and the subsequent coating
with TMAH to obtain relatively uniform water-dispersable NPs (15.0 ± 5.0 nm). For the
hyperthermia system, the heating efficiencies were investigated and optimized by differing
field frequency and field strength. The heating efficiency of the prepared nanoparticles
was enhanced significantly more by the increase in the field strength (from 40 to 50 kA/m)
than by the increase in the field frequency (from 159.8 to 269.9 kHz). Under magnetic field
conditions of frequency 614.4 kHz and strength 9.5 kA/m, MgIONPs@TMAH nanoparticles
show a 15-fold improvement in the specific loss power (SLP) in magnetic hyperthermia as
compared to the BNF nanoparticles. MgIONPs@TMAH produced an MPI signal that was
approximately the same as that produced by Resovist nanoparticles when subjected to an
excitation field. The imaging capability of the prepared nanoparticles was recognized by
1D-MPI. We successfully obtained magnetic nanoparticles that exhibit a high SLP under
specific conditions with the given magnetic field parameters, a saturation temperature
of 45 ◦C and a good MPI signal, suggesting that the MgIONPs@TMAH can be useful for
various biomedical applications, such as image-guided cancer treatment.
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Abstract: This study was focused on the estimation of the targeted modification of 1,4-DHP core
with (1) different alkyl chain lengths at 3,5-ester moieties of 1,4-DHP (C12, C14 and C16); (2) N-
substituent at position 1 of 1,4-DHP (N-H or N-CH3); (3) substituents of pyridinium moieties at
positions 2 and 6 of 1,4-DHP (H, 4-CN and 3-Ph); (4) substituent at position 4 of 1,4-DHP (phenyl
and napthyl) on physicochemical properties of the entire molecules and on the characteristics of
the obtained magnetoliposomes formed by them. It was shown that thermal behavior of the tested
1,4-DHP amphiphiles was related to the alkyl chains length, the elongation of which decreased their
transition temperatures. The properties of 1,4-DHP amphiphile monolayers and their polar head
areas were determined. The packing parameters of amphiphiles were in the 0.43–0.55 range. It was
demonstrated that the structure of 1,4-DHPs affected the physicochemical properties of compounds.
“Empty” liposomes and magnetoliposomes were prepared from selected 1,4-DHP amphiphiles. It
was shown that the variation of alkyl chains length or the change of substituents at positions 4 of
1,4-DHP did not show a significant influence on properties of liposomes.

Keywords: 1,4-dihydropyridine amphiphiles; iron oxide nanoparticles; magnetoliposomes; lipid
monolayers; physicochemical properties

1. Introduction

Scientists worldwide have made many efforts to expand the invention and devel-
opment of broad range nanoparticle delivery systems. Liposomes have been extensively
studied as promising delivery systems due to their efficiency, biocompatibility and dual
character, i.e., the ability to entrap either hydrophobic or hydrophilic drugs, improving their
pharmacokinetic and pharmacodynamic properties [1–4]. Magnetic iron oxide nanopar-
ticles are used for different scientific and technological purposes due to their peculiar
properties. The main feature of these particles is to enable movement in a magnetic field.
Magnetic nanoparticles (MNPs), due to their biocompatibility and functionality, have been
considered to be promising for applications in medicine. Their unique magnetic and electric
properties allow for their application in magnetic resonance imaging as contrast agents [5]
for treatment in hyperthermia [6,7]. Currently, MNPs are studied for cell labelling and
separation [2,8]. Magnetic iron oxide nanoparticles have been used, for example, as a
trigger drug release from magnetoliposomes (MLs), through a magneto–nanomechanical
approach [9], for magnetically guided cells in tissue engineering [2,10,11] when the MNPs
can be coated with a polymer or encapsulated inside liposomes producing MLs. Magnetoli-
posomes are also used for magnetofection and drug delivery by magnetic targeting [12–14].
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The investigation of MLs’ morphology and physical properties is an important issue. The
chemical structure and shape of cationic compounds determine their self-assembling and
DNA complexation properties, and hence the gene delivery activity [15].

Synthetic nanoparticle-forming cationic lipid-like compounds have been developed
as delivery agents for the transfer of genetic materials, including plasmid DNA (pDNA)
molecules into cells [16,17] and for therapy and diagnostic applications [18]. In general,
among the synthetic cationic delivery systems, quaternary ammonium surfactants are more
toxic than their analogues, with the cationic charge delocalized in a heterocyclic ring [19–21].
It is important to evaluate liposome forming lipid properties for the development of new
liposome systems [22].

Multiple amphiphilic 1,4-dihydropyridine (1,4-DHP) derivatives with various lengths
of the alkyl chain at positions 3 and 5 of the 1,4-DHP ring were studied earlier as membra-
notropic compounds. These amphiphiles were found to condense and efficiently deliver
plasmid DNA (pDNA) into different cell lines in vitro [23,24]. It was demonstrated that
dodecyloxycarbonyl substituents at positions 3 and 5 of the 1,4-DHP molecule were optimal
for gene transfection efficacy in the group of these synthetic lipid-like amphiphiles [23].

1,4-DHPs are important heterocyclic scaffolds with exceptional biological properties,
and they take an important position in synthetic, medicinal and bioorganic chemistry [25].
Representatives of 4-aryl-1,4-DHPs are known as calcium channel blockers and have
been widely used for the treatment of hypertension [26]. After the discovery of excellent
therapeutic benefits of 1,4-DHP derivatives as calcium antagonists, the number of other
activities of 1,4-DHPs, such as neuroprotective [27], radioprotective [28], antimutagenic [29],
antioxidative [30], anticancer [31] and antimicrobial [32,33] have been reported.

Over the last 20 years, studies of pyridinium moieties containing compounds based
on a 1,4-DHP core have revealed that they possess a number of unique properties. Cationic
amphiphiles derived from polyfunctional 1,4-DHPs possess self-assembling properties
that are sufficient to form nanoaggregates spontaneously without surfactants in an aque-
ous environment as lipid-like compounds due to the presence of both hydrophobic and
hydrophilic parts in the molecule. These compounds based on the 1,4-DHP core are at-
tractive because, along with self-assembling properties, they contain 1,4-DHP as an active
linker [34,35], which is an intrinsic structural part of many pharmacologically active com-
pounds and drugs with highly specific physiological activities (cardiovascular, anticancer,
antimutagenic, as L-type calcium channel blockers, etc.) [36,37]. Additionally, these com-
pounds have been reported to possess antiradical [38], and in vitro cell growth modulating
activities [39]. Derivatives with N-dodecylpyridinium or N-hexadecylpyridinium moiety
at the 1,4-DHP cycle exhibit cytotoxicity on tumor cell lines [3]. 4-(N-Dodecylpyridinium)-
1,4-DHP has been reported to efficiently cross the blood–brain barrier and improve memory
by enhancing the GABAergic and synapticplasticity processes [40]. Liposomes formed by
these 1,4-DHPs are a promising tool for the delivery of DNA into cells [23,38].

The main goal of this work was to evaluate the influence of 1,4-dihydropyridine
substituents on amphiphile physicochemical properties and the formation of magnetoli-
posomes (MLs). The following physicochemical parameters such as thermal behavior
(TGA/DTA and DSC) of new amphiphiles and properties of monolayers composed by
tested amphiphiles were studied. Preparation of magnetoliposomes in this study is a
method to evaluate the influence of the 1,4-DHP structure on ML formation. The reverse-
phase evaporation (REV) method along with the use of 1,4-DHP amphiphiles has proved
its applicability to produce MLs [41–43]. The obtained results may add knowledge for the
further comprehension of the structure–activity and liposome parameter relationships of
these tested compounds.

2. Materials and Methods
2.1. Chemicals

All chemical reagents for the synthesis of the lipid-like 1,4-DHP amphiphiles were
purchased from Acros Organics (Geel, Belgium), Sigma-Aldrich/Merck KGaA (Darm-
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stadt, Germany), or Alfa Aesar (Lancashire, UK) and used without further purification.
For the production of a ferrofluid containing maghemite (γ-Fe2O3) nanoparticles and
iron salts (Fluka/Merck KGaA (Darmstadt, Germany), namely FeCl2·4H2O, FeCl3·6H2O
and Fe(NO3)3, as well as nitric acid and ammonium hydroxide (Scharlau Chemie S.A.,
Barcelona, Spain) were used.

2.2. Magnetic Nanoparticles Synthesis and Characterization

Magnetic nanoparticles were synthesized following the Massart method [44] by co-
precipitation of anionic magnetite (Fe3O4) from aqueous solutions of Fe2+ and Fe3+ chlo-
rides using ammonium hydroxide with the following oxidation of Fe3O4 with Fe(NO3)3.
As a result, positively charged γ-Fe2O3 MNPs were produced. An acidic ferrofluid (FF)
was produced by peptizing the collected MNPs in an aqueous medium. To produce FF–citr
with a pH~6.4, obtained γ-Fe2O3 MNPs were coated by citrate ions [45]. Trisodium citrate
dihydrate was used to stabilize the magnetic nanoparticles.

The magnetic characteristics and size distribution of the synthesized nanoparticles
were determined using a vibrating sample magnetometer (Lake Shore Cryotronics, Inc.,
model 7404 VSM, Westerville, OH, USA) and the software for processing the magnetiza-
tion data.

2.3. Synthesis of 1,4-DHP Amphiphiles

1,1′-[(3,5-Didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-diyl)dimethylen]
bispyridinium dibromides (1, 4–6) and 1,1′-[(3,5-dialkoxycar-bonyl-4-phenyl-1,4-
dihydropyridine-2,6-diyl) dimethylen]bispyridinium dibromides (2, 3) were synthesized
by the previously reported methods [15,24].

1,4-DHP derivative 7 (1′-[(3,5-didodecyloxycarbonyl-4-(2-napthyl)-1,4-dihyd-ropyridine-
2,6-diyl)dimethylen]bispyridinium dibromide) was synthesized in analogy with other com-
pounds. Briefly, the developed synthesis of the cationic 1,4-DHP 7 includes three sequential
steps. The first step is the synthesis of corresponding 2,6-dimethyl 1,4-DHP derivative in a
two-component Hantzsch-type cyclization; the second step involves the bromination of
the methyl groups of 2,6-dimethyl-1,4-DHP derivative with N-bromosuccinimide; and the
third step is the nucleophilic substitution of bromine of 2,6-dibromomethylene-1,4-DHP
with pyridine yielding the target compound 7. The synthesis and characterization of the
original compounds are presented in more detail in Supplementary data.

Purities of the compounds were analyzed by HPLC using the Waters Alliance 2695
system and Waters 2485 UV/Vis detector equipped with a SymmetryShield RP18 col-
umn (5 µm, 4.6 × 150 mm, Waters corporation, Milford, Massachusetts, USA) for parent
1,4-DHP or an Alltima CN column (5 µm, 4.6 × 150 mm, Grace, Columbia, MD, USA)
for cationic moieties containing 1,4-DHP amphiphiles 1–7 using a gradient elution with
acetonitrile/water containing 0.1% phosphoric acid as the mobile phase (v/v), at a flow
rate of 1 mL/min. Peak areas were determined electronically using a Waters Empower 2
chromatography data system.

2.4. Thermal Analysis of 1,4-DHP Amphiphiles
2.4.1. Thermogravimetric and Differential Thermal Analysis for the Tested
1,4-DHP Amphiphiles

Thermogravimetric (TGA) and differential thermal (DTA) analyses for the tested
1,4-DHP amphiphiles 1–7 were performed for a 3–5 mg sample with a Shimadzu DTG-
60 instrument in an Ar atmosphere (Ar 5.0 from Linde Gas SIA, Riga, Latvia) with a
50 mL/min flow in a temperature range from 30 ◦C to 300 ◦C at a heating rate of 5 ◦C/min.
Data files were transformed into an ASCII file for further analysis using TA60 ver. 2.10
software (Shimadzu Corporation, Kyoto, Japan).
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2.4.2. Differential Scanning Calorimetry for the Tested 1,4-DHP Amphiphiles

Dry samples of the tested 1,4-DHP amphiphiles 1–7 were characterized by differential
scanning calorimetry (DSC). The samples were analyzed using a DSC131 evo instrument
from Setaram (Caluire, France). Each sample (generally 5 to 10 mg) was weighed using
an analytical scale and then cautiously placed in a 30 µL aluminum crucible. The crimped
crucible was then placed in the sample compartment of a DSC instrument along with
a crimped reference aluminum crucible. Argon, at a rate of 30 mL/min, was used as
a purge gas. Each experiment included 3 heating-cooling cycles to determine different
phase transitions. The temperature was increased at a heating rate of 10 ◦C/min from
room temperature to approx. 130 ◦C depending on the sample decomposition temperature.
Upon reaching the target temperature, the system was allowed to cool down to 50 ◦C, and
an additional 2 cycles were performed in a similar way. The setup of the experiments and
the data obtained were analyzed using the Calisto Data Acquisition software, ver. 1.493.

2.5. Characterization of Monolayers Formed by 1,4-DHP Amphiphiles or Surface Pressure–Area
(π–A) Isotherms

The properties of monolayers composed of 1,4-DHP amphiphiles and their polar head
areas were determined from π–A isotherms, which were obtained using the Langmuir–
Blodgett trough. The surface pressure–molecular area (π–A) compression isotherms were
measured using a computer-controlled Langmuir trough (Medium trough, KSV NIMA
Instruments, Finland; Atotal = 243 cm−2) made of Teflon and equipped with two compres-
sion barriers. The surface pressure of the monolayer was monitored with a Wilhelmy plate
made of platinum, which was cleaned by flushing it with ethanol and Milli-Q water, and
then burned by a Bunsen burner.

Prior to measurements, the trough and barriers were thoroughly rinsed with ethanol
and Milli-Q water. Cleanliness of the aqueous surface was ensured by sweeping the barriers
across the surface, and the aqueous surface was considered clean when π ≤ 0.1 mN/m.
Monolayers were formed by carefully spreading an appropriate volume of the lipid solution
in chloroform dropwise on the deionized water surface at 23 ± 1 ◦C using a Hamilton
micro-syringe. The carrying solvent (CHCl3) was allowed to evaporate for 10 min before
compressions began. The monolayers were compressed at a constant rate of 10 mm/min.
Measurements were made at 23 ± 1 ◦C and repeated at least three times to ensure the
reproducibility of the results. The experimentally detected standard deviations of the
molecular area and surface pressure did not exceed 2%.

2.6. Magnetoliposome Preparation

To produce MLs by the REV method, the first step is to obtain of an organic phase
emulsion containing a fixed amount of 1,4-DHP amphiphile as a chloroform solution,
diethyl ether (3 mL) and ferrofluid (FF–citr, pH~6.4) (1 mL). This mixture was sonicated in
an ultrasonic bath (Sonorex Type RK-100, Bandelin electronic GmbH, Berlin, Germany) for
20 min. Then the organic solvents were evaporated under reduced pressure (350–400 mBar)
using a rotavapor (Büchi 215/V-700, Büchi Labortechnik AG, Flawil, Switzerland) and
bath temperature around 30 ◦C. After the removal of the most of the organic solvent,
viscous gel was formed, which became an aqueous suspension. Then 3 mL of deionized
H2O was added after which a resulting mixture was evaporated under reduced pressure
in the same conditions for an additional 20 min to remove traces of the solvent. The
obtained suspension was filtered through a 0.45 µm syringe filter and purified by magnetic
decantation to remove all non-encapsulated magnetic nanoparticles.

2.7. Characterization of Liposomes by Dynamic Light Scattering (DLS) and Transmission
Electron Microscopy

DLS measurements of the particle hydrodynamic size distributions in the aqueous
medium formed by the examined amphiphiles were performed by a Zetasizer Nano
ZS instrument (Malvern Instruments Ltd., Malvern, UK) with Malvern Instruments Ltd.
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Software 7.12. Nanoparticles were analyzed with the following specifications: medium,
water; refractive index: 1.330; viscosity: 0.8872 cP; temperature, 25 ◦C; dielectric constant,
78.5. Nanoparticles: liposomes; refractive index of materials: 1.60. Detection angle was
173◦, with a wavelength of 633 nm. The data were analyzed using the multimodal number
distribution software equipped with the instrument. The measurements were repeated
three times in order to check their reproducibility.

For transmission electron microscopy studies, one drop of the sample was adsorbed
to a formvar carbon-coated copper grid and negatively stained with 1% aqueous solution
of uranyl acetate. The grids were examined with a JEM-1230 TEM (Jeol, Tokyo, Japan) at
100 kV.

3. Results and Discussion
3.1. Magnetic Nanoparticle Synthesis and Characterization

Magnetic nanoparticles were synthesized by co-precipitating anionic magnetite
(Fe3O4) from aqueous solutions of Fe2+ and Fe3+ chlorides using ammonium hydroxide
with the following oxidation of Fe3O4 with Fe(NO3)3. As a result, positively charged
γ-Fe2O3 MNPs were produced. Ferrofluid containing γ-Fe2O3–citr was obtained with an
MNP coating by citrate ions, FF–citr pH~6.4. The polydispersity index of the obtained
FF–citr was 0.181 ± 0.006; the ζ-potential was −38.0 ± 2.3 mV according to DLS data.
The volume fraction ΦFF–citr = 1.5% was determined by iron concentration colorimetric
analysis (with 5-sulfosalicilic acid dehydrate, absorbance at wavelength λ = 425 nm). Fe
concentration in the obtained FF–citr was 0.95 M, which corresponded to the γ-Fe2O3
nanoparticle content (76 mg/mL), and the FF density was determined to be 1.06 g/cm3.
The magnetization curve and size distribution of the FF–citr nanoparticles are shown in the
Figure 1. Magnetic properties of the synthesized MNPs were determined using a vibrating
sample magnetometer and software for processing magnetization curves. The magnetic
diameter of the nanoparticles in the main population was determined to be 15 nm by
adjusting the magnetization curve of the ferrofluid to a Langevin formalism weighted by
the size distribution of the γ-Fe2O3–citr MNPs.
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γ-Fe2O3–citr magnetic nanoparticles.

3.2. Synthesis of 1,4-DHP Derivatives

The synthesis of the selected 1,4-DHP amphiphiles 1–7 varying in substituents at the
1,4-DHP ring was carried out by the previously described methods [23,38]. The studied
1,4-DHP derivatives were divided into four groups to evaluate the influence of the structure
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elements on the physicochemical properties of the compounds and on the properties of
MLs (Figure 2):

• 1,4-DHPs with different alkyl chain lengths at 3,5-ester moieties of 1,4-DHP (C12, C14
and C16) (comps. 1–3);

• variation of the N-substituent at position 1 of 1,4-DHP (N-H or N-CH3) (comps. 1 and 4);
• variation of the substituents at pyridinium moieties as cationic head groups at posi-

tions 2 and 6 of 1,4-DHP (H, 4-CN and 3-Ph) (comps. 1, 5 and 6);
• variation of the substituent at position 4 of 1,4-DHP (Ph and Nh) (comps. 1 and 7).
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1,1′-[(3,5-Bisdodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine-2,6-diyl)dimethylen]
bis(pyridin-1-ium) (or substituted pyridinium) dibromides (1, 5, 6), 1,1′-[(3,5-dialkoxycar-
bonyl-4-phenyl-1,4-dihydropyridine-2,6-diyl)dimethylen]bis(pyridine-1-ium) dibro-
mides (2, 3) and 1,1′-[(3,5-didodecyloxy-carbonyl-4-(2-napthyl)-1,4-dihydropyridine-2,6-
diyl)dimethylen]bis(pyridin-1-ium) dibromide (7) were obtained according to Scheme
S1 (Supplementary data). Briefly, the corresponding parents 3,5-bis(alkoxycarbonyl)-2,6-
dimethyl-4-aryl-1,4-dihydropyridines were obtained by the classical Hantzsch synthesis
from the corresponding acetoacetic ester, the corresponding aldehyde and ammonium
acetate [38].

1,1′-[(3,5-Bis((dodecyloxy)carbonyl)-1-methyl-4-phenyl-1,4-dihydropyridine-2,6-di-
yl)dimethylene]-bis(pyridin-1-ium) dibromide (4) was obtained according to Scheme S2
(see the Supplementary data). Briefly, the parent 3,5-didodecyloxy-carbonyl-4-phenyl-1,2,6-
trimethyl-1,4-dihydropyridine was synthesized from dodecyl acetoacetate, benzaldehyde
and methylamine hydrochloride as a nitrogen source in pyridine by refluxing the reaction
mixture for 6 h.

Bromination of 2,6-methyl groups of parent 1,4-DHP was performed by N-
bromosuccinimide in methanol giving 2,6-di(bromomethyl)-3,5-bis(alkoxy-carbonyl)-4-
aryl-1,4-dihydropyridine, which without purification was treated by the corresponding
pyridine derivative resulting in formation of the target 1,4-DHP amphiphiles 1–7.

1H-NMR spectra data and other physicochemical parameters of compounds 1–6
were in agreement with those reported in the literature [23,38,46]. Characterization of
the original compounds—1,4-dihydropyridine (1,4-DHP) amphiphiles 1–3, 5–7—is given
in the Supplementary data. Measured by LC–MS mass-to-charge (m/z) values of the
re-synthesized compounds were in good agreement with the calculated values and also
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with the previously reported ones. In addition, the characteristic signals of 2,6-methylene
group protons in 1H-NMR spectra were observed as an AB-system, which confirmed the
diastereotopic properties of CH2X protons in the molecules of 1,4-DHP amphiphiles and
confirmed their structures [38]. The purities of the studied compounds were at least 98%
according to high-performance liquid chromatography data.

It is known from the literature that some 1,4-DHP molecules exhibit a significant
sensitivity to light, leading to the complete loss of pharmacological activity [47,48]. It
is necessary to emphasize that the tested cationic moieties containing 1,4-DHP are more
stable than the corresponding parent compounds without cationic moieties. Our previous
studies of electrochemical oxidation of 1,4-DHP derivatives containing cationic pyridinium
methylene groups in position 2 and 6, by cyclic voltammetry on a stationary glassy carbon
electrode in dry acetonitrile, demonstrated that they had electrooxidation potentials of
1.57–1.58 V [49]. These data were also in agreement with our previous results, where the
electrochemical oxidation potential of a similar cationic 1,4-DHP was determined as 1.7 V,
and the electrochemical oxidation of this compound was characterized as a two-electron
process [50], whereas the parent compounds—1,4-DHP derivatives without cationic moi-
eties demonstrated lower electrooxidation potentials. Thus, 4-phenyl substituted Hantzsch
1,4-dihydropyridine had a potential of 1.08 V [51], and other different 4-aryl substituted
1,4-DHPs had potentials around 1.1 V [52], but 4-monoalkyl substituted 1,4-DHPs had
oxidation potentials of 1.01–1.03 V, respectively [53].

Additionally, it was demonstrated that pyridinium moieties containing 3,5-
didodecyloxycarbonyl-4-phenyl-1,4-dihydropyridine derivatives showed 25–60% radical
scavenging activity, which was comparable with the antiradical activity (ARA) of Diludin
(40%)—a widely known antioxidant. Other 1,4-DHP amphiphiles containing saturated
heterocyclic moieties—N-methylmorpholinium or N-methylpyrrolidinium derivatives—
demonstrated more pronounced ARA, namely 95% and 54%, respectively [38]. The
choice of cationic moiety containing 1,4-DHP amphiphiles 1–7 for the evaluation of their
physicochemical properties in order to determine stable and safe lipids for formation of
magnetoliposomes is based on the above mentioned data.

3.3. Thermal Analysis of 1,4-DHP Amphiphiles

It is known that the temperature of phase transition depends on the structure of the
hydrocarbon chains in lipid molecules and also on the nature of their polar heads. 1,4-DHP
amphiphiles 1–7 were tested using the TGA/DTA technique to determine the thermal
stability and phase transitions of the compounds. Along with the TGA/DTA technique,
the compounds also were tested by DSC to clarify in detail phase transitions that occur
before the decomposition of the substance starts. Thermal studies were carried out in order
to assess how the structures of the amphiphiles influence their thermal stability and phase
transition. The values obtained by analyzing the TGA/DTA curves are presented in Table
S1 (Supplementary data).

As shown in Figures 3A,C,E, 4 and 5A,C,E, the last transitions of all compounds
correspond to the compounds’ decomposition. Analysis of the TGA curves of the samples
and comparison with the DTA curves show that when approaching the temperatures of
the last transition, the sample noticeably started losing weight, which means the beginning
of the compound decomposition process. The decomposition process is accompanied by
significant heat absorption. Figure 3A,C,E shows the dynamics of comps. 1–3 curves as
a function of the heating temperature obtained by the TGA/DTA technique. The curve
of comp. 1 exhibited one weak and two distinct endothermic peaks (Figure 3A). The
first transition temperature peak for comp. 1 (Figure 3A) was at 56 ◦C, but it had low
intensity. TGA data for comp. 1 were in a good agreement with our previously published
results [54]. With an increase in the length of the lipophilic chains, “broadening” of the
peaks was observed (Figure 3C,E, comps. 2 and 3 and Table S1). It should be admitted that
N-CH3-substituted 1,4-DHP showed a similar trajectory of the DTA curves (Figure 4 and
Table S1) as unsubstituted 1,4-DHP. Both compounds had a distinct first order endothermic
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transition, but the transition of comp. 4 had a wider temperature range, the so-called
“broadening” transition.
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In Figure 3B,D,F, united curves of comps. 1–3 after triple heating obtained by the
DSC technique are shown. The samples of the 1,4-DHP amphiphiles to be analyzed by
DSC technique were heated up to temperatures below the compound decomposition
temperatures, which were determined by TGA for each substance minus 10–20 ◦C. This
process was repeated three times to examine also the thermal stability of the compounds
and the repeatability trajectory of the curves. The DSC curves for comps. 1–3 demonstrated
common features: the curves at the first heating showed several transitions, but the curves
at the second and third heating displayed only one transition. The results of the heating
and cooling curves analysis are listed in Table 1. In addition, Table 1 lists the results of
sample cooling (exothermic processes), which correspond to those of the endothermic
process when the compound was heated.

Table 1. Values obtained from DSC curves. “↓“ denotes endothermic and “↑“ denotes exothermic
transition. Compounds 5 and 7 did not show any transitions before the decomposition temperature.
Cooling curves are presented in the Supplementary data (Figure S2).

Comp.
Transitions Temperatures Range, ◦C

Transition 1st Heating
(Process)

2nd Heating
(Process)

3rd Heating
(Process)

All Coolings
(Process)

1
1st
2nd
3rd

65.22–70.05 ↓
70.05–78.08 ↓
78.10–82.70 ↓

77.21–82.96 ↓ 77.00–82.70 ↓ 65.00–60.00
(weak signal)

2 1st
2nd

55.20–60.15 ↓
69.90–76.42 ↓ 71.97–76.83 ↓ 70.00–78.00 ↓ 75.27–72.02 ↑

3 1st
2nd

37.31–57.42 ↓
70.86–81.57 ↓ 57.42–66.44 ↓ 56.82–66.71 ↓ 63.53–55.89

(weak signal)
6 1st 64.20–76.32 ↓ 59.14–74.98 ↓ 59.58–74.54 ↓ 56.53–44.63 ↑
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The curves of compounds 1–3 and 6 demonstrated exothermic peaks after triple
heating and cooling. For comps. 1 and 2, the exothermic process showed weak signals (see
the cooling curves in Figure S1 in the Supplementary data).

TGA/DTA analysis showed that comp. 5 (4-CN substituent in the pyridinium
at cationic head groups) has no endothermic transition (Figure 5A) at a temperature
lower than the compound decomposition temperature. This fact was confirmed by DSC
(Figure 5B). Comp. 6 (3-Ph substituent at cationic head groups) had a pronounced en-
dothermic peak, which was observed in the same temperature range in the DSC curves
(Figure 5C for DTA and Figure 5D for DSC curves). A comparison of comp. 5 and comp.
6 makes it possible to observe the effect of the substituent on the thermal behavior and
thermal stability of these compounds. Variation of the substituent at position 4 of 1,4-
DHP, namely phenyl for comp. 1 and napthyl for comp. 7, also confirmed this influence
(Figures 3A and 5E). The curve of comp. 7 showed a rather narrow first order endothermic
transition temperature range when tested by TGA/DTA; this first transition had a rather
small absorbed heat value of 57.75 J/g. However, this transition was not confirmed by DSC
for comp. 7 (Figure 4F).

It is underlined in the literature that the properties of the liposomes are mainly
dependent on the physicochemical characteristics of lipids. It is known that the length and
the degree of saturation of the lipid chain influence the phase transition temperature, such
as gel to liquid crystalline state. The phase transition temperature depends on the length
of the fatty acid chains, their degree of saturation, charge and head group types [55,56].
Usually a longer alkyl chain has a higher transition temperature, and introduction of double
bonds decreases the transition temperature [56–58]. All studied 1,4-DHP amphiphiles have
saturated lipophilic chains. For comps. 1–3 with increasing length of alkyl chains for two
CH2 groups, the values of the first transition temperature according to TGA data were in
the same range of 56 ◦C, 44 ◦C and 54 ◦C (Table S1), respectively. This could be explained
by the influence of pyridinium as cationic head group or 1,4-DHP core as an active linker.
Our previous data regarding thermogravimetric analysis of structurally related pyridine
amphiphiles with various heterocycles as cationic head groups demonstrated a wider
transition phase range for the first transition state [54]. In agreement with DSC data,
these temperatures for comps. 1–3 were 80 ◦C, 75 ◦C and 62 ◦C, respectively. Similar
phenomena were observed for liposomal compositions of DPPC with monocationic 1,4-
DHP amphiphiles—4-(N-alkylpyridinium-1,4-DHP)—as additives where with the increase
of alkyl chain length, the phase transition temperature of compositions was decreased [59].

3.4. Surface Pressure–Area Isotherms, Mechanical Properties of Monolayers

Surface pressure (π) is defined as the decrease in surface tension of the aqueous
medium when surfactant is added, π = γ0 − γ, where γ0 is the surface tension of water
and γ is the surface tension of water with the surfactant monolayer. As seen from the
π−A isotherms, all studied compounds were able to form stable monolayers in an aqueous
medium. Graphs of the surface pressure for monolayers composed of 1,4-DHP amphiphiles
1–7 were plotted. The critical surface pressure is defined as the surface pressure at which
the monolayer collapses.

As is shown in Figure S2 (Supplementary data), all compounds had a similar collapsing
surface pressure around 45 mN/m (Table 2) except for comp. 5 (4-CN), which had a critical
pressure of 53 mN/m. All of the studied compounds had a similar π−A isotherm pattern
without an apparent liquid expanded (LE) to liquid condensed (LC) phase transition.

Table 2. Mechanical properties of monolayers composed of 1,4-DHP amphiphiles 1–7. P (mN/m) is the critical pressure of
the monolayers; C−1

s mN/m) is the compressibility modulus.

Comps. 1 2 3 4 5 6 7

P ± SD, mN/m 46.62 ± 0.02 46.53 ± 0.75 46.33 ± 0.58 48.53 ± 0.68 53.06 ± 0.68 44.81 ± 0.44 47.13 ± 0.74

C−1
s ± SD, mN/m 156.65 ± 1.24 170.46 ± 2.37 160.18 ± 1.58 170.44 ± 3.95 209.98 ± 1.69 120.71 ± 3.11 189.12 ± 2.92
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Compressibility moduli C−1
s , mN/m (Figure S3, Supplementary data) were calculated

for comps. 1–7 (Table 2) from the π−A data obtained from the monolayer compressions
using the following Equation (1) [60]:

C−1
s = −A (δπ/δA) (1)

where δπ/δA is the slope of the monolayer, and the area, A, corresponds to the mean
molecular area (MMA) at the indicated surface pressure, π. According to the literature [60],
the values of the compressibility modulus ranging from 0 to 12.5 mN/m refer to the gas
phase of the films, from 12.5 to 50 mN/m for the liquid-expanded (LE) films, from 100 to
250 mN/m for the liquid-condensed (LC) films, and above 250 mN/m for the solid films
(S) [60,61].

According to the values of C−1
s , the monolayers collapse in the LC phase, and none of

the compounds reach the solid phase. A pronounced decrease in C−1
s occurs at a surface

pressure about 5–8 mN/m below the critical pressure acquired from the π–A isotherms,
which means that the collapse of the monolayer does not spontaneously happen at the
critical pressure point, but starts earlier, which is in accordance with a different behavior of
the surfactant monolayers [38].

The MMA of the compound of interest can be extracted from the π−A isotherms in
the liquid condensed phase, and the obtained values for comps. 1–7 are listed in Table 3. It
is a matter of long debate whether the hydrophobic tail has an influence on the surfactant
area per molecule or not. Obtained results demonstrate that the alkyl chain length in the
ester moieties varying from C12 to C16 (comps. 1, 2 and 3) did not significantly influence
the mean molecular area. On the other hand, the methylation of the dihydropyridine
nitrogen atom at position 1 enlarged the area of the molecule almost by 15%. As could be
expected, the introduction of a large hydrophobic phenyl group to pyridinium moieties
in the positions 2 and 6 of the 1,4-DHP cycle enlarged the MMA, but a relatively small
cyano group did not. In contrast, the introduction of a bulky naphthyl moiety in position
4 of the 1,4-DHP core slightly decreased the MMA. This means that the tail length and
moieties in the position 4 of 1,4-DHP are not important in terms of the MMA, in contrast to
the 1,4-DHP N-substituents and hydrophobic substituents at the pyridinium moiety as the
cationic part of the amphiphile.

Table 3. Mean molecular areas (MMA, Å2) of the 1,4-DHP amphiphiles 1–7, and calculated values of the packing parameter
(p) of these compounds.

Comps. 1 2 3 4 5 6 7

MMA
± SD, Å2 82.77 ± 0.60 82.48 ± 1.19 86.91 ± 1.50 95.01 ± 0.94 82.91 ± 0.61 96.64 ± 1.08 76.65 ± 1.59

p * 0.51 0.51 0.48 0.44 0.51 0.43 0.55

* For all compounds SD < 0.02.

The packing parameter of compounds 1–7 was calculated using the obtained molecular
areas (see Table 3) from the following Equation (2) [62,63]:

p = v0/al0, (2)

where v0 and l0 are the volume and the length of the surfactant tail [62], and a is the
equilibrium area per molecule. The packing parameter values determine the shape of the
micelle formed in the aqueous medium (p = 0 ≤ 1/3 for the sphere, 1/3 ≤ 1/2 for the
cylinder, and 1/2 ≤ 1 for the flexible bilayer) vesicles [62,63]. Every studied compound
had p values near 1/2 or higher (see Table 3), which led to an assumption that comps. 1–7
form bilayer structures in the aqueous medium. According to the elaborated theoretical
considerations, the formation of vesicles occurs in the systems with the packing parameters
between 1/2 and 1 [63].
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3.5. Magnetoliposome Preparation, Evaluation and Characterization

Cationic moiety containing 1,4-DHP amphiphiles 1–7 were chosen as lipid-like com-
pounds for evaluation to produce magnetoliposomes (MLs) and characterization of lipo-
some properties. According to our previous work [38], comp. 1 displays more pronounced
delivery activity. Therefore we used this compound as the standard for characterization
of other amphiphiles. The MLs shown in Figure 6B were obtained by the REV method
from 1,4-DHP amphiphile 1 and FF containing negatively charged MNPs coated by citrate
anions (γ-Fe2O3-citr) with pH~6.4 shown in Figure 6A. Transmission electron microscopy
images (Figure 6) showed MLs with diameters in the range of 50–100 nm, while diameters
of pure MNPs were around 10–15 nm (see MNP size distributions in Figure 1 and the
TEM image in Figure 6A). It was confirmed that 1,4-DHP amphiphile 1 and MNPs coated
with citrate anions formed magnetoliposomes with sizes that are applicable in biomedicine
purposes.
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Figure 6. TEM images of (A) γ-Fe2O3 nanoparticles and (B) magnetoliposomes (MLs) formed by
magnetic nanoparticles (MNPs) coated with citrate ions (γ-Fe2O3–citr 55 mg/mL) and 1,4-DHP
1; nDHP/nγ-Fe2O3 = 0.04. Scale bar is 100 nm. MLs obtained by the reverse-phase evaporation
(REV) method.

For further studies, 1,4-DHP amphiphiles 1–3 and 7 were chosen. Initially “empty”
liposomes of pure 1,4-DHP amphiphiles 1–3 and 7 without FF additive were prepared by
the REV method. DLS data of “empty” liposomal samples are summarized in Table 4 and
Figure S4 in the Supplementary data.

Table 4. DLS data of “empty” liposome dispersions of 1,4-DHP amphiphiles 1–3 and 7 obtained by the REV method without
ferrofluid (FF) additive. PdI is the polydispersity index; Z-ave DH is the diameter that represents the mean hydrodynamic
diameter of all liposomes in the distribution. The mean hydrodynamic diameter, DH, depicts the hydrodynamic size of the
main population of the tested sample.

“Empty”
Liposomes PdI Z-ave DH, nm

Distr. Peaks (max) Mean DH, nm (%)

Peak 1 (%) Peak 2 (%) Peak 3 (%)

Comp. 1 * 0.263 ± 0.050 146.4 ± 1.4 188 (97) 4757 (3) –
Comp. 1 0.263 ± 0.013 150.0 ± 8.1 190 (97) 3246 (3) –
Comp. 2 0.486 ± 0.007 106.9 ± 8.3 216 (79) 34 (18) 4491 (3)
Comp. 3 0.431 ± 0.013 219.2 ± 5.4 347 (95) 46 (5) –
Comp. 7 0.428 ± 0.017 290.6 ± 4.6 557 (93) 34 (2) 2829 (5)

* spontaneous swelling (SpSw).
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The results for comp. 1 confirmed that the sizes of liposomes prepared by SpSw and
REV methods were comparable. The dispersions for comp. 1 prepared by both the REV
and SpSw methods had the lowest PdI value of 0.263, which indicated that the samples
were more homogeneous than those of the other compounds, while the other samples
were identified as moderately homogeneous samples, with PdI values of 0.428–0.486. DLS
data analysis showed that the average diameter of the “empty” liposomes formed by
amphiphiles 1–3 and 7 were in the 107–291 nm range. All the tested amphiphiles formed
mainly one liposome population, namely 93–97% for comps. 1, 3, and 7 and 79% for
comp. 2.

For detailed studies, 1,4-DHP amphiphiles 1–3 and 7 were chosen as membrane-
forming agents to produce magnetoliposomes by the reverse-phase evaporation (REV)
method. After encapsulation, the mixture was purified by magnetic decantation to re-
move all non-encapsulated MNPs. As underlined in the literature for similar liposomal
systems, considering the strong difference in maximum magnetization of magnetic nanopar-
ticles and magnetoliposomes in aqueous media, due to the diamagnetic contribution of
water, the aqueous magnetoliposomes are not attracted to the magnet. Therefore, only
non-encapsulated magnetic nanoparticles are separated in this way, keeping the magnetoli-
posomes in the supernatant phase. The lipid phase remains unchanged upon decantation,
with the initial and final lipid concentrations being the same in the sample [64].

The total iron content encapsulated in MLs was around 20% from the starting con-
centration, which was confirmed by iron detection calorimetric analysis of the magne-
toliposomal samples obtained by REV. The DLS data of magnetoliposomal samples are
summarized in Table 5 and Figure S5 in the Supplementary data.

Table 5. DLS data of liposomes of 1,4-DHP amphiphiles 1–3 and 7 obtained with FF–citr. PdI is the polydispersity index;
Z-ave DH is the diameter that represents the mean hydrodynamic diameter of all liposomes in the distribution. The mean
hydrodynamic diameter, DH, depicts the hydrodynamic size of the main population of the tested sample. Dispersions were
prepared by the REV method.

Liposomes PdI Z-ave DH, nm
Distr. Peaks (max) Mean DH, nm (%)

Peak 1 (%) Peak 2 (%) Peak 3 (%)

Comp. 1 0.291 ± 0.016 299.3 ± 1.8 432 (93) 58 (7) –
Comp. 2 0.246 ± 0.017 149.6 ± 1.0 204 (94) 38 (6) –
Comp. 3 0.286 ± 0.001 137.6 ± 0.1 201 (99) 4896 (1) –
Comp. 7 0.521 ± 0.003 143.8 ± 0.7 316 (70) 54 (25) 4567 (5)
FF–citr 0.181 ± 0.006 38.4. ± 0.4 47 (100) – –

The obtained results demonstrated that main characteristic parameters for liposomal
samples were comparable for “empty” liposomes and MLs. PdI values for MLs samples
of comps. 1–3 were 0.246–0.291, indicating homogeneity of samples, while the PdI value
of the sample of comp. 7 was 0.521. DLS data analysis showed that the average diameter
of the MLs formed by amphiphiles 1–3 and 7 were in the 138–299 nm range. All tested
amphiphiles formed mainly one liposome population, namely 93–99% for comps. 1–3 and
70% for comp. 7.

4. Conclusions

Targeted modification of the 1,4-DHP core with different substituents both in the polar
and in the non-polar parts of the molecule was performed, resulting in four groups of am-
phiphiles for the evaluation of the influence of structural elements on the physicochemical
properties of compounds and on the properties of magnetoliposomes.

The obtained results by TGA/DTA demonstrate that with increasing length of the
ester chains for 1,4-DHP amphiphiles 1–3, the transition temperatures were shifted to lower
temperatures. By TGA/DTA, transition temperatures are first transition, 56 ◦C; and second
transition, 79 ◦C for comp.1; first transition, 44 ◦C; and second transition, 60 ◦C for comp.
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2; and first transition, 54 ◦C; and second transition, 64 ◦C for comp. 3. By DSC, these
temperatures were 80 ◦C (comp. 1), 75 ◦C (comp. 2) and 62 ◦C (comp. 3). Due to the
relatively higher phase transition temperature, these amphiphiles may be potentially used
as additives in composition with other synthetic lipids for the development of nanovectors.

It was shown that the variation of the alkyl chain length or the change of substituents
at position 4 of 1,4-DHP did not show a significant influence on the mean molecular
areas of the tested compound monolayers. In contrast, the introduction of the N-methyl
substituent at position 1 of the 1,4-DHP molecule enlarges the mean molecular area almost
by 15%, and also an addition of hydrophobic sterically hindered phenyl substituents at
pyridinium moieties at positions 2 and 6 of the 1,4-DHP molecule slightly decreases the
mean molecular area of the compound. The transition to the LC phase of comps. 1–7 is not
clearly distinguished and occurred at 20–25 mN/m. Additionally, it was suggested that the
tested 1,4-DHP amphiphiles 1–7 form bilayer structures in the aqueous medium because
the calculated packing parameter values range from 0.43 to 0.55, which is in agreement
with the theoretical considerations that the formation of vesicles occurs in the systems with
the packing parameters between 1/2 and 1 [62].

It was demonstrated that the variation of the alkyl chain length or the change of
substituents at position 4 of 1,4-DHP did not show a significant influence on the properties
of liposomes.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/3/593/s1. Scheme S1. Synthesis of 1,4-dihydropyridine (1,4-DHP) amphiphiles 1–3, 5–7;
Scheme S2. Synthesis of 1,4-dihydropyridine (1,4-DHP) amphiphile 4; Table S1. Temperatures
characteristics of tested compounds 1–7, obtained by analysing TGA and DTA curves. Figure S1.
Cooling curves obtained by DSC after heating process for tested compounds 1–3, 5–7; Figure S2.
1,4-DHP amphiphiles 1–7 surface pressure—mean molecular area isotherms at 23 ± 1 ◦C; Figure S3.
Compressibility modulus-surface pressure dependences obtained for the 1,4-DHP amphiphiles 1–7
monolayers; Figure S4. Hydrodynamic size distribution of the ‘empty’ liposomes formed by 1,4-DHP
amphiphiles 1–3 and 7. Liposomes obtained by REV; Figure S5. Hydrodynamic size distribution of
the magnetoliposomes formed by 1,4-DHP amphiphiles 1–3 and 7.
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Abstract: Foodborne pathogens are frequently associated with risks and outbreaks of many diseases;
therefore, food safety and processing remain a priority to control and minimize these risks. In this
work, nisin-loaded magnetic nanoparticles were used and activated by alternating 10 and 125 mT
(peak to peak) magnetic fields (AMFs) for biocontrol of bacteria Listeria innocua, a suitable model to
study the inactivation of common foodborne pathogen L. monocytogenes. It was shown that L. innocua
features high resistance to nisin-based bioactive nanoparticles, however, application of AMFs (15 and
30 min exposure) significantly potentiates the treatment resulting in considerable log reduction of
viable cells. The morphological changes and the resulting cellular damage, which was induced by
the synergistic treatment, was confirmed using scanning electron microscopy. The thermal effects
were also estimated in the study. The results are useful for the development of new methods for
treatment of the drug-resistant foodborne pathogens to minimize the risks of invasive infections.
The proposed methodology is a contactless alternative to the currently established pulsed-electric
field-based treatment in food processing.

Keywords: electromagnetic fields; food processing; sterilization; nisin; L. innocua

1. Introduction

Foodborne diseases associated with bacteria represent a serious health problem, which
may be fatal in some cases [1,2]. As a result, significant efforts are made to ensure food safety
and adequate management of the bacterial contaminants. Thus, processing may involve
thermal sterilization [3,4], pulsed electric field treatment [5], cold-plasma treatment [6],
natural bacteriocins [7,8] or nanotechnological methods [9,10]. The synergistic approaches
when several different methodologies are combined frequently deliver promising results
in food control [11–13].

Many of the methodologies rely on the chemical interactions between the bacteria and
the target molecule, which sooner or later may result in occurrence of the treatment-resistant
microorganisms [14–16]. It is especially true in the context of antibiotics and bacteriocins,
when bacteria through modifications of their cell envelope (i.e., charge and thickness) can
develop resistance to the chemical treatment [17,18]. The pharmaceutical industry and
health care systems have been combating antibiotic-resistant strains of bacteria for more
than 60 years [19], and nisin is currently the most popular bacteriocin used in the food
sector [20]. It is efficient against many Gram-positive bacteria, while still being unstable
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in alkaline environment or during exposure to special protease [21,22]. Therefore, nisin
nanoencapsulation is one of the best validated methods in order to prolong its bactericidal
time, improve storage performance or obtain a sustained release [22–24]. Nevertheless,
nanoencapsulation does not solve all the problems, and nisin still remains ineffective
against Gram-negative bacteria or bacteria with thick cytoplasmic membrane and cell
wall [25–27]. As a result, other food processing methods such as hydrostatic pressure
techniques [28], cold plasma [29], ultraviolet light [30], ultrasound [31] or pulsed electric
fields [32] have been extensively focused on for their use in the improvement of food safety.
Nevertheless, the best effects are expected when a synergism between various methods is
acquired [33]. Therefore, in order to improve the efficacy of nisin and induce a synergistic
response, methods affecting the cell wall and plasma membrane are required.

One of the solutions is to use physical methods for cell permeabilization and thus allow
nisin to incorporate itself in the bacterial cell membrane by binding to essential precursors
for cell wall biosynthesis, which ultimately leads to formation of pores, loss of solutes in
bacteria and subsequent cell death [34]. In our previous works we have successfully shown
that the efficacy of nisin nanoparticles can be effectively improved by electroporation [35,36].
Combination with mild thermal treatment further improves the efficacy even against
Gram-negative bacteria in stationary growth phase [37]. However, application of pulsed
electric fields (PEFs) involves metal electrodes being in direct contact with the treated
sample, which results in ion release, electrode degradation due to electrolysis, various
electrochemical reactions, pH gradients or voltage breakdowns [38–42]. All these factors
to a certain extent can affect the quality of food and are considered as a limitation of
PEF-based techniques.

One of the solutions to overcome mentioned above limitations could be the application
of magnetic fields, which do not require a direct contact with the sample. The phenomenon
of contactless electroporation using pulsed magnetic fields and conductive nanoparticles
has been confirmed recently [43]. However, in such a case, high power setups are required,
and the methodology is still far from the capability to scale it industrially. Therefore,
application of magnetic nanomaterial can be introduced to achieve a profound inactivation
effect in low amplitude, but high frequency magnetic fields [44] enabling a multi-factorial
treatment including magnetic hyperthermia. The parametrical flexibility and efficient
removability of the nanoparticles from food can be highlighted as the main advantages of
such methodology [45]. In order to further improve the efficacy, the magnetic nanoparticles
can be functionalized and serve as drug carriers for targeted treatment [46]. Previously
we tried to develop nisin-functionalized magnetic nanoparticles [47] for controlled release
using high frequency alternating magnetic fields (AMFs) [48], but it was shown that the
10 mT, 100 kHz magnetic field is ineffective for potentiation of nisin-based treatment when
short exposure times are used (2 min). Therefore, in this work, we employed a more
powerful 125 mT, 200 kHz magnetic setup and increased the exposure times. The 10 mT,
100 kHz setup was used as a reference, and equivalent parametric protocols (exposure
time-wise) were derived.

The results are useful for the development of new methods for treatment of the drug-
resistant foodborne pathogens to minimize the risks of invasive infections. We show that it
is not solely the thermal stress influencing bioactivity of nisin nanoparticles, but also the
alternating magnetic fields significantly improve the efficacy. The actuality of the proposed
methodology lies in the contactless nature of the treatment, which is advantageous in
terms of contamination and/or electrochemical reactions, which are typical for widely-
implemented PEF-based treatment chambers.

2. Materials and Methods
2.1. Alternating Magnetic Fields

The experimental setup consisted of two generators: (1) a low magnetic field (LMF)
10 mT, 100 kHz generator and (2) a high magnetic field (HMF) 125 mT, 200 kHz generator.
The coil of the LMF generator was made from hollow (5 mm diameter) copper wire
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resulting in a 1 layer 8 winding solenoid structure (inner effective diameter of 23 mm). The
coil of the HMF generator was made from hollow (8 mm diameter) copper wire resulting in
a 1 layer 3 winding solenoid structure (inner effective diameter of 10 mm). Liquid cooling
was used to prevent heating of the coils. Both generators were compatible with 0.2 mL
polymerase chain reaction (PCR) sterile tubes (Quali Electronics Inc., Columbia, SC, USA).

The measured waveforms of both AMF generators are presented in Figure 1. The
waveforms were acquired using a calibrated loop sensor (VGTU, Vilnius, Lithuania) and
post-processed in OriginPro 8.5 Software (OriginLab, Northampton, MA, USA).

Figure 1. Measured alternating magnetic field waveforms. (A) 100 kHz low magnetic field generator
and (B) 200 kHz high magnetic field generator.

The exposure time was controlled to establish a dose-dependent cellular response.
For the LMF generator the 5, 30 and 60 min protocols were employed, while for the HMF
the 5, 15 and 30 min protocols were used.

2.2. Thermal Influence

The thermal influence was estimated using a compact Pt1000 sensor (Innovative
Sensor Technology, Wattwil, Switzerland). Temperature was measured with a varied time
step (5–30 min) to grasp the moment of temperature saturation. In order to prevent the
influence of eddy currents on the sensor response during AMF pulses, the pulse sequences
were stopped for several seconds to acquire the measurement. After that, the pulsing was
resumed for a further time step. For the LMF protocols the temperature did not exceed
37 ◦C, while for HMF it was below 45 ◦C. In order to estimate the influence of thermal
stress and to allow adequate evaluation of the magnetic field-mediated methodology, a
separate experiment where the bacterial cells were incubated in 37 and 45 ◦C for 5, 15,
30 and 60 min was performed. The experimental scheme included cells separately and
with nisin, nisin nanoparticles (CaN) and nisin-free nanoparticles (CaO) to mirror the
experiment with magnetic fields.

2.3. Nisin-Loaded Magnetic Nanoparticles

Nisin-loaded iron oxide magnetic nanoparticles (NPs) were prepared as previously de-
scribed [47]. Briefly, under vigorous stirring, 0.587 g FeCl3·6H2O and 0.278 g FeSO4·7H2O
were mixed in 10 mL of water and heated to 80 ◦C under nitrogen in a three-necked flask.
Then, 3.5 mL of NH4OH (10%) was dropped into the solution. After reaction for 30 min
at 80 ◦C, 0.3 g of calcium citrate in 0.6 mL water was added directly into the reaction
solution. The temperature was increased to 95 ◦C, and stirring continued for an additional
90 min. Then, the solution was cooled down to room temperature naturally. The iron oxide
particles were separated by a magnet from reaction mixture, washed with deionized water
several times and dried at 45 ◦C for 12 h. The prepared dried powder was stored in the
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refrigerator. Before use, the required amount of iron oxide was re-dissolved in water using
an ultrasonic water bath for 3 h and centrifuged at 6400× g for 2 h. The final iron oxide
nanoparticle solution was used for the following nisin loading. Synthesized iron oxide
nanoparticles capped with citric acid corresponded to Fe2O3 phase (Maghemite-C, ICDD
Card No. 00-039-1346) with a possible small quantity of magnetite as judged with the X-ray
diffraction method.

A vibrating sample magnetometer was used for the magnetization measurement of the
sample. The lock-in amplifier SR510 (Stanford Research Systems, Sunnyvale, CA, USA) was
applied for the detection of the signal from the sense coils generated by vibrating sample.
A Gauss/Teslameter FH-54 (Magnet Physics Dr. Steingroever GmbH, Cologne, Germany)
was used to measure the magnetic field strength between the poles of the laboratory magnet,
which was supplied by the power source SM 330-AR-22 (Delta Elektronika, ND Zierikzee,
Netherlands). The Mössbauer spectrum was measured using the 57Co (Rh) source in
the transmission geometry with a Mössbauer spectrometer (Wissenschaftliche Elektronik
GmbH, Starnberg, Germany). The Mössbauer spectrum was fitted to hyperfine field
distributions applying WinNormos software (version 3.0 by R.A.Brand, Wissenschaftliche
Elektronik GmbH, Starnberg, Germany).

For the preparation of nisin-loaded particles, a nisin solution in water at the concentra-
tion of 10 µg/mL was added dropwise to the iron oxide nanoparticle solution (0.05 mg/mL)
at the ratio 1/4 (v/v) under constant stirring at room temperature. The final concentration of
nisin in the product was 2 µg/mL, and that of iron oxide nanoparticles in the solution was
0.04 mg/mL. For the preparation of control, instead of nisin solution, water was used. The
solution of prepared nisin-loaded NPs was stored at +4 ◦C. Nisin loading on the particles
was confirmed by Fourier transform infrared spectroscopy and thermogravimetric analysis.
The diameter of nisin-loaded particles determined by atomic force microscopy and the
hydrodynamic diameter determined by dynamic light scattering method was 11.3 ± 1.4
and 26.4 ± 2.0 nm, respectively [44]. The size distribution (hydrodynamic radius) of
nisin-loaded particles is presented in Figure 2.

Figure 2. Size distribution of nisin-loaded iron oxide magnetic nanoparticles.

2.4. Bacterial Cells

The bacteria Listeria innocua CECT 910T (kindly provided by Maria Joao Fraqueza,
University of Lisbon, Lisbon, Portugal) was cultivated in brain heart infusion (BHI) medium
(1.25% brain extract, 0.5% heart extract, 1% peptone, 0.2% dextrose, 0.5% NaCl, 0.25%
Na2HPO4) for 16–18 h with continuous shaking at 37 ◦C. Overnight grown cells were
collected by centrifugation at 6000× g for 5 min, washed 3 times with 1 mol/L sorbitol,
re-suspended in 1 mol/L sorbitol at a final concentration of about 1 × 109 cells/mL and
used in AMF treatment experiments.

For the analysis of bacteria viability, the cells of L. innocua in 1 mol/L sorbitol (50 µL)
were mixed with equal volume of nisin-unloaded/loaded magnetic nanoparticle solution
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(v/v 1:1) and treated with AMFs. The final concentration of the nisin in the mixture was
1 µg/mL, and the concentration of iron oxide nanoparticles was −0.02 mg/mL. After the
treatment (5–60 min), the samples were incubated at room temperature (20 ◦C) for total
time of (treatment time + incubation = 1 h, e.g., 5 min AMF treatment + 55 min incubation)
without agitation, serial dilutions were performed in sterile 0.9% NaCl and 50 µL of
each solution was spread onto BHI-agar plates with incubation following overnight at
37 ◦C. After the incubation, colonies were counted as colony forming units (CFU), and
the mean value of CFU/mL was calculated. In subsequent bacteria viability experiments,
the volume of nisin-unloaded/loaded magnetic nanoparticles was doubled (v/v 2:1) and
tripled (v/v 3:1). As a reference, nisin-only solution was also implemented in the study.

2.5. Scanning Electron Microscopy

For the preparation of scanning electron microscopy (SEM), L. innocua cells
(1 × 109 CFU/mL) were incubated with nanoparticles and/or treated by AMFs and fol-
lowed serial dilutions in sterile water. Then, 5 µL measurements of solutions were dropped
onto the specimen stubs covered with copper foil tape and gently dried at room tempera-
ture. For the microscopy preparation, samples were sputter coated with a 25 nm gold layer
using a Q150T ES sputter coater (Quorum Technologies, Laughton, UK). Twenty or more
images per cell treatment were obtained using an Apollo 300 (CamScan, Cambridge, UK)
scanning electron microscope operating at 15 kV.

2.6. Statistical Analysis

One-way analysis of variance (ANOVA; p < 0.05) was used to compare results.
If ANOVA indicated a statistically significant result (p < 0.05), Tukey’s honest signifi-
cance difference (HSD) multiple comparison test for evaluation of the difference was used.
The data were post-processed in OriginPro software (OriginLab, Northhampton, MA,
USA). All experiments were performed with at least three repetitions, and the treatment
efficiency is expressed as mean ± standard deviation.

3. Results

Before the experiments with cells, Mössbauer spectroscopy and magnetization mea-
surements of iron oxide magnetic nanoparticles were performed. As shown in Figure 3,
the magnetization dependence has no hysteresis or remnant magnetization and thus
is characteristic of superparamagnetic nanoparticles. The saturation magnetization of
maghemite/magnetite nanoparticles of ≈48 emu/g is lower in comparison with 92 emu/g
of bulk magnetite. For nanosized materials, saturation magnetization decreases because
of the magnetically dead layer, magnetic disorder of the surface layer and the presence of
nonmagnetic adsorption on surface materials.

The broadening of spectral lines of the Mössbauer spectrum (Figure 4) showed super-
paramagnetism of nanoparticles. Two hyperfine field distributions were used to fit to the
spectrum (Table 1). The two hyperfine field distributions P(B), which differ by isomer shift,
give better quality of fitting than only one distribution as shown by the dashed line. The
hyperfine field distribution with fixed smaller isomer shift δ = 0.28 mm/s was attributed
to the contribution of magnetite tetrahedral sublattice A or to maghemite [49]. Another
hyperfine distribution had larger fixed isomer shift of δ = 0.66 mm/s. The isomer shift
of the contribution of magnetite octahedral B sublattice is larger because of the presence
of both Fe2+ and Fe3+. It is noteworthy that using the fixed isomer shift of hyperfine
field distribution, the contribution of B sublattice can be separated for magnetite but not
for maghemite γ-Fe2O3 without Fe2+. For bulk magnetite, hyperfine field B0 = 49 T for
A and ≈ 46 T for B sublattice [49]. Average hyperfine fields <B> of both distributions
were 26% lower than those of bulk magnetite, indicating superparamagnetic relaxation
of nanoparticles (Table 1). The characteristic size of maghemite/magnetite nanoparticles
≈11.6 nm was obtained applying hyperfine field dependence on the size of nanoparticles
B = B0 (1 − kT/2 KV), where k is the Boltzmann constant, T is temperature, K ≈ 104 J/m3 is
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magnetic anisotropy of magnetite and V is average volume of nanoparticles [50]. According
to the sub-spectra ratio, there was about 14% Fe2+ of all iron.

Figure 3. Magnetization dependence of maghemite/magnetite nanoparticles on the applied mag-
netic field.

Figure 4. Mössbauer spectrum (A) of maghemite/magnetite nanoparticles at 21 ◦C temperature
and two hyperfine field distributions P(B) (B) applied for fitting. Dashed gray line (A) given for
comparison indicates fitting using one hyperfine field distribution.

Table 1. Parameters of fitting to Mössbauer spectrum: isomer shift δ, quadrupole shift 2ε, average
hyperfine field <B> of distribution and relative area A attributed to magnetite §.

Sub-spectrum δ, mm/s 2ε, mm/s <B>, T A, %

Magnetite A (Fe3+) or maghemite 0.28 * 0.02 ± 0.01 36.2 69
Magnetite B (Fe2+ + Fe3+) 0.66 * −0.23 ± 0.03 33.2 27
Superparamagnetic singlet 0.43 ± 0.04 - - 4

§ Isomer shift is given with respect to α-Fe. * fixed.

Considering that the developed NPs have both the biological activity and a thermal
physical stressor due to superparamagnetic relaxation, the increase of temperature and
the resulting hyperthermia was evaluated for each concentration of NPs. The results are
summarized in Figure 5.
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Figure 5. Measured dependence of sample temperature on concentration of nanoparticles and treat-
ment time. (A) 100 kHz low magnetic field generator and (B) 200 kHz high magnetic field generator.

As it can be seen in Figure 5A, the low AMFs resulted in a saturated temperature
after 60 min, while the dependence on the NP concentration was weak and not statistically
significant. The highest temperature of 37 ◦C was reached. In the case of high AMFs
(Figure 5B), the differences were more profound. The temperature reached saturation after
30 min and was almost 45 ◦C.

Further, experiments with cells incubated with or without nanoparticles for up to
1 h at different equivalent temperatures were performed. The results are summarized
in Figure 6.

Figure 6. The viability response of L. innocua to thermal stress and nisin-loaded (CaN), nisin-free (CaO) magnetic nanoparti-
cles or nisin-only solution (Nis). (A) 37 ◦C experiments; (B) 45 ◦C experiments. In all cases the treatment data (CFUT) are
normalized to untreated control samples (CFUC).

As expected, the efficacy of nisin or CaO and CaN nanoparticles depends on concen-
tration and temperature. Nevertheless, cell exposure to 1 h 37 ◦C thermal stress with CaN
NPs potentiates the efficacy of the treatment to reach 1 log inactivation only (Figure 6A).
Similar efficacies are more rapidly reached (15–30 min) when 45 ◦C thermal stress is applied
(Figure 6B); however, in all cases the efficacies are below 1.25 log reduction. It should be
also noted that in the case of AMF treatments, the NPs heat the samples gradually (refer to
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Figure 5). However, the data presented in Figure 6 are for stable temperature incubation;
thus, more thermal stress is experienced by the cells compared to AMF treatment. Con-
sidering the acquired data and weak effects of temperature, further experiments targeting
cells in AMFs were performed.

In order to preserve a predominantly non-thermal treatment the exposure time was
limited to 60 min for the low AMF generator and 30 min for the high AMF generator. The
results after low AMF treatment are summarized in Figure 7.

Figure 7. The viability response of L. innocua to low alternating magnetic field (10 mT, 100 kHz) and activated nisin-loaded
(CaN), nisin-free (CaO) magnetic nanoparticles or nisin-only solution (Nisin). (A) After 5 min exposure; (B) 30 min exposure
and (C) 60 min exposure. In all cases the treatment (CFUT) is normalized to untreated control samples (CFUC). Asterisk (*)
corresponds to statistically significant difference (p < 0.05) versus NP-only or nisin-only treatment.

It can be seen that the exposure time for the MF-only treatment has a weak influence on
the cell viability. In the case of 5 and 30 min treatments, the differences are not statistically
significant, while for the 60 min protocol (Figure 7C) a minor <0.25 log viability reduction
was detected. Exposure of the cells to magnetic nanoparticles only (CaO without heating)
did not result in any effect, or it fell within the standard deviation of data independent of the
applied concentration of NPs. However, in the case of nisin-loaded magnetic nanoparticles
(CaN without heating), a detectable drop in cell viability was observed. On average, the
CaN treatment resulted in a better treatment efficacy compared to nisin-only treatment—the
highest difference was close to 1 log reduction of cell viability.

Finally, the combination of the treatments with low alternating magnetic fields po-
tentiated the inactivation efficacy during the 30 and 60 min protocols, while for the 5 min
procedure the effect was non-detectable. Similarly to MF-free treatment, the dependence
on the NP concentration was not profound in most of cases, indicating a saturated treat-
ment efficacy. It was concluded that application of low AMFs (10 mT, 100 kHz) with the
proposed nanoparticles has no practical application in a food processing context due to
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weak inactivation efficacy. The difference between thermal stress response (Figure 6A) and
the best low AMF protocol (Figure 7B) is only 1–1.5 log of cell viability reduction.

Similar analysis was performed for the high AMF (125 mT, 200 kHz) treatment. The
results are summarized in Figure 8.

Figure 8. The viability response of L. innocua to high alternating magnetic field (125 mT, 200 kHz) and activated nisin-loaded
(CaN), nisin-free (CaO) magnetic nanoparticles or nisin-only solution (Nisin). (A) After 5 min exposure; (B) 15 min exposure
and (C) 30 min exposure. In all cases the treatment (CFUT) is normalized to untreated control samples (CFUC). Asterisk (*)
corresponds to statistically significant difference (p < 0.05) versus NP-only or nisin-only treatment.

Similarly to the low AMF treatment, the MF-only (125 mT, 200 kHz) procedure resulted
in a minor decrease of the cell viability (independent of the exposure time). Nevertheless,
in the case of high AMFs, the 5 min protocol (Figure 8A) triggered a statistically significant
difference in the inactivation rate when CaO nisin-free NPs were used, contrary to the
10 mT treatment.

An exposure time-dependent response was acquired with the high AMF treatment,
i.e., the inactivation efficacy gradually increased, and the highest inactivation of 3 log
reduction was observed (Figure 8C), which is a significant result. If compared to the
response mediated by temperature (Figure 6B), additional 2 log reduction was associated
with the AMF component.

The SEM analysis of the applied protocols was further introduced in the study. The
representative exemplary images are shown in Figure 9.

It can be seen that untreated bacteria and cells after MF-only treatment morphologi-
cally look the same. However, when CaO is applied with MF treatment, differences can be
seen (i.e., Figure 9F, CaO after 125 mT treatment)—the rigid structure of the cell is ruined,
and the integrity of the membrane is questionable. A similar result is observed when CaN-
NP-only treatment is used (Figure 9A,B, CaN). Lastly, when the nisin magnetic NPs are
combined with AMF treatment, the cellular damage is irreversible, and the observed effects
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(Figure 9F, CaN) are in good agreement with the viability data (Figure 8C). To summarize,
the SEM images adequately represent the viability data overviewed in Figures 7 and 8.
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Figure 9. Representative scanning electron microscopy images of various protocols with and without
nanoparticles. (A) Untreated and samples with CaO and CaN only; (C) 10 mT, 100 kHz/60 min
treated and samples after CaO and CaN + 10 mT AMF procedure; (E) 125 mT, 200 kHz/30 min
treated and samples after CaO and CaN + 125 mT AMF procedure; magnified images of bacteria
highlighted with white arrows are shown in (B,D,F).

4. Discussion

It was shown that the application of alternating magnetic fields with functionalized
magnetic nanoparticles can effectively manipulate the initial resistance of bacteria to nisin.
Due to the pathogenicity of the environmentally persistent L. monocytogenes, it is challenging
to safely conduct large-scale experiments using this bacteria. However, nonpathogenic L.
innocua, widespread in the environment and in food bacteria, have similar genotypic and
phenotypic characteristics to L. monocytogenes [51]; thus, this species was employed as a
surrogate bacteria giving a safety margin to protect researchers and preventing exposure to
the pathogens.

We showed that 10 and 125 mT AMFs (without NPs) have no-to-weak effect on the
viability of the L. Innocua. When combined with magnetic nanoparticles the inactivation
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efficacy improved significantly. The observed effects could be partly attributed to the ther-
mal stress and mild thermal treatment [52,53], which is induced due to the relaxation losses
in magnetic nanoparticles. The capability to potentiate the effects of nisin nanoparticles by
mild thermal treatment was reported previously [37]. Nevertheless, the effects of thermal
stress are limited to 1 log reduction of bacterial cell viability, which is insignificant in a
food processing context. Application of 125 mT AMFs allowed up to 3 log reduction of cell
viability to be reached.

Alternating magnetic fields of similar parameters (100–200 mT, kHz range) were
reported to trigger inactivation of E. coli when longer exposure times (6–16 h) were used [54].
Such exposure rates limit the economic benefits and applicability of the methodology in
industry. However, in our case the treatment was limited to 30 min, featuring a contactless
and predominantly non-thermal methodology. Nevertheless, there are some reports on
Saccharomyces cerevisiae yeast treated by a 5 mT magnetic field for 30 min that report
inactivation in the 30% to 70% range [55], while others report growth stimulation [56].
It was also shown that magnetic fields in the mT range can affect enzyme activity and
lipid peroxidation [57]. Our data indicate that there is a tendency of viability reduction
after magnetic field treatment without nanoparticles. However, descriptive conclusions on
the biophysics of the phenomena cannot be formed due to weak and mainly statistically
insignificant effects.

When combined with functionalized NPs, the 10 mT treatment returned insignificant
results (industry-wise) independent of exposure time and nanoparticles used since the
induced inactivation was too low. Surprisingly, the 30 min treatment resulted in a better
treatment efficacy compared to the 60 min treatment. We believe that the result could be at-
tributed to an increased bacteria growth in higher temperature (37 ◦C). Such a phenomenon
was reported previously [58,59].

The major improvements of the AMF methodology in our work lie in the potentiation
of bioactive effects of functionalized and nisin-free ferromagnetic nanoparticles in the
125 mT magnetic field. Of course, partly, the inactivation efficacy was affected by mild
temperature increase according to magnetic hyperthermia methodology [60]; however,
it was not the dominant stressor. The non-thermal effect of NPs could be attributed to
local field amplification due to conductive nanoparticles in close proximity with the cell
membrane [43]. Combined with relaxation losses and resulting mild thermal treatment,
the fluidity of the cell membrane could also have been altered [61]. Nevertheless, the
proposed methodology offers precise control of the treatment parameters. In terms of
temperature and considering the physics behind this phenomena, a further increase of the
AMF frequency is required to produce more hysteresis losses [62] and thus more effective
local heating and nisin activity improvement. Differently from microwave heating process-
ing steps where the heat is generated within the food itself [63], functionalized magnetic
nanoparticles enable activation of the nanoparticle itself in close proximity to target mi-
croorganisms, followed by heat diffusion in the whole volume. This may potentially allow
mild thermal treatments (<45 ◦C) of the food with nisin exposed to higher temperature
(due to magnetic NP functionalization) where it can act more rapidly in the optimal bacte-
ricidal mode [64]. Further multiparametric analysis is required including optimization of
treatment time, NP concentration and increase of magnetic field frequency. Considering
the effects of AMFs, further increase of the pulse amplitude is required, which according
to our data may further improve the inactivation of microorganisms. A shorter period
of pulses may also positively affect the treatment outcome due to the dB/dt-dependent
induced electric field component [65].

5. Conclusions

To conclude, functionalized magnetic nanoparticles have high actuality in drug
delivery systems [66], the cancer treatment context [67] or in the detection of bacterial
pathogens [68]. Superparamagnetic nanoparticles do not have remnant magnetization
in the absence of the external magnetic field and are considered to have no toxicity [69].

97



Nanomaterials 2021, 11, 342

Moreover, iron oxide is already approved by FDA for medical and food applications,
making nanoparticles good candidates for use in food pathogen biocontrol [70]. Our data
indicate that there is a niche in mild hyperthermia-assisted food processing steps that
can be utilized to overcome resistance to food-compatible bacteriocins and potentiate the
inactivation effects of AMFs several-fold. The methodology is a competitive contactless
alternative to currently established PEF-mediated treatments.
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Abstract: In this study, a methodology utilizing peptide conformational imprints (PCIs) as a tool to
specifically immobilize porcine pancreatic alpha-trypsin (PPT) at a targeted position is demonstrated.
Owing to the fabrication of segment-mediated PCIs on the magnetic particles (PCIMPs), elegant
cavities complementary to the PPT structure are constructed. Based on the sequence on targeted
PPT, the individual region of the enzyme is trapped with different template-derived PCIMPs to
show certain types of inhibition. Upon hydrolysis, N-benzoyl-L-arginine ethyl ester (BAEE) is
employed to assess the hydrolytic activity of PCIMPs bound to the trypsin using high-performance
liquid chromatography (HPLC) analysis. Further, the kinetic data of four different PCIMPs are
compared. As a result, the PCIMPs presented non-competitive inhibition toward trypsin, according
to the Lineweaver-Burk plot. Further, the kinetic analysis confirmed that the best parameters of
PPT/PCIMPs 233–245+G were Vmax = 1.47 × 10−3 mM s−1, Km = 0.42 mM, kcat = 1.16 s−1, and
kcat/Km = 2.79 mM−1 s−1. As PPT is bound tightly to the correct position, its catalytic activities
could be sustained. Additionally, our findings stated that the immobilized PPT could maintain stable
activity even after four successive cycles.

Keywords: porcine pancreatic trypsin; molecularly-imprinted polymers; magnetic particles; confor-
mational imprint; secondary structure

1. Introduction

Porcine pancreatic alpha-trypsin (PPT), a proteolytic enzyme, is a pancreatic serine
protease (EC 3.4.21.4) with specificity for arginine or lysine substrate towards catalytic
hydrolysis on esters and amides, under mild reaction conditions [1–3]. Owing to these facts,
this proteolytic enzyme is often utilized in industrial and biomedical applications [1,4,5].
However, such enzymes are often immobilized into various substrates to improve stability
and reusability without affecting their activity [2,6,7]. In this vein, various enzyme immo-
bilization methods have been reported, such as covalent linkage, non-covalent adsorption,
and encapsulation systems, among others [8–12]. Nevertheless, the quest for optimum
performance is still on due to their conformational changes during immobilization [11,13].
Although an enzyme possesses a uniform structure, it often changes the conformation con-
tinuously. Consequently, the immobilized biocatalyst is organized randomly during/after
immobilization, resulting in different constitutions and a less dynamic form.

In recent times, the utilization of molecularly imprinted polymers (MIPs) has become
an emerging carrier-bound system for the immobilization of biomolecules, as they offer
reversible orientation [14]. In this context, the incorporation of MIPs with magnetic particles
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(MPs) was first demonstrated by Ansell and Mosbach [15]. Since then, several efforts
have been dedicated to the utilization of MIPs for diverse applications. In a case, Tong
and colleagues applied MPs to recognize Ribonuclease A [16]. In another case, Jing and
coworkers used lysozyme as a template to adsorb blood specimens with a detection limit at
5 ng/mL [17]. Previously, trypsin was utilized as the template to generate MIPs for different
assays and inhibition studies [18]. Nonetheless, the employment of such a template for
MPs was restricted to the usage of the whole protein.

Considering these facts, herein, we demonstrate an elegant method to immobilize
PPT. As segment-mediated MIPs were fabricated on MPs, cavities complementary to
PPT structure were constructed on those nanomaterials. As the imprinting of a random
coil peptide successfully generates the desired nano-cavity for the corresponding pep-
tide/protein [19,20], recently, a helical peptide was utilized as a template to generate helical
cavities with high affinity for the target protein, having achieved satisfactory results [21].
Accordingly, in this work, several PPT peptide segments were selected to generate helix
cavities, using peptide conformational imprints decorated over the magnetic particles
(PCIMPs). This study is divided into four main steps: (i) Fabricating peptide conforma-
tional imprint (PCIs) on MPs carriers; (ii) adsorbing trypsin to PCIMPs; (iii) analyzing the
binding kinetics of immobilized PPT; and (iv) evaluating the reusability of immobilized
PPT. The immobilization of PPT based on the PCIs was carried out as illustrated in Figure 1.
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their binding to porcine pancreatic alpha-trypsin (PPT).

2. Materials and Methods
2.1. Reagents and Chemicals

3-(Aminopropyl) trimethoxysilane (APTMS) and ammonium acetate (NH4Ac) were
obtained from Acros Ltd. (Fair Lawn, New Jersey, United States). Iron (III) chloride
hexahydrate (FeCl3·6H2O) and triethylamine (TEA) were purchased from Merck Ltd.
(Darmstadt, Germany). N,N′-Ethylene bisacrylamide (EBAA) and N-benzyl acrylamide
(BAA) were acquired from Lancaster (Lancashire, UK). Glutaraldehyde (GA) was obtained
from Ferax (Berlin, Germany). All Fmoc-amino acids were purchased from BAChem
(Bubendorf, Switzerland). Acrylamide (AM), acetic acid, N-benzoyl-L-arginine ethyl
ester (BAEE), sodium cyanoborohydride (NaBH3CN), N,N,N′,N′-tetramethyl ethylene
diamine (TEMED), tris (hydroxymethyl) amino-methane, porcine pancreatic trypsin (PPT),
Tween®20, and urea were acquired from Sigma Co. Ltd. (St. Louis, MO, USA). Acetone,
acetonitrile (ACN), dichloromethane (DCM), N,N-dimethyl formamide (DMF), piperidine,
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and toluene of High-Performance Liquid Chromatography (HPLC) grade were used.
Purified distilled water acquired from a Milli-Q water purification system was used in all
the experiments.

2.2. Template Synthesis

The peptide segments, such as PPT107–116 (KLSSPATLNS), PPT145–155 (KSSGSSYPSLL),
PPT169–178 (KSSYPGQITG), and PPT233–245+G (NYVNWIQQTIAANG), were produced
through the Fmoc (fluorenylmethoxycarbonyl) solid-phase peptide synthesis approach
using a Discover SPPS Microwave Peptide synthesizer (Kohan Co. Ltd., Taipei, Taiwan)
available at the National Dong Hwa University (Hualien, Taiwan) [22].

2.3. Preparation of PCIs on MPs
2.3.1. Construction of Fe3O4@APTMS-GA

The synthesis of the Fe3O4 precursor, and subsequent immobilization of amine func-
tionality, Fe3O4@APTMS, were performed as described previously [23,24]. Further, glu-
taraldehyde (GA) was coupled with Fe3O4@APTMS to construct stable secondary amine
nanoparticles. Briefly, 100 mg of Fe3O4 @APTMS was initially placed in 50 mL of ACN
and subjected to ultrasonication for 30 min. Then, 162 µL of GA was added to the mixture.
Further, a few drops of acetic acid were added to maintain the weakly acidic state of the
reaction mixture, and stirring was performed for 2 h. Subsequently, 200 mg of NaBH3CN
were added, and vigorous stirring was executed for another 2 h to make the reaction mix-
ture weakly alkaline. Finally, the resultant particles were recovered with a strong magnet,
washed several times with a solvent mixture of (H2O:ACN = 1:1), and dried under vacuum.

2.3.2. Synthesis of Fe3O4@APTMS-GA-Acrylate

To prepare Fe3O4@APTMS-GA-acrylate, 300 mg of GA-modified MPs were initially
dispersed in 25 mL of dry DCM and stirred for 15 min after adding TEA (0.48 mL). Then,
acryloyl chloride (0.3 mL, 3.75 mmol) was added in a drop-wise manner to the mixture at
0 ◦C under N2 purge and stirred for 24 h. Finally, the resultant product was washed with
DCM and dried under vacuum.

2.3.3. Preparation of PCIMPs

To prepare PCIMPs, initially, 211.2 mg of N, N’-ethylene bisacrylamide (EBAA),
56.4 mg of benzyl acrylamide (BAA), and 25.2 mg of acrylamide (AA) were dissolved
in a solvent mixture containing 16 mL of PBS (pH-7.6, 20 mM) and 2 mL of ethanol. Then,
7.5 µmol of template molecules (PPT107–116, PPT145–155, PPT169–178, and PPT233–245+G) were
dissolved separately in 20 mL of a solvent mixture of TFE and PBS at a ratio of 7:3 to
exhibit the helical structure in the polymerization system. Further, the above two reaction
mixtures were mixed after a while, and 90 mg of Fe3O4@APTMS-GA-Acrylate was added
to make a pre-self-assembly reaction mixture. Then, 240 µL (10%, w/w) of ammonium
persulfate and 90 µL (5%, w/v) of TEMED were added to the reaction and stirred for
24 h in the presence of N2 at RT. The template removal was performed based on previous
studies [25,26]. According to the following articles, acetic acid as a solvent disrupts the
electrostatic interactions between the template and the polymer matrix, which can be sepa-
rated. Notably, the template removal process could be achieved in few minutes. Finally, the
polymer-MPs were obtained and washed with 25 mM urea (aq) containing 5% acetic acid
and 0.5% tween-20 to remove the template. Subsequently, the pore structures formed after
the removal of the four different templates were denoted as PCIMPs107–116, PCIMPs145–155,
PCIMPs169–178, and PCIMPs233–245+G, respectively.
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2.4. Determination of Binding Affinities of PCIMPs

Notably, the binding experiments were carried out in 10 min to avoid adsorption at
non-specific binding sites on PCIMPs. Briefly, 10 mg of PCIMPs was added to PBS (pH-7.6,
20 mM) containing PPT at different concentrations (0.125, 0.25, 0.5, 1, and 1.5 mg/mL) and
the resulting mixture was shaken for 10 min. Then, 200 µL of supernatant was collected
and measured by Fluorescence Microplate Reader at λex/λem = 290 nm/350 nm. Each
experiment was repeated three times, and the results of the binding studies were evaluated
using the Scatchard Equation (1) [27–29].

[RL]/[L] = (Bmax − [RL])/Kd (1)

where [L] is the concentration of PPT in the solution, [RL] is the concentration of bound PPT,
Bmax denotes the maximum number of binding sites, and Kd is the dissociation constant of
the ligand.

2.5. Activity Assay of PPT and Immobilized PPT (PPT/PCIMPs)

The catalytic activity of PPT and PPT/PCIMPs was measured using the HPLC method.
N-benzoyl-L-arginine ethyl ester (BAEE) was utilized as the starting material, while the
product was N-Benzoyl-L-Arginine (BA), which was observed with time. The percentage
of hydrolysis rate was calculated using the following Equation (2):

Hydrolysis rate (%) =
Product area ratio

(Starting area ratio + product area ratio)
× 100 (2)

For determining the catalytic activity of PPT, initially, 1 mL mixtures possessing
different BAEE concentrations (0.5, 1.0, and 1.5 mM) were prepared using 50 mM of Tris-
HCl buffer, with a pH equal to 7.6. Then, 20 µL of 1mM HCl containing 30 µg PPT was
formulated. The assay was started by adding 20 µL of 1 mM HCl/30 µg PPT to 1 mL
mixtures with the three BAEE concentrations mentioned above, respectively. For every min,
40 µL of the solution was collected from the reaction mixture and dissolved in 500 µL of
ACN: buffer = 15:85, and 99.5 µL of the resultant solution was injected for HPLC detection
until the end of the reaction.

2.6. PPT/PCIMPs Activity Assay

Briefly, 10 mg of each PPT/PCIMPs were separately added to 8.8 mL of the BAEE
solutions (0.5, 1.0, and 1.5 mM), and for every min, 80 µL of that solution were separated
from the mixture and dissolved in 1 mL of ACN: buffer = 15:85. From this, 99.5 µL of
the solution was collected for HPLC detection until the end of the reaction. The same
procedure was also carried out for the reusability test.

An intelligent, high-performance liquid chromatography (HPLC, model L7100, Hi-
tachi, Tokyo, Japan) set-up equipped with a UV detector (Hitachi model L-2420, Tokyo,
Japan), an autosampler (Hitachi L-2200, Tokyo, Japan), and a Vercopak-RP C18 column
(Vercotech Corp., Taipei, Taiwan) was used to determine the purity of peptides and for per-
forming the kinetic analysis of the immobilized enzyme. In the hydrolysis test, the mobile
phase of HPLC was composed of 0.38 mL of phosphoric acid, 0.47 mL of triethylamine,
and 1 L of DI-H2O. The solution was then adjusted to pH 2.4 with NaOH and HCl. The
ultraviolet wavelength was set at 214 nm.

2.7. Determination of Kinetic Constants of PPT and PPT/PCIMPs

The kinetic parameters of PPT and PPT/PCIMPs were evaluated from the Michaelis–
Menten plot obtained from the following Equation (3),

ν =
Vmax [S]

(Km + [S])
(3)
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where v is the reaction velocity at [S], Vmax is the maximum rate of the reaction, Km is the
Michaelis half-saturation constant, and [S] is the concentration of the substrate.

The turnover number (kcat) was calculated using the below Equation (4).

kcat = Vmax /[E] (4)

where [E] is the enzyme concentration [13].

3. Results and Discussions
3.1. Rational Selection of the Template

The template for the imprinting was chosen considering the following parameters:
(i) Peptide segments from the flank part of the PPT spatial structure were selected as
the template. Due to five disulfide linkages connected among PPT, the choice of peptide
segments able to influence catalysis is limited. (ii) The length of the peptide segments
in the template is a significant parameter. For instance, short peptide residues form
flexible structures that can help the imprinting and protein-rebinding processes [19,30].
Therefore in this study, four PPT peptides, specifically PPT107–116, PPT145–155, PPT169–178,
and PPT233–245, were chosen. The locations of these segments are shown in Figure 2. At one
end of the PPT233–245 peptide, a glycine (G) residue was added to make a stable peptide
chain with flexibility [31,32].
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Figure 2. The structure of porcine pancreatic trypsin (cylinder: α-helix; arrow: β-sheet). The selected
sequences are in yellow. These segments consist of the series: i.e., PPT107–116, PPT145–155, PPT169–178,
and PPT233–245. The crystal structure of PPT was reproduced from http://www.ncbi.nlm.nih.gov/
and PDB ID: 1S81 [33].

3.2. Analysis of the Template

Furthermore, the template was synthesized using a CEM Discover Microwave Syn-
thesizer (Kohan Co., Taipei, Taiwan) at National Dong Hwa University (Hualien, Taiwan).
The peptide segments PPT107–116, PPT145–155, PPT169–178, and PPT233–245+G were selected as
templates. Initially, these segments were fabricated using the Fmoc solid-phase peptide
synthesis [22]. Further, the purity of the template molecules was confirmed by HPLC
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equipped with an RP-18 (flow rate- 1 mL/min). Among the selected peptide segments,
PPT107–116 and PPT169–178 showed a purity higher than 96%. Contrarily, the other two seg-
ments, PPT145–155 and PPT233–245+G, had a lower purity of around 88%, which could be
attributed to their longer length, leading to a difficulty in the purification of those peptide
segments [34]. Further, the molecular mass of the template was analyzed using a Matrix-
Assisted Laser Desorption/Ionization-Time of Flight (MALDI/TOF) mass spectrometer
(MS) (Bruker, Bremen, Germany) with a matrix consisting of 2,5-dihydroxybenzoic acid
(DHB). The reported m/z values of PPT107–116, PPT145–155, PPT169–178, and PPT233–245+G

were observed at 1017.69, 1125.56, 1037.39, and 1614.24 [M + Na]+, respectively. Further, the
peptide segment PPT233–245+G was analyzed with a (JASCO, J-715, Tokyo, Japan) circular
dichroism (CD) spectrometer to validate the helix structure in the mixtures of buffer and
TFE (Figure 3). Usually, the helical peptides possess negative bands at 208 and 225 nm in a
mixture of PBS and TFE, while the peptides with random coil structures show negative
bands at 200 nm in PBS [35]. After that analysis, the selected PPT peptide segments were
used to generate helix cavities using the PCIMPs-based approach.
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Figure 3. The circular dichroism (CD) spectrum of the PPT 233–245+G segment in different
solvent systems.

3.3. Characterization of MPs and PCIMPs
3.3.1. FTIR Analysis

A Fourier-transform infrared spectrometer (FTIR, Bruker TENSOR 27, Ettlingen, Ger-
many) was employed to examine the successive surface modifications on MPs (Figure 4).
The peaks at 586 cm−1 and 3444 cm−1 can be ascribed to Fe-O stretching vibration and O-H
stretching of Fe3O4 (Figure 4a). The characteristic peaks of silanol groups (Si-O-H) on the
surface of Fe3O4 at 1030 cm−1, as well as at 1100 cm−1, and the peak at 3421 cm−1 can rep-
resent the characteristic peaks of NH2 (primary amine) of APTMS, indicating the successful
modification of the Fe3O4 nanoparticles surface with amine groups (Figure 4b) [36–38].
Additionally, the peaks near of 3413 cm−1 can represent the existence of the N-H func-
tional group, and no peak at 1739 cm−1 can indicate the C=O group at both ends of the
glutaraldehyde molecule reacted with NH2, attributed to the established stable secondary
structure. The secondary amine-modified iron nanoparticles are more reactive than the
primary amine because the inductive effect of secondary amine makes them more stable
compared to the primary amine (Figure 4c). The peak at 1619 cm−1 can be ascribed to the
characteristic peak of C=C, indicating successful acrylation of the MPs (Figure 4d) [39].
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Figure 4. FTIR spectra of (a) Fe3O4, (b) Fe3O4@APTMS, (c) Fe3O4@APTMS-GA, and
(d) Fe3O4@APTMS-GA-acrylate.

3.3.2. FE-SEM Analysis

The surface morphology of various MPs and PCIMPs was analyzed using a Field
Emission Scanning Electron Microscope (FE-SEM, JEOL JSM-7000F/JEOL Ltd., Tokyo,
Japan) (Figure 5). As a result, it was observed that the fabricated Fe3O4 particles were
spherical, showing a uniform size distribution with an average size of ~237 nm (Figure 5a).
Further, APTMS immobilization on Fe3O4 nanoparticles resulted in substantial changes in
the size and shape of those MPs, having increased their average size to ~278 nm (Figure 5b).
The subsequent immobilization of glutaraldehyde on the MPs resulted in an increase in
their average size to ~309 nm (Figure 5c). Notably, a slight aggregation can be observed after
the successive surface modification on the MPs. This could be because nanoparticles treated
with different solvents and dry samples were collected after the surface modification. The
dry power shows strong aggregation, as reported in previous studies [40]. Further, the
acrylate monomer conjugation with MPs resulted in an average size of ~323 nm (Figure 5d).
Amongst all PCIMPs, the PCIMPs107–116, PCIMPs145–155, and PCIMPs169–178 have shown
similar size at ~370 nm, whereas PCIMPs233–245+G were comparatively larger at ~408 nm
(Figure 5e–h).

Nanomaterials 2021, 11, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 4. FTIR spectra of (a) Fe3O4, (b) Fe3O4@APTMS, (c) Fe3O4@APTMS-GA, and (d) 
Fe3O4@APTMS-GA-acrylate. 

3.3.2. FE-SEM Analysis 
The surface morphology of various MPs and PCIMPs was analyzed using a Field 

Emission Scanning Electron Microscope (FE-SEM, JEOL JSM-7000F/JEOL Ltd., Tokyo, Ja-
pan) (Figure 5). As a result, it was observed that the fabricated Fe3O4 particles were spher-
ical, showing a uniform size distribution with an average size of ~237 nm (Figure 5a). 
Further, APTMS immobilization on Fe3O4 nanoparticles resulted in substantial changes in 
the size and shape of those MPs, having increased their average size to ~278 nm  
(Figure 5b). The subsequent immobilization of glutaraldehyde on the MPs resulted in an 
increase in their average size to ~309 nm (Figure 5c). Notably, a slight aggregation can be 
observed after the successive surface modification on the MPs. This could be because na-
noparticles treated with different solvents and dry samples were collected after the sur-
face modification. The dry power shows strong aggregation, as reported in previous stud-
ies [40]. Further, the acrylate monomer conjugation with MPs resulted in an average size 
of ~323 nm (Figure 5d). Amongst all PCIMPs, the PCIMPs107–116, PCIMPs145–155, and 
PCIMPs169–178 have shown similar size at ~370 nm, whereas PCIMPs233–245+G were compara-
tively larger at ~408 nm (Figure 5e–h). 

 
Figure 5. FE-SEM images of (a) Fe3O4, (b) Fe3O4@APTMS, (c) Fe3O4@APTMS-GA, (d) Fe3O4@APTMS-GA-acrylate, (e) 
PCIMPs107–116, (f) PCIMPs145–155, (g) PCIMPs169–178, and (h) PCIMPs233–245+G (Scale bar: 100 nm). 

4000 3500 3000 2500 2000 1500 1000 500

5

10

15

20

25

30

35

40

45

50

55

Fe-O (586 cm
_1)

C=C (1619 cm
_1)

 N-H (3413 cm
_1)

Si-O-H (1030-1100 cm
_1)

O-H (3444 cm
_1)

(%
) T

ra
ns

m
itt

an
ce

 

Wavenumber (cm_1)

(a)

(b)

(c)

(d)

Figure 5. FE-SEM images of (a) Fe3O4, (b) Fe3O4@APTMS, (c) Fe3O4@APTMS-GA, (d) Fe3O4@APTMS-GA-acrylate,
(e) PCIMPs107–116, (f) PCIMPs145–155, (g) PCIMPs169–178, and (h) PCIMPs233–245+G (Scale bar: 100 nm).

107



Nanomaterials 2021, 11, 334

3.4. Binding Studies of PCIMPs

For comparison, the binding affinities of the PPT to each PCIMPs were measured by
the linear regression curve based on the Scatchard equation. As shown in Table 1, the
PCIMPs 233–245+G had the lowest Kd value (0.21 µM) of all the PCIMPs. It was observed
from the results that the Kd values showed a decreasing trend with an increase in the
number of peptide residues. Therefore, the higher the number of peptide segments in the
template, the better the observed binding affinities. For instance, for the 14-mer peptide,
the Kd was 0.21 µM, and it showed better affinity when compared to the 10 and 11-mer
peptides [19]. Similarly, for PCIMPs145–155, the Kd value was 0.38 µM, and it presented a
better affinity than that of a 10-mer peptide. On the other hand, both PCIMPs107–116 and
PCIMPs169–178 have shown a similar number of peptide residues in the template. In this
case, affinities of the PPT to PCIMPs were more closely related to the molecular weight of
the template residues. For example, the Kd value of the PCIMPs169–178 was 0.55 µM, which
showed a better binding affinity than PCIMPs107–116 (0.65 µM).

Table 1. Binding affinity values of various PCIs on magnetic particles (PCIMPs) to PPT.

MPs PCIMPs107–116 PCIMPs145–155 PCIMPs169–178 PCIMPs233–245+G

Residue 10 11 10 14
[Kd] µM 0.65 0.38 0.55 0.21

[Bmax] nM 0.75 1.11 0.95 1.11
Bmax/Kd 1.15 2.92 1.73 5.29

Previously, Griffete and colleagues developed a magnetic-protein imprinted poly-
mer (M-PIP) by combining photopolymerization with a grafting approach onto surface-
functionalized MPs. The authors demonstrated that the green fluorescent proteins were
bound to MIPs in less than 2 h with a high affinity (Kd = 0.29 µM) [41]. In another study,
MIPs were synthesized using a solid-phase approach on metal chelate functionalized glass-
beads to immobilize trypsin using its surface histidine. Although less cross-reactivity with
other proteins was observed, the dissociation constant value of the MIP-trypsin complex
was 0.237 µM [42], with a lagging binding capacity. Notably, in this study, the PCIs devel-
oped on the surface of MPs create recognition sites that are complementary to the protein
conformational structure and, therefore, significantly increase the specificity toward the
targeted protein. The best binding performance of PCIMPs233–245+G occurred in 10 min
with a high affinity (Kd = 0.21 µM). Upon a comprehensive evaluation of binding affinities
and absorption time, it was apparent that conformational imprints on MPs acquired better
results in these protein-imprinted particles. Together, our findings indicated a higher
affinity of protein (PPT) to PCIMPs 233–245+G (Kd = 0.21 µM), in comparison to the other
MIPs grafting methods.

3.5. Kinetic Parameters of PPT and PPT/PCIMPs

In addition, the PCIMPs bound to PPT exhibited excellent catalytic activity. To demon-
strate this aspects, the kinetic parameters of PPT and PPT/PCIMPs were explored by
varying the BAEE substrate concentration (0.5–1.5 mM). They were then calculated using
the Michaelis-Menten plot (Figure 6a). As shown in Table 2, among all the PPT/PCIMPs,
PPT/PCIMPs 233–245+G had the best kinetic parameters. The Km value of PPT (0.36 mM)
was almost similar to that of the PPT/PCIMPs 233–245+G (0.42 mM), which could be due to
the high feasibility of forming an enzyme-substrate complex, and also a lower diffusion
restraint imposed on the flow of the substrate and product molecules from the grafted
polymer matrix of the MPs [43,44]. The Vmax values were found to be 3.2× 10–3 mMs−1 and
1.47 × 10–3 mMs−1 for PPT and PPT/PCIMPs 233–245+G, in which the Vmax was decreased
for PPT/PCIMPs when compared to the free enzyme. The plausible reason might be due
to the created steric hindrances that restrict the substrates’ transport, enhance diffusional
creation limitations, and decrease the enzyme’s catalytic properties. These conclusions are
in agreement with the results reported literature [45,46].
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Table 2. Kinetic parameters obtained from the Michaelis-Menten plot.

MPs PPT PPT/PCIMPs107–116 PPT/PCIMPs145–155 PPT/PCIMPs169–178 PPT/PCIMPs233–245+G

Vmax (mM s−1) 3.2 × 10−3 0.53 × 10−3 1.25 × 10−3 0.84 × 10−3 1.47 × 10−3

[Km] mM 0.36 0.52 0.46 0.44 0.42
kcat (s−1) 2.6 0.62 0.99 0.78 1.16

kcat/Km (mM−1 s−1) 7.32 1.19 2.15 1.77 2.79

Note: PPT= porcine pancreatic alpha-trypsin, PPT/PCIMPs = immobilized PPT.

Respectively, it was observed that the kcat value of PPT/PCIMPs233–245+G was lower
than that of PPT. The decrease of kcat values upon immobilization of enzymes are frequently
reported [13,47,48]. These findings suggest a limited diffusion of the substrate to the active
site and higher structural rigidity of the immobilized PPT. Our results are quite comparable
and in agreement with the ones reported in the literature [47–50]. Furthermore, the trypsin
inhibition by PCIMPs was investigated by performing enzyme assays in the Tris-HCl buffer
at pH 6.2, using BAEE as the substrate at various concentrations. The Lineweaver Burk
plot (1/Vo versus 1/S) is as shown in Figure 6b. It reveals that the PCIMPs exhibited
non-competitive inhibition towards trypsin, in which the PCIMPs acted as inhibitors,
while the BAEE functioned as a substrate. In non-competitive inhibition, the respective
inhibitors bind to the free enzyme and the enzyme-substrate complex with the same
affinity. Further, the inhibitor reduces the activity of the enzyme and binds equally well to
the substrate [51,52].

3.6. Reusability

Additionally, the reusability of PPT/PCIMPs was examined. Initially, 10 mg of
PPT/PCIMPs 145–155 was added to 8.8 mL of a 1.5 mM BAEE solution (50 mM Tris-HCl
buffer, pH 7.6). The product concentration was monitored using HPLC. The test was
conducted consecutively four times. It was observed from the results that the PPT/PCIMPs
retained 90% of activity in 540 sec in the first cycle; however, in the subsequent cycles,
it slightly dropped. The activity of the protein sustained after four cycles is as shown
in Figure 7.
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3.7. Comparison Studies of the Proposed PPT/PCIMPs with Other Methods

The catalytic hydrolysis performance of the fabricated PPT/PCIMPs was compared
to previous studies (Table 3). For example, Atacan and colleagues modified the surface of
Fe3O4 nanoparticles with gallic acid. According to their research, Km values of trypsin and
immobilized trypsin were 5.1 and 7.88 mM, respectively, indicating that the immobilized
trypsin has less affinity for the substrate, which might be attributed to the loss of enzyme
flexibility. Although immobilized trypsin retained 92% of its initial activity after four
months of storage at 4 ◦C, there was a dramatic decrease in its activity after being reused
eight consecutive times [49]. In another study, trypsin was immobilized on polymer and
grafted magnetic beads, in which the Km for immobilized trypsin was found to be 13.6 mM,
1.4-fold higher than free trypsin, while Vmax value was found to be 3946 U/mg, 1.5-fold
lower than for the free trypsin, indicating that a change in the affinity of the enzyme towards
the substrate occurred upon its immobilization [50]. In different work, by Bayramoglu and
colleagues, polymer grafted magnetic beads were activated with glutaraldehyde for the
immobilization of trypsin on affinity ligands attached to the beads’ surface. Moreover, the
reusability and activity were relatively good in this study when compared to the above
work. The Km and Vmax values obtained for the immobilized trypsin were of 16.8 mM
and 5115 U/mg, 1.8-fold higher and 1.5-fold lower than free trypsin, respectively. The Km
values could be explained by the fact that there existed conformational changes during
enzyme immobilization [53].

Table 3. Comparison studies of proposed PPT/PCIMPs with other methods.

Trypsin/Immobilized Trypsin Km Vmax kcat (s−1) kcat/Km (mM−1 s−1) Reference

BPT/Immobilized BPT 5.1/7.88 mM 23/18.3 mM min−1 - - [42]

BPT/Immobilized BPT 9.7/13.6 mM 5890/3946 U/mg - 607/290 [43]

BPT/Immobilized BPT 9.3/16.8 mM 7345/5115 U/mg - - [44]

PPT and PPT/PCIMPs233–245+G 0.36/0.42 mM 3.2 × 10−3/1.47 × 10−3 mM s−1 2.6/>1.16 7.32/2.79 This study

Abbreviations: Bovine Pancreas Trypsin (BPT), Porcine Pancreatic Trypsin (PPT), Note: U is defined as µmol.

Upon a comprehensive evaluation of kinetic parameters, it was evident that the
elegant helical cavities imprinting strategy created recognition sites on the MPs surface, in
which the enzymes were tightly bound. Moreover, it was achieved an improved catalytic
hydrolysis in comparison to other previous studies. The best performance of PPT/PCIMPs
for hydrolysis of BAEE had the following values for the kinetic parameters Km, Vmax, and
kcat values were 0.42 mM, 1.4 µM·s−1, and 1.16·s−1. Additionally, PPT/PCIMPs-imprinted
materials exhibited stable catalytic activity and reusability.
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4. Conclusions

In conclusion, a state-of-the-art method for point immobilization of enzymes on
magnetic particles is accomplished. To maintain the catalytically competent state of an
enzyme, an immobilized enzyme at a maximum degree of freedom is the ultimate choice.
Our systems operate by binding enzyme partially and maintaining the remaining part of
the enzyme free. The combination of site fixation with the use of conformation-specific
PCIMPs could boost the catalytic process in many enzymes. Moreover, the experimental
results also indicated the inhibition effect on capturing at the α-helix region to interfere
with catalysis flexibility. The Km of PPT/PCIMPs233–245+G was slightly higher than that of
PPT, resulting in lower diffusion limitations of the substrate and product molecules from
the polymer matrix to forming an enzyme-substrate complex. Consequently, this method
is an appropriate choice for realizing the relationship between each segment’s flexibility
and catalytic activity. We thus believe the PCIMPs strategy can be more widely applied in
green chemistry as a nano biocatalyst.
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Abstract: Anodized aluminum oxide (AAO) nanochannels of diameter, D, of ~50 nm and length, L,
of ~60 µm (L/D: approx. 1200 in the aspect ratio), were synthesized and applied as an electrode for
the electrochemical growth of Co/Cu multilayered heterojunction nanocylinders. We synthesized
numerous Co/Cu multilayered nanocylinders by applying a rectangular pulsed potential deposition
method. The Co layer thickness, tCo, ranged from ~8 to 27 nm, and it strongly depended on the
pulsed-potential condition for Co layers, ECo. The Cu layer thickness, tCu, was kept at less than
4 nm regardless of ECo. We applied an electrochemical in situ contact technique to connect a Co/Cu
multilayered nanocylinder with a sputter-deposited Au thin layer. Current perpendicular-to-plane
giant magnetoresistance (CPP-GMR) effect reached up to ~23% in a Co/Cu multilayered nanocylinder
with ~4760 Co/Cu bilayers (tCu: 4 nm and tCo: 8.6 nm). With a decrease in tCo, (∆R/Rp)−1 was
linearly reduced based on the Valet–Fert equation under the condition of tF > lFsf and tN < lNsf. The
cobalt spin-diffusion length, lCo

sf, was estimated to be ~12.5 nm.

Keywords: anodization; nanochannel; electrodeposition; nanocylinder; cobalt; copper; heterojunc-
tion; multilayer; magnetoresistance; spin-diffusion length

1. Introduction

Fert et al. and Grünberg et al. discovered the current-in-plane giant magnetoresistance
(CIP-GMR) effect that the electric current passes through the in-plane direction of Fe/Cr
multilayered thin films [1,2]. Schwarzacher et al. demonstrated the CIP-GMR effect by using
the electrodeposited Co-Ni/Cu multilayered thin films [3]. After that, several research works
have been reported that the electrodeposited ferromagnetic multilayered thin films exhibited
the CIP-GMR effect [4–7]. However, considering an industrial application to a magnetic
readout head in a hard disk drive (HDD), there are some issues concerning the quality of
multilayered structure of an electrodeposited CIP-GMR device because it has a quite larger
interface area (~10−6 m2) rather than the square of average crystal size (~10−16 m2).

On the contrary, a nanocylinder-based GMR sensor can realize an ideal sharp interface
because the interface area (~10−16 m2) is a similar order to the square of average crystal
size (~10−16 m2). These multilayered heterojunction nanocylinders with a large aspect
ratio have a potential application to a magnetic readout head in a HDD, a magnetoresistive
random access memory (MRAM) and high-sensitive metal-based magnetic field sensor
with a small temperature coefficient (alternative to a Hall sensor), and so on. Piraux et al.
and Blondel et al. demonstrated the current perpendicular-to-plane giant magnetore-
sistance (CPP-GMR) effect by using the Co/Cu multilayered nanocylinders which were
electrodeposited into ion-track-etched polycarbonate membranes [8,9]. After that, several
research works have been reported that the CPP-GMR effect was observed in the ferromag-
netic multilayered nanocylinders which were electrodeposited into anodized aluminum
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oxide (AAO) templates [10–17]. Evans et al. reported that the Co-Ni/Cu multilayered
nanocylinders, which were electrodeposited into commercially available AAO membranes
(~300 nm in diameter, D and ~60 µm in length, L), exhibited a CPP-GMR effect of ~55% at
room temperature [10]. They revealed that the Co-Ni alloy layer thickness, tCo of about
5 nm and Cu layer thickness, tCu of about 2 nm were optimum values to exhibit a large
CPP-GMR effect. Tang et al. also reported that the electrodeposited Co/Cu multilayered
nanocylinders in commercial AAO templates showed a CPP-GMR effect of ~13.5% at room
temperature [12]. They found that tCo of ~8 nm and tCu of ~10 nm were optimum values
to show a large CPP-GMR effect. Shakya et al. reported that the FeCoNi/Cu multilay-
ered nanocylinders in commercial AAO templates showed a CPP-GMR effect of ~15% at
room temperature [14]. Zhang et al. also reported that Ni-Fe/Cu/Co/Cu multilayered
nanocylinders, which were electrodeposited into home-made AAO templates (D = 120 nm),
exhibited a GMR effect of ~45% at room temperature [15]. Han et al. reported that the
Co/Cu multilayered nanocylinders in home-made AAO templates (D = 50 nm) showed
a CPP-GMR effect of ~13% at room temperature [16]. They revealed that tCo of ~50 nm
and tCu of ~5 nm were optimum values to demonstrate a large CPP-GMR effect. On the
contrary, Xi et al. reported that the Co/Cu multilayered nanocylinders in home-made
AAO templates (D = 80 nm) showed a small magnetoresistance effect of ~0.16% at room
temperature [17]. The above research works have been conducted using AAO templates
with an aspect ratio less than 250. It is estimated that the spin-valve response in the ax-
ial direction is improved by decreasing the nanocylinder diameter due to enhancing the
magnetic shape anisotropy. Recently, we have demonstrated that Co/Cu multilayered
nanocylinders, which were electrodeposited into a home-made AAO template (D = 75 nm
and L = 70 µm), exhibited a CPP-GMR effect of ~23.5% at room temperature [18]. Hence, in
the present study, to improve the CPP-GMR performance in the axial direction, we created
Co/Cu multilayered nanocylinders electrodeposited into nanochannels with the diameter
of ~50 nm (the aspect ratio is more than 1000). The spin-diffusion length in the cobalt layers
was then determined based on the Valet–Fert equation.

2. Materials and Methods

A commercially available aluminum rod was mechanically and anodically polished
in the cross-section (10 mm in diameter) to give a specular surface. During the anodic
polishing process, bath voltage was maintained at 50 V for 120 s in an ethyl alcohol
solution with 25 vol.% perchloric acid (HClO4) (FUJIFILM Wako Pure Chemical Corpo.,
Osaka, Japan). Afterward, to make an AAO nanochannel film, the polished cross-section
was anodically oxidized in an electrolytic bath (0.3 mol/L oxalic acid) using a power
supply (Bipolar DC Power Supply, BP4610, NF Corp., Yokohama, Japan). The nanochannel
structure of an AAO film is strongly affected by anodization parameters [19,20]. In this
study, the anodization voltage was kept at 50 V for 12 h. The AAO film was separated
from an aluminum surface in an ethyl alcohol solution containing 50 vol.% perchloric acid
(HClO4). During this separation process, the bath voltage was maintained at 55 V for 3 s.
The separated films were employed as nanochannel templates for the electrodeposition
of nanocylinders. To cover the nanochannels, a thick gold layer (250 nm) was formed on
a surface of an AAO film using a DC magnetron sputter-deposition system (Auto Fine
Coater, JFC-1600, JEOL Ltd., Tokyo, Japan). The thick gold layer works as a cathode in the
nanochannels. A porous, thin gold layer (60 nm) was also formed on the other side surface
of the AAO films without covering the nanochannels. The porous, thin gold layer functions
as a floating electrode to make in situ contact with nanocylinders during electrodeposition.
A pure gold wire was applied as a counter electrode, while an Ag/AgCl electrode was used
as a reference electrode. An aqueous electrolytic solution was prepared using 0.5 mol/L
cobalt (II) amido-sulfate (Co (SO3NH2)2 4H2O) (Mitsuwa Chemicals Co. Ltd., Osaka,
Japan), 0.005 mol/L copper (II) sulfate (CuSO4 5H2O) (FUJIFILM Wako Pure Chemical
Corpo., Osaka, Japan), 0.4 mol/L boric acid (H3BO3) (FUJIFILM Wako Pure Chemical
Corpo., Osaka, Japan). The bath temperature was maintained at 40 ◦C, and the pH was
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adjusted to 4.0. To optimize the cathode potential for electrodeposition of Cu and Co layers,
the linear sweep voltammetry technique was employed using an automatic polarization
system (Electrochemical Measurement System, HZ-7000, Hokuto Denko Corp., Tokyo,
Japan). Co/Cu multilayered nanocylinders with Cu layers (from 1.2 to 3.8 nm) and Co
layers (from 7.8 to 26.8 nm) were grown into AAO nanochannels with an ultra-large aspect
ratio of ~1200 using a rectangular pulsed-potential deposition process.

The bilayer thickness of Cu and Co was estimated from the AAO nanochannel length
divided by the filling time. Each layer thickness of Co and Cu was determined from the
bilayer thickness and the molar fraction using an energy-dispersive X-ray spectroscopy
(EDX, EDX-800HS, Shimadzu Corp., Kyoto, Japan) and a field emission scanning electron
microscopy with an energy-dispersive X-ray spectroscopy (FE-SEM-EDS, JSM-7500FA,
JEOL Ltd., Tokyo, Japan). The constituent phases of the electrodeposited Co/Cu nanocylin-
ders were investigated using an X-ray diffractometer (XRD, MiniFlex 600-DX, Rigaku Corp.,
Tokyo, Japan). After the electrodeposition, the nanocylinders were recovered from the
AAO template by dissolving them in a sodium hydroxide aqueous solution (5 mol/L). The
obtained nanocylinders were observed using a transmission electron microscope (TEM,
JEM-2010-UHR, JEOL Ltd., Tokyo, Japan). Using the Co/Cu nanocylinders embedded in
an AAO membrane, magnetization and magnetoresistance performance were evaluated
using a vibrating-sample-magnetometer (VSM, TM-VSM1014-CRO, Tamakawa Co. Ltd.,
Sendai, Japan) and a source meter (DC voltage current source monitor, ADCMT6242, ADC
Corp., Saitama, Japan). The magnetic field in-plane and perpendicular to the AAO film
plane was applied while increasing the field up to 10 kOe. The perpendicular magnetic
field corresponds with the axial direction of nanocylinders. The GMR value, GMR, can be
defined by the following Equation (1).

GMR =
RAP − RP

RP (1)

Here, RP is the resistance with a maximum magnetic field of 10 kOe, and RAP is the
resistance without a magnetic field.

3. Demagnetization Factor and Valet–Fert Model in Multilayered Heterojunction
Nanocylinders

The demagnetized field, Hd, can be expressed by the following Equation (2).

Hd =

(
Nd
µ0

)
× I (2)

Here, Nd is a demagnetization factor, µ0 represents a magnetic permeability in a
vacuum, and I stands for the magnetization strength. Nd can be expressed by Equation (3)
as a function of aspect ratio, k = L/D (L: nanocylinder length, D: nanocylinder diameter).

Nd =
1

k2 − 1

{
k√

k2 − 1
ln
(

k +
√

k2 − 1
)
− 1
}

(3)

If a nanocylinder has a diameter D of 50 nm and length L of 60 µm, the aspect ratio,
k = L/D, is 1200. In this case, the demagnetization factor, Nd, can be estimated to be
4.3 × 10−6, which is almost zero. The spin-valve response in the axial direction will be
improved by reducing the demagnetizing field with increased magnetic shape anisotropy.

Based on the Valet–Fert theory, under the conditions of tF > lFsf and tN < lNsf, the
spin-valve type GMR value has an inverse proportional relationship with the ferromagnetic
layer thickness, tF, as shown by the following Equations (4)–(6) [21–23].

RP

Rap − Rp =

(
ρ∗F
ρe

F
− (βe)2

)

2p(βe)2ls f
F

tF (4)
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ρe
F = ρ∗F + ρmix (5)

βe =
β[

1 + ρmix
ρ∗F

] (6)

Here, Rp and Rap are resistance with and without a magnetic field, respectively,
while tF, and lFsf are the thickness of ferromagnetic layers and spin-diffusion length,
respectively. ρF* and ρmix are the resistivity and spin mixing resistance of ferromagnetic
layers, respectively. β is the asymmetric coefficient of bulk scattering spin, and p is the
constant ranging from 0.33 to 0.49. Piraux et al. reported that βe, ρF*, and ρF

e were
0.31 ± 0.02, 25 µΩcm, and 29 µΩcm, respectively, in their study on Co/Cu multilayered
nanocylinders (D = 90 nm), which were electrodeposited from a sulfuric acid solution at
room temperature. The ferromagnetic metal spin-diffusion length, lFsf, can be obtained
from the approximate expression slope using the experimental data of present study.

On the contrary, under the condition of tF < lFsf and tN < lNsf, the GMR value has the
following relationship with the non-magnetic layer thickness, tN, shown in Equation (7).

(
Rap − Rp

Rap

)−1/2
=

ρ∗FtF + 2r∗b
βρ∗FtF + 2γr∗b

+
ρ∗NtN

βρ∗FtF + 2γr∗b
(7)

Here, ρN* represents the non-magnetic layer resistivity. rb* represents interface re-
sistance. In contrast, γ is the asymmetric coefficient of the interface spin. Consequently,
Equations (4) and (7) can be simply expressed as the following Equations (8) and (9). Here,
a, b, and c mean proportional constants.

Rp

Rap − RP = c× tF (8)

(
Rap − Rp

Rap

)−1/2
= a× tN + b (9)

In this study, the thickness of ferromagnetic layer, tF, was varied to determine the
spin-diffusion length in the ferromagnetic layer according to Equation (8).

4. Results and Discussion
4.1. Template Synthesis and Electrodeposition Process of Co/Cu Heterojunction Nanocylinders

Figure 1 shows the FE-SEM images of the top-side view (Figure 1a), the cross-sectional
view (Figure 1b), and the bottom-side view (Figure 1c) of an AAO nanochannel film that
separated from a cross-section of an aluminum rod. The separated AAO film had an ideal
nanochannel structure with ~50 nm in diameter. The nanochannel length, which is identical
to the AAO film thickness, was ~60 µm.

Figure 2 shows the cathodic (blue line) and anodic (green and red lines) scanned
polarization curves (Tafel slope) for Cu and Co electrodeposition from an aqueous solution
containing Cu2+ and Co2+ ions. The Tafel plot was then employed to reveal the reduction
behavior of Cu2+ ions by magnifying the relatively small current range. According to the
Nernst equation, ECu

eq for Cu/Cu2+ is estimated to be +0.07 V vs. Ag/AgCl, while ECo
eq

for Co/Co2+ is also calculated to be −0.48 V vs. Ag/AgCl, as follow by Equation (10).

Eeq = E0 +
RT
nF

ln
[
Mn+] (10)
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Figure 1. FE-SEM images of top-view (a), cross-section (b), and bottom-view (c) of an anodized aluminum
oxide nanochannel template which was exfoliated from the cross-section of an aluminum rod.

Figure 2. Cathodic (blue line) and anodic (green and red lines) scanned polarization curves
(Tafel slope) for Cu and Co electrodeposition from an aqueous solution containing 0.5 M Co
(SO3NH2)2·4H2O, 0.005 M CuSO4·5H2O and 0.4 M H3BO3.

Here, Eeq and E0 are the equilibrium potential and standard potential, respectively. R,
F, n, and T are gas constant, Faraday constant, ionic valence, and absolute temperature,
respectively. [Mn+] is the activity of the metal ions. As shown in Figure 2 (cathodic
scan: blue line), the cathode current density starts to rise at +0.07 V, which is close to
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ECu
eq. It is well known that the normal metal ions, such as Cu2+, Sn2+, Zn2+ ions are

immediately reduced to the metallic state without substantial overvoltage in an acidic
aqueous solution [24]. Hence, this cathode current rising results from Cu2+ ions’ reduction.

The cathode potential significantly polarizes to −0.80 V at the current density of
around 23 A m−2. In the range of current density, Cu2+ ions seem to reach a diffusion limit.
Moreover, an increase in the cathode current density can be observed at −0.80 V, which is
quite less noble than ECo

eq. It is well-known that Co2+ ions are reduced to a metallic state,
accompanying a substantial overvoltage owing to the multi-step reduction process, which
was reported by Bockris et al. [25]. Furthermore, in the potential region less noble than
−1.2 V, the current density reached over 1000 A m−2

, and the cathode potential polarized
significantly due to the diffusion limit of Co2+ ions [26]. On the contrary, in the anodic scan
(green and red lines), the anodic current was observed at −0.13 V. This current seems to be
caused by the dissolution of electrodeposited Co. For the pulsed potential deposition of
Co/Cu multilayers, the suitable cathode potential for Cu layer, ECu should be less nobler
than ECu

eq (+0.07 V) and initial dissolution potential for Co (−0.13 V). Additionally, ECu
should be nobler than ECo

eq (−0.48 V) to avoid Co contamination. Hence, in the present
study, ECu was fixed to−0.4 V, while the suitable cathode potential for Co layer, ECo should
be less nobler than ECo

eq (−0.48 V) and initial deposition potential for Co (−0.80 V). To
prevent Cu contamination, quite less nobler potential than −0.80 V is desirable for Co
deposition. Moreover, ECo should be nobler than the diffusion limit potential for Co2+ ions
(−1.2 V). In this study, Co layer thickness should be controlled within the several tens of
nanometer range to investigate the spin-diffusion length based on the Valet–Fert equation.
Therefore, ECo was determined to the range from −0.95 V~−1.03 V.

As shown in Figure 3, we synthesized Co/Cu multilayered nanocylinders by switching
the cathode potential from −0.4 V (for 1.0 s) to −0.95 V~−1.03 V (for 0.1 s) to adjust the
thickness of each layer within several nanometer scale. When the nanocylinders reached
the Au thin layer on an AAO template, the reduction current was suddenly enhanced
due to the in-situ electric contact with the Au thin layer and formation of hemispheric
metal caps as shown in Figure 4. The time for filling AAO nanochannels with Co/Cu
multilayered nanocylinders, TF, was determined from the time-dependence of observed
current at the wide range of pulsed-potential deposition time as shown in Figure 4.

Figure 3. Time-dependence of applied potential (a) and observed current (b) at the beginning of
pulsed-potential deposition time for growing Co/Cu multilayered nanocylinders. The cathode
potential was alternatingly changed between −0.4 V (1.0 s) and −0.95 V (0.1 s).
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Figure 4. Schematic image for filling the AAO nanochannels with Co/Cu multilayered nanocylinders
at the wide range of pulsed-potential deposition time.

The growth rate of Co/Cu multilayered nanocylinders, Rg, can be estimated from
dividing the AAO nanochannel’s length, L, by the filling time, TF. Furthermore, Co/Cu
bilayer thickness, tCo/Cu, can be also estimated from the following Equation (11).

tCo/Cu = L
TCo + TCu

TF
(11)

Here, TCo and TCu are the pulse-deposition time for each Co and Cu layer, respectively.
In the present study, TCo and TCu correspond to 0.1 s and 1.0 s, respectively.

Figure 5a,b show the effect of ECo (pulsed potential for Co layer deposition) on the
nanocylinder growth rate, Rg and Co/Cu bilayer thickness, tCo/Cu, respectively. When
ECo was shifted to the less noble region, Rg and tCo/Cu increased logarithmically up
to 27.9 nm s−1 and 30.7 nm, respectively. Based on Tafel equation (η = a + blogi), the
overpotential, η, is proportional to the logarithm of current, logi, when the charge transfer
process controls the electrochemical reaction. It is well-known that the nanocylinder
growth rate and bilayer thickness are a linear relationship with the electrodeposition
current density based on Faraday’s laws of electrolysis. Hence, Rg and tCo/Cu should
be increased logarithmically with increasing the overpotential. The composition of Co,
XCo and that of Cu, XCu in each sample were also determined from EDX analysis (EDX-
800HS, Shimadzu, Kyoto, Japan) as shown in Figure 5c. All over the potential range from
−0.95 V to −1.03 V, the average XCo and XCu were 87.58% and 12.42%, respectively. The
compositions were also investigated by FE-SEM-EDS analysis (JSM-7500FA, JEOL, Tokyo,
Japan). The average XCo and XCu were also determined to 87.96% and 12.04%, respectively.
If the Cu impurities in Co layers are negligible, each average layer thickness of Co and Cu,
tCo and tCu, can be estimated from the following Equations (12) and (13), respectively.

tCo = tCo/Cu
XCo
100

(12)

tCu = tCo/Cu
XCu
100

(13)
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Figure 5. Effects of pulsed-potential for Co layers, ECo, on the growth rate of nanocylinders, Rg (a),
Co/Cu bilayer thickness, tCo/Cu (b), the average composition, XCo and XCu (c), and the average layer
thickness, tCo and tCu (d). TCo, ECu and TCu were fixed to 0.1 s, −0.40 V and 1.0 s, respectively.

The effect of ECo on tCo and tCu is shown in Figure 5d. The tCu was almost constant at
less than 4 nm all over the potential range. On the other hand, tCo became thicker as ECo
was shifted to a less noble region. According to the above results, it was revealed that tCo
can be controlled within the range from 8 to 27 nm by tuning ECo.

4.2. Structure of Co/Cu Heterojunction Nanocylinders

Figure 6 shows TEM bright-field images of Co/Cu multilayered nanocylinders. The
samples were prepared by ranging the pulsed-potential for Co layer, ECo as the following:
Figure 6a ECo = −0.95 V, Figure 6b ECo = −0.97 V and Figure 6c,c’ ECo = −1.00 V. While
the other parameters: TCo, ECu and TCu were fixed to 0.1 s, −0.40 V and 1.0 s, respectively.
The Co/Cu multilayered nanocylinders were separated from AAO templates. As shown
in Figure 6, the diameter of Co/Cu multilayered nanocylinder is ~50 nm, which is almost
identical to the diameter of AAO nanochannels as shown in Figure 1. The nanocylinder
also has a multilayered heterojunction structure. The layer thickness of a dark thick layer is
~10 nm while that of a light thin layer is ~2 nm. The thick and thin layers correspond to
the Co and Cu layers, respectively, considering the estimated layer thickness, as shown in
Figure 5d.

Figure 7 renders the effect of ECo on the XRD profiles of Co/Cu multilayered nanocylin-
ders. As shown in Figure 7, the observed peaks at 2θ = 41.25◦, 44.1◦, 44.4◦, and 47.25◦ are
derived from hcp-Co (100), fcc-Co (111), hcp-Co (002), and hcp-Co (101), respectively. The
diffraction peak, which is derived from fcc-Co, is observed at 2θ = 44.1◦. The presence of fcc-
Co could be caused by the phase transformation from the hcp to the fcc structure because a
part of the Co layer seems to contain Cu as the impurity element. Other researchers have
also reported that the fcc-Co phase existed in the X-ray diffraction pattern on their Co/Cu
multilayered films [27]. In contrast, the diffraction peak of fcc-Co disappeared when the
pulsed potential for Co layer was set to a less nobler region. The peak disappearance results
from an increase in the Co layer thickness, as shown in Figure 5d.
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Figure 6. TEM images of Co/Cu multilayered nanocylinders that were separated from an anodized
aluminum oxide nanochannel template. (a) ECo = −0.95 V, (b) ECo = −0.97 V, (c,c’) ECo = −1.00 V.
TCo, ECu and TCu were fixed to 0.1 s, −0.40 V and 1.0 s, respectively.

Figure 7. Effect of pulsed-potential for Co layer, ECo on the X-ray diffractograms of Co/Cu multilay-
ered nanocylinders. ECo was set for −0.95 V, −0.97 V, −1.00 V, −1.02 V and −1.03 V. TCo, ECu and
TCu were fixed to 0.1 s, −0.40 V and 1.0 s, respectively.
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4.3. Magnetoresistance Properties of Co/Cu Multilayered Heterojunction Nanocylinders

The effect of ECo on the magnetic and magnetoresistance hysteresis curves of Co/Cu
multilayered nanocylinder arrays is shown in Figure 8. The hysteresis curves, which were
obtained in the magnetic field perpendicular to the AAO film, are plotted in the solid lines,
while the curves that obtained in-plane direction are plotted in the dotted lines. As shown
in the dotted lines of Figure 8a–d, it is quite difficult to achieve the saturation magnetization
with a magnetic field in-plane direction to the AAO film due to a substantial demagnetizing
field, Hd. The demagnetization factor, Nd with in-plane direction can be estimated to ~0.5.
On the other hand, as shown by the solid lines, it is relatively easy to achieve the saturation
magnetization with a perpendicular magnetic field to the AAO film plane. As shown in
Equation (2), Hd will be minimal in a perpendicular direction, which corresponds to the
axial direction of a nanocylinder. In this case, the external magnetic field will be effective
and not reduced. Hence, the saturation magnetization can be realized by a small external
magnetic field (~2 kOe) in the long axis direction of nanocylinders [28].

Figure 8. Effect of pulsed-potential for Co layers, ECo on the magnetic and magnetoresistance
hysteresis loops of AAO nanochannel films with Co/Cu multilayered nanocylinder arrays. ECo was
set for −0.95 V (a,a’), −0.97 V (b,b’), −1.00 V (c,c’), −1.02 V (d,d’) and −1.03 V (e,e’). TCo, ECu and
TCu were fixed to 0.1 s, −0.40 V and 1.0 s, respectively. The magnetic field was applied to in-plane
(dotted lines) and perpendicular (solid lines) directions to the multilayer interfaces.
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If the resistance of a multilayered structure can be expressed by the linear relationship
with the composition, the resistance of a Co/Cu multilayered nanocylinder can be defined
using the resistivities of a Co layer and a Cu layer as shown in Equation (14).

R =

(
ρCo

XCo
100

+ ρCu
XCu
100

)
L
S

(14)

Here, R is the resistance of a Co/Cu nanocylinder. ρCo and ρCu are the resistivity of
a Co layer (64.2 Ω/nm) and a Cu layer (16.8 Ω/nm), respectively. L and S are the length
(60 µm) and the cross-section area (~6360 nm2) of a nanocylinder, respectively. According to
Equation (14), R will increase with increasing XCo because ρCo is larger than ρCu. Based on
our experimental results, the resistance of a Co/Cu multilayered nanocylinder, which was
synthesized by an electrochemical in situ contact process, corresponded to the estimated
value for the parallel contacts with only 1~3 nanocylinders regardless of the composition.

As shown by the dotted lines of Figure 8a–d, the magnetoresistance of Co/Cu multi-
layered nanocylinder arrays decreased like a Gaussian curve. The resistance reached the
minimum in the range more than ~7 kOe as the magnetic field increased slowly in the
in-plane (parallel) direction. On the other hand, the magnetoresistance ratio decreased
quickly and reached zero at ~2 kOe with an increasing magnetic field in the perpendicular
(axial) direction, as shown by the solid lines.

The GMR value of Co/Cu multilayered nanocylinder arrays, which were electrode-
posited at ECo of −1.03 V, was ~9%, as shown in Figure 8e’. While, the GMR value of the
nanocylinder arrays, which were electrodeposited at ECo of −1.00 V, increased up to ~16%,
as shown in Figure 8c’. It has been reported that the GMR value increases as the number
of interfaces between ferromagnetic and non-magnetic layers increases [29]. As shown
in Figure 5d, the Co layer thickness became thinner as the pulsed potential was shifted
to a noble region. This decrease in the Co layer thickness increases the number of layer
interfaces. Hence, this increase in GMR seems to be caused by decreases in the Co layer
thickness. For further improving the CPP-GMR performance, the Co layer thickness, tCo
was decreased by shortening the pulse-deposition time for Co layer, TCo. To maintain the
throwing power for the pulse-deposition, the pulsed-potential for Co layer, ECo was kept
to less nobler than −1.03 V. Figure 9 show the magnetoresistance hysteresis loops of an
AAO nanochannel film with Co/Cu multilayered nanocylinder arrays. The nanocylinder
arrays were electrodeposited using the pulse parameters of ECo = −1.05 V, TCo = 0.03 s,
ECu = −0.4 V and TCu = 1.0 s. As shown in Figure 9, the CPP-GMR value reached up to ca.
23% in the Co/Cu multilayered nanocylinder with 8.6 nm in tCo and 4 nm in tCu.

Table 1 shows the summary of CPP-GMR performances (at room temperature) of
electrodeposited multilayered nanocylinders that were reported by the other researchers.
Most researchers have reported that the CPP-GMR value reached up to ca. 15~20% at room
temperature in the tCo range from ca. 5 to 20 nm and the tCu range from ca. 5 to 10 nm.
Those values give good agreement with the value obtained in the present study.

Figure 10 shows the effect of Co layer thickness on the GMR value and (∆R/Rp)−1

of Co/Cu multilayered nanocylinders. As shown in Figure 10a, the GMR value increases
with a decreasing Co layer thickness. In the Co layer thickness of 8.6 nm, the GMR value
reached up to ~23%. As shown in Figure 10b, with a decrease in the thickness of the Co
layer, (∆R/Rp)−1 decreases linearly [13]. This tendency corresponds well to Valet–Fert
Equation (8). The spin-diffusion length of magnetic metal can also be estimated from the
slope of approximate expression in Figure 10b. Consequently, the cobalt spin-diffusion
length, lCo

sf, was estimated to be ~12.5 nm. As the thickness of the Co layer, tCo, is from
8 to 27 nm, the condition of tF > lFsf in the Valet–Fert model seems to be satisfied by the
results in the present study.
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Figure 9. Magnetoresistance hysteresis loops of an AAO nanochannel film with Co/Cu multilayered
nanocylinder arrays. The sample was synthesized using the pulse parameters of ECo = −1.05 V,
TCo = 0.03 s, ECu = −0.4 V and TCu = 1.0 s. The magnetic field was applied to in-plane (dotted lines)
and perpendicular (solid lines) directions to the multilayer interfaces.

Table 1. Summary of CPP-GMR performance (at room temperature) of multilayered nanocylinders electrodeposited into
AAO that were reported by the other researchers. The nanocylinders in Refs. [8,9] were electrodeposited into ion-track-etched
polycarbonate membranes.

Authors FM/NM GMR/% D/nm L/µm L/D tCo/nm tCu/nm Source Title Year Ref.

Piraux et al. Co/Cu 15 40 10 250 10 10 Appl. Phys. Lett. 1994 [8]

Blondel et al. Co/Cu 14 80 6 75 5 5 Appl. Phys. Lett. 1994 [9]

Evans et al. CoNi/Cu 55 300 60 200 5 2 Appl. Phys. Lett. 2000 [10]

Ohgai et al. Co/Cu 15 60 2 33 10 10 J. Appl. Electrochem. 2004 [11]

Tang et al. Co/Cu 14 300 60 200 8 10 J. Appl. Phys. 2006 [12]

Tang et al. CoNi/Cu 23 300 60 200 10 4 Phys. Rev. B 2007 [13]

Shakya et al. FeCoNi/Cu 15 300 60 200 14 10 J. Magn. Magn. Mater 2012 [14]

Zhang et al. FeNi/Cu/Co 45 120 2 17 25 15 J. Mater. Sci. M. E. 2015 [15]

Han et al. Co/Cu 13 50 11 220 50 5 Adv. Cond. Mat. Phys. 2016 [16]

Xi et al. Co/Cu 0.16 80 3 38 200 5 Physica B 2017 [17]

Kamimura et al. Co/Cu 24 75 70 933 19 1.4 Nanomaterials 2020 [18]
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Figure 10. Effect of Co layer thickness on GMR (a) and (∆R/Rp)−1 (b) in electrodeposited Co/Cu
multilayered nanocylinders.

5. Conclusions

AAO nanochannel films (D: ~50 nm, L: ~60 µm) were fabricated using an anodiza-
tion and exfoliation technique from a metallic aluminum rod. The Co/Cu multilayered
nanocylinders were fabricated by alternating the cathode potentials for Cu and Co de-
position to adjust the Co layer thickness within ~30 nm. From the TEM images of the
Co/Cu multilayered nanocylinders, it was confirmed that the Co and Cu layers were
alternately laminated, and the diameter of the nanocylinders was the same as the pore
diameter of the AAO template. The multilayered nanocylinders with alternating Cu and
Co layers contained both hcp and fcc phases of cobalt. The multilayered nanocylinders
with alternating Cu and Co layers reached saturation magnetization with a small magnetic
field (~2 kOe) in the axial direction of nanocylinders due to the substantial aspect ratio. As
the Co layer thickness decreased, the GMR reached up to approx. 23%. When decreasing
the Co layer thickness, (∆R/Rp)−1 linearly decreased according to the Valet–Fert equation;
this can be explained under the condition of tF > lFsf and tN < lNsf. The cobalt spin-diffusion
length, lCo

sf, was estimated to be ~12.5 nm by the slope of approximate expression.
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Abstract: Encapsulated magnetic nanoparticles are of increasing interest for biomedical applications.
However, up to now, it is still not possible to characterize their localized magnetic properties within
the capsules. Magnetic Force Microscopy (MFM) has proved to be a suitable technique to image
magnetic nanoparticles at ambient conditions revealing information about the spatial distribution
and the magnetic properties of the nanoparticles simultaneously. However, MFM measurements
on magnetic nanoparticles lead to falsifications of the magnetic MFM signal due to the topographic
crosstalk. The origin of the topographic crosstalk in MFM has been proven to be capacitive coupling
effects due to distance change between the substrate and tip measuring above the nanoparticle. In this
paper, we present data fusion of the topography measurements of Atomic Force Microscopy (AFM)
and the phase image of MFM measurements in combination with the theory of capacitive coupling in
order to eliminate the topographic crosstalk in the phase image. This method offers a novel approach
for the magnetic visualization of encapsulated magnetic nanoparticles.

Keywords: atomic force microscopy; magnetic force microscopy; hybrid nanoparticles; polystyrene;
data fusion

1. Introduction

Magnetic nanoparticles encapsulated in a polymer matrix are of increasing importance for medical
applications such as magnetic drug delivery, contrast agent for magnetic resonance imaging (MRI) and
hyperthermia for cancer treatment [1–5].

Especially superparamagnetic iron oxide nanoparticles (SPIONs) are of high interest due to their
unique magnetic properties. However, there is still the need for localized magnetic characterization
of the encapsulated SPIONs. Magnetic Force Microscopy (MFM) has proved to be a suitable tool to
image SPIONs and to map SPIONs embedded in a polymer film giving information simultaneously
about spatial distribution and the magnetic behavior [6–12]. Passeri et al. used MFM measurements
for the detection of the magnetic core of magneto ferritin and for the determination of the diameter
of agglomerates in niosomes for drug delivery [13]. However, MFM measurements on nanoparticles
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face the difficulty that the magnetic signals interfere with topographic crosstalk because of the
distance change between tip and substrate when measuring the nanoparticles [12,14]. This mirroring
of surface structures in MFM phase images is still an issue in MFM research [15–17]. The origin of
the crosstalk was experimentally proven and theoretically explained by capacitive coupling between
tip and substrate [12]. This effect becomes relevant for structures smaller than the tip radius such
as surface roughness or measurements on nanoparticles [18]. In interleave mode, a first scanline
measures the topography of the sample, a second scanline following the topography of the first scan at
a defined distance, the lift height, measures the phase image. In MFM, the phase image corresponds in
principle to long range magnetic forces of the sample. However, the distance change between tip and
substrate measuring above nanostructures leads to a positive phase shift indicating a positive force
gradient, which might be erroneously interpreted by a repulsive magnetic force. Various methods
have been suggested to minimize the topographic crosstalk. Angeloni et al. suggested a change in tip
magnetization to distinguish between magnetic and electrostatic forces [19]. Analyzing the parameters
relevant for the crosstalk opens several possibilities to reduce this effect [12]. Choosing a substrate
with a small contact potential difference between substrate and tip, the crosstalk can be reduced.
Introducing a voltage between tip and substrate to cancel the contact potential difference between tip
and substrate minimizes the crosstalk as well, but the additional voltage is a further parameter and may
influence the measurements [16,17]. Choosing a tip with a small tip radius also reduces the crosstalk
having the disadvantage of a smaller tip magnetization. It was shown that introducing a dielectric layer
between substrate and nanoparticle the topographic crosstalk can be reduced significantly because,
in this case, the distance change following the topography is small compared to the overall distance
between substrate and tip [18]. For measuring magnetic nanoparticles one possibility is to embed the
nanoparticles in a dielectric layer in order to completely remove the topographic crosstalk [11].

In order to compensate for the topographic crosstalk in general and independently of the sample,
a numerical method is needed that calculates the capacitive coupling and the topographic influence on
the phase image data for each measuring point. In this paper we present the concept of data fusion
of Atomic Force Microscopy (AFM) topography and MFM phase signals to correct the phase signals
from topographic crosstalk. This method allows to obtain pure magnetic signals without introducing
further measurement parameters such as an additional voltage and without introducing additional
process steps such as the embedding of the nanoparticles. As a model system to test the concept of data
fusion, unloaded polystyrene nanoparticles and polystyrene (PS) nanoparticles loaded with SPIONs
are investigated.

Data fusion on unloaded PS nanoparticles prove the concept of data fusion to compensate the
topographic crosstalk completely. Data fusion on single SPIONs reveal the importance of the correction
of the topographic crosstalk in order to obtain pure magnetic signals. The measurements confirm the
superparamagnetic state of the SPIONs. Data fusion on PS nanoparticles loaded with SPIONs give
pure magnetic signals, which show the distribution of the SPIONs in the PS capsules in accordance with
Transmission Electron Measurements (TEM). It is for the first time possible to obtain spatially resolved
magnetic information of encapsulated SPIONs. Only attractive forces are observed, indicating that the
encapsulated SPIONs are still in the superparamagnetic state.

With the help of data fusion of AFM and MFM measurements it is now possible to discuss and
interpret magnetic phase images without falsification due to the topographic crosstalk

2. Materials and Methods

The synthesis of polystyrene nanoparticles is based on the method reported by
Musyanovych et al. [20]. Polystyrene nanoparticles with encapsulated magnetite were synthesized
through free radical miniemulsion polymerization using a ferrofluid of oleic acid-stabilized iron oxide
nanoparticles (Webcraft GmbH, Gottmadingen, Germany) without further purification. In order to
compare the influence of the production method on the manufactured particles, sufficient amounts of

130



Nanomaterials 2020, 10, 2486

organic and aqueous phases were prepared to have identical starting conditions for the preparation of
the particles. The synthesis was performed in a ratio of 1:0 and 1:0.2 polystyrene to magnetite.

For the sample preparation, the polystyrene magnetite nanoparticles in an aqueous solution were
diluted with ultrapure water. Single drops of 1–3 mL of the solution were pipetted onto the substrates
and allowed to dry.

MFM measurements were performed on a Bruker Dimension Icon atomic force microscope
(Bruker AXS, Karslruhe, Germany). The standard methods tapping mode for topography measurements
and dynamic lift mode for phase measurements were used. The lift height for measurements was 50 nm.
KPFM measurements with identical tips were performed to measure the contact potential difference
between substrate and measuring tip. In this work ASYMFM-HM tips were used. The collected
measurement data were processed and evaluated in the SPM (scanning probe microscopy) software
NanoScope Analysis (version 1.9, Bruker AXS, Karslruhe, Germany) provided by Bruker, as well as the
free analysis software Gwyddion (version 2.55, www.gwyddion.net) for Data matrix extraction [21].
For data fusion and graphing, OriginPro (version 2020b, OriginLab Corp., Northampton, MA, USA)
was used.

Data mapping is an important step towards eliminating topographic crosstalk and requires
accurate measurement evaluation. An AFM generates a measurement image by dividing a predefined
area into a discrete number of lines and scanning them one by one. The resolution of the measurement
thus depends primarily on the number of lines but also on the number of measuring points per line
and therefore is also size-dependent on the predefined area. Measurements were performed at a
sample/line rate of 256. In this case, the scanned area is divided into 256 lines with each line having
256 measuring points. Each measurement point thus has the topography information from the first
trace and the corresponding phase information from the second trace to the relevant reference point
of the topography. As the measurement progresses, a data matrix is formed with X (lines) times
Y (measuring points per line) measured values. In addition to the topography values, this matrix
also contains phase values. Thus, for each spatially resolved point of the matrix there is topography
and phase information in relation to each measuring point. It is of great importance that individual
data points are exactly assigned to their measured phase. The measurement data are extracted purely
numerically as a 256× 256 data matrix. With the help of data analysis tools like OriginPro, height values
can thus be linked and evaluated with those of the measured and calculated phase. The data matrix
cleaned up by the topographical crosstalk can then be transferred and evaluated. A simplified form
of data mapping is the linking of data within a cross-section in the area. This reduces the previously
measured two-dimensional area into a one-dimensional measurement line and links the topographic
measurement points of this line to the measured phase values. Using the Nanoscope Analysis
measuring program, the measurement can be analyzed in two separate windows. Topography and
phase values can be linked with each other by this procedure.

The morphology was investigated by transmission electron microscopy (TEM) using Zeiss Libra
120 of (Carl Zeiss NTS GmbH, Oberkochen, Germany), operating at an acceleration voltage of 120 kV.
The particle dispersions were diluted with demineralized water, dropped on a 300-mesh carbon-coated
copper grid and dried at ambient temperature. No additional contrasting was applied.

3. Theory

3.1. Capacitive Coupling

In interleave mode the lift height z between tip and surface structure is kept constant at every
measuring point. Measuring small structures, for example, nanoparticles, the distance change between
tip and substrate leads to a contribution to the capacity between tip and substrate depending on the
topography of the structure ttopo.
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The distance change between tip and substrate following the topography in the interleave mode
leads in total to a positive phase shift in the MFM signal:

∆φel = −Q
k
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z + ttopo

)
− F′(z)

)
= −Q

k
ε0




Ae f f
(
z + ttopo
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 > 0, (1)

where F′: force gradient acting on the tip during the MFM measurement; Q: cantilever quality factor;
k: spring constant; ε0: vacuum dielectric constant; z: lift height; ttopo(x, y): distance parameter of
topography; ttopo = 0 defines the baseline of the substrate for the calculation and is the deepest point of
the topography; VCPD: contact potential difference between substrate and tip; Ae f f : effective area of
the capacitor responsible of the capacitive coupling.

Ae f f increases with increasing tip–substrate distance [12,14]. According to our previous work a
parabolic tip shape is used to calculate Ae f f [14]. The radius of Ae f f is defined by the value of the force
gradient falling below 0.1% (p = 0.001) of the value of the force gradient between the top of the tip and
the substrate. Ae f f = π re f f
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z1(x, y) = z + ttopo(x, y), (3)

where p: percentage factor.
Measuring the topography gives the distance parameter ttopo(x, y) and allows the calculation of

the positive phase shift due to topographic crosstalk.

3.2. Data Fusion of AFM and MFM

Figure 1 depicts the process of data fusion of AFM and MFM measurements for correction of
topographic crosstalk in MFM phase images:
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AFM topographic data are used to calculate the topographic crosstalk in MFM phase images
by using the measured AFM data as ttopo(x, y) in Equation (1) (Operation 1 in Figure 1). The exact
tip radius rtip is determined by Scanning Electron Microscopy and VCPD is determined by KPFM
measurements. In all measurements p = 0.001 achieved the best agreement with the measured data.
The calculated phase image corresponding to the topographic crosstalk is then subtracted from the
measured MFM phase image data (Operation 2 in Figure 1) resulting in a phase image depicting the
pure magnetic signal.

4. Results and Discussion

4.1. Measurements on Non-Magnetic PS Nanoparticles in Comparison to Measurements on SPIONs

All interleave mode measurements on pure PS nanoparticles as well as on single SPIONs show a
topographic crosstalk in the MFM phase image. Figure 2 represents topographic AFM measurements on
a single PS nanoparticle with a diameter of 60 nm and the corresponding phase image (a) and the AFM
topography and phase image of two single SPIONs with a diameter of 8 and 12 nm, respectively (b):
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Figure 2. (a) Atomic Force Microscopy (AFM) topography (left) and the corresponding phase image in
lift mode (right) of a single polystyrene (PS)-nanoparticle with a diameter of 60 nm (silicon substrate;
z = 50 nm; rtip = 80 nm). (b) AFM topography (left) and the corresponding phase image in lift mode
(right) of two single superparamagnetic iron oxide nanoparticles (SPIONs) with a diameter of 12 and
8 nm (silicon substrate; z = 50 nm; rtip = 80 nm).
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The measurements clearly demonstrate that the interpretation of the phase image is not possible
without correction of the topographic crosstalk: the non-magnetic PS nanoparticles (Figure 2a)
show a positive phase instead of the expected zero phase and the SPIONs (Figure 2b) show a ring
of negative phase around a positive phase instead of a completely negative phase due to their
superparamagnetic character.

The data fusion process, as depicted in Figure 1, was applied to these two systems, pure PS
nanoparticles and SPIONs, as shown in Figure 3. As proved in our previous work the dielectric
constant of the nanoparticles has no influence on the capacitive coupling and, therefore, has not been
taken into account [14]. The roughness of the substrate (on average around 1 Å) is small compared to
the size of the nanoparticles and therefore does not contribute significantly to the topographic crosstalk.
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For pure PS particles the topographic crosstalk is compensated completely, resulting in a phase
image of zero as expected for non-magnetic nanoparticles, as shown in Figure 3.

The charts in Figure 4 illustrate the correction of the topographic crosstalk for SPIONs.Nanomaterials 2020, 10, x FOR PEER REVIEW 7 of 11 
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Figure 4. Data fusion of AFM topography and MFM phase image for SPIONs.

The magnetic phase image only shows negative values as expected for superparamagnetic
particles. Figure 5 demonstrates the process of data fusion for PS particles with different diameters
ranging from 12 to 78 nm.

As the polystyrene nanoparticles are non-magnetic, the measured positive MFM phase image
clearly indicates significant contributions due to capacitive coupling (column 1). The second column
shows cross-sections through the phase images of the measured data. The third column contains
the calculated phase shifts (Operation 1 in Figure 1) due to capacitive coupling and based on the
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topography AFM measurements. The fourth column presents the results of Operation 2, the subtraction
of measured and calculated phase in Figure 1, in form of a cross-section. It is clearly seen that the
topographic crosstalk is eliminated and the phase signal approaches the measurement noise. The fifth
segment visualizes the elimination of the crosstalk in the two-dimensional phase images. For all
particles, the topographic crosstalk is almost completely removed.Nanomaterials 2020, 10, x FOR PEER REVIEW 8 of 11 
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Figure 5. Data Fusion of different polystyrene capsules (top to bottom): (1) measured phase shift,
(2) cross-section of measured phase shift, (3) calculated phase shift based on topographic cross-section,
(4) cross-section of resulting phase shift by data fusion, (5) resulting phase image. (Silicon substrate;
VCPD = 0.55 V − 1 V; z = 50 nm; rtip = 80 nm).

These measurements prove that the process of data fusion is an appropriate method for elimination
of topographic crosstalk for a wide range of nanoparticle sizes.

4.2. Measurements on SPIONs Encapsulated in PS

Data fusion of AFM and MFM measurements now allow to investigate the localized magnetic
behavior of encapsulated SPIONs. SPIONs with a diameter ranging from 7 to 10 nm diameter are
encapsulated in PS nanoparticles with a diameter from 18 to 100 nm. The measured phase images
(column 1) show a positive phase shift (white color) surrounded by a ring of negative phase shift
(black color). The calculation of the topographic crosstalk based on the topographic AFM-measurements
demonstrates that the measured positive phase shift is not due to repulsive magnetic forces but only
due to topographic crosstalk (column 3 in Figure 6). Removing the topographic crosstalk, the corrected
phase images only show negative values indicating the superparamagnetic character of the SPIONS.

The corrected phase images of PS nanoparticles show that the SPIONs are located at the outer
edge of the PS nanoparticles, which is in good agreement with TEM measurements shown in Figure 7.
The pure magnetic signals (columns 4 and 5 in Figure 6) only show attractive forces indicating that the
encapsulated SPIONS are still in their superparamagnetic state in accordance to VSM measurements
on similar nanoparticles [21].
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Figure 7. Transmission Electron Measurements (TEM) image of PS nanoparticles with encapsulated
SPIONs.

5. Conclusions

In summary, a numerical method was developed, which in general allows the correction of
topographic crosstalk in MFM measurements. This method is based on data fusion of the AFM
topography and the MFM phase image in combination with the theory of capacitive coupling.

The success of the data fusion was demonstrated by measurements on pure polystyrene
nanoparticles of different sizes serving as a non-magnetic model system. With this method it was
then possible to magnetically characterize in SPIONs encapsulated in polystyrene. The measurements
demonstrate the superparamagnetic behavior of the SPIONs. It is now possible to magnetically image
encapsulated SPIONs without falsifications due to the topographic crosstalk. The correction by data
fusion presented in this paper thus offers a solution not only for nanoparticles but also for various
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applications that are affected by topographic crosstalk in lift mode measurements. An implementation
of the measurement software is conceivable and could be directly incorporated into the analysis by an
automated background process.
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Abstract: We present a 1H Nuclear Magnetic Resonance (NMR) relaxometry experimental investigation
of two series of magnetic nanoparticles, constituted of a maghemite core with a mean diameter
dTEM = 17 ± 2.5 nm and 8 ± 0.4 nm, respectively, and coated with four different negative
polyelectrolytes. A full structural, morpho-dimensional and magnetic characterization was performed
by means of Transmission Electron Microscopy, Atomic Force Microscopy and DC magnetometry.
The magnetization curves showed that the investigated nanoparticles displayed a different approach
to the saturation depending on the coatings, the less steep ones being those of the two samples coated
with P(MAA-stat-MAPEG), suggesting the possibility of slightly different local magnetic disorders
induced by the presence of the various polyelectrolytes on the particles’ surface. For each series,
1H NMR relaxivities were found to depend very slightly on the surface coating. We observed a higher
transverse nuclear relaxivity, r2, at all investigated frequencies (10 kHz ≤ νL ≤ 60 MHz) for the larger
diameter series, and a very different frequency behavior for the longitudinal nuclear relaxivity, r1,
between the two series. In particular, the first one (dTEM = 17 nm) displayed an anomalous increase
of r1 toward the lowest frequencies, possibly due to high magnetic anisotropy together with spin
disorder effects. The other series (dTEM = 8 nm) displayed a r1 vs. νL behavior that can be described
by the Roch’s heuristic model. The fitting procedure provided the distance of the minimum approach
and the value of the Néel reversal time (τ ≈ 3.5 ÷ 3.9·10−9 s) at room temperature, confirming the
superparamagnetic nature of these compounds.

Keywords: magnetic nanoparticles; Superparamagnetism; Nuclear Magnetic Resonance;
Magnetic Resonance Imaging; coating; polyelectrolytes
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1. Introduction

Imaging techniques play a fundamental role in every branch of medicine [1–6]. Among these,
Magnetic Resonance Imaging (MRI) has played a leading role, as it combines the possibility of obtaining
3D images with a spatial resolution down to a few micrometers, the absence of limits for the penetration
depth and the use of non-ionizing electromagnetic radiation [7]. The reconstruction of MRI acquisitions
is mainly based on the analysis of the Nuclear Magnetic Resonance (NMR) signal coming from the
water protons of different liquids/organs/tissues, on which appropriate magnetic field gradients are
applied. The search for a higher sensitivity and the continuous optimization of methods and tools in
MRI requires the development of efficient contrast agents (CAs) (i.e., biocompatible and biodegradable
materials properly designed in terms of geometry, interactions with water and magnetic properties)
that can be injected into the body to produce an optimized image contrast [8–14]. The presence of
CAs, in fact, induces a decrease in the nuclear relaxation times T1 and T2 of protons, producing a
local increase (T1-relaxing CAs) or decrease (T2-relaxing CAs) of the NMR signal in areas of the body
that contain the agent, making them appear with unequal brightness/darkness in the MRI image [15].
Approximately 10 years after the first application on humans of the paramagnetic MRI CAs (Young et al.
in 1981 [16]), more complex magnetic nanostructures based on iron oxide particles, typically magnetite
Fe3O4 or maghemite γ-Fe2O3, were introduced into the market (Endorem®/Feridex®, Feraheme®,
Combidex®, Clariscan® and Resovist®) [17–19]. Most of them were withdrawn from the market;
nevertheless, Resovist® is still sold in a few countries, and Feraheme® is approved for the treatment
of iron deficiency in adult chronic kidney disease patients. However, superparamagnetic properties
(which mainly lead to a reduction of the T2 of the solvent nuclei), low toxicity and the improved
synthesis control on the size, shape and surface of the magnetic nanoparticles (MNPs) (due to recently
developed synthesis procedures) make them very versatile from an applicative point of view [20].

The efficiency of such particles for diagnostics has indeed been demonstrated to depend on
several magnetic (nature of metal ion, spin topology, magnetic anisotropy), morphological/structural
(core diameter, shape, crystallinity degree, coating thickness) and chemical (water exchange
dynamics, principally due to coating hydrophilicity, permeability and thickness) parameters [21–26].
Moreover, a great potential of MNPs relies on their reactive surface, which can be exploited for the
anchorage of several molecules with different functionalities. Indeed, over the last two decades,
several research groups have tried to functionalize the nanoparticle surface with specific targeting
agents, such as antigens and antibodies, or load them with cargo such as drugs, fluorescent dyes,
radiotracers, etc. [27]. Ideally, these nanosystems could selectively reach the targeted tissues and
organs, increase the image contrast and, at the same time, release a drug or heat that region (through
Magnetic Fluid Hyperthermia [28–31]) to induce cell death. Thus, these nanoparticles can combine
properties useful in diagnostics with other properties compatible with therapy, thus becoming potential
theranostic agents.

This paper studies the morpho-dimensional, magnetic and relaxometric properties of aqueous
dispersions of two series of γ-Fe2O3 superparamagnetic nanoparticles (with mean diameters dTEM ≈ 17
± 2.5 nm and ≈ 8 ± 0.4 nm) coated with four different types of biocompatible negative polyelectrolytes.
The purpose of our study is to investigate how the different kinds of polymer coatings can influence the
behavior of the longitudinal (T1) and transverse (T2) 1H NMR relaxation times of MNP suspensions,
which have also been shown to depend on the size of the magnetic core.

2. Materials and Methods

2.1. Tuning the Coating of Maghemite Nanoparticles

2.1.1. Polyelectrolytes Serving as MNP Coatings

We used four different MNP polyelectrolyte coatings: (i) Poly(acrylic acid), named PAA-A
(average Mn = 1800 g·mol−1), purchased from Sigma–Aldrich (St. Louis, MO, USA) and used as
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received; (ii) a copolymer issued from the random esterification of poly(methacrylic acid) (PMAA)
chains with polyethylene glycol (PEG2000), PMAA-g-PEG2000, named PEG-B (Mn = 5.86 × 104 g·mol−1);
(iii) and (iv), two comb-like polymers fabricated by reversible addition-fragmentation chain transfer
(RAFT) based on PMMA and poly(ethylene glycol) methyl ether methacrylate (MAPEG2000) with
two different chain transfer agents, P(MAA-stat-MAPEG2000), named respectively PEG-C for the
hydrophobic transfer agent (Mn = 3.99 × 104 g·mol−1) and PEG-D for the hydrophilic transfer agent
(Mn = 2.87 × 104 g·mol−1) [32,33].

2.1.2. Fabrication Procedure of Magnetic Nanoparticles

Low diameter (average magnetic core size dTEM ≈ 8 ± 0.4 nm) maghemite-based MNPs
(samples A-8, B-8, C-8 and D-8, with PAA-A, PEG-B, PEG-C and PEG-D coatings, respectively)
were synthesized following Massart’s protocol relying on the coprecipitation of iron(II) and iron(III)
chloride salts in the presence of ammonium hydroxide [34]. High-diameter (average magnetic core
dTEM ≈ 17 ± 2.5 nm) maghemite-based nanoparticles (samples A-17, B-17, C-17 and D-17, with PAA-A,
PEG-B, PEG-C and PEG-D coatings, respectively) were prepared by a modified Massart’s method [35].
Briefly, iron chloride salt was dissolved in HCl acidic solutions (2 mol·L−1) and deoxygenated.
Subsequently, 6.6 mL of FeCl3·6H2O solution (1 mol·L−1) and 1.7 mL of FeCl2·4H2O solution (2 mol·L−1)
were mixed together and heated up to 70 ◦C under an argon atmosphere. Under vigorous stirring,
a tetrapropylammonium hydroxide solution (1 mol·L−1, 64.4 mL) was injected at a 0.7 mL·min−1 rate
using a syringe pump and then mixed for an additional 20 min. The two suspensions were oxidized
to maghemite by an acidic solution of iron nitrate and redispersed in nitric acid [34]. Purification of
the dispersion was performed by successive magnetic decantation steps. A size sorting by selective
precipitation was conducted to obtain a narrow polydispersity [36]. Coating with the different
polyelectrolytes, chosen for their biocompatibility from the perspective of in cellulo MRI, was achieved
after a protocol already described in the literature [33]. The polymer powder was added to the targeted
acidic dispersion of maghemite MNPs (0.06 wt.%) (for example, for 2.5 mL of iron oxide suspension,
5 mg of PAA-A or 15 mg of PEG-B, C, D were added). A 1.4 mol·L−1 solution of ammonium hydroxide
was added dropwise under stirring to reach a final pH above 8. Dialysis against Millipore water
using Spectra/PorTM membrane (regenerated cellulose) with an 8–10 kDa or 300 kDa cut-off was
performed for 48 h to remove the excess of polyelectrolytes, while the solution pH reached around 7
after neutralization.

2.2. Characterization Methods

Experimental Details

The nanoparticle morphology was investigated by transmission electron microscopy (TEM).
Images were recorded using a MO-Jeol 123S0 (80 kV) TEM equipped with a GATAN Orius 11 Megapixel
Camera. A few drops of suspensions of the nanosystems were deposited onto holey carbon-coated
copper grids (300 mesh) purchased from Agar Oxford Instruments.

Atomic Force Microscopy (AFM), performed by means of a Bruker Nanoscope Multimode IIId
AFM system operating in tapping mode in air, was used to estimate the total size of the MNPs (core
plus organic coating). The measurements were performed using a silicon rectangular cantilever
(NSG01, NT_MDT, length of 120 µm, spring constant of 2.5 N/m and a resonance frequency of about
130 kHz). The samples were prepared by drying a drop of very diluted aqueous solution of MNPs on a
mica substrate.

The hydrodynamic diameters of the nanosystems were measured with a Zetasizer Nano ZS ZEN
3600 (Malvern Instruments, Worcestershire, UK). Measurements were collected at 25 ◦C and averaged
over three acquisitions, and correlograms were fitted with a Cumulant algorithm. The results presented
are given after a lognormal fitting of the mean size volume histogram.
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The electrophoretic mobility of the nanosytems was determined with a Zetasizer Nano ZS ZEN
3600 (Malvern Instruments, Worcestershire, UK). From the electrophoretic mobility, the zeta potential,
ζ, was deduced using Smoluchowski’s approximation. All the measurements were performed at 25 ◦C
in disposable folded capillary cells (DTS1070) and repeated three times.

The DC magnetic measurements were carried out by a VSM magnetometer (PPMS Quantum
Design Ltd., San Diego, CA, USA) and a SQUID magnetometer (MPMS by Quantum Design Ltd.,
San Diego, CA, USA) operating in the 2–300 K temperature range and −5 ≤ µ0H ≤ +5 Tesla magnetic
field range. Zero Field Cooled/Field Cooled magnetizations were acquired in a 5 milliTesla probe
magnetic field after cooling the sample without (ZFC) and with (FC) the applied field. Due to the small
quantity of synthetized products, the magnetic material content in the samples could not be estimated
with accuracy. This inaccuracy and the large experimental error in the sample weight only allowed us
to assume a rough estimate of the saturation magnetization.

The NMR-dispersion profiles were collected at room temperature by measuring the T1 and
the T2 relaxation times, varying the Larmor frequency of the investigated nuclei (2πνL = γB0,
where γ = 2.67513 × 108 rad s−1 T−1 is the gyromagnetic factor of 1H, from 10 kHz up to 60 MHz).
For low-frequency relaxation measurements (from 0.01 MHz to 7.2 MHz), the Fast-Field-Cycling
technique was used by means of a Smartracer Stelar NMR relaxometer. High-frequency relaxation
measurements (up to 60 MHz) were performed using a Stelar Spinmaster Fourier transform nuclear
magnetic resonance spectrometer. For νL < 7.2 MHz, pre-polarized Saturation Recovery (for T1)
and spin-echo (for T2) sequences were adopted. For frequencies νL > 7.2 MHz, non-pre-polarized
Saturation Recovery (SR) and Carr Purcell Meiboom Gill (CPMG) pulse sequences were used for the
T1 and T2 measurements, respectively.

3. Results and Discussion

3.1. Nanoparticles Synthesis

The coatings of maghemite MNPs were chosen so that they met three main objectives: easy synthetic
access, biocompatibility and hydrophilicity. The structures of the four used polyelectrolytes (PAA-A,
PEG-B, PEG-C and PEG-D) are sketched in Figure 1. To confer stealth properties to the coated NPs,
PEGylated chains, well known to help nanoparticles evade the mononuclear phagocytic system
after in vivo injection, were added to the polymer backbone by using post-esterification (PEG-B) or
reversible addition-fragmentation chain transfer polymerization (PEG-C and PEG-D). Two series of
coated MNPs, differing by the size of the inorganic core, were actually generated by adding an excess of
each polyelectrolyte to an acidic solution of maghemite nanoparticles. After dialysis against Millipore
water, alkalinization using ammonium hydroxide was performed so as to favor the anchoring of the
polyelectrolyte carboxylate units to the naked surface of the iron oxide nanoparticles.
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3.2. Morphological Characterization

Both series of samples consist of spherical MNPs, as deduced from the TEM and AFM images,
which are presented in Figure 2a,b for A-17. Representative histograms of the core size for A-17
(first series) and A-8 (second series) are reported in Figure 3, while the average and standard deviation
of the core diameter distribution are reported in Table 1. After statistical counting of more than
300 nanoparticles, performed using the ImageJ software, the average diameter and the standard
deviation were determined by fitting the data to a log-normal distribution:

px(x,µy,σy) =
1√

2πσyx
exp


−

1
2

( lnx − µy

σy

)2 (1)

where x represents the different values of the diameter, µy = ln(dTEM), where dTEM is the mean diameter,
and σy is the standard deviation. The size distribution for each sample is within 16% around the mean
value for both series (Table 1), i.e., large enough to include the mean values of the others samples of the
same series.
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Figure 3. Histograms reporting the distribution of the core sizes for the two series of MNPs, as obtained
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Table 1. Mean diameters ± standard deviation of the inorganic cores for the first and second series,
obtained by TEM.

Sample dTEM
nm

first series samples 17.0 ± 2.5
second series samples 8.0 ± 0.4
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For the samples of the first series (high diameter), the MNPs’ morphology was also investigated
by Tapping Mode Atomic Force Microscopy, which allowed for the evaluation of the overall size
of the MNPs, i.e., the diameter of the magnetic core together with its coating. Besides, AFM can
distinguish the presence of MNP agglomerates and single MNPs, as shown in the topographic image
of Figure 2b. As expected, the MNPs’ average diameter dAFM obtained by AFM is greater than the
diameter estimated from the TEM data, due to the presence of the polymeric coating, whose thickness,
as calculated from the difference of the diameters obtained through the two different techniques
[(dAFM − dTEM)/2 (data not reported)], is in the order of 1 ÷ 1.5 nm, depending on the sample.

All of the samples have a negative zeta potential due to the presence of acrylate units on the
various polyelectrolytes. Each sample has a zeta potential in the−28 to−48 mV range, indicating a good
colloidal stability. The hydrodynamic diameters of the magnetic nanoparticles with a core of 17 nm
vary little with the nature of the stabilizing polyelectrolyte and remain within a range of 71 to 85 nm.
The increase in diameter, when compared with that obtained by TEM, is consistent with the presence
of the polyelectrolyte and a solvation layer on the surface of the nanoparticles. Likewise, the value
of 21 nm for the hydrodynamic diameter of the 8-nm nanoparticles samples stabilized by the PAA is
coherent with the presence of the polyelectrolyte and of the solvation layer.

3.3. Magnetic Measurements

The ZFC/FC magnetization curves are reported in Figure 4a for the samples A-17 and A-8,
which were measured in the form of powders. The temperature of the maximum in the ZFC curve,
commonly identified as the blocking temperature of the system, occurs at TB ~45 K for the smaller
diameter MNPs. For the larger diameter MNPs, the maximum is broadened around the end of the
measuring temperature range (TB ≥ 260–300 K), suggesting that this latter series of samples is in a sort
of transition between “blocked/unblocked” (superparamagnetic) regimes at room temperature. As a
reminder, TB is proportional to the competition between the magnetic energy barrier (Ea ≈ KeffV) and
the magnetization reversal process, which, in turn, increases with the effective anisotropy constant
(Keff) and the volume (V) of the MNPs. Thus, the large difference observed in the TB values of the two
series reflects this dependence.
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Figure 4. (a) ZFC/FC magnetization curves collected with a magnetic field µ0H = 5 × 10−3 Tesla and
(b) low field hysteresis loops at 2.5 K for A-17 and A-8.

The magnetization curves acquired at low (2.5 K) and high (300 K) temperatures are shown in
Figure 5 for the 17-nm series. The curves are normalized to the corresponding saturation magnetization
(Ms) value to better compare their shape features. Samples of the 17-nm series present a similar
coercivity (µ0HC = 35 milliTesla) at a low temperature, a similar magnetic remanence, MR/Ms = 0.3 at
2.5 K, and a similar susceptibility, χ, at 300 K, with the exception of D-17, which displays slightly higher
MR and χ values. On the contrary, a different approach to saturation (high field region), particularly
evident at a low temperature, is observed among the samples; these can be ordered, from slowest to
fastest to reach saturation, in the following sequence: C-17, B-17, A-17 and D-17.
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insets, details of the curves at low magnetic fields are shown.

A linear approach to saturation is commonly reported in nanoparticle systems and is related to
the spin disorder on the particle surface, which affects the magnetization alignment upon increasing
the field. In the present case, the different approach that was observed could thus be ascribed to
the different modifications of the particle surface induced by: (i) slight variations in the synthesis
procedure and/or (ii) the presence of different coatings. Due to their interconnection, distinguishing
between these two contributions is not an easy task and will require a more detailed analysis, which
is beyond the scope of this work. Interestingly, we can note that a negligible coercivity is recorded
in the magnetization curves at room temperature (300 K) for all the samples, suggesting that the
transition to the “unblocked” state mentioned above occurred for most of the particles of the 17 nm
series at this temperature. The magnetization curves for the second series (not shown) present roughly
similar features among the samples at low fields, with µ0HC = 25 milliTesla and MR/Ms = 0.4 at 2.5 K.
A comparison of the low field hysteresis at 2.5 K for representative samples of the two series is shown
in Figure 4b.

3.4. 1H NMR Relaxation

Proton NMR relaxation in superparamagnetic colloids occurs because of the fluctuations of the
dipolar magnetic coupling between nanoparticle magnetization and proton spins. The relaxation rate
is described by an outer sphere model that includes the Curie relaxation, where the dipolar interaction
fluctuates because of both the translational diffusion process and the Néel reversal (i.e., the flip
of the magnetization vector from one direction of the easy magnetization axis to the opposite one).
The sensitivity of MNPs as contrast agents was evaluated through the nuclear relaxivities r1 (longitudinal
relaxivity) and r2 (transverse relaxivity), which were calculated by means of the following equation:

ri = [(1/Ti)meas − (1/Ti)dia ]/C i = 1, 2 (2)

where (1/Ti)meas is the value measured on the samples, (1/Ti)dia is the relaxation rate of the dispersant
in the absence of superparamagnetic nanoparticles and C is the iron molar concentration within
the sample.

3.4.1. Experimental Data

17 nm MNPs (1st Series)

The experimental longitudinal relaxivity profile (r1) of the 17-nm series of MNPs is represented
in Figure 6a. All samples show a continuous increase of the longitudinal relaxivity lowering the
Larmor frequencies, with no detectable maximum. This behavior can be explained qualitatively by
taking into account the energy related to the crystal’s internal magnetic anisotropy at a low frequency.
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The absence of a maximum is common for spherical maghemite-based particles with diameters dTEM

above approximately 15 nm. However, here the flattening of the r1(ν) curves at a low frequency,
which is expected for high anisotropy systems, is not observed [37].
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Figure 6. (a) Longitudinal r1 and (b) transverse r2 NMRD profiles collected at room temperature
in the Larmor frequency range 0.01 ≤ νL ≤ 60 MHz for the first series of polymer-coated MNPs.
For comparison, the relaxivity values of Endorem, as reported by Basini et al., are shown [22].

The transverse relaxivity vs. frequency behavior (Figure 6b) is similar for all samples, and at a high
magnetic field µ0H ~1.41 Tesla (close to the clinical one), r2 reaches the value ~285 mM−1s−1 for sample
B-17 and ~400 mM−1s−1 for samples A-17, C-17 and D-17. At Larmor frequencies νL > 5–10 MHz,
sample B-17 shows r2 values smaller than those of the other samples, also slightly reflecting differences
in r1. The spin disorder, induced by the different polymer and/or the agglomeration effects, possibly
generate a lower magnetization value in the case of sample B-17. Table 2 summarizes the r1, r2 and
r2/r1 values at the two frequencies, namely 60 MHz and 15 MHz. The values are compared to those
of Endorem, a commercial T2 contrast agent, no longer used since 2012, but which still remains a
good reference for assessing the relaxation efficiency of relaxing T2 superparamagnetic nanoparticles.
The r2/r1 value is greater than 2, indicating that all the ferrofluids act as negative contrast agents,
this value being the threshold conventionally used to distinguish T1-relaxing agents and T2-relaxing
agents [38].

Table 2. Longitudinal and transverse relaxivity values and their ratio at 15 and 60 MHz, for the 1st
series of MNPs aqueous dispersions at room temperature.

Sample Frequency r1
(s−1mM−1)

r2
(s−1mM−1) r2/r1

A-17
60 MHz 12.4 (1.0) 396.8 (31.7) 32
15 MHz 48.4 (3.9) 396.8 (31.7) 8.2

B-17
60 MHz 11.3 (0.9) 285.7 (22.8) 25.3
15 MHz 47.1 (3.8) 314.9 (25.2) 6.7

C-17
60 MHz 10.9 (0.9) 398.7 (31.9) 36.6
15 MHz 44.5 (3.6) 365.5 (29.2) 8.2

D-17
60 MHz 12.6 (1.0) 401.8 (32.1) 31.9
15 MHz 49.9 (4.0) 381.7 (30.5) 7.6

Endorem
60 MHz 12.3 (1.0) 131.6 (10.5) 10.7
15 MHz 27.5 (2.2) 138.9 (11.1) 5

8 nm MNPs (2nd Series)

The relaxivity profiles of the 8-nm series of MNPs are presented in Figure 7. From Figure 7a, it is
possible to observer that the longitudinal relaxivity r1 of this series of MNPs behaves as expected
for ultrasmall superparamagnetic particles. The maximum of the longitudinal relaxivity is located
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between 1 and 20 MHz, and diminishes just by a factor of ~4 at 60 MHz. For sample A-8, the maximum
is shifted towards a higher frequency, suggesting slightly smaller sizes. At low fields, all samples
present a slight dispersion at 300–400 kHz, indicating that, at room temperature, their magnetization is
not completely locked along the magnetic ‘easy’ axis.
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In Table 3, the relaxivities of γ-Fe2O3 nanoparticles are compared to those of Endorem.

Table 3. Longitudinal and transverse relaxivity values and their ratio at 15 and 60 MHz, for the 2nd
series of MNPs aqueous dispersions at room temperature.

Sample Frequency r1
(s−1mM−1)

r2
(s−1mM−1) r2/r1

A-8
60 MHz 14.7 (1.2) 121.0 (9.7) 8.2

15.1 MHz 42.5 (3.4) 116.7 (9.3) 2.7

B-8
60 MHz 14.7 (1.2) 123.7 (9.9) 8.4

15.1 MHz 45.1 (3.6) 121.1 (9.7) 2.7

C-8
60 MHz 14.5 (1.2) 123.1 (9.9) 8.5

15.1 MHz 43.6 (3.5) 122.13 (9.8) 2.8

D-8
60 MHz 14.9 (1.2) 126.7 (10.1) 8.5

15.1 MHz 46.2 (3.7) 131.9 (10.6) 2.9

Endorem
60 MHz 12.3 (1.0) 131.6 (10.5) 10.7
15 MHz 27.5 (2.2) 138.9 (11.1) 5

The transverse relaxivity vs. frequency behavior (Figure 7b) is similar for all samples, and at
a high magnetic field µ0H ~1.41 Tesla, r2 reaches the value ~125 mM−1s−1. Then, the transverse
relaxometric performance of these samples at the typical clinical frequency ~60 MHz (crucial for
darkening the MRI images and thus increasing the sensitivity) is comparable to that of the commercial
CA. Additionally, one can note that the frequency behavior of the r2 relaxation curve is also similar to
that of the commercial compound, although the latter shows lower values for ν < 7 MHz.

It is interesting to note that the r2/r1 ratio at 60 MHz assumes a value of ~8 for our MNPs and ~11
for Endorem®. The r2/r1 values at 60 and 15.1 MHz are comparable to those of Endorem, indicating
that the two substances have a very similar efficiency as T2 contrast agents.

3.4.2. Analysis of NMR Results

To analyze the NMR longitudinal relaxivity profiles (i.e., r1 vs. frequency) at room temperature,
the heuristic model of Roch et al. [37] was employed. We were able to use this model (valid for an
ensemble of single nanoparticles) because the coincidence of r1 and r2 values for each sample at low
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frequencies, approximately ν < 0.1 MHz, ensured the absence of particle aggregation at the dilution
used for the NMR measurements. In more detail, the longitudinal NMRD profiles were fitted using
the following expression:

1
T1

= 32π
135,000µ

2
SP γ

2
I

NA C
RD 7P L(x)

x JF [Ω(ω S,ω0), τD, τN ] + [7Q L(x)
x + 3

(
1 − L2 (x) − 2 L(x)

x

)
]·

JF (ωL, τD, τN) + 3L2(x)·JA
(√

2ωI τD
) (3)

where µSP is the effective magnetic moment of the MNPs experienced by the 1H nuclei, γI is the
proton gyromagnetic ratio, NA is the Avogadro’s number, C is the molar concentration of iron in the
MNPs, R is the minimum approach distance between the protons and MNPs, L(x) is the Langevin’s
function (L(x) = cothx-1, where x =

µSPB0
kBT ), D is the diffusion coefficient of the medium, τD = R2/D is

the diffusion time that characterizes the fluctuation of the hyperfine interaction between the nuclear
magnetic moments of the 1H nuclei of the solvent (here water) and the nanoparticle magnetic moment,

τN = τ0e
KV
kBT is the Néel relaxation time at room temperature, and ωS and ωI are the electron and proton

transition frequencies, respectively. The parameters P and Q are related to the degree of magnetic
anisotropy of the system, being the weight of the spectral density functions JA (Ayant, high fields)
and JF (Freed, low fields), respectively. In particular, P = 0 and Q = 1 for highly anisotropic systems,
while P = 1 and Q = 0 for weakly anisotropic systems.

For the 17-nm samples, we were not able to fit the experimental data because their size was
at the limit of validity of the Roch’s heuristic model (for which nanoparticles should have a mean
diameter < 20 nm). Moreover, the fitting process was made difficult by the broad size distribution
for all samples (see Figure 3). The non-applicability of the Roch’s model to this series of MNPs was
confirmed by the fact that it did not predict any r1 increase at the lowest frequencies, as displayed by
our experimental data.

Conversely, for the smaller MNPs (second series of samples), we were able to fit the experimental
r1 data. In Figure 8, the r1 fitting curves obtained by means of the Roch model for samples A-8, B-8,
C-8 and D-8 are shown. The parameters of physical interest, obtained by the fit of the experimental
data of Figure 8 to Equation (3) (deduced from the Roch’s model), are the saturation magnetization
Ms, the magnetic core radius r, the distance R of minimum approach (of the bulk water protons to the
MNP magnetic center) and the Néel relaxation time τN.
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specified above, allowed for the fitting procedure convergence, obtaining Ms = 70 ± 4 Am2/kgγ-Fe2O3; 

Figure 8. Longitudinal r1 NMRD profiles (symbols) collected at room temperature in the Larmor
frequency range 0.01 ≤ νL ≤ 60 MHz for the 8-nm series of polymer-coated MNPs. The solid lines
represent the best fit obtained by applying the Roch’s model (see text).

In the fitting procedure, we let the saturation magnetization MS parameter vary between 60 and
70 Am2/kgγ-Fe2O3, as expected from the literature data for particles with a similar size and substantially
confirmed by our magnetic measurements for our samples. For the particle radius, by considering
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the size distribution width, we fixed an upper limit of r ≈ 5 nm. For the water diffusion coefficient,
we used the theoretical value D = 2.3 × 10−9 m2s−1 at 293 K.

For all samples, we observed the following: (i) The saturation values, constrained in the range
specified above, allowed for the fitting procedure convergence, obtaining Ms = 70 ± 4 Am2/kgγ-Fe2O3;
(ii) The core radius r was slightly higher than the one estimated by TEM (r = 5.0 ± 0.4 nm), a result
possibly consistent with the width of the size distributions (Figure 3); (iii) The distance of the minimum
approach was 1 ÷ 2 nm greater than the core radius. This latter result points out the tendency of the
coating to prevent the diffusion of water inside itself; (iv) The values of τN were consistent with the
ones typical for nanoparticles of this size, in particular τN ≈ 3.5 ÷ 3.9 × 10−9 s.

4. Conclusions

In this work, we employed NMR relaxometry to investigate the dependence of the MRI contrast
efficiency (i.e., the nuclear relaxivities) on the organic coating of maghemite-based MNPs. In particular,
we studied MNPs dispersed in water with two different diameters (dTEM ≈ 8 ± 0.4 nm and ≈ 17 ±
2.5 nm) and four different coatings, i.e., PAA, PMAA-g-PEG and two P(MAA-stat-MAPEG) with
different transfer agents. A structural, morpho-dimensional and magnetic characterization of the
nanoparticles was performed by means of Transmission Electron Microscopy (TEM), Atomic Force
Microscopy (AFM) and DC magnetometry. The magnetization curves, particularly at a low temperature,
displayed a different approach to saturation depending on the coating, the Ms approaching rate of the
sample coated with hydrophobic P(MAA-stat-MAPEG) being the slowest one, followed by that coated
with PMAA-g-PEG. These results seem to suggest that the hydrophobic P(MAA-stat-MAPEG) and
PMAA-g-PEG coatings favor a higher spin disorder at the particle surface. The r1-NMRD profiles show
the same behavior for samples with the same core size but with different coatings, indicating that the
type of coating used in this work does not evidently influence the longitudinal relaxometric properties.
For the transverse relaxivity, we observed a similar trend, except for the sample of the 17-nm series
coated with PMAA-g-PEG, which had a lower r2, in particular for νL > 5–10 MHz. Remarkably,
all samples showed high r2 values at 60 MHz (~120 mM−1s−1 for dTEM ≈ 8 nm and 300–400 mM−1s−1

for dTEM ≈ 17 nm), which were comparable to or higher than the transverse relaxivity of the commercial
compound Endorem®. Thus, our samples are promising superparamagnetic T2 contrast agents for
MRI, especially in the case of dTEM ≈ 17 nm. This conclusion is supported by the values of the r2/r1

ratio, which generally provides an indication as to how magnetic nanoparticles may behave in their
application as contrast-enhancing agents. In our case, for the larger diameter series and at the most
used clinical frequency (νL~60 MHz), the r2/r1 values were three times larger than the one for Endorem,
allowing us to envision a possible superparamagnetic CA dose reduction in clinical use.
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Abstract: Nanoparticles, specifically magnetosomes, synthesized in nature by magnetotactic bacteria,
are very promising to be usedin magnetic hyperthermia in cancer treatment. In this work, using the
solution of the stochastic Landau–Lifshitz equation, we calculate the specific absorption rate (SAR) in
an alternating (AC) magnetic field of assemblies of magnetosome chains depending on the particle size
D, the distance between particles in a chain a, and the angle of the applied magnetic field with respect
to the chain axis. The dependence of SAR on the a/D ratio is shown to have a bell-shaped form with a
pronounced maximum. For a dilute oriented chain assembly with optimally chosen a/D ratio, a strong
magneto-dipole interaction between the chain particles leads to an almost rectangular hysteresis loop,
and to large SAR values in the order of 400–450 W/g at moderate frequencies f = 300 kHz and small
magnetic field amplitudes H0 = 50–100 Oe. The maximum SAR value only weakly depends on the
diameter of the nanoparticles and the length of the chain. However, a significant decrease in SAR
occurs in a dense chain assembly due to the strong magneto-dipole interaction of nanoparticles of
different chains.

Keywords: magnetotactic bacteria; magnetosome chain; magnetic hyperthermia; low frequency
hysteresis loops; numerical simulation

1. Introduction

Magnetic hyperthermia [1–3] is currently considered as a very promising method of cancer treatment.
Laboratory tests [4–7] and clinical studies [8–10] show that local, dosed heating of tumors leads to a delay
in their growth and even complete decay and disappearance. For this, it is necessary in several sessions to
maintain the temperature of the tumor at the level of 43–45 ◦C for 30 min [1–3]. In magnetic hyperthermia
local heating of biological tissues is achieved by introducing magnetic nanoparticles into a tumor
and applying to them a low frequency alternating (AC) magnetic field [1–3,11,12]. The fundamental
advantage of magnetic hyperthermia lies in the possibility of local heating of tumors located deep in
a human body, since the low-frequency magnetic field is relatively poorly shielded by the biological
medium, in contrast to high-frequency and laser heating methods [13,14], which are suitable for the
treatment of tumors localized near body surface.

However, for the successful implementation of the magnetic hyperthermia in practice it is necessary
to use assemblies of magnetic nanoparticles with a sufficiently high specific absorption rate (SAR) in
AC magnetic field of moderate frequency, f < 1 MHz, and amplitude H0 of the order of 100–200 Oe.
It was proved [15] that the effect of an AC magnetic field on living organisms is relatively safe
under the condition H0f ≤ 5 × 108 A(ms)−1, though recently safety limit was increased [16] up to
H0f ≤ 5 × 109 A(ms)−1. In addition, only mildly toxic and biodegradable nanoparticles can be used
in magnetic hyperthermia to reduce the risk of possible side effects. Based on these requirements,
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magnetic nanoparticles of iron oxides are considered to be the most suitable for application in magnetic
hyperthermia [1–3,11,12,16–19].

Unfortunately, the popular chemical methods for the synthesis of magnetic nanoparticles of
iron oxides [1,20–22] in most cases give assemblies with a wide distribution of nanoparticles in
size and shape. Moreover, the obtained nanoparticles turn out to be polycrystalline, which leads
to a low saturation magnetization of particles in comparison with the corresponding single-crystal
three-dimensional samples [23]. For such assemblies it is hardly possible to obtain sufficiently high
SARs under the above restrictions on the frequency and amplitude of AC magnetic field [24,25].
Furthermore, the subsequent uncontrolled agglomeration of nanoparticles in the biological medium
leads to a further decrease of the assembly SAR [26,27].

The results of numerical simulations [28–30], confirmed by a number of experimental data [25,31–36]
show that in order to achieve sufficiently high SARs at moderate amplitudes and frequencies of AC
magnetic field, one has to use single-crystal magnetic nanoparticles with high saturation magnetization. It is
necessary also to ensure a narrow particle size distribution near the optimally chosen nanoparticle diameter.
Due to difficulties with chemical synthesis, lately, much attention has been paid to experimental and
theoretical studies of assemblies of magnetosomes, which are synthesized in nature by magnetotactic
bacteria [5,25,37–45]. Magnetosomes grow inside bacteria under optimal physiological conditions.
Therefore, they have a perfect crystalline structure, a quasi-spherical shape, and a fairly narrow particle
size distribution. Most magnetotactic bacteria synthesize nanoparticles that are close in chemical
composition to high-purity maghemite, γ-Fe2O3 [42] or magnetite, Fe3O4 [45].

It was shown in the pioneer work of Hergt, et al. [37] that the SAR in the oriented assembly
of magnetosomes reaches a very high value of 960 W/g at a frequency f = 410 kHz and magnetic
field amplitude H0 = 126 Oe. High SAR values in magnetosome assemblies were also obtained in a
number of subsequent experimental studies [5,25,39,45]. It is known [37,38,43] that various types of
magnetotactic bacteria synthesize nanoparticles with different characteristic sizes, from 20 to 50 nm.
In the bacteria the nanoparticles are arranged in the form of long chains consisting of 6–30 particles
of approximately the same diameter. Existing experimental techniques make it possible to isolate
magnetosomes from bacteria both in the form of single particles and in the form of chains with different
numbers of nanoparticles in the chain [25,37–43].

The behavior of the assembly of magnetosome chains in an AC magnetic field is of great interest
from a theoretical point of view. It was already emphasized earlier [46–48] that the orientation of
individual nanoparticles and their chains along the applied AC magnetic field is important to obtain
appreciable SARs for magnetosome assembly. In this paper, based on the solution of the stochastic
Landau–Lifshitz equation [49–52], the low-frequency hysteresis loops of assemblies of magnetosome
chains extracted from magnetotactic bacteria are calculated. This theoretical approach makes it
possible to take into account the complicated magnetic anisotropy of particles, the influence of thermal
fluctuations of magnetic moments, and strong magnetic dipole interaction between chain particles.
In this work the dependence of the assembly SAR on the particle diameter, on the length of the chains,
and the distance between particles in the chain is studied in detail. We also investigate the dependence
of SAR on the orientation of applied magnetic field with respect to the chain axis, as well as on the
average density of the chain assembly. It is shown that with an optimal choice of magnetosome chain
geometry, sufficiently high SAR values, of the order of 400–450 W/g, can be obtained at a frequency
f = 300 kHz and at small and moderate field amplitudes, H0 = 50−100 Oe. However, it is found that the
SAR of the chain assembly decreases significantly with an increase in its average density. It seems that
the results obtained will be useful for the optimal choice of the geometric parameters of magnetosome
chains to further increase their heating ability for successful application in magnetic hyperthermia.
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2. Model and Methods

Calculations of SAR of magnetosome chains were performed in this work by numerical simulation
using stochastic Landau–Lifshitz equation [49–52]. The latter governs the dynamics of the unit magnetization
vector

→
α i of i-th single-domain nanoparticle of the magnetosome chain

∂
→
α i
∂t

= −γ1
→
α i ×

(→
He f ,i +

→
Hth,i

)
− κγ1

→
α i ×

(→
α i ×

(→
He f ,i +

→
Hth,i

))
, i = 1, 2, . . . , Np. (1)

where γ is the gyromagnetic ratio, κ is phenomenological damping parameter, γ1 = γ/(1 + κ2),
→
He f ,i

is the effective magnetic field,
→
Hth,i is the thermal field, and Np is the number of nanoparticles in the

chain. The effective magnetic field acting on a separate nanoparticle can be calculated as a derivative
of the total chain energy

→
He f ,i = − ∂W

MsV∂
→
α i

. (2)

The total magnetic energy of the chain W = Wa + WZ + Wm is a sum of the magnetic anisotropy
energy Wa, Zeeman energy WZ of the particles in applied magnetic field, and the energy of mutual
magneto-dipole interaction of the particles Wm. Since magnetosomes released from bacteria are coated
with thin non-magnetic shells, there is no direct contact between the magnetic cores of the nanoparticles.
Therefore, the exchange interaction of neighboring nanoparticles in the chain can be neglected.

The magneto-crystalline anisotropy energy of magetosomes with a perfect crystalline structure is
that of cubic type [52,53]

Wa = KcV
Np∑
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((→
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)2(→
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where
(→

e 1i,
→
e 2i,

→
e 3i

)
is a set of orthogonal unit vectors that determine an orientation of i-th nanoparticle

of the chain. It is assumed that the easy anisotropy axes of various nanoparticles in the chain are
randomly oriented with respect to each other.

The Zeeman energy of the chain in applied AC magnetic field
→
H0 sin(ωt) is given by

WZ = −MsV
Np∑

i=1

(→
α i
→
H0 sin(ωt)

)
(4)

For nearly spherical uniformly magnetized nanoparticles the magnetostatic energy of the chain
can be represented as the energy of the point interacting dipoles located at the particle centers

→
r i

within the chain. Then, the energy of magneto-dipole interaction is

Wm =
M2

s V2

2

∑

i, j

→
α i
→
α j − 3
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α i
→
n i j

)(→
α j
→
n i j
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r i −→r j

∣∣∣∣
3 (5)

where
→
n i j is the unit vector along the line connecting the centers of i-th and j-th particles, respectively.

The thermal fields
→
Hth,i acting on various nanoparticles of the chain are statistically independent,

with the following statistical properties [49] of their components

〈
H(α)

th,i (t)
〉
= 0;

〈
H(α)

th,i (t)H
(β)
th,i(t1)

〉
=

2kBTκ
γMsVi

δαβδ(t− t1), α, β = (x, y, z) (6)
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where kB is the Boltzmann constant, δαβ is the Kroneker symbol, and δ(t) is the delta function.
The numerical simulation procedure is described in details in [54,55].

The SAR value of an assembly of magnetic nanoparticles in an AC magnetic field with a frequency
f is determined by the integral [28]

SAR =
f Ms

ρ

∮ 〈→
m
〉
d
→
H (7)

where ρ is the density of magnetic material and
〈→
m
〉

is the reduced magnetic moment of the assembly.

3. Results

In this work the calculations of SAR of magnetosome chain assemblies are performed in the frequency
range f = 250–350 kHz, at small and moderate amplitudes of an AC magnetic field, H0 = 50–150 Oe,
since the use of AC magnetic fields of small amplitude is preferable in a medical clinic.

3.1. Dilute Chain Assembly

Let us consider first the properties of dilute oriented assemblies of magnetosome chains neglecting
the magnetic dipole interaction between various chains. It is of considerable interest to study the
dependence of the SAR of such an assembly on the nanoparticle diameter D, on the number of
particles in the chain Np, and on the orientation of the external magnetic field with respect to the
chain axis. For completeness, the chains with different average distances a between the centers of the
nanoparticles are considered. Note that all geometric parameters mentioned can be adopted properly
during the experimental design of a chain from individual magnetosomes of approximately the same
diameter [5,7,40–42]. In particular, the distance a between the centers of successive nanoparticles in a
chain is determined by the thickness of non-magnetic shells on their surfaces. The latter protect the
nanoparticles from the aggressive action of the medium. It is worth noting that, since the cubic magnetic
anisotropy constant of magnetite is negative, Kc = −1 × 105 erg/cm3, the quasi-spherical magnetite
nanoparticles have eight equivalent directions of easy anisotropy axes [53]. In the calculations performed
it is assumed that the easy anisotropy axes of individual magnetosomes are randomly oriented, since it
is hardly possible to make multiple easy anisotropy axes of various magnetosomes parallel when a chain
is created. Saturation magnetization of the magnetosomes is assumed to be Ms = 450 emu/cm3 [25,45].
It is also supposed that the magnetosome chain cannot rotate as a whole, being distributed in a medium
with a sufficiently high viscosity or being tightly bound to surrounding tissue.

Figure 1a shows the results of SAR calculation for dilute oriented assemblies of magnetosome
chains with particles of various diameters, D = 20–50 nm. The number of particles in the chains is
fixed at Np = 30, AC magnetic field frequency f = 300 kHz, field amplitude H0 = 50 Oe. The AC
magnetic field is applied parallel to the chain axis, the easy anisotropy axes of various particles in the
chain are randomly oriented. The calculation results are averaged over a sufficiently large number of
independent chain realizations, Nexp = 40–60. The temperature of the system is T = 300 K.

As Figure 1a shows, in all cases considered there is a significant dependence of SAR on the
reduced distance a/D between the centers of the particles of the chain. The assembly SAR reaches a
maximum value at the ratios a/D = 1.5, 1.85, 2.2, and 3.6 for particles with diameters D = 20, 30, 40,
and 50 nm, respectively.

The SAR decreases sharply after reaching the maximum. It is interesting to note that the SAR
at the maximum only weakly depends on the particle diameter. Indeed, according to Figure 1a for
particles with diameters D = 20, 30, 40, and 50 nm, the maximum SAR values are given by 440, 444,
454, and 409 W/g, respectively.
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Figure 1. (a) Dependence of assembly SAR on the reduced distance a/D between the particle centers for
chains with various particle diameters. (b) Evolution of the shape of the low-frequency hysteresis loop
for chains of particles with diameter D = 30 nm for various reduced distances: (1) a/D = 1.7, (2) a/D =

1.85, (3) a/D = 2.4, (4) a/D = 3.0.

Figure 1b shows the evolution of the low frequency hysteresis loops of a dilute chain assembly with
nanoparticle diameter D = 30 nm as a function of the reduced distance a/D between the nanoparticle
centers. It is known [28,29] that the SAR of an assembly of magnetic nanoparticles is proportional
to the area of the low frequency hysteresis loop. In Figure 1b, it can be seen that in accordance with
Figure 1a the maximum area of the hysteresis loop for particles with diameter D = 30 nm corresponds
to the reduced distance a/D = 1.85.

It is interesting to note that the position of the SAR maximum is practically independent on the
frequency. For example, according to Figure 2a for the case of particles with diameter D = 30 nm the
SAR maximum corresponds to the ratio a/D ≈ 1.8 in the frequency range f = 250–350 kHz. At the same
time, as Figure 2b shows, the position of the maximum and the SAR value at the maximum substantially
depend on the amplitude of the AC magnetic field. Therefore, the choice of the optimal a/D ratio for a
magnetosome chain should be consistent with the given value of H0. With increasing H0 the maximum
of the assembly SAR grows, and the position of the maximum falls at a shorter distance between the
particles of the chain. Indeed, in Figure 2b the maximum values of SAR = 440.1, 854.6, and 1281.0 W/g
are observed at a/D = 1.5, 1.35, and 1.2 for the magnetic field amplitudes H0 = 50, 100, and 150 Oe,
respectively. In general, as Figures 1 and 2 show, for a dilute oriented assembly of magnetosome
chains with an optimal choice of the a/D ratio one can obtain rather high SAR values, of the order of
400–450 W/g already in an AC magnetic field with a relatively small amplitude H0 = 50 Oe.
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Figure 2. (a) Frequency dependence of SAR for assembly of magnetosome chains with particle diameter
D = 30 nm in an AC magnetic field with an amplitude H0 = 50 Oe. (b) Dependence of SAR on the
distance a between the particle centers for particles with diameter D = 20 nm for various amplitudes of
AC magnetic field: (1) H0 = 50 Oe, (2) H0 = 100 Oe, (3) H0 = 150 Oe.
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The significant dependence of the assembly SAR on the a/D ratio, and on the amplitude of the AC
magnetic field H0, shown in Figures 1a and 2b, is explained by the influence of a strong interacting field
Hd acting between closely located particles of the chain. Figure 3a shows the instantaneous distribution
of interacting fields for an individual chain consisting of Np = 30 nanoparticles of diameter D = 20 nm
at a time when the AC magnetic field is close to zero. The z axis is assumed to be parallel to the axis
of the chain, the amplitude and frequency of the AC magnetic field are H0 = 50 Oe, and f = 300 kHz,
respectively. As Figure 3a shows, in the central part of the chain, due to the summation of the
magnetic fields of individual nanoparticles, the longitudinal component of the interacting field reaches
sufficiently large values, Hdz = 250 Oe, significantly exceeding the amplitude of the AC magnetic field,
H0 = 50 Oe.
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Figure 3. (a) Distribution of the components of the interaction field depending on the position of the
nanoparticle in the chain. (b) Dependence of the SAR of a dilute chain assembly on the number of
particles Np in the chainswith particles of different diameters, D = 20–40 nm, assuming the optimal
ratios a/D for various chains.

On the contrary, the transverse field components turn out to be relatively small |Hdx|, |Hdy| < 50 Oe.
Obviously, the irregular distribution of the interacting field on individual particles, shown in Figure 3a
is associated with a random orientation of the easy anisotropy axes of individual nanoparticles.

As Figure 3a shows the interacting field is greatly reduced at the chain ends. Therefore, the magnetization
switching field Hsf of the chain is determined by the conditions near its ends. Calculations show that for
Hsf < H0 the chain magnetization reverses as a whole in a process similar to the giant Barkhausen jump
in iron-rich amorphous ferromagnetic microwires [56]. The switching field Hsf of the chain increases
with decreasing average distance between the particles in the chain, since the intensity of the magnetic
dipole interaction increases if neighboring nanoparticles are located closer to each other. When the
distance between the particle centers decreases, the switching field of the chain can reach values
exceeding the amplitude of AC magnetic field, Hsf > H0. Under this condition, the magnetization
reversal of the chain is impossible. As Figure 1b shows, when the reduced distance between the
particle centers decreases from a/D = 1.85 to a/D = 1.7, the area of the assembly hysteresis loop reduces
sharply. This leads to a sharp drop in the SAR of the corresponding assembly in Figure 1a. However,
the drop in the hysteresis loop area in Figure 1b does not occur immediately to zero, due to fluctuations
in the switching fields Hsf of individual chains of the assembly. As a result, even at a/D = 1.7 some
of the assembly chains are still able to reverse their magnetizations in applied magnetic field. This,
however, leads to a sharp narrowing of the vertical size of the low frequency hysteresis loop of the
whole assembly. With a further decrease of the a/D ratio, the fraction of chains capable of magnetization
reversal at given magnetic field amplitude H0 tends to zero. As a result, the ability of the assembly to
absorb the energy of an AC magnetic field disappears.

Similar considerations explain the behavior of the assembly SAR as a function of the AC magnetic
field amplitude. As Figure 2b shows, with an increase in H0 the magnetization reversal of the chain is
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possible at smaller reduced distances a/D. This leads to a shift in the positions of the SAR maximum to
smaller reduced distances and to increase in the maximum SAR values.

It is important to note the characteristic change of the shape of the low frequency hysteresis loop
of a dilute magnetosome assembly as a function of a/D ratio. As Figure 1b shows, the hysteresis loop
is nearly rectangular and has maximal area for optimal ratio (a/D)0. For ratios smaller than optimal,
a/D < (a/D)0, the vertical size of the hysteresis loop is considerably decreased, M/Ms < 1. On the other
hand, for ratios larger than optimal, a/D > (a/D)0, the width of the assembly hysteresis loop is reduced,
2Hmax < 2H0.

For an infinite periodic chain of single-domain nanoparticles with uniaxial magnetic anisotropy,
the switching field for magnetization reversal was analytically determined by Aharoni [57]. However,
in the present case an analytical consideration is hardly possible due to the randomness in the orientation
of the easy anisotropy axes of individual nanoparticles and the influence of thermal fluctuations of the
particle magnetic moments at a finite temperature.

It is interesting to note that the effect of sharp variation of the SAR of a dilute assembly of magnetosome
chains as a function of the a/D ratio only slightly depends on the number of particles in the chains,
provided that it exceeds the value of the order of Np = 4–6. For example, Figure 3b shows the dependences
of SAR on the number of particles, Np = 2–30, in the chain assemblies with particles of various diameters,
D = 20–40 nm. The calculations presented in Figure 3b are performed at optimal ratios a/D = 1.5, 1.85,
and 2.2 for particles with diameters D = 20, 30, and 40 nm, respectively. These optimal a/D values were
determined previously at frequency f = 300 kHz and amplitude H0 = 50 Oe. According to Figure 3b,
regardless of the nanoparticle diameter, a sharp increase in SAR as a function of the number of particles in
the chains occurs in the range Np ≤ 4–5. However, with a further increase in the chain length, the SAR
values of the assemblies change slowly.

Let us consider now the dependence of the SAR of a dilute oriented chain assembly on the angle
θ of AC magnetic field with respect to the chain axis. The calculations presented in Figure 4 are carried
out at frequency f = 300 kHz and magnetic field amplitude H0 = 50 Oe, the number of particles in
the chains being Np = 30. The reduced distances between the centers of neighboring nanoparticles in
the chains are chosen optimal, so that a/D = 1.5, 1.85, and 2.2 for particles with diameters D = 20, 30,
and 40 nm, respectively.Nanomaterials 2020, 10, x FOR PEER REVIEW 8 of 14 
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Figure 4. (a) Dependence of the assembly SAR on the angle of AC magnetic field with respect to
the chain axis for assemblies of particles of different diameters. (b) The evolution of low frequency
hysteresis loops for assembly of particles with diameter D = 30 nm for different directions of applied
magnetic field with respect to the common chain axis: (1) θ = 0, (2) θ = 30◦, (3) θ = 40◦, (4) θ = 60◦.

As Figure 4a shows, the maximum SAR value is achieved when the AC magnetic field is parallel
to the chain axis, θ = 0. It is remarkable, however, that in a rather wide range of angles, θ ≤ 30–40◦,
the SAR of the assembly varies slightly. Only for angles θ > 50◦ the assembly SAR drops sharply,
so that for magnetic field directed perpendicular to the chain axis the assembly SAR is close to zero.
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Figure 4b shows the evolution of the low frequency hysteresis loops for an assembly of nanoparticles
with a diameter of D = 30 nm and ratio a/D = 1.85 for various values of the angle θ. In accordance
with Figure 4a, the hysteresis loop of the maximum area corresponds to the angle θ = 0, and for angles
θ ≥ 60◦ the hysteresis loop area is tends to zero.

The fact that the angular dependence of assembly SAR turns out to be rather slow in the range of
angles θ ≤ 30–40◦ means that the results presented in Figures 1–3 are approximately true for dilute
partially oriented assemblies of magnetosome chains. Our calculations also show that a small variation
in particle diameters within the same chain, random variations in the distances between the centers of
particles in the chain, and small random deviations of the particle positions from the straight line do
not significantly affect the low frequency hysteresis loops averaged over a representative assembly of
magnetosome chains.

3.2. Interaction of Magnetosome Chains

In this section the results obtained above are generalized to the case of dilute assembly of clusters
of magnetosome chains of various densities. Inside the cluster due to the close arrangement of the
chains the magnetic dipole interaction of nanoparticles of various chains should be taken into account.
Figure 5a shows the results of calculating the low frequency hysteresis loops of an assembly of oriented
cylindrical clusters with an overall diameter Dcl = 280 nm, and a height Lcl = 480 nm. The axis of the
chains is parallel to the axis of the cylinder, but the positions of the chains in the cluster are distributed
randomly, as shown schematically in Figure 5b. The AC magnetic field is applied along the chain
axis. In the calculations performed it is assumed that the centers of the nanoparticles in the chains are
located at an optimal distance, a = 2.2D, for nanoparticles with diameter D = 40 nm. This allows one to
compare the numerical results with the data shown in Figure 1a for a dilute assembly of individual
chains with the same nanoparticle diameter. The frequency and amplitude of the AC magnetic field
are f = 300 kHz and H0 = 50 Oe, respectively.

In the illustrative calculations performed, the number of particles in the chains is fixed at Np = 6,
but the number of chains Nch in a cluster of given diameter Dcl = 280 nm varied from 4 to 10. In this
manner we can change the total number of nanoparticles in the cluster, NpNch, as well as the cluster
filling density, η= NpNchV/Vcl, where V =πD3/6 is the volume of the nanoparticle, Vcl = πD2

clLcl/4 being
the volume of the cylindrical cluster. SAR calculations of dilute assemblies of clusters with different
numbers of chains Nch are averaged over a sufficiently large number of independent realizations of
random clusters, Nexp = 40–60.
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As Figure 5a shows, due to an increase in the intensity of the magnetic dipole interaction inside
the clusters, the area of the assembly hysteresis loop rapidly decreases with an increase in the cluster
filling density. The cluster filling density increases as η = 0.027, 0.041, 0.054, and 0.068 for the clusters of
the given size with the number of chains within the cluster Nch = 4, 6, 8, and 10, respectively. It is found
that with increase in the cluster filling density, the SAR of the assembly of clusters rapidly decreases
as follows: SAR = 270.9, 145.5, 98.2, and 62.5 W/g. It should be noted that for a dilute assembly of
non-interacting chains (see Figure 1a) with the same chain geometry, frequency and amplitude of the
AC magnetic field, the SAR of the assembly at maximum reaches the value 454 W/g for the particles
with optimal ratio a/D = 2.2. Thus, a significant drop in the SAR assembly due to the magnetic dipole
interaction of individual chains must be taken into account when analyzing experimental data.

4. Discussion

As emphasized above, the properties of magnetosome assemblies are currently being actively
studied for application in biomedicine [7,25,37–48]. In particular, SARs of magnetosome assemblies are
measured [25,37,41,42,45] in an AC magnetic field under various conditions. In addition, assemblies of
magnetosome chains are used in laboratory experiments [7,38,40,42] for the successful treatment of
glioblastoma in mice using magnetic hyperthermia.

Low-frequency hysteresis loops of dilute assemblies of isolated magnetosomes with an average
diameter D = 45 ± 6 nm were measured [25] at selected frequencies of 75 kHz, 149 kHz, 302 kHz
and 532 kHz, in the range of magnetic fields up to 570 Oe. The measurements were carried out for
magnetosome assemblies distributed in water, and in agarose gel with an increased viscosity. It was
shown that in both cases the SAR of the assemblies almost linearly depend on the AC field frequency.
For the assembly of magnetosomes dispersed in water, a very high value of SAR = 880 W/g was
obtained at a frequency f = 200 kHz and magnetic field amplitude H0 = 310 Oe. In agarose gel the
SAR of the assembly at the same frequency and magnetic field amplitude turns out to be somewhat
lower, SAR = 635 W/g, since in a medium with increased viscosity, the Brownian contribution to SAR
is significantly reduced. These data are in agreement with the high SAR values obtained previously for
magnetosome assemblies by Hergt et al. [37].

Recently very large SARs were obtained by the same authors [45] for assemblies of “whole”
magnetotactic bacteria distributed in water. The importance of the orientation of the chains of
magnetosomes located inside the bacteria in the direction of the AC magnetic fieldis emphasized
again. Since the chains of magnetosomes are located inside bacteria with sizes 2–5 × 0.5 µm, they turn
out to be efficiently separated by organic material. This reduces the intensity of the magnetic dipole
interaction of nanoparticles belonging to different chains. It is shown [45] that the heating efficiency
of oriented assembly of magnetotactic bacteria is appreciably higher than the one obtained [25] for
the assembly of isolated magnetosomes. Actually, the SAR values of the assembly of magnetotactic
bacteria measured by means of AC magnetometry reaches the huge value of 2400 W/g at frequency
f = 300 kHz and magnetic field amplitude H0 = 380 Oe. Nevertheless, it seems hardly possible to
uniformly distribute and correctly orient within the tumor large bacteria of 2–5 µm in length. This can
probably be done much easier using short chains of magnetosomes having 4–6 nanoparticles in length.
For example, the optimal length of a chain consisting of five nanoparticles with diameter D = 20 nm is
given by only 140 nm. In addition, when working with chains created from individual magnetosomes,
it becomes possible to optimize the geometry of the chains, that is, to ensure the optimal a/D ratio,
matching it with the applied value of H0.

In this regard, a technique for working with magnetosomes developed by Alphandery with
co-workers [7,38,40–42] seems to be promising. They removed most of the organic materials, including
endotoxins, from magnetosomes extracted from magnetotactic bacteria. The nanoparticles are then
stabilized with different bio-degradable and biocompatible coating agents of various thickness, such as
poly-L-lysine, oleic acid, citric acid, or carboxy-methyl-dextran [40]. Then, individual magnetosomes
coated with these shells are assembled into chains with a small number of particles, Np = 4–6, and introduced
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into the tumor for magnetic hyperthermia. A typical concentration of magnetic nanoparticles introduced
into a tumor is given by 25 µg in iron of nanoparticles per mm3 of tumor [7,41,42]. Taking into account the
density of magnetosomes around 5 g/cm3, and assuming nearly uniform distribution of the magnetosome
chains within the tumor, one obtains the average density of the assembly η = 0.005. Such chain assembly
can be considered quite diluted, so that the results obtained in Section 3.1 above can be applied for the
theoretical estimation of the assembly SAR.

However, Le Fèvre et al. [42] obtained rather small SAR values for the assembly of the magnetosome
chains studied, only 40 W/gFe at frequency f = 198 kHz. As a result, in order to obtain the required
tumor temperature of 43–46 ◦C, it was necessary to use rather large amplitudes of the AC magnetic field,
H0 = 110–310 Oe. Similarly, only relatively small values of SAR = 89–196 W/gFe were obtained in [40]
at frequency f = 198 kHz at sufficiently large magnetic field amplitudes, H0 = 340–470 Oe. This may
indicate that the geometric structure of the magnetosome chains, in particular, the a/D ratio, was not
optimal in these experiments. Indeed, the individual magnetosomes used to construct the magnetosome
chains [42] were covered by rather thin poly-L-lysine shells with a thickness of t = 4–17 nm. Therefore,
for a significant fraction of the magnetosome chains with an average particle diameter D = 40.5 ± 8.5 nm,
the ratio a/D = 1 + 2t/D ≈ 1.2–1.6 may turn out to be far from the optimal value for the amplitudes of the
AC magnetic field used. Similarly, magnetosomes with an average diameter D = 40–50 nm were covered
with shells of various chemical compositions [41], but of sufficiently small thickness, t = 2–6 nm.

Another reason for the small SAR values observed in experiments [41,42] may be associated with the
formation of dense clusters of magnetosome chains inside the tumor. As shown in Section 3.2, in a dense
cluster of magnetosome chains, a significant decrease in SAR value occurs due to the strong magneto-dipole
interaction of nanoparticles of different chains. Finally, as shown in Section 3.1, the unfavorable orientation
of the chains with respect to the direction of applied magnetic field can also cause a significant drop in
the assembly SAR value. In this regard, it would be interesting to check the possible effect of a strong
magnetic field of a Neodymium permanent magnet on the orientation of short magnetosome chains
(Np = 4–6) within a tumor. A constant magnetic field can be temporarily applied during the procedure of
introducing magnetosome chains into a tumor to provide correct chain orientation.

5. Conclusions

It is now widely accepted [1–3] that, for use in magnetic hyperthermia, it is extremely important
to ensure a high quality of magnetic nanoparticles. For dilute assemblies of single-domain magnetic
nanoparticles with perfect crystalline structure, sufficiently high saturation magnetization and narrow
particle size distribution, sufficiently high SAR can be obtained [25,31–35] at moderate frequencies
and amplitudes of an AC magnetic field satisfying the criteria of Brezovich [15] or Hergt et al. [16].
These experimental results are in satisfactory agreement with the earlier theoretical estimates [28,29].
However, in many experimental studies, it was found [26,27,58,59] that when an assembly of magnetic
nanoparticles is introduced into a tumor, uncontrolled agglomeration of nanoparticles occurs with
the formation of dense clusters of nanoparticles of various geometric structures. As a result, the SAR
value of the assembly significantly decreases [26,27,60] due to the influence of a strong magnetic
dipole interaction between the nanoparticles of the cluster. Recent theoretical calculations show [54,55]
that with an increase in the average density of a nanoparticle assembly in the range η = 0.01–0.35,
the maximum SAR value of the assembly of nanoparticles with different types of magnetic anisotropy
decreases by about 5–6 times, compared with the SAR of dilute assembly of the same nanoparticles.
Thus, the strong magneto-dipole interaction between the nanoparticles, generally speaking, negatively
affects the ability of the assembly to absorb the energy of AC magnetic field [1,26,27,54,55].

An important exception to this rule is a dilute oriented assembly of magnetosome chains in
an AC magnetic field applied parallel to the chain axis [45–48]. In this case the intense magnetic
dipole interaction between the nanoparticles of the chain plays a positive role. Due to the influence of
mutual magneto-dipole interaction within the chain, the magnetic moments of magnetically soft iron
oxide nanoparticles are oriented approximately along the chain axis. In addition, the magnetization
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reversal of the chain in a magnetic field parallel to its axis occurs in a process similar to the giant
Barkhausenjump [56]. As a result, the shape of the low-frequency hysteresis loop becomes nearly
rectangular, which leads to a significant increase in the SAR value of a dilute assembly of chains in
comparison with the corresponding assembly of isolated magnetosomes [45].

In this paper, this effect is studied in detail using numerical modeling by solving the stochastic
Landau–Lifshitz equation for assemblies of magnetosome chains of various geometries. In addition
to the results of previous studies [46–48], attention is paid to the correct selection of the geometric
parameters of the chain, namely, the reduced distance a/D between the centers of the particles of the
chain, consistent with the used value of the magnetic field amplitude H0. It is shown that assemblies of
magnetosome chains of different lengths have comparable SAR values, provided that the number of
particles in the chain exceeds Np = 4–5. However, the SAR of an oriented chain assembly significantly
decreases for large angles θ > 50◦ of the magnetic field direction with respect to chain axis. In addition,
the SAR value of the oriented assembly of magnetosome chains also decreases rapidly with an increasing
average density of the assembly due to increase in the intensity of a magneto-dipole interaction between
the nanoparticles belonging to various chains.
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Abstract: The Fe-doped NiO nanoparticles that were synthesized using a co-precipitation method
are characterized by enhanced room-temperature ferromagnetic property evident from magnetic
measurements. Neutron powder diffraction experiments suggested an increment of the magnetic
moment of 3d ions in the nanoparticles as a function of Fe-concentration. The temperature, time,
and field-dependent magnetization measurements show that the effect of Fe-doping in NiO has
enhanced the intraparticle interactions due to formed defect clusters. The intraparticle interactions
are proposed to bring additional magnetic anisotropy energy barriers that affect the overall magnetic
moment relaxation process and emerging as room temperature magnetic memory. The outcome of this
study is attractive for the future development of the room temperature ferromagnetic oxide system to
facilitate the integration of spintronic devices and understanding of their fundamental physics.

Keywords: room temperature; magnetic memory effect; intraparticle interactions; 4:1 defect cluster;
Fe-doped NiO

1. Introduction

The antiferromagnetic (AF) metal oxide nanoparticles (NPs) have attracted enormous attention
because of their promising technological applications and fundamental physics. The effect of finite
size leads to the accumulation of frustrating surface spins and various point defects at the surface of
the AF NPs, which results in an interesting magnetic and optical properties that differ significantly
from their bulk counterparts [1]. Among the various AF materials, nickel oxide (NiO) is one of the
few p-type semiconductors (acceptor state induced by the nickel vacancy (VNi) with a wide-bandgap
Eg = 4 eV) having face-centered-cubic (fcc) crystal symmetry. In the bulk form, NiO possesses AF
ordering with the Neel transition temperature TN of 523 K [2]. However, NiO nanostructure exhibits
anomalous magnetic properties that are very sensitive to size, Ni vacancy defects, morphology,
and crystal structure, thus showing a wide variety of intriguing phenomena. It has been reported that
below a particle size of d = 30 nm, the long-range ordered Ni2+–O2-–Ni2+ superexchange interaction
breakdown, due to an enhanced VNi defect resulting in a weak ferromagnetic (FM) like properties [3,4].
Furthermore, the effect of frustrating surface spins become more dominant below d = 10 nm [5–7].
The NiO nanostructures have been used in rechargeable batteries [8], magnetic recording media [9],
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the next-generation resistive switching memory devices [10], and so on. Recently, functionalized NiO
nanostructures have attracted great research interest from both fundamental and application point of
view [11,12]. The further development in functionalized NiO nanostructure is focused on obtaining
a room temperature (RT) ferromagnetism without comprising the structure in order to facilitate the
possible integration of spintronic devices.

According to recent findings, RT ferromagnetism in NiO NPs can be achieved through transition
metal (TM)-doping, for example, Fe (either due to substitution or the formed defect clusters),
which opens up their potential applications in the future advanced spintronic devices [13–15].
The properties of such a system can be tailored by controlling both the particle size and Fe-dopant
concentration, which results in a complex magnetic property [16–22]. For instance, the doping of Fe3+

ions in NiO either could replace the Ni ions or occupy an interstitial site. The substituted Fe3+ ions
can alter the Ni2+–O2−–Fe3+ superexchange interaction and so the AF properties. Whereas, Fe ions
at the interstitial site could form 4:1 defect cluster consisting of tetravalent interstitial Fe4+

i and four
VNi, in total being four times negatively charged [16,23–27]. Such a complex structure could result in
interesting magnetic properties. According to previous reports, bare and the Fe-doped NiO NPs both
exhibit low-temperature magnetic memory effect [16,28,29]. Such a type of nanoscale system can be
used as a “thermal assistant memory cell” in digital information storage [30–32].

However, the magnetic memory effect is mostly observed in the low-temperature region far
below the RT, and this is the major obstruct precluding its application in nanotechnology. In the past,
the above obstacle has been foiled through introducing exchange-coupling [30,33] and particle size
distribution [34]. In this study, we have reported RT magnetic memory effect from Fe-doped NiO NPs
synthesized using a co-precipitation method followed by thermal treatment in the air. A thorough
investigation of structural and magnetic properties was carried out using synchrotron radiation powder
X-ray diffraction (PXRD), neutron powder diffraction (NPD), and dc magnetometer. Our findings
suggest that the RT magnetic memory effect in Fe-doped NiO NPs is mediated through intrinsic
intraparticle interactions.

2. Materials and Methods

All of the analytical grade Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O), iron (III) nitrate
nonahydrate (Fe(NO3)3·9H2O), and ammonium bicarbonate (NH4HCO3) were procured from S.D.
Fine-Chemicals Ltd., India, and used as received without further purifications. NiO and Fe-doped
Ni1-xFexO with x(%) varying from 0 to 10% compositions were prepared. A schematic Scheme 1 shows
the process of Ni1-xFexO NPs preparation while using the co-precipitation method. The stoichiometric
amounts of Ni(NO3)2 and Fe(NO3)3 (molar ratio of Ni to Fe is 0, 0.5, 1, 5, and 10%) were dissolved
in double-distilled water (DDW) separately (Scheme 1a). Subsequently, ferric nitrate solution was
added dropwise to nickel nitrate solution under continuous stirring for 1 h. The pH of the solution was
maintained at 8 by adding the NH4HCO3 solution (Scheme 1b). The light green precipitate was formed
by adding NH4HCO3. The resultant precipitate was washed several times with DDW (Scheme 1c) and
then dried at 100 ◦C for 12 h in a hot air oven (Scheme 1d). The obtained powder was grounded in an
agate mortar and calcined at 600 ◦C for 4 h in a muffle furnace (Scheme 1e). The obtained pure NiO
powder was gray-green. The effect of Fe doping up to 1% leads to a slight change in color to light
brownish gray-green. However, a drastic change in color to dark brown was noted on 5%, and on 10%
powder becomes red-brown (Scheme 1d).

A morphological analysis of powdered samples was carried out using the field-emission scanning
electron microscopy (FE-SEM, JEOL JSM-6500F microscope, Tokyo, Japan). Synchrotron radiation
PXRD measurements were carried out at the National Synchrotron Radiation Research Center in
Hsinchu, Taiwan (beamline BL01C2, λ = 0.7749 Å). For the investigation of magnetic structural
properties, the unpolarised NPD spectra were collected on 2 g sample at 10 K and 300 K. The NPD
experiments were carried out on SIKA (the high flux cold neutron triple-axis spectrometer) at OPAL
reactor, ANSTO (λ = 2.35 Å). With a wide range of incident energy from 2.5 to 30 meV and three
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detector options provide great flexibility on neutron study. SIKA was configured as diffraction mode,
which used diffraction detector to gain a strong diffraction signal. Incident energy was configured at
14.87 meV with open-open-60 collimation. Sample pre-slit and post-slit were adjusted to the sample
size in order to improve the signal quality. Sample environment CF11 was used to control the sample
temperature. The measurements were collected based on the counts of the beam monitor to ensure the
precise neutron flux on the sample. The measurements of magnetic properties were carried out while
using a superconducting quantum interference device (SQUID) magnetometer (Quantum Design,
SQUID-VSM Ever Cool, San Diego, CA, USA).Nanomaterials 2020, 10, 1318 3 of 15 
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3. Results

3.1. Morphological and Elemental Analysis

The facetted NPs with a broad shape distribution were observed from the SEM images of NiO,
0.5 to 10% samples that are shown in Figure 1a–e, respectively. From SEM images, an increase of
aggregation of particles with the increase of doping concentration can be seen. The mean diameter <d>

of NPs is estimated by fitting a log-normal distribution function: f (d) = 1√
2πdσ

exp
[
− (ln d−ln〈d〉)

2σ2

]
to the

histogram that was obtained from SEM images of NiO (Figure 1f) and 0.5 to 10% sample (Figure 1g,
top to bottom), where the value of σ represents a standard deviation of the fitted function. The effect
of Fe-doping from 0 to 10% in NiO leads to a decrease of particle size (i.e., mean diameter <d>)
from 63(1) nm to 44(2) nm. Furthermore, along with the big size particles, small size NPs with a
diameter below <5 nm were also visible in SEM images of 5 and 10% samples (Figure 1d,e). The small
size particles could be related to the Fe3O4 impurity phase (supported by an observed drastic color
change and further confirmed from the synchrotron radiation PXRD experiment Figure S1 in the
supporting information and the magnetic measurements) [32]. Fe3O4 is a ferrimagnetic material
with a high Curie temperature (TC = 850 K). The presence of such a strong magnetic impurity phase
overshadows the intrinsic magnetic properties of Fe-doped NiO materials. The focus of the present
study is to study the RT magnetic and memory effect from Fe-doped NiO NPs without compromising
the structural properties. Hence, we will not discuss the 5% and 10% samples having the Fe3O4
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impurity phase. The crystalline size that was obtained from the most intense (200) PXRD peak of 0 to
1% samples varies between 68 nm to 64 nm (Table S1). The decrease of particle size with the increase of
Fe-concentration and appearance of small size NPs above 1% Fe-concentration are consistent with the
previous findings [24].
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3.2. Structural Properties

In the paramagnetic phase (T > TN = 523 K) NiO possesses cubic Fm3m symmetry. Below TN,
the structure of NiO undergoes a weak cubic-to-rhombohedral distortion (space group R3m) due to the
magnetostriction effect. The rhombohedral distortion can simply be noticed from the splitting of (220)
reflection in diffraction peak profile, and the effect increases with the decrease of temperature [35,36].
The NPD spectra of particles that were recorded at 300 K contain a peak originating from both the
nuclear and magnetic origin (Figure 2). A slight enhancement in the intensity of the magnetic peak
is noted on lowering the sample temperature to 10 K. However, we did not observe any splitting of
(220) reflection in pure and Fe-doped NiO NPs. Therefore, initially, we have analyzed the diffraction
in the cubic Fm3m symmetry with a propagation vector k =

(
1
2 , 1

2 , 1
2

)
and a lattice parameter of

4.1783(2) Å. The Rietveld refined NPD spectra of NiO, 0.5%, and 1% samples taken at 300 K and
10 K are shown in Figure 2a,b (bottom to top), and Table S2 summarizes the corresponding fitting
parameters. The refinement of the NPD spectra of NiO NPs corroborates the conventional two magnetic
sublattices of NiO with antiparallel orientation within (111) plane (inset of Figure 2a, in the bottom
panel). The large AF exchange interaction between the next-nearest-neighbor is at the origin of the Neel
temperature of NiO [37]. At 300 K, the obtained value of the Ni ordered magnetic moment from NiO
NPs is 1.232(18) µB and at 10 K, it enhances to 1.258(18) µB [37,38]. Rietveld refinement of NPD spectra
was further carried out using rhombohedral R3m symmetry to examine whether pure and Fe-doped
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NiO NPs undergo cubic-to-rhombohedral distortion, and the corresponding fitting parameters are
summarized in Table S3. Interestingly, an improved magnetic moment of 1.636(30) µB is obtained
from NiO NPs at 300 K and 10 K, it enhances to 1.831(23) µB, which is 8.45% lower than the spin-only
value of 2.0 µB. The obtained low value could be related to the presence of magnetically disordered
shell at the surface of the NPs [39,40]. Note that, here, the overall goal of the NPD experiment is to
understand the effect of Fe-doping on the magnetic moment of 3d ions in the AF NiO NPs. Hence,
even though refinement using rhombohedral symmetry return results near to spin-only value than that
of cubic symmetry, it will not affect the magnetic memory results as long as both symmetries yield a
similar increase in magnetic moment trend with Fe-doping concentration. Furthermore, the observed
difference between the results of the refinement is worth discussion; however, it is outside of the scope
of current work and, therefore, can be discussed further in the near future. The subsequent analysis of
NPD spectra from 0.5 and 1% samples using both cubic and rhombohedral symmetry yields a similar
magnetic structure to that of undoped NiO NPs, but with an enhanced magnetic moment (see Tables S2
and S3). Therefore, no obvious change in the chemical structure was observed up to 1% Fe-doping,
although the effect has led to an increment of the magnetic moment in the NPs.
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Figure 2. The Rietveld refined (red line) neutron powder diffraction (NPD) spectra (dots) from NiO,
0.5, and 1% samples (bottom to top) taken at (a) 300 K and (b) 10 K are calculated with Fm3m symmetry.
The blue line represents the difference between experimental and fitted spectra. The vertical black and
short red lines represent the magnetic and nuclear brags reflection positions. Inset in the bottom panel
of (a): a unit cell of NiO with two magnetic sublattices.

3.3. Exchange Bias

ZFC and FC magnetic hysteresis M(Ha) loop measurements were both carried out at 300 K to study
the effect of Fe-doping on the magnetic properties of NiO NPs. Initially, during ZFC measurement,
the SQUID magnet was reset to remove any stray field at 400 K, followed by cooling the sample to
the desired temperature. During FC measurement, the sample was cooled down from 400 K in an
external magnetic field of 10 kOe to the desired temperature. Figure 3a shows the magnified ZFC
M(Ha) loops near zero-field, where inset gives full M(Ha) loops measured over ±30 kOe from Ni1-xFexO
NPs. The observed non-zero coercivity and the linear increasing behavior of the magnetization in

173



Nanomaterials 2020, 10, 1318

the high-field region correspond to FM and AF two-component behavior, respectively. The value
of coercivity (HC) and the magnetization increase with the increase of Fe-concentration from 0 to
1%. On the other hand, a saturation-like magnetization behavior with an enhanced magnetization is
obtained from 5 and 10% samples attributed to the Fe3O4 impurity phase (Figure S2) [22]. The net
enhancement in the magnetization because of Fe-doping (MFe = M− χNiOH) can be quantified by
subtracting the contribution from NiO. Figure 3b depicts MFe vs. Ha curves with a tendency towards
saturation from 0.5 and 1% samples giving a maximum value of MFe = 0.11 emu/g and 0.24 emu/g at
Ha = 30 kOe, respectively.Nanomaterials 2020, 10, 1318 7 of 15 
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The ZFC M(Ha) loops also revealed first-field-induced magnetic anisotropy, which can be
quantified as a spontaneous exchange bias (EB) field HEB =

(
[H+

C

]
− [H−C])/2, where H+

C and H−C
corresponds to coercivity in the first- and second-curve of the M(Ha) loop at which the magnetization
is zero [3,41]. Figure 3c compares the ZFC and FC M(Ha) loops near zero-field, where the inset gives
full M(Ha) loops measured over ±30 kOe from 0.5% sample. The effect of the cooling-field leads to
further enhancement in the magnetic anisotropy. Figure 3d gives a plot of HEB obtained from both
ZFC and FC M(Ha) loops vs. Fe-concentration x, where the inset of the figure depicts the coercivity
HC =

(
H+

C −H−C
)
/2 vs. x. Almost similar values of HC were obtained from both ZFC and FC M(Ha)

loops, whereas an enhanced value of the EB field from FC M(Ha) loops. A sudden enhancement in the
values of coercivity HC can be seen from a 0.5% Fe-doped NiO sample, reaching a maximum value of
809 Oe at 1% (inset of Figure 3d). A maximum value of HEB = −316 Oe is obtained after FC M(Ha)
loop from NiO NPs, and its value decreases with the increase of x. Note that the obtained values
from M(Ha) loops are not intrinsic since saturated hysteresis is not achievable even with a maximum
field of 50 kOe. Moreover, the obtained conventional and spontaneous EB field from NiO NPs is

174



Nanomaterials 2020, 10, 1318

consistent with previous findings and it can be attributed to the formed uncompensated core and
disordered shell-type structure [3,4]. The observed reduction in the EB field from Fe-doped NiO NPs
and its further reduction with the increase of Fe-concentration could be understood by assuming the
presence of a 4:1 defect cluster in the core of the NPs (inset of Figure 3b) [16]. The 4:1 defect cluster
consists of tetravalent interstitial iron Fei

4+ and four VNi, in total, being four times negatively charged.
The formation of such defect clusters could result in the enhancement of VNi in the core of NPs and,
consequently, suppression in AF anisotropy of host NiO [27]. Therefore, for a very weak AF anisotropy,
one could only see an enhancement in the HC without any EB field [42].

3.4. Temperature Dependence of Magnetization

The temperature-dependent magnetization measurements were carried out using ZFC and FC
protocols. During ZFC measurement, the applied magnetic field was set to zero while using oscillator
mode, and then the SQUID magnet was reset to remove any stray field at 400 K. Figure 4a,b show
the M(H)/Ha vs. T plots for NiO, 0.5%, and 1% samples at external fields Ha of 500 Oe and 5 kOe,
respectively. An increase in the magnetization with Fe-concentration can be seen consistent with the
NPD and M(Ha). At 500 Oe, the ZFC-FC curves of all samples remain bifurcated, even up to 400 K
(defined as irreversible temperature Tirr where (MFC −MZFC) = 0), suggesting blocking temperature
TB (ZFC maximum) lying above the measured temperature range. With the increase of the external
magnetic field, a relatively broadened ZFC curve appears from Fe-doped NiO NPs as compared to
pure NiO, and its maximum shifts towards lower temperatures. The obtained TB at 5 kOe field from
NiO, 0.5%, and 1% sample is around 350, 334, and 316 K, respectively. Whereas, the Tirr, which can be
considered as the onset temperature of the freezing process for NiO, 0.5%, and 1% sample, lies above
400 K. Assuming the assemblies of non-interacting NPs, the relaxation of magnetization with a uniaxial
magnetic anisotropy can be described by the Néel–Arrhenius law: K(x) = 25kBTB(x)/V(x), where K(x)
is the magnetocrystalline anisotropy of NPs, kB is Boltzmann constant, and V(x) is the median of the
particle volume distribution. The calculated value of K from NiO, 0.5% and 1% samples at 5 kOe is
0.9232× 104 erg/cm3, 1.020× 104 erg/cm3, and 1.400× 104 erg/cm3, respectively. The obtained value
of K from NiO NPs is much smaller than that of value from bulk KAF(0) = 4.96× 106 erg/cm3 [43].
The increase in the value of K with the Fe-concentration could be a consequence of the decrease of
particle size.

Irrespective of the external magnetic field, a sudden increase in the magnetization can be seen in
the low-temperature region from ZFC-FC curves of NiO NPs, which could be related to the collective
freezing of disordered surface spins. On the other hand, the response of ZFC-FC curves from 0.5%
and 1% samples varies with an external magnetic field. At 500 Oe, a plateau is observed below
100 K from the FC curve of 0.5%, and 1% samples. Such FC curve shape in the low-temperature
region is usually observed for super-spin-glasses (SSG) and super-ferromagnetic (SFM) materials,
suggesting collective spin behavior [44]. At a finite interparticle distance in the magnetic system,
more complex systems can be encountered due to magnetic interactions, especially of dipolar origin.
Such a collective spin behavior in the magnetic system evolves with the increase of the interaction
strength, modified superparamagnetic (SPM) behavior, SSG, and SFM states [45]. Therefore, in the
present system, due to the presence of a 4:1 defect cluster in the core of the NPs and the enhanced
magnetization, the interparticle and intraparticle interactions at a finite distance could have enhanced
further with the increase of Fe-doping concentration. At 5 kOe, a saturation like behavior can be seen
from the FC curve, whereas a huge broadening in the ZFC curve associated with the large distribution
of energy barriers. The above findings suggest the existence of two almost independent contributions
to the measured M(Ha) and M(T) curves: one reflecting the antiferromagnetism of NiO (linear in H and
weakly temperature-dependent). Another reflecting the NP size distribution and weak ferromagnetic
(excess) magnetic moment with particle anisotropies yielding relaxation time according to Arrhenius
dynamics and M vs. Ha curves governed by Langevin functions.
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3.5. Time Dependence of Magnetization

Time dependency of the magnetization relaxation M(t) measurement was carried out both with
and without the external magnetic field in order to investigate the effect of Fe-doping concentration on
the magnetic anisotropy energy barriers. Typically, the sample was initially cool down from 400 K to
300 K in an applied field of 500 Oe, and the M(t) curves were recorded for a duration of 2 h at zero and
500 Oe fields. The magnetic field was set to zero while using oscillator mode, and then the SQUID
magnet was reset to remove any stray field at 300 K. Figure 5 compares the normalized time-dependent
magnetic moment relaxation obtained in 0 and 500 Oe from NiO, 0.5% and 1% samples. Very weak
relaxation in the magnetic moment was observed from the M(t) curves measured at 500 Oe field.
Whereas, a broad relaxation with about 6.56% drop in the magnetization was obtained from NiO NPs
at 0 Oe field. The observed broad relaxation is governed by distribution in the particle size as well as
exchange coupling anisotropy. Interestingly, with the increase of Fe-doping concentration from 0.5% to
1%, relaxation broadened, and the amount of magnetization dropped further from 4.58% to 4.21%.
The above findings suggest the effect of 1% Fe-doping has slow down the magnetic moment relaxation
by around 35.8% concerning NiO at 300 K over 2 h. Because, firstly, the mean diameter distribution
obtained from SEM images has shown a very similar size distribution for NiO, 0.5, and 1% samples,
and, secondly, the exchange coupling anisotropy has reduced further with the increase of Fe-doping
concentration. Hence, apart from size distribution, the intraparticle interactions due to formed 4:1
defect clusters may have created additional magnetic anisotropy energy barriers affecting the overall
magnetic moment relaxation process. In this context, a well-known stretched exponential function
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was successfully used elsewhere to describe the effect of distribution in anisotropy energy barriers on
the process of magnetic moment relaxation [46]. The solid lines in Figure 5 represent a satisfactory fit
using a stretched exponential function M(t) = mo −meexp

(
−(t/τ)β

)
and the fitted value of τ and β are

depicted. mo is an intrinsic magnetic component, me glassy component, τ characteristic relaxation time,
and β is stretching parameter. me and τ are the function of measuring temperature and time, whereas β
(0 < β ≤ 1) is a function of the measuring temperature only. In the above expression, depending on
the value of β, the system either relaxes with a single time constant (β = 1), or it involves activation
against multi magnetic anisotropy energy barriers (β < 1). The fitted value of β obtained from NiO,
0.5, and 1% samples is 0.47, 0.51, and 0.60, respectively, which suggests activation against multiple
anisotropy energy barriers from both undoped and Fe-doped NiO NPs. Therefore, along with particle
size distribution existence of multiple anisotropy energy barriers possibly bears a correlation to the
signature of the presence of intraparticle interactions in Fe-doped NiO NPs.Nanomaterials 2020, 10, 1318 10 of 15 
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3.6. Magnetic Memory Effect

Both FC and ZFC protocols suggested by Sun et al. were used to study the magnetic memory
effect for possible future applications [47]. FC magnetic memory test: sample was first cooled down
in an applied field Ha = 500 Oe from 400 K, where sporadic stops for twt = 1 h in 0 Oe were given at
various stopping temperatures TS (300 K, 200 K, and 100 K, below TB); above curve is designated as
MCool

FC . Subsequently, magnetization was recorded while warming in the same applied field and the
curve is designated as MMem

FC . Figure 6a–c depict the obtained FC memory effect results from NiO,
0.5%, and 1% samples, respectively. The amount of recovery of spins depends upon how fast the NPs
realign to the applied magnetic field and, therefore, it can be quantified as ∆M(TS) = Mcool

FC −Mmem
FC

(Figure 6d). The value of ∆M(TS) at each intermittent stopping temperature, TS reaches to its maximum
and shows an increasing trend with the increase of temperature. An enhanced value of ∆M(TS) is
obtained from a 0.5% sample, and its value increases further with the increase of Fe-concentration to
1% (inset of Figure 6d). The above findings suggest that the step-like time dynamic magnetization
measurement is reproduced upon warming from Fe-doped NiO NPs at RT. On the other hand, strongly
exchange-coupled NiO NPs do not retain any sign of memory effect. Furthermore, an increasing
behavior of MCool

FC with the decrease of temperature can be seen from Fe-doped NiO NPs. Such type of
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behavior is commonly assigned to a non-interacting SPM system [48]. Contrary to it, an interacting
spin-glass (SG) system shows a decrease of MCool

FC with a decrease in temperature [49]. The SG system
can be identified by measuring the ZFC memory effect. ZFC magnetic memory test: the sample was
first ZFC from 400 K to 10 K, and then magnetization was recorded during heating in an applied field
of 500 Oe; this curve is designated as a reference curve. The sample was again ZFC from 400 K, but now
with a stop-and-wait protocol at 200 K and 100 K, where the sample is aged for 1 h duration, and then
again cooled down to 10 K. Subsequently, magnetization was recorded, as done in the reference curve;
this curve is designated as wait curve. The field was set to zero using the inbuild oscillatory mode,
and then the stray field was removed by resetting the SQUID magnet. Usually, the difference between
the wait and reference curve is characterized by a dip at the waiting temperature [48,49]. However,
no dip was seen from both NiO and Fe-doped NiO samples (Figure S3).

The RT memory effect was further investigated by studying the effect of both the
temperature-cooling and -heating cycle and the field switching with ZFC and FC magnetization
relaxation protocols in a 1% sample (Figure 7) [47]. In ZFC (FC) relaxation magnetization measurement,
sample was initially cooled from 400 to 300 K under zero-field (500 Oe) and the magnetization M(t) was
measured for t1 = 4000 s at 500 Oe field (zero fields); after that, the sample was cooled to 280 K in the
same magnetic field and magnetization was measured over time t2 = 4000 s. Finally, the sample was
warmed back to 300 K and magnetization was measured for t3 = 4000 s. The relaxation in magnetization
returns to the previous level, even after a temporary period that the sample was cooled to 280 K
(Figure 7a). A similar phenomenon is also observed from ZFC and FC magnetization relaxation when
the magnetic field was switched to 0 Oe and 500 Oe during t2 with the temporary cooling at 280 K,
respectively (Figure 7b). The above measurement shows that magnetization returns to the previous
level when the temperature and magnetic field are returned to the previous condition at 300 K and
500 Oe. However, both ZFC and FC relaxation magnetization does not restore its previous state before
the temporary heating to 320 K, demonstrating no memory effect (Figure 7c).Nanomaterials 2020, 10, 1318 11 of 15 
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4. Discussion and Conclusions

The observed asymmetric response concerning positive and negative temperature changes is
following a hierarchical model for an interacting particle system [50,51]. The above model is also
applicable to the non-interacting SPM system [32] and the exchange-coupled system [33], according to
recent findings. In the former case, the distribution in energy barriers originated from the particle size
distribution, whereas, in the latter case, from interface exchange-coupling. However, in the studied
system, one could see that the effect of the cooling field has led to an enhancement in the exchange bias
field both in the pure NiO and Fe-doped NiO NPs. The observed decrease in the EB field with the
increase of Fe-doping concentration and the absence of memory effect in strongly exchange-coupled
NiO NPs (having size distribution, i.e., anisotropy distribution) suggested RT memory effect and EB
phenomenon are independent. Hence, it appears that, along with particles uniaxial anisotropy [17],
the intraparticle interactions due to formed 4:1 defect clusters [16,23] may have paved the way for
creating an additional anisotropy energy barrier, resulting in an appearance of RT memory effect from
Fe-doped NiO NPs. In conclusion, Ni1-xFexO NPs with x(%) varying from 0 to 1% and having a similar
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structure as that of NiO without any impurity phase was successfully synthesized while using the
co-precipitation method. The effect of Fe-doping from 0 to 1% leads to a decrease of particle size from
63 nm to 53 nm and an increment of the magnetic moment of 3d ions (evident from NPD experiment).
The RT ferromagnetic properties and magnetic memory effect is accomplished in Fe-doped NiO NPs
studied by different protocols of ZFC and FC magnetization relaxation measurements. Our findings
suggested that, as compared to non-interacting or interacting SPM NPs and exchange-coupled systems,
the intrinsic intraparticle interaction in the Fe-doped NiO system has created an additional anisotropy
energy barrier that can be tailored simply by controlling Fe-dopant concentration. The outcome of this
is technologically attractive for the future development of RT ferromagnetism in AF NiO in order to
facilitate the possible integration of spintronic devices.
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from 5% and 10% samples at 300 K, Figure S3: ZFC magnetic memory effect: Difference between the wait and
reference curve from (a) NiO, (b) 0.5%, and 1% samples. Table S1: Rietveld refined parameters obtained from
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Abstract: The effect of the annealing temperature Tann on the magnetic properties of cobalt ferrite
nanoparticles embedded in an amorphous silica matrix (CoFe2O4/SiO2), synthesized by a sol-gel
auto-combustion method, was investigated by magnetization and AC susceptibility measurements.
For samples with 15% w/w nanoparticle concentration, the particle size increases from ~2.5 to ~7 nm,
increasing Tann from 700 to 900 ◦C. The effective magnetic anisotropy constant (Keff) increases with
decreasing Tann, due to the increase in the surface contribution. For a 5% w/w sample annealed at 900
◦C, Keff is much larger (1.7 × 106 J/m3) than that of the 15% w/w sample (7.5 × 105 J/m3) annealed
at 700 ◦C and showing comparable particle size. This indicates that the effect of the annealing
temperature on the anisotropy is not only the control of the particle size but also on the core structure
(i.e., cation distribution between the two spinel sublattices and degree of spin canting), strongly
affecting the magnetocrystalline anisotropy. The results provide evidence that the magnetic anisotropy
comes from a complex balance between core and surface contributions that can be controlled by
thermal treatments.

Keywords: magnetic nanoparticles; cobalt ferrite; magnetic anisotropy

1. Introduction

Within the last few years, magnetic nanoparticles have contributed to the development of a variety
of cutting edge technologies in fields such as ferrofluids [1], microwave devices [2], biomedicine [3,4],
or catalysis [5,6]. The growing interest that magnetic nanoparticles attract demands a fundamental
understanding of their properties, which are very different from their bulk counterparts. In this context,
spinel ferrites are excellent candidates thanks to their tunable physico-chemical properties [7]. Their
general chemical formula is MFe2O4, where M2+ can be any divalent metal (e.g., M2+ = Fe2+, Co2+,
Zn2+, Ni2+, Mn2+, etc.). The atomic arrangement corresponds to a face-centered cubic structure of the
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oxygen atoms, with Fe3+ and M2+ occupying the tetrahedral (Td) and octahedral (Oh) sites [7]. Such
a structure makes magnetic spinel nanoparticles particularly attractive. It provides a tool to tailor
their magnetic properties (e.g., magnetic crystalline anisotropy and saturation magnetization) by the
variation of the cation distribution between the two sublattices. This can be done by changing the
chemical composition, the preparation method, and thermal treatments [8–10].

Magnetic properties of spinel ferrite nanoparticles are also strongly affected by the presence of
a non-collinear spin structure (i.e., spin canting). The spin-canting is due to competing interactions
between sublattices [11,12], as confirmed by polarized neutron scattering [13] and 57Fe Mössbauer
experiments [14,15]. This symmetry breaking induces changes in the topology of the surface magnetic
moments and, consequently, in the exchange integrals (through super-exchange angles and/or distances
between moments), thus leading to a change in the surface anisotropy [15]. Therefore, the magnetic
properties of ferrite nanoparticles with a spinel structure are due to a complex interplay of several
effects, among which surface disorder, cationic distribution, and spin canting are dominant [14,16].

The present work is aimed at investigating the effect of the annealing temperature on the
magnetic properties of nanocomposites consisting of CoFe2O4 nanoparticles dispersed in a silica matrix
(CoFe2O4/SiO2). The results show that the thermal treatment plays an important role, along with
the particle size, in controlling the surface and core contributions to the magnetic anisotropy and
saturation magnetization.

2. Materials and Methods

A set of CoFe2O4 nanoparticles uniformly embedded in a silica matrix with 15% (w/w)
concentration of the magnetic phase were synthesized by a sol-gel auto-combustion method
and treated afterward at three different annealing temperatures (Tann = 700, 800 and 900 ◦C).
Synthesis and morpho-structural characterization of all the samples was already described in detail
elsewhere [8,14,17,18]

The Fe(NO3)3·9H2O (Sigma Aldrich 98%, Darmstadt, Germany), Co(NO3)2·6H2O (Sigma Aldrich
98%, Darmstadt, Germany), citric acid (Sigma Aldrich 99.5%, Darmstadt, Germany) and of 25%
ammonia solution (Carlo Erba Reagenti SpA, Cornaredo, Italy) were used without further purification.
In this process, 1-molar iron and cobalt nitrate aqueous solutions in a 2:1 ratio, respectively, and citric
acid (CA) with 1:1 molar ratio of metals to CA were prepared, and pH-adjusted to ~2 by aqueous
ammonia addition. Tetraethoxysilane (TEOS, Sigma Aldrich 98%, Darmstadt, Germany) in ethanol
was used as a silica precursor and, after its addition and vigorous stirring for 30 min, the sols were
placed in an oven to gel in static air at 40 ◦C for 24 h. The gels underwent successively a thermal
treatment at 300 ◦C for 15 min, where the auto-combustion reaction took place.

The temperature was then raised to 900 ◦C in steps of 100 ◦C and kept for 1 h at the treatment
temperature. The X-ray diffraction (XRD) patterns [18] (Figure S1, reported in supporting materials)
show a big halo due to the amorphous silica; the main reflections due to the cubic cobalt ferrite phase
start to appear at 700 ◦C, and they become more and more evident at 800 and 900 ◦C [18]. For this
reason, investigation of the magnetic properties was focused on samples treated at 700, 800 and 900
◦C, hereafter named N15T700, N15T800, and N15T900. Transmission electron microscopy (TEM)
(Figure S2, reported in supporting materials) shows the presence of crystalline particles for all the
samples. The heating process led to the progressive growth of the particles and their structural ordering.
The high resolution TEM images performed on N15T900 (Figure S2, Supplementary Materials) confirm
the particles’ spherical morphology. The observed set of fringes corresponds to the (311) lattice planes
of the cobalt ferrite phase with a distance of 2.4 Å.

The particle size distribution obtained by TEM image analysis can be fitted by a log-normal
function [19]:

P =
A

Dσ
√

2π
exp−

[
ln2(D/〈DTEM〉)

2σ2

]
(1)
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where <DTEM> is the median of the variable “diameter” (Table 1) and σ is the standard deviation.
An increase in particle size with the increase in annealing temperature is observed.

Table 1. Structural and magnetic properties.

Sample dTEM Tmax Tirr <TB>CH.
2 PDCH.

<TB>H.M.
2 PDH.M.

(nm) (K) (K) (K) (%) (K) (%)

N15T700 2.5(2) 1 29(1) 57(5) 18(1) 3.26 16(1) 4.56
N15T800 5.3(5) 43(1) 70(5) 22(2) 2.86 25(2) 2.44
N15T900 6.6(5) 53(1) 82(3) 29(1) 2.41 31(2) 2.45

1 Uncertainties in the last digits are given in parenthesis; 2 Average blocking temperature extracted from
thermoremanent magnetization (TRM) (<TB>CH.) and (<TB>H.M.) from Hansen and Mørup method are reported
with their corresponding percentual polydispersity index.

DC-magnetization measurements were performed using a SQUID magnetometer (Quantum
Design Inc., San Diego, CA, USA) equipped with a superconducting magnet producing fields up to 5 T.
AC-susceptibility measurements were performed at different frequencies (20–800 Hz) as a function
of the temperature using a susceptometer (Model ACS 7000, Lake Shore Cryotronics Inc., Weterville,
OH, USA).

3. Results and Discussions

The temperature dependence of the zero-field-cooled/field-cooled (ZFC/FC) magnetizations is
shown in Figure 1a. The sample was cooled down to 4.2 K from room temperature in the absence
of an applied field. Then, the ZFC curve was recorded in a field of 5 mT while warming up to 325
K. In contrast, the FC curve was recorded after having cooled the sample down (from 325 to 4.2 K)
with the same field applied. The shape of the FC-curves suggests that interparticle interactions are
negligible [19–21]. The temperature corresponding to the maximum in the ZFC curve, Tmax, (Table 1)
increases with the annealing temperature. According to Gittleman et al. [22], Tmax is related to the
average blocking temperature <TB> through the equation:

Tmax ≈ β < TB > (2)

where β is a constant that, for a log-normal distribution of particle sizes, is in the range of 1.5–2.5.
The temperature at which the ZFC and FC curves merge is the irreversibility temperature (Tirr), and it
corresponds to the blocking temperature of the particles with the maximum anisotropy. As expected,
both Tirr and Tmax grow with increasing size (i.e., increasing temperature). The difference between
Tirr and Tmax reflects the width of the blocking temperature distribution in the absence of magnetic
interparticle interactions and it is correlated to the volume distribution. In our samples, such
difference is weakly dependent on the annealing temperature, indicating that the thermal treatment
does not significantly affect the distribution of the blocking temperatures. This is confirmed by the
thermoremanent magnetization (TRM) curves [21] (Figure 2b, see supplementary information for
details). Indeed, the shape of the energy barrier distribution is similar for the three samples, confirming
that the sources of anisotropy are basically the same and that the interparticle interactions are weak.
Two different models have been proposed to determine the blocking temperature distribution, yielding
to its mean value and standard deviation. Starting from the model proposed by Chantrell and
co-workers [23], the distribution of the anisotropy energy barriers was fitted by a log-normal function
to determine the mean value of the blocking temperature (<TB>CH), reported in Table 1 [24–26]. We
give details of the fit and values of the standard deviation (σTRM) in the supporting information
(Figures S3 and S4).
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Figure 1. (a) Zero-field-cooled (ZFC) (empty symbols) and field-cooled (FC) (solid symbols) 
magnetization curves. Inset: product of the magnetic susceptibility times the irreversibility 
temperature as a function of the annealing temperature. (b) Energy barrier distribution obtained from 
the first derivative of the thermoremanent magnetization 𝑀𝑀TRM(𝑇𝑇) versus temperature. 

Hansen and Mørup proposed a phenomenological approach to calculate the mean blocking 
temperature (<TB>H.M.) and its standard deviation (σH.M.) [27] for a log-normal distribution of the 
particles volume, and negligible interparticle interactions. They found that <TB>H.M. and σH.M can be 
expressed with known values of Tirr and Tmax from <TB>H.M. = Tmax [1.792 + 0.186·ln(Tirr/Tmax − 0.918)]−1 + 
0.0039·Tirr and σH.M. = 0.624 + 0.397 ln(Tirr/Tmax − 0.665). <TB>H.M. values are given in 16(1), 25(2) and 
31(2) K for samples (Table 1), their standard deviation values being 0.73, 0.61, and 0.57 for N15T700, 
N15T800 and N15T900, respectively.  
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Hansen and Mørup proposed a phenomenological approach to calculate the mean blocking
temperature (<TB>H.M.) and its standard deviation (σH.M.) [27] for a log-normal distribution of the
particles volume, and negligible interparticle interactions. They found that <TB>H.M. and σH.M can
be expressed with known values of Tirr and Tmax from <TB>H.M. = Tmax [1.792 + 0.186·ln(Tirr/Tmax −
0.918)]−1 + 0.0039·Tirr and σH.M. = 0.624 + 0.397 ln(Tirr/Tmax − 0.665). <TB>H.M. values are given in
16(1), 25(2) and 31(2) K for samples (Table 1), their standard deviation values being 0.73, 0.61, and 0.57
for N15T700, N15T800 and N15T900, respectively.

The values of the mean blocking temperatures extracted by the two models are equal within the
experimental errors (Table 1). The percentual polydispersity of the blocking temperatures is defined as:

PD% = 100× σ

〈TB〉 (3)

The PD% value obtained for Chantrell and Hansen–Mørup models (PDCH. and PDH.M.) decreases
with increasing particle size, although this trend is more evident for the Chantrell model.

The inset in Figure 1a shows the product of the susceptibility times the irreversibility temperature
(χTirr) as a function of the annealing temperature (Tann). These results indicate a strong increase in
the ferrimagnetic phase between 700 and 900 ◦C, which can be ascribed to the rise in the particle
volume [28].

The dynamic magnetic properties were investigated by AC-susceptibility measurements in a field
of 2.5 mT at frequencies υ from 5 Hz to 10 kHz, in the temperature interval 18–310 K. According to the
Néel–Arrhenius model, the relaxation process of the particle moments is driven by thermal activation
and described, in the absence of interparticle interactions, by the Arrhenius law τN = τ0 exp(KeffV/kBT).
Since T = TB when τm = 1/υm, a linear relation between ln(τm) and 1/TB can be derived:

ln(τm) = ln(τ0) +
KeffV
kBTB

. (4)

In Figure 2a, the linear relationship between ln(τm) versus 1/TB is reported for the three samples.
The values of the effective magnetic anisotropy constant, Keff, and the characteristic relaxation times,
τ0, obtained from the linear fitting of Equation (4), are given in Table 2.
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Figure 2. (a) Logarithm of the measurement time τm versus 1/TB and its linear fit (dashed line);
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versus 1/TB by Neél–Arrhenius model (empty circles). The value from N5T900 was taken from
reference [14] and that of bulk cobalt ferrite from reference [7].

Table 2. Magnetic parameters obtained from AC magnetic susceptibility measurements.

Sample
Néel−Arrhenius 1 Vogel−Fulcher 2

Keff τ0 Keff T0
(J m−3) (s) (J m−3) (K)

N15T700 7.9(4) × 105 1.9 × 10−9 11(1) × 105 −1(3)
N15T800 2.3(2) × 105 8.2 × 10−14 1.3(1) × 105 14(2)
N15T900 1.9(2) × 105 1.5 × 10−14 0.92(1) × 105 32(3)

1 Effective magnetic anisotropy constant (Keff) and characteristic relaxation time (τ0) obtained from the fitting to
Néel−Arrhenius law (Equation (4)); 2 Keff and the interaction temperature term, T0, assuming τ0 = 10−10 s, from
Vogel−Fulcher law (Equation (5)).

For the sample annealed at the lowest temperature (N15T700), the τ0 value has a coherent
physical meaning (1.9 × 10−9 s), confirming the absence of interparticle interactions. On the other
hand, for samples N15T800 and N15T900, the τ0 value is much smaller. This fact indicates that
the Néel–Arrhenius model is not appropriate to describe the dynamical behavior of these samples,
suggesting that weak interparticle interactions are present.

According to the Vogel–Fulcher law, weak interparticle interactions are accounted for by a
temperature term T0 [29–31]:

ln(τm) = ln(τ0) +
Ke f f V

kB(TB + T0)
. (5)

The values of T0 and Keff (Table 2) have been obtained from the fitting of Equation (5) by fixing
the specific relaxation time τ0 equal to 10−10 s for all the samples [14,26]. In sample N15T700, T0 is
almost zero, consistent with the absence of interparticle interactions. Then, T0 rises with the annealing
temperature, indicating an increase in the dipolar interactions due to the enhancement of the particle
magnetic moment. It is worth underlining that the value of Keff obtained by Néel–Arrhenius and
Vogel–Fulcher models are similar for sample N15T700 where the interactions can be considered
negligible. A difference in the Keff values deduced from the two models is observed for N15T800 and
N15T900 due to magnetic interactions.

On the other hand, in both models, Keff increases with a decreasing particle size (i.e., decreasing
annealing temperature). We measured a rise of ~30% when the diameter goes from 6.6 (N15T900) to
5.6 nm (N15T800), while a much higher growth of ~70% is observed when it goes from 6.6 (N15T800)
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to 2.5 nm (N15T700). This result indicates that the surface anisotropy increases with a decrease in
the particle size, but its role becomes dominant in tiny particles (e.g., N15T700). This idea is also
confirmed by the fact that the Keff values of N15T800 and N15T900, which are lower than the value of
the bulk material (3 × 105 J/m3 [14,32]), indicating that the magnetic structure also plays a crucial role.
The smaller anisotropy in CoFe2O4 nanoparticles compared to the bulk value can be related to a change
in the cation distribution with the size, induced by the annealing treatment. This phenomenon was
already observed in CoFe2O4 particles [14,33] and explained by a modification of the cation distribution
leading to a change in the magneto-crystalline anisotropy mainly determined by the distribution of
the Co2+ ions between Oh and Td sites. Indeed, here the cause can be a lower fraction of Co2+ ions in
the octahedral sites, having larger anisotropy (+850 × 10−24 J/ion) (due to the orbital contribution in
the crystal field 4T1 ground energy term) than Co2+ ions in a tetrahedral site (−79 × 10−24 J/ion; 4A2

term) [8].
To highlight these results, Figure 2b reports the Keff value of an additional sample consisting

of CoFe2O4 nanoparticles embedded in a silica matrix with a 5% (w/w) concentration of magnetic
phase annealed at 900 ◦C (hereafter named N5T900). For this sample, the average particle size
(2.8 ± 0.3 nm [14]) is very close to that of the N15T700 (2.5 ± 0.5 nm), with the same percentual
polydispersity (see Figure S5 and Table S1 in the supporting information). It is important to underline
that the interparticle interactions in both N5T900 and N15T700 samples are negligible, as indicated
by their corresponding ZFC-FC and δM-plots [34] (Figures S6 and S7, respectively, in the supporting
information).

Despite the two samples having the same morphological features, Keff is much larger for N5T900,
which could be related to the cation distribution change caused by the annealing. The highest
temperature produces a larger occupancy of Oh sites by the Co2+ ions in sample N5T900 [14].

Low-temperature (5 K) magnetization loops of the samples N15T700 and N5T900 are reported
in Figure 3. They are not saturated due to their high anisotropy (the same as samples N15T800 and
N15T900, reported in Figure S8 of the supporting information). The saturation magnetization (MS) has
been estimated by fitting the high field range of the curves to the equation [35]:

M(H) = MS·
(
1− a

H
− b

H2

)
+ H·χSAT (6)

where a and b are the fitting parameters, and χSAT is the “non-saturated” magnetic susceptibility (for
high applied fields). The latter is strongly related to the non-collinear spin structure due to competing
interactions between sublattices, and to the symmetry breaking at the particle surface [36,37].

Figure 4a shows that MS increases with particle size (i.e., annealing temperature), as expected.
In the same figure, we plot MS for sample N5T900 (2.8 ± 0.3 nm particle size). Despite N5T900 and
N15T700 having the same particle size, MS for N5T900 is almost twice than for N15T700. Considering
that the magnetic interparticle interactions are negligible in both samples, this difference can be
ascribed to the combined effect of cation distribution, spin-canting, and surface anisotropy [14,16].
The non-saturated susceptibility (Figure 4b) increases with decreasing particle size (i.e., decreasing
annealing temperature) [31]. The trend of χSAT indicates, as expected, the more substantial contribution
of the surface magnetic anisotropy for smaller particles. It is worth emphasizing that N15T700 has a
higher value of χSAT, indicating that the surface contribution to the effective magnetic anisotropy is
higher in N15T700 than in N15T900. The energy barrier distribution can confirm this. In fact, despite
N5T900 and N15T700 having the same PD% of the TEM diameter, the PD% for TB calculated by H.M.
model is much higher for N15T700 (PD% TB 4.56) than for N5T900 (PD% TB 2.45).
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Figure 4. (a) Saturation magnetization, MS, and (b) non-saturated susceptibility, χSAT, obtained by
fitting Equation (6). The dashed line represents a guide for the eye. The square in both graphs
corresponds to the reference sample N5T900.

Given that the particle volume is comparable in the two samples, this fact can be explained by the
mentioned surface anisotropy contribution. Labarta and co-workers have shown that, for spinel ferrite
nanoparticles, even when the size distribution is narrow, surface anisotropy can produce a substantial
broadening of the anisotropy energy distribution. This effect is an obvious consequence of the different
size dependence of the energy contributions from the core and the surface [38]. Because the volume
content of the surface spin layer increases with a decrease in size, and it becomes more significant for
ultra-small particles (<10 nm).

Then, although χSAT and the anisotropy energy barrier distribution indicate a more significant
contribution of the surface component to the anisotropy in N15T700, the value Keff obtained by AC
measurements is higher in N5T900. This could be associated with an increase in the magneto-crystalline
component of the anisotropy.

The squares in Figure 3 represent the low temperature (5 K) direct current demagnetization (DCD)
remanent curves measured following the protocol in ref. [39]: (1) application of a quasi-saturating field
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of 5 T; (2) application of a gradually increasing magnetic field in the reversal direction; (3) switching off

the magnetic field and collection of the remanent magnetization value after each iteration. Since each
measurement is performed at zero field, MDCD is only sensitive to the irreversible component of the
magnetization and only the blocked particles contribute to the remanent magnetization. The curve
shape is linked to the switching field distribution, which, in turn, is related to the energy barrier
distribution; the value of the field at which the remanent magnetization is equal to zero (called
remanent coercivity, HCr) corresponds to the mean switching field. Although the two samples have
different coercivity, the remanent coercivities are close (N15T700: ~2.4 T, N5T900: ~2.1 T). This result
is in line with the similar anisotropy fields (N15T700: 5.8(5) T, N5T900: 5.9(6) T) estimated by the
Stoner–Wohlfarth model (HK = 2Keff/MS).

Even though HCr and HK are equal within the experimental error, the coercivities of the two
samples are different. Since both systems are non-interacting, such differences can be associated with a
larger fraction of very small particles that probably are not well crystallized due to the low treatment
temperature. We have confirmed this by the trend of χTirr (inset of Figure 1a) and the lower value of
the remanent and saturation magnetizations [40].

4. Conclusions

The results provide evidence that the relative surface and core contributions to the effective
magnetic anisotropy and saturation magnetization of CoFe2O4 nanoparticles embedded in a silica
matrix can be controlled by the annealing temperature Tann. For samples with 15% w/w of nanoparticles,
the value of the effective magnetic anisotropy constant Keff increases and the saturation magnetization
decreases by decreasing Tann from 900 to 700 ◦C, with a decrease in particle size, showing a dominant
role of the disordered surface. On the other hand, the comparison between the 15% w/w sample
annealed at 700 ◦C and a 5% w/w sample annealed at 900 ◦C, with comparable particle size, (2.5 and
2.8 nm with the same size distribution) shows a much larger saturation magnetization and Keff values
for the latter one, for which the χSAT value, related to non-collinear core spin structure and surface
disorder, is much lower. The comparison indicates that for the 5% w/w with Tann = 900 ◦C sample the
major contribution to the anisotropy comes from the core, despite its very small particle size. This
should be due to a better crystallinity and change in a core structure (e.g., different cation distribution
and degree of spin canting) with larger magnetocrystalline anisotropy induced by the higher Tann.
In conclusion, the results indicate that the effect of the annealing temperature on the anisotropy and
saturation magnetization is not limited to the change in the particle size, increasing with Tann. Besides
the decrease in surface disorder, the core structure is also affected by the thermal treatment, which can
significantly modify the magnetocrystalline anisotropy and the saturation magnetization.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/7/1288/s1,
Figure S1: XRD patterns of CoFe2O4 nanoparticles embedded (15% w/w) in an amorphous silica matrix and
annealed at different temperatures (from ref. [18]); Figure S2: TEM image of as-prepared sample (a); dark field
images of N15T700 (b) and N15T800 (c); bright field (d) and high resolution image of N15T900 (from ref. [18]);
Figure S3: TRM measurements (full symbols) and corresponding distribution of magnetic anisotropy (empty
symbols) energies with cooling field of 2.5 mT for the samples N15T700 (a), N15T800 (b), N15T900 (c); Figure
S4: distribution of magnetic anisotropy energies (empty symbols) fitted by a log normal function (lines) for the
samples N15T700 (squares), N15T800 (triangles), N15T900 (circles). Values of mean Blocking temperature (<TB>)
and standard deviation (σ) are reported in the graph; Figure S5: Particle size distribution extracted by TEM
images of the sample N15T700 (left side) and N5T900 (right side); Figure S6: ZFC-FC curves for the N15T700
(a) and N5T900 (b); Figure S7: δM-plot at 5 K for N15T700 sample and reference sample N5T900 [14]; Figure S8:
Hysteresis loop recorded at 5 K for N15T900 (a), N15T800 (b) and N15T700 (c); Table S1: Mean particle size (DTEM)
σ the standard deviation of the natural logarithm of the variable D and percentual polydispersity determined by
Equation (7).
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Abstract: Magnetite (Fe3O4) particles with a diameter around 10 nm have a very low coercivity (Hc)
and relative remnant magnetization (Mr/Ms), which is unfavorable for magnetic fluid hyperthermia.
In contrast, cobalt ferrite (CoFe2O4) particles of the same size have a very high Hc and Mr/Ms, which is
magnetically too hard to obtain suitable specific heating power (SHP) in hyperthermia. For the
optimization of the magnetic properties, the Fe2+ ions of magnetite were substituted by Co2+ step by
step, which results in a Co doped iron oxide inverse spinel with an adjustable Fe2+ substitution degree
in the full range of pure iron oxide up to pure cobalt ferrite. The obtained magnetic nanoparticles
were characterized regarding their structural and magnetic properties as well as their cell toxicity.
The pure iron oxide particles showed an average size of 8 nm, which increased up to 12 nm for the
cobalt ferrite. For ferrofluids containing the prepared particles, only a limited dependence of Hc

and Mr/Ms on the Co content in the particles was found, which confirms a stable dispersion of the
particles within the ferrofluid. For dry particles, a strong correlation between the Co content and
the resulting Hc and Mr/Ms was detected. For small substitution degrees, only a slight increase in
Hc was found for the increasing Co content, whereas for a substitution of more than 10% of the
Fe atoms by Co, a strong linear increase in Hc and Mr/Ms was obtained. Mössbauer spectroscopy
revealed predominantly Fe3+ in all samples, while also verifying an ordered magnetic structure with
a low to moderate surface spin canting. Relative spectral areas of Mössbauer subspectra indicated a
mainly random distribution of Co2+ ions rather than the more pronounced octahedral site-preference
of bulk CoFe2O4. Cell vitality studies confirmed no increased toxicity of the Co-doped iron oxide
nanoparticles compared to the pure iron oxide ones. Magnetic heating performance was confirmed
to be a function of coercivity as well. The here presented non-toxic magnetic nanoparticle system
enables the tuning of the magnetic properties of the particles without a remarkable change in particles
size. The found heating performance is suitable for magnetic hyperthermia application.

Keywords: cobalt ferrite; coercivity; ferrimagnetism; magnetic fluid hyperthermia; magnetic
nanoparticles; magnetite
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1. Introduction

Magnetic nanoparticles (MNPs) and their biocompatible suspensions (ferrofluids) are very
promising materials for biomedical applications [1,2]. Because of their small size and their high
surface-to-volume ratio, MNPs show properties which differ from those of the bulk material. Due to
their magnetic behavior, MNPs enable a mechanical manipulation in an external field or field gradient,
a magnetic determination of their location, and a heating of the particles by an external alternating
magnetic field, so that they cannot only be used in therapy, but also in diagnostics and as tracer
materials. A broad range of applications like in hyperthermia [3,4], in drug targeting [5] or as contrast
and tracer agent for medical imaging like magnetic resonance imaging (MRI) [6] or magnetic particle
imaging (MPI) [7,8] of the MNPs are described in the literature.

A lot of different MNP systems with specific cores and coatings have been developed and tested for
medical application. Because of their high biocompatibility, iron oxide MNPs are of particular interest
for application in medicine [9,10]. Due to a good stability against agglomeration and sedimentation as
well as a high cellular uptake, a lot of research is focused on the application of superparamagnetic
nanoparticles in the size range of 10–15 nm.

Unfortunately, such particles are not favorable for aimed hyperthermia heating applications,
since for maximum hyperthermia heating performance, particles with a slight ferrimagnetism are
needed [11,12]. An increase in particles size leads to a transition to ferrimagnetism [13] but also an
increased tendency to form agglomerates. A compromise is the application of so-called multicore
magnetic nanoparticles (MCNP) with superferrimagnetic behavior, which means ferrimagnetic
behavior in the presence of an external magnetic field and superparamagnetic behavior in its absence,
which results in a good stability against agglomeration. These particles are very promising for
medical applications [14], especially for magnetic fluid hyperthermia because of their high heating
performance [15,16]. Nevertheless, these cores are in the size range of several 10 nm and exceed the
here biologically favored size from 10 to 15 nm.

An approach to achieve ferrimagnetism for small MNPs is the use of cobalt ferrite as magnetic
core material. Unfortunately, this material shows a very pronounced hard magnetic behavior and
for particles of about 10 nm, coercivities in the order of 60 kA/m occur [17]. Such coercivities are too
high to obtain a therapeutically promising heating performance when using a magnetic field strength
harmless for the patient. Thus, pure cobalt ferrite is not a suitable material for the preparation of MNPs
in the size from 10 to 15 nm with magnetic properties promising for hyperthermia.

A possible solution to prepare MNPs in the range of 10–15 nm with a mild ferrimagnetic behavior
might be Co doping the magnetic iron oxides, expecting a magnetic behavior between those of
superparamagnetic iron oxide and hard magnetic cobalt ferrite in dependence of the dotation degree.
In the literature, a non-monotonic dependency of coercivity on Co content for non-stoichiometric
compositions due to magnetically induced anisotropy is described [18]. This was also observed
for nanoparticles [19] but is not expected for MNPs obtained from the here used preparation
procedure. The magnetic iron oxide magnetite (Fe3O4=FeO · Fe2O3) as well as the cobalt ferrite
(CoFe2O4=CoO · Fe2O3) show the crystal lattices of an inverse spinel with a cubic crystal system
(Fd3m), see Figure 1. The unit cell of the inverse spinel of magnetite Fe2+(Fe3+)2O4 consists of 32 O2−
ions (O), eight Fe2+ and eight Fe3+ ions on the octahedral sites (Fe–O) as well as eight Fe3+ ions on
the tetrahedral sites (Fe–T). For cobalt ferrite Co2+(Fe3+)2O4, the tetrahedral sites are occupied again
by eight Fe3+ ions and the octahedral sites preferably by eight Co2+ and eight Fe3+ ions. This means
that magnetite and cobalt ferrite have the same crystal lattice but for cobalt ferrite the eight Fe2+ ions
on the octahedral sites are replaced by eight Co2+ ions, theoretically. Since the lattice constant of
magnetite (a = 8.3985 Å) is very similar to that of cobalt ferrite (a = 8.3940 Å) and the ionic radii of
Fe2+ (78 pm) and Co2+ (75 pm) are comparable, it should be possible to replace the Fe2+ step-by-step
by Co2+ in non-stoichiometric ratios during the preparation, to tune the magnetic properties of the
obtained MNP. Similar attempts were made before to improve the magnetic properties of tapes for
magnetic recording [20].
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Figure 1. Unit cell of the spinel lattice of magnetite, consisting of 32 O2− ions (O), 8 Fe2+ and
8 Fe3+ ions on the octahedral sites (Fe–O) as well as 8 Fe3+ ions on the tetrahedral sites (Fe–T);
created with CrystalDesigner®.

For the experimental investigation of this hypothesis, magnetite was prepared by a co-precipitation
process and during the preparation the Fe2+ content of the reagents was replaced by Co2+

in different ratios. The obtained MNPs were characterized structurally and magnetically.
Furthermore, the biocompatibility of the MNPs after citric acid coating was investigated as well
as their performance for magnetic fluid hyperthermia.

2. Results and Discussion

2.1. Structural Properties

In this study, magnetic nanoparticles (iron oxide/cobalt ferrite) with tunable magnetic properties
were prepared. To adjust the magnetic properties (mainly the coercivity), during the synthesis of
magnetite (Fe3O4=FeO · Fe2O3), the Fe2+ ions of magnetite were substituted with Co2+ step by step in
a stoichiometric range from 0% to 33.3%. Theoretically, a substitution of 0% leads to pure magnetite,
whereas 33.3% (one third of all Fe atoms are replaced by Co) leads to the formation of hard magnetic
cobalt ferrite (CoFe2O4=CoO · Fe2O3) and for substitution degrees in between, Co-doped magnetite
nanoparticles should be obtained. Since the preparation of the particles was performed without an
exclusion of oxygen, during and after the preparation a proportion of the particle material will turn to
maghemite (γ-Fe2O3) by further oxidation. For better understanding, the iron oxide particles will be
rigorously denoted as “magnetite” in this paper.

The substitution was confirmed by means of inductively coupled plasma optical emission
spectrometry (ICP–OES). For these measurements it was found that the measured Co content of the
particle samples was in good accordance with the expected Co content based on the added amount of
Co2+ ions during the preparation of the particles, see Table 1. ICP–OES determines the total proportion
of elements within the particles. Thus, for a substitution of 33.3% of the Fe atoms by Co, a total amount
of 25.1 wt% of Co within the MNPs was theoretically obtained. The results show that a defined amount
of Co was embedded into the magnetic iron oxide particles. However, these measurements provide
only information about the amount of Co within the iron oxide. A detailed investigation of the crystal
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lattice is needed to determine the position of the Co2+ within the lattice and thus, the resulting magnetic
phase, see below in this section.

Table 1. Overview on the structural properties of the prepared particles: the Co substitution degree
(a) during preparation, the expected Co content (theoretically) as well as the measured resulting Co
content (inductively coupled plasma optical emission spectrometry (ICP–OES)), the diameter from
TEM (TEM) and XRD (XRD) as well as the hydrodynamic diameter (Dh) from dynamic light scattering
(DLS); SD = standard deviation.

a Co Content D Dh

TheroreticICP-OES TEM SD XRD DLS SD
[%] [%] [nm] [nm] [nm] [nm] [nm]

0.00 0.00 0.0 8.6 ±2.1 7.6 106.2 ±2.1
0.10 2.51 2.5 8.5 ±2.4 7.5 94.6 ±1.8
0.25 6.28 6.4 8.6 ±2.0 8.2 102.1 ±2.2
0.33 8.29 8.6 9.2 ±2.5 8.9 97.8 ±1.9
0.50 12.56 12.6 9.7 ±2.8 9.0 93.4 ±1.6
0.75 18.83 19.3 10.9 ±2.9 10.8 106.5 ±2.1
1.00 25.11 25.1 12.1 ±3.1 12.4 108.3 ±2.2

The investigation of the dried ferrofluid samples (citric acid-coated particles dispersed in water)
by means of transmission electron microscopy (TEM) revealed an overall spherical structure for the
single particles, a relatively narrow particle size distribution and a low tendency to form agglomerates
for all particles with different Co contents, see Figure 2. The mean particle size for all samples was in
the order of 10 nm, see Table 1. For an increasing amount of Co in the particles, a slight increase in the
particle core diameter was observed. For the magnetite particles (a = 0), a mean size of 8.6 nm was
determined, which increased to 9.7 nm for a Co content of 12.5% (a = 0.5) until it reached 12.1 nm for a
Co content of 25% (a = 1).
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Figure 2. Typical TEM images of pure magnetite (a = 0) and the particles with a Co content of 12.5%
(a = 0.5) as well as 25% (a = 1) confirm a slight increase in the particle size for increasing the Co content
of the particles. The aggregation of the particles occurs during the sample preparation (drying of the
fluid) for the TEM imaging.

The investigation of the hydrodynamic diameter of the citric acid-coated magnetic cores dispersed
in water by means of dynamic light scattering (DLS) revealed for all the samples a hydrodynamic
diameter of 101.3 ± 6.1 nm. No correlation between the hydrodynamic diameter and Co content was
observed, see Table 1. This confirmed a weak agglomeration tendency and a good stabilization of the
cores against sedimentation due to the citric acid coating.
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By means of X-ray diffraction (XRD), the phase composition and the particle size was investigated.
For the plain magnetite (a = 0) and for the cobalt ferrite (a = 1), the found diffraction patterns of an
inverse spinel with peak patterns typical for magnetite and cobalt ferrite confirmed the formation of
these magnetic phases. For all substitution degrees between 0 and 1, no remarkable changes in the
diffractograms were observed, which excludes the formation of impurity phases for non-stoichiometric
particles, see Figure 3A. For a = 0, the lattice constant was determined to be 8.3537 Å, which was very
close to that of maghemite (8.3515 Å). In combination with a diffraction angle of 62.85◦ for the 440-peak
of this sample, these results confirmed the magnetic phase to be maghemite for the pure iron oxide
(a = 0) [21]. When a increases, the lattices constant increases up to 8.3791 Å for a = 1, which is in the
order of what it is for magnetite (8.3985 Å) and cobalt ferrite (a = 8.3940 Å). Unfortunately, XRD did
not allow us to distinguish between the magnetite and cobalt ferrite.
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Figure 3. (A) X-ray diffractograms of the particles confirm a spinel structure of the particles; for better
visibility the curves were shifted manually. (B) Particles size derived from XRD and TEM increase
upon rising Co content.

By the analysis of the peak broadening of the 440-peak using the Scherrer method, the mean
particle sizes were derived from the scattering volume of the particles. The here obtained values
confirm the results from the TEM—an increasing Co content leads to a nearly linear slight increase in
the particle diameter, see Figure 3B and Table 1.

From these results it can be concluded that non-stoichiometric Fe2+/Fe3+ ratios during the particle
preparation did not lead to a solid solution of different magnetic phases but rather to an inverse spinel
structure with varying ratios of Fe2+ to Co2+ within the crystal lattice, probably on the octahedral
gaps. This means a linear transition from magnetite to cobalt ferrite when changing the amount of
Co2+ during the precipitation without remarkable changes in particle size. Since from the XRD data
solely this hypothesis cannot be proved, a detailed investigation of the lattice structure of the particles,
their magnetic alignment behavior and Fe-site occupation was performed via Mössbauer spectroscopy,
see this section below.

Figure 4A displays the Mössbauer spectra of the CoaFe3-aO4 nanoparticles (a = 0–1) recorded
at 4.3 K. To resolve the individual subspectra of Fe-ions on the tetrahedral A-(blue) and on the
octahedral B-sites (green), a magnetic field of 5 T was applied along the propagation direction of the
incident γ-ray. These two observed contributions correspond to Fe3+ on the mentioned lattice sites,
while for Fe2+ a further spectral component of higher isomeric shift and lower hyperfine magnetic
field would be expected, which is not visible here [22,23]. In agreement with lattice constants from the
XRD, this indicates at least the partial oxidation of the relatively small Fe3O4 (a = 0) nanoparticles to
maghemite (γ-Fe2O3), although minor contents of Fe2+ could be overlooked due to partial superposition
with the larger B-site Fe3+ component. To reproduce these sextet structures, narrow distributions of
effective magnetic fields were used to account for the minor variations in the local Fe-surroundings
and in spin canting.
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As the subspectral intensities are in good approximation proportional to the number of Fe ions on
the respective lattice positions, we can obtain information on the Co site occupation by studying the
ratio of A- to B-site intensity RAB. For a = 0, we obtained RAB ≈ 0.59 ± 0.03, in agreement with the
assumption of partially oxidized magnetite, as for magnetite twice as much B- than A-site positions are
occupied by Fe (RAB = 0.5), while in maghemite the ratio increases due to B-site vacancies (RAB = 0.6).
Unlike in magnetite and maghemite, in Co-bearing samples RAB will also reflect the Co-site occupation.
This is often described in terms of the so-called inversion parameter S [24], which defines the occupation
of the additional metal ion rather on the tetrahedral A-site in a regular spinel (S ≈ 0) or completely
on the B-site in an inverse spinel (S = 1), as one would deem more likely due to the B-site preference
of Co2+ [25]. Still, even upon increasing the Co-content, there was no significant variation in relative
A- to B-site intensity, which would display a preferred B-site occupation. Instead, for a higher Co2+

fraction, RAB slightly decreased. For a = 1.0 (CoFe2O4) we observed RAB ≈ 0.53 ± 0.05, rather indicating
a random placement of Co2+ on both available lattice positions instead of the strongly preferred
occupation of the octahedral B-site. However, in the context of this study, this can be considered as
favorable, as the random placement of the Co2+ ions has been repeatedly reported to lead to increased
saturation magnetization as compared to the inverse spinel structure due to the higher uncompensated
B-site sublattice magnetization [26,27].
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Figure 4. (A) Mössbauer spectra of the CoaFe3-aO4 nanoparticles recorded at 4.3 K in a magnetic field
of 5 T applied along the γ-ray incidence direction, composed of Fe3+ ions on the tetrahedral A-(blue)
and the octahedral B-sites (green). Narrow hyperfine field distributions were used to reproduce the
individual subspectra. (B) Spin canting angles extracted for the A- and B-site iron and averaged canting
angles; the line serves as a guide to the eye only.

In addition to the site occupation probabilities, the Mössbauer spectroscopy provided valuable
insight into the site-selective orientation of magnetic moments, as the average angle (canting angle
θ) between the γ-ray—identical here to the direction of the applied magnetic field—and the Fe spins
can be determined from the intensity ratio of lines 2 and 3 (respectively 5 to 4) of each spectral
component following Fermi’s golden rule [28]. B-site canting dominates here as often observed in
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spinel systems, as is expected due to antiferromagnetic B–B superexchange in addition to the superior
ferrimagnetic structure [29,30]. More surprisingly, Figure 4B displays an increase in θ upon rising
Co content, with a maximum ca. at a = 0.6–0.8. While on the one hand smaller nanoparticles exhibit
an increasingly stronger spin frustration due to their higher specific surface, on the other hand the
higher magnetocrystalline anisotropy of cobalt ferrite as compared to the magnetite often results in
stronger spin canting in samples comparable in size and crystallinity. Therefore, this observed trend
in θ could be explained by more pronounced surface spin canting in smaller particles for a ≈ 0 due
to their higher specific surface [31] and the higher magnetocrystalline anisotropy of CoFe2O4 for a
approaching 1.0, with both contributions in superposition resulting in a maximum spin frustration at
intermediate stoichiometries.

All in all, the Mössbauer spectroscopy indicated primarily Fe3+ ions in the six studied particle
systems, showing a moderate spin canting and a minor B-site preference of the Co2+ ions.

2.2. Magnetic Properties

The quasistatic magnetic properties of the powders of the dried uncoated particles as well as
ferrofluids of the citric acid-coated magnetic cores were determined by means of vibrating sample
magnetometry (VSM).

The saturation magnetization (MS) of the uncoated cores (measured at H = 1275 kA/m) was
determined to be in the range of 42 to 62 Am2/kg, which represents typical values for nanoparticles of
magnetite and cobalt ferrite in this size range [32]. An increasing MS for increasing Co content was
observed, see Figure 5 and Table 2. Since magnetite and cobalt ferrite have a similar bulk saturation
magnetization of about 80 Am2/kg [33], the transition of magnetite to cobalt ferrite might not be the
reason for the increasing MS for higher Co contents. Possible reasons for this behavior might be the
occurrence of maghemite (with a bulk saturation magnetization of about 60 Am2/kg) for lower Co
content and the experimentally found increasing particles size for higher Co content, see Table 1.
Thus, for the latter, for a lower Co content, smaller particles with a higher surface-to-volume ratio
result. Assuming a higher ratio of non-magnetic dead layer on the surface of the particles to the total
particles volume for smaller particles, smaller particles show a lower net saturation magnetization.
While Mössbauer spectroscopy indicates higher spin frustration for intermediate to high Co content,
these findings cannot be directly compared due to different magnetic field amplitude they were
obtained at.
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Figure 5. Saturation magnetization (MS) of powders of bare magnetic particles as function of Co content
of the partices, measured by means of VSM at H = 1275 kA/m, the line serves as a guide to the eye only.
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Table 2. Overview on the magnetic properties of the prepared particles with varying Co content: the
saturation magnetization (MS), the coercivity (HC), the relative remanence (MR/MS) as well as the
specific heating power (SHP) for different magnetic fields strengths during hyperthermia experiments
at 235 kHz on particles immobilized in gelatine.

SHP

a Co MS HC MR/MS 10 kA/m 20 kA/m 30 kA/m
[%] [Am2/kg] [kA/m] [W/g] [W/g] [W/g]

0.00 0.0 47 0.2 0.00 7 30 33
0.10 2.5 42 2.1 0.03 16 56 64
0.25 6.4 50 2.2 0.03 38 125 172
0.33 8.6 54 3.0 0.04 33 149 231
0.50 12.6 44 11.9 0.10 8 53 355
0.75 19.3 62 49.9 0.27 8 37 151
1.00 25.1 59 84.9 0.42 9 35 72

Figure 6 shows minor loops of hysteresis curves of pure magnetite (a = 0) and particles with a
Co content of 12.5% (a = 0.5) as well as 25% (a = 1), normalized to the saturation magnetization of
each curve. It becomes obvious that an increasing Co content led to a more pronounced ferrimagnetic
behavior (starting from a superparamagnetic behavior for the pure magnetite particles) and the
coercivity HC varied in a wide range. From Figure 7A,B it can be seen, that for the powder samples,
a continuous increase in HC took place for the increasing Co content of the particles. This means that
HC can be tuned in a wide range for this magnetic nanoparticle system by varying the Co content of
the particles, see Table 2. This is especially true, as seen in Figure 7B, as where HC is plotted on a
logarithmic scale.It can be seen that even a very small amount (2.5%) of Co within the particles leads to
a significant increase in HC and a resulting blocked magnetic behavior at room temperature.
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Figure 6. Normalized minor loops of pure magnetite (a = 0) and particles with a Co content of 12.5%
(a = 0.5) as well as 25% (a = 1) recorded at room temperature confirm a significant increase in the
coercivity for increasing Co content of the particles. The inset depicts a higher magnification of the
hysteresis curves at low magnetic field strengths.
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Figure 7. Coercivity of the powder samples (blue spheres) and the fluidic samples (black squares) as a
function of the Co content, plotted on (A) linear and (B) logarithmic scales; the lines serve as a guide to
the eye only.

For the VSM measurements on liquid ferrofluid samples it was found that HC shows only a very
weak increase for increasing Co content, see the black squares in Figure 7A,B. This confirms the good
colloidal stability of the fluids without particle agglomerates, as already found by DLS. The slight
increase in HC for the fluidic samples with increasing Co content might be attributed to the increasing
particles size for higher Co contents. This size increase led to longer Brown relaxation times [34],
resulting in a higher HC for the quasistatic measurements of hysteresis curves by means of VSM.
The relative remanence MR/MS showed a dependency on the Co content similar to that found for the
HC (see Table 2), as described already before for other particles systems in the transition range from
superparamagnetic to ferrimagnetic behavior [13].

The magnetic heating performance of the particles for hyperthermia application was investigated
by a magnetic field calorimeter for field strengths of 10, 20 and 30 kA/m for a field frequency of 235 kHz.
Since in animal investigations it was found that the particles were immobilized to the tumor tissue
immediately after injection [15], measurements were performed on particles immobilized in gelatine.

In good accordance with the theory [35–37], the specific heating power (SHP) increased with
increasing field strength in our measurements, see Figure 8. For a lower field strength (10 kA/m),
a maximum SHP of 38 W/g was obtained for the sample with a HC of 2.2 kA/m (a = 0.25/Co = 6.4%).
In the medium field (20 kA/m), the maximum SHP is 149 W/g for the sample with a HC of 3.0 kA/m
(a = 0.33 (Co = 8.6%) and for the highest investigated field strength of 30 kA/m, the maximum SHP of
355 W/g was determined for the sample with a HC of 11.9 kA/m (a = 0.5/Co = 12.6%), see Table 2.
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Figure 8. SHP of the immobilized particles for three different field strengths (10, 20, and 30 kA/m); the
lines serve as a guide to the eye only, for some data points error bars are within the symbols.
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This behavior can be explained by the pairing of hysteresis losses of the magnetization curve
(for a saturation magnetic field strength) and the applied field to reverse the magnetization of the
particles within the alternating magnetic field generator. As shown before [13], the HC can serve as a
measure to estimate the hysteresis losses of a particle ensemble. For a certain magnetic field strength,
the reversal losses increase with increasing HC due to a higher area of the hysteresis curve until the
losses reach a maximum. Exceeding this maximum, a higher HC led to lower losses, since the magnetic
field strength was too low to reverse the magnetization of the particle ensemble completely. Due to
a (possible) particle size distribution, only a fraction of the particles ensemble will show reversal
losses [11,12] and the effective net losses decrease for a further increasing HC. This means, for each
applied field strength during hyperthermia, particles with optimum losses (HC) have to be chosen to
obtain maximum heating.

For the here presented particle system, the heating performance of the immobilized particles was
in a range which was suitable for magnetic hyperthermia treatment. The magnetic heating performance
of the particles could be optimized/adapted for the used magnetic field parameters by controlling the
Co content (and thus the HC) of the particles. This means that the heating performance of the particles
can be tuned without a considerable change in particle size.

2.3. Cell Viability Analysis

Cell viability analysis enables a statement on the potential cytotoxic effects of the tested MNPs.
Human brain microvascular endothelial cells (HBMECs) are a prevalent cell line representing the human
blood–brain barrier [38]. In previous studies we investigated their interactions with MNPs where the
cells showed a pronounced sensitivity for e.g., polyethylene imine-coated magnetic nanoparticles [39,40].
To study the effect of cobalt ferrite MNPs on human cells, HBMEC cultures were incubated with
MNPs in a range of 5 µg/cm2 –100 µg/cm2 for 24 h (Figure 9). Cell viability testing was performed
with the PrestoBlue reagent, which was demonstrated to allow a sensitive and robust analysis [39,41].
The fluorescence intensity of the reaction product resorufin of the MNP-treated samples was related
to the untreated control (U). All MNPs independent of cobalt ion content exhibited a moderate
concentration-dependent effect on HBMECs with at least 71.0%± 4.1% cell viability up to a concentration
of 50 µg/cm2. However, the highest MNP concentration (100 µg/cm2 = 388.8 µg/mL) severely affected
the cells and reduced viability to 41.2% ± 6.9% for a = 1.Nanomaterials 2020, x FOR PEER REVIEW  11 of 19 
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Figure 9. Magnetic nanoparticles (MNPs) with varying Co contents have a minor effect on the cell
viability up to a concentration of 50 µg/cm2. The PrestoBlue Cell Viability Reagent was added after a
24 h incubation of the HBMEC samples. Cell-free samples contain 100 µg/cm2 MNPs. The 0.1% (v/v)
Triton X 100 serves as a toxic control (T). U: untreated HBMEC control; C: cell-free medium control.
n = 4–8 technical replicates.
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A reason for this observation might be the interference of the MNPs with the PrestoBlue
reagent-based assay. It is reported for several cell viability assays that they might interfere with the
investigated nanomaterials themselves, with assay components or with reaction products [39,41–44].
Therefore, we carried along cell-free controls supplemented with 100 µg/cm2 of MNPs. These samples
did not exhibit enhanced fluorescence signals compared to the cell-free controls without MNPs (cell-free
medium control = C) (Figure 9). To prove whether MNPs interfered with the PrestoBlue reagent product
resorufin we measured the cell viability of the untreated cell cultures before and after supplementation
with 100 µg/cm2 of MNPs. These analyses showed a marked decrease in the fluorescence intensity
after the addition of MNPs. This pointed clearly to an interaction of the fluorescent reaction product
resorufin with the MNPs and thus a masking of the fluorescence signal (Figure S1). In consequence,
the cell viability may be underestimated at least for a MNP concentration of 100 µg/cm2 and especially
for a = 1.

Similar drawbacks are reported for the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay which is frequently used to determine the cytotoxicity of nanomaterials,
e.g., cell lines release the MTT formazane by exocytosis under nanoparticle incubation [45] or some
nanoparticles absorb fluorescence like carbon black [46]. In general, cell viability evaluation in vitro
depends on various parameters. The characteristics of the nanomaterial examined including its shape,
composition and charge have to be considered as well as the concentration applied and the duration of
the treatment. Furthermore, the in vitro test system like the cell line used or the incubation medium
composition has to be taken into account. Moreover, the assay characteristics like the ingredients
and the measuring principle play a role [47]. Therefore, it is advisable to evaluate the effects of
nanomaterials on cell viability with independent assay systems.

It has to be emphasized that for the medical application of MNPs, typically a concentration of up
to 25 µg/cm2 (97.2 µg/mL) was used. In this range, the herein tested MNPs showed only mild cytotoxic
effects. Comparing for each single concentration the cell viability for different a-values, it can be seen
that a higher Co content did not lead to increasing cytotoxic effects for concentrations up to 50 µg/cm2.
Only when the concentration exceeded 50 µg/cm2 a higher Co content lead to stronger toxic effects.
However, for such concentrations, even the pure iron oxide (a = 0) shows cytotoxicity.

In order to verify the observed effects of MNPs on cell viability with an independent approach,
real-time cell analysis (RTCA) was performed. This label-free and impedance-based technique
monitors the biological condition of cells, e.g., the cell number, viability and the adhesion degree [48].
RTCA avoids the interference of MNPs with dyes and allows the monitoring of the dynamic responses
of the cells in real-time [49,50].

In our experiments, the MNPs were added 24 h after seeding the HBMECs into E16 plates.
The development of the cell culture under treatment was monitored up to 84 h which means an
observation period of 60 h. Figure 10 shows the results of RTCA for a = 0 (A), a = 0.5 (B) and
a = 1 (C). The data were normalized to the time point of the MNP addition (24 h) and denoted as
the normalized cell index. The untreated control showed a steady increase during the observation
period. The addition of 25 µg/cm2 of the cobalt ferrite MNPs did not affect the progress of the cell
culture. Nevertheless, it has to be mentioned that the normalized cell index was below the untreated
control. Cell cultures incubated with 100 µg/cm2 MNPs showed a tendency towards a reduction of the
normalized cell index after 60 h of treatment. The MNPs per se had no effect on the measurement over
the whole period of time (see cell-free samples). Thus, the RTCA supported the idea that cobalt ferrite
MNPs do not sustainably affect cell viability up to a concentration of 50 µg/cm2.
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Figure 10. Real-time cell analysis confirmed no reduced viability of human brain microvascular
endothelial cells (HBMECs) within 60 h for particles with an increasing Co content in comparison to
the untreated control (green line); MNPs were added after 24 h which were indicated by the vertical
dashed line. The basis of the normalized cell index was the 24 h value of the samples, respectively
(horizontal dashed line). n = 2 technical replicates.

The results obtained from the PrestoBlue assay and RTCA were confirmed by vital fluorescent
staining microscopy. For that, the HBMECs were incubated with 25, 50 and 100 µg/cm2 MNPs for
24 h. In vital cells, the non-fluorescent calcein AM is converted into green-fluorescent calcein by
intracellular esterases. Ethidium-homodimer-1 is only able to enter cells when the cell membrane is
corrupted, thus labelling dead or damaged cells which are prone to die. As demonstrated in Figure 11,
neither iron oxide MNPs (a = 0) nor Co-doped MNPs (a = 0.5 and a = 1) affect the viability of HBMEC.
Only a few dead cells are detectable. The ratio of these cells is comparable to the untreated control.
Thus, no elevated toxicity can be observed when the iron oxide MNPs are doped with cobalt ions.
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Co–ferrite MNPs were investigated from several groups for their potential cytotoxicity with
diverse results [47]. Horev-Azaria and colleagues could demonstrate using several cell lines that
Co–ferrite MNPs exhibited a concentration-, cell-line- and duration-dependent cytotoxic effect [51].
They calculated an overall threshold of 200 µM for all cell lines, which was about 13 µg/cm2 in our
system. Ansari et al. used a modified MTT assay and reported that nanosized cobalt ferrites exhibited
only a minor toxic effect in a breast cancer cell line up to a concentration of 300 µg/mL [52].

Resulting from the cell viability experiments with citric acid-coated MNPs it can be concluded,
that for concentrations suitable for medical applications, no increased toxicity in our in vitro model
was observed for increasing the Co content of the MNPs. The cobalt ferrite particles show almost the
same non-toxic behavior as the iron oxide particles, which are approved for medical application.

3. Materials and Methods

3.1. Particle and Ferrofluid Preparation

The magnetic nanoparticles were prepared by co-precipitation in an alkaline media applying a
modified protocol of the standard preparation procedure for such particles [53]. For tuning the magnetic
properties, the Fe2+ ions of magnetite were substituted by Co2+ step by step in our study which resulted
in a Co-doped inverse spinel lattice with an adjustable Fe2+ substitution degree, see Formula (1):

(Co2+)a +
(
Fe2+

)
1−a

+
(
Fe3+

)
2
+ (OH−)8 → Co2+

a Fe2+
1−aFe3+

2 O4 + 4H2O with a = 0 . . . 1 (1)

Formula (1). Reaction equation for the preparation of Co-doped inverse spinels.
A stoichiometric substitution of Fe2+ by Co2+ of 0% (a = 0) leads to the formation of pure magnetite

particles and at a substitution degree of 33.3% (a = 1), one third of all Fe2+ ions are replaced by Co2+

and pure CoFe2O4 results.
The particles were prepared from Co2+, Fe2+, and Fe3+ chloride mixtures (0.02 molar) at different

“a” values by co-precipitation with sodium hydroxide under stirring at 100 ◦C for a 90 min reaction
time. The obtained particles were washed with distilled water using a magnetic separation technique
and stabilized in water with hydrochloric acid (intermediate with positively charged particles).
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Subsequently, the particles were coated with citric acid, which resulted in negatively charged MNPs
at pH7. Finally, the citric acid-coated MNPs were filtrated by a 0.8 µm filter to remove potentially
existing agglomerates.

3.2. Structural Characterization

ICP–OES: The elemental composition of the prepared nanoparticles was determined by means
of inductively coupled plasma optical emission spectrometry (ICP–OES; Agilent 725 ICP–OES
Spectrometer, Agilent Technologies). For the ICP–OES measurement, the nanoparticles were
precipitated and dissolved in aqua regia.

TEM: For TEM from aqueous solutions, copper grids were rendered hydrophilic by argon plasma
cleaning for 30 s. Then, 10 µL of the respective sample solution was applied to the grid, and excess
sample was blotted with a filter paper. TEM images were acquired with a JEM 2010FEF (JEOL, Japan).

XRD: The inner structure of the magnetic nanoparticles was investigated by means of X-ray
diffraction (XRD, Panalytical X’pert Pro, Malvern Panalytical, Almelo/The Netherlands). The results of
the XRD investigations provided information about the magnetic phase composition and the mean size
of the magnetic cores. The size of the cores was calculated from measurements of the XRD line width
by using the Scherrer formula. The lattice constant was determined by means of Rietveld analysis.

DLS: The hydrodynamic diameters (dh) of the coated cores were determined by using dynamic
light scattering (DLS, Zetasizer nano ZS, Malvern Instruments, Malvern, UK). Before the measurement,
samples were diluted in the ratio 1:30 with distilled water and treated in an ultrasonic bath. For size
measurements, the z-average of the intensity weighted normalization was used. All measurements
were performed in 3 consecutive runs and the obtained values were averaged.

Mössbauer spectroscopy: Mössbauer spectra of the nanoparticle samples were recorded in
transmission geometry and constant acceleration mode with a 57Co(Rh) source. Spectra at 4.3 K were
measured in a custom-built Thor Cryogenics l-He cryostat containing a setup in split-coil geometry,
providing a field of 5 T along the incidence direction of the γ-ray. Individual subspectra were
reproduced by using a narrow distribution of effective magnetic fields for the A- and B-sites using the
“Pi” program’s Mössbauer fitting routine [54].

3.3. Magnetic Characterization

VSM: The magnetic properties were measured at room temperature by using vibrating sample
magnetometry (VSM; Micromag 3900, Princeton Measurement Systems, USA). The measurements
were performed on liquid samples or dried powders. The overall magnetic behavior of the samples
was derived from magnetization, coercivity and relative remanence measured at H = 1275 kA/m.
The concentration of MNPs in the fluid was calculated from the obtained saturation magnetization of
the fluid samples.

SHP: The specific heating power (SHP) was measured by means of magnetic field calorimetry at
field amplitudes of 10, 20 and 30 kA/m and at a frequency of 235 kHz as described before [55]. The SHP
of the immobilized particles was determined for particles dispersed in a gelatin gel. It was shown
in previous investigations that this method yields a strong immobilization of the particles. For the
measurement of the heating curves, the particle suspensions (1 mL in a 2 mL Eppendorf tube) were
thermally isolated in a PUR foam block and the temperature measurements were performed by a fiber
optic device (Fotemp, OPTOcon, Dresden, Germany). The MNP concentration of the samples for SHP
measurements was determined by measuring the specific saturation magnetization using the VSM and
assuming the specific magnetization values which were obtained from the powder samples.

3.4. Cell Viability Analysis

Cell culture: The biocompatibility of the prepared samples was studied utilizing human brain
microvascular endothelial cells (HBMECs). The HBMECs were cultivated at 37 ◦C and 5% CO2

in RPMI 1640 + GlutaMAX™ I (Invitrogen, Karlsruhe, Germany) supplied with 10% (v/v) fetal
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bovine serum (FBS; Biochrom, Berlin, Germany), 100 U/mL penicillin and 0.1 mg/mL streptomycin
(Life Technologies, Carlsbad, CA, USA).

PrestoBlue Assay: The cell viability was investigated by using the PrestoBlue Cell Viability
Reagent (Invitrogen, Karlsruhe, Germany). The assay was based on the reduction of a non-fluorescent
resazurin-based reagent to fluorescent resorufin by metabolically active cells. First, the cells were
seeded into black-walled 96-well plates (µ-Clear, F-bottom, Greiner Bio-One, Frickenhausen, Germany)
and cultivated for 24 h. The subconfluent cell cultures were incubated with particle concentrations
between 5 and 100 µg/cm2 (which equaled 19.4 to 388.9 µg (MNPs)/mL) in at least quadruplicate.
These values had a mean total Co concentration from 2.4 to 48.6 µg/mL in the case of a = 0.5 and from
4.9 to 97.2 µg/mL in the case of a = 1.0. For the control, sterile water was added (untreated control) or
the detergent Triton X 100 (0.1%(v/v)). After 24 h of nanoparticle incubation the PrestoBlue reagent
was added and the incubation was continued for a further 30 min at 37 ◦C. After magnetic separation
of the MNP towards the outer walls of the wells and an excitation of the cells with light of 550 nm
(9 nm bandwidth), a fluorescence signal at 600 nm (20 nm bandwidth) was detected by using the
microplate reader Infinite M200 Pro (Tecan, Crailsheim, Germany). By measuring cell-free wells
with added particles, the particle-associated auto fluorescence effect was measured and used for the
correction of the cell measurements. Similarly, quenching effects were considered by fluorescence
measurements immediately before and after the addition of particles to the cells in the wells. From
these investigations, the cell survival rate (which was an indicator for the cell toxicity of the particles)
was derived for the different particle concentrations at 24 h after the start of particle–cell incubation.

RTCA: The long-term viability of incubated HBMECs was investigated by means of real-time
cell analysis (RTCA) using the xCELLigence system by ACEA Biosciences (San Diego, CA, USA) as
described previously [40]. For this, 10,000 cells/cm2 were seeded in each well of a 16 well E plate.
The cells were monitored in real time at 37 ◦C in a humidified atmosphere with 5% CO2 after a
sedimentation waiting step of 30 min. After 24 h cultivation, the particles (25 µg/cm2 and 100 µg/cm2)
were added to the cells and mixed carefully. RTCA measurements were continued 60 h after adding
the MNPs. Plain incubation media served as untreated controls.

Vital fluorescent staining microscopy: The influence of the here prepared MNPs on the viability
of the cells was examined by determining the ratio of living cells to dead cells using LIVE/DEAD
viability/cytotoxicity fluorescent staining microscopy as described previously [40]. The HBMECs were
seeded on glass cover slips (12 mm diameter, Menzel, Braunschweig, Germany) in 24-well tissue culture
plates (76,000 cells/cm2, Greiner Bio-One). After overnight cultivation, the cell cultures were incubated
with 25, 50 or 100 µg/cm2 of the MNP for 24 h, respectively. The cells were washed with PBS and 100 µL
of an ethidium homodimer 1/calcein AM mix (0.3 µM calcein AM and 0.7 µM ethidium homodimer
1 in PBS) (Thermo Scientific, Waltham, MA, USA) was added for 3 h. Calcein (excitation: 494 nm,
emission: 517 nm) and ethidium homodimer-1 (excitation: 528 nm, emission 617 nm) fluorescence
was measured using the confocal laser scanning microscope LSM 510 META (Carl Zeiss Microscopy
GmbH, Jena, Germany).

4. Conclusions

In the here presented study, magnetic Co-doped iron oxide nanoparticles with tunable magnetic
properties were prepared. For the Co-doping, Fe2+ ions were replaced by Co2+ in the educts
in non-stoichiometric ratios during the preparation, leading to the formation of pure iron oxide,
pure cobalt ferrite and non-stoichiometric intermediates between both. The Co content of the obtained
particles was in good accordance with the Co amount in the educts. The determination of the core
size of the particles revealed a mean particle size in the range of 8–12 nm with the slight tendency
of increasing particle sizes for higher Co contents. The measurement of the hydrodynamic diameter
of the particles after the citric acid coating showed nearly the same behavior for all the investigated
particles (Dh ≈ 100 nm), which confirmed that the particles showed a low agglomeration tendency
which was not influenced by the Co content. The Mössbauer spectroscopy revealed predominantly
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Fe3+ in all the samples, while also verifying an ordered magnetic structure with low to moderate
surface spin canting. Relative spectral areas of the Mössbauer subspectra indicated a mainly random
distribution of Co2+ ions rather than the more pronounced octahedral site-preference of bulk cobalt
ferrite. The magnetic properties of the obtained particles at room temperature are determined by
the Co content. An increasing Co content leads to a linear increase in saturation magnetization in
the range of 42–62 Am2/kg. The coercivity and relative remanence increased in a non-linear manner
with increasing Co content. The higher coercivity for the particles with a higher Co content cannot be
explained by the larger diameter of those particles but rather by the increasing crystal anisotropy due
to the doping. A clear correlation between the coercivity and the magnetic heating performance for the
different magnetic field strengths was found. The SHP values for the most promising particle–field
combination seem suitable for application in magnetic fluid hyperthermia. By means of cell viability
analysis utilizing different independent assays and procedures, no cytotoxic effects were observed for
all prepared coated MNPs (all different Co content cores with citric acid coating) up to 50 µg/cm2. It is
noteworthy that no increased toxicity was found for the Co-doped particles compared to the pure iron
oxide ones, which are approved for medical applications.

In summary, we prepared biocompatible ferrofluids consisting of magnetic nanoparticles suitable
for application in magnetic hyperthermia. The magnetic properties can be tuned by doping with Co
in a wide range without a significant influence on the particles size. This enables an adaption of the
magnetic properties of the used particles to the field parameters of the hyperthermia setup, resulting in
the optimized heating performance without any change in particles size. In ongoing work, we focus
on the investigation of the doping range where the transition from superparamagnetism to the blocked
ferrimagnetic nanoparticle state occurs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/6/1019/s1,
Figure S1: Co–ferrite MNPs interact with the fluorescent resorufin.
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Abstract: This study reports the development of a continuous flow process enabling the synthesis of
very small iron oxide nanoparticles (VSION) intended for T1-weighted magnetic resonance imaging
(MRI). The influence of parameters, such as the concentration/nature of surfactants, temperature,
pressure and the residence time on the thermal decomposition of iron(III) acetylacetonate in organic
media was evaluated. As observed by transmission electron microscopy (TEM), the diameter of the
resulting nanoparticle remains constant when modifying the residence time. However, significant
differences were observed in the magnetic and relaxometric studies. This continuous flow experimental
setup allowed the production of VSION with high flow rates (up to 2 mL·min−1), demonstrating
the efficacy of such process compared to conventional batch procedure for the scale-up production
of VSION.

Keywords: iron oxide nanoparticles; flow synthesis; contrast agents; magnetic resonance imaging

1. Introduction

Due to their remarkable superparamagnetic properties and their relatively harmless nature,
iron oxide nanoparticles have been at the center of several research in the biomedical field for various
applications including magnetic resonance imaging (MRI) [1,2], drug delivery [3–5], induced magnetic
hyperthermia [6,7] and cell labeling [8,9]. MRI constitutes the main application field for such material,
where their use as contrast agents drastically enhances the sensitivity of the technique. These agents
are generally divided in two categories depending on whether they can induce a positive (bright
contrast) or a negative contrast (dark contrast) [10]. Previously used commercial contrast agents,
based on superparamagnetic iron oxide contrast agents (Endorem, Resovist) [11,12], belong to the
second class of contrast agents (the so-called T2 agents). However, the clinical uses of such agents
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have been limited due to disadvantages stemming from both, the nature of the magnetic nanoparticles
(inducing dark contrast and prone to magnetic susceptibility artefact) [13] and the competitiveness
of gadolinated contrast agent acting as T1 agents, which are preferred for the ease of diagnosis in
clinical trials. On the other hand, concerns about the potential toxicity of gadolinium-based contrast
agents have been pointed out for several years with the well-known nephrogenic systemic fibrosis
(NSF) [14,15], and more recently, with cases of brain gadolinium deposition in rats [16,17]. For these
reasons, the development of nanoparticulate T1 contrast agents, based on iron oxide nanoparticles,
has become a forward-looking area of research for MRI. On the contrary to the classical clinically used
T2 contrast agents (Endorem), very small (<5 nm) iron oxide nanoparticles (VSION) are potential
candidates for T1-weighted imaging, due to their low magnetization and the presence of a surface
spin-canted layer [18–20]. However, one must stress that control over the size and size distribution is
an essential prerequisite to observe VSION-induced contrast enhancement on T1-weighted images.

In recent years, researchers have developed a wide range of synthetic procedures enabling the
synthesis of superparamagnetic particles with fine control over their physicochemical properties (shape,
size and size distribution) [21]. Among the existing synthesis protocols, the thermal decomposition of
organometallic precursors (iron complex) has emerged, over time, as the most efficient method for the
preparation of highly calibrated iron oxide nanoparticles. The typical thermal decomposition method
relies on the decomposition of an iron complex (iron oleate, iron acetylacetonate) in high boiling point
organic solvent (i.e., dibenzylether, oleylalcohol) in the presence of organic surfactants (i.e., oleylamine,
oleic acid). Although the method has proven its efficacy, the high level of control required for synthesis,
and the harsh experimental conditions, could be limiting factors, especially for the exploitation of the
process on larger scales [22].

Bearing in mind these issues, researchers have focused on developing new alternatives, in order
to avoid these limitations. For some years, we have witnessed the emergence of continuous flow
processes for the preparation of inorganic nanoparticles [23]. Due to a very high surface to volume
ratio, flow reactors provide substantial advantages over the conventional batch procedures, very rapid
heat transfer enables fast cooling or heating of a solution, as well as precise temperature control [24].
These features are particularly interesting for the implementation of the thermal decomposition
synthesis of iron oxide nanoparticles.

In this study, we developed a continuous flow system preparation of VSION by thermal
decomposition. A parametric study is proposed, focusing on the influence of different experimental
parameters (concentration and nature of surfactants, temperature, pressure, residence time, and capillary
inner diameter) on nanoparticles characteristics, such as the size, the magnetic and relaxometric
properties by means of the study of their nuclear magnetic resonance dispersion (NMRD) profiles.

2. Experimental Section

2.1. Materials

Oleylamine (98%), oleic acid (90%), dibenzylether (99%), iron(III) acetylacetonate (99.9%),
nitric acid and hydrogen peroxide were purchased from Sigma-Aldrich (Overijse, Belgium). Oleyl
alcohol (>60%) and 1,2-hexadecanediol (98%) were purchased from TCI Chemicals (Zwijndrecht,
Belgium). Ethanol (EtOH; 100%) and tetrahydrofuran (THF; 99.9%) were purchased from Chemlab
(Zedelgem, Belgium). All the materials mentioned above were used without further purification.

2.2. Batch Synthesis of VSION

Typically, a mixture of oleic acid (2 mmol; 635 µL), oleylamine (2 mmol; 658 µL) and
1,2-hexadecanediol (10 mmol; 2.58 g) was solubilized in oleyl alcohol (10 mL) and heated at 300 ◦C for
10 min under nitrogen and magnetic stirring. Then, a solution of iron (III) acetylacetonate (2 mmol;
706 mg) in oleyl alcohol (10 mL) was rapidly injected into the flask. The mixture was heated at 300 ◦C
for a further 30 min, then rapidly cooled. The particles were isolated after pouring an excess of ethanol

216



Nanomaterials 2020, 10, 757

(40 mL) into the cooled solution, followed by magnetic decantation. Finally, the as-obtained precipitate
was redispersed in tetrahydrofuran (10 mL) and centrifuged to remove any undissolved materials
(16.000 g; 10 min).

2.3. Flow Synthesis of VSION

A flow-adapted thermal decomposition process was used for the synthesis of very small iron oxide
nanoparticles. In typical experiment, the following stock solution was prepared: iron acetylacetonate
(10 mmol; 3.53 g), oleylamine (40 mmol; 10.7 g; 13.2 mL) and oleic acid (40 mmol; 11.3 g; 12.6 mL)
were mixed in a 1:1 mixture of dibenzylether and oleyalcohol to reach a final volume of 100 mL (iron
precursor concentration of 100 mM). This stock solution was preheated at 70 ◦C to form a homogenous
solution. The stock solution was then pumped using a High Performance Liquid Chromatography
(HPLC) pump through a 1 m polytetrafluoroethylene (PTFE) tube reactor immerged in a heating device
where the temperature was maintained at elevated temperatures (temperatures of 200, 225, 250, 275 and
300 ◦C). The system pressure was controlled by a back-pressure regulator assembly (BPRA). Five BPRA
inducing counter-pressure values of 5, 20, 40, 75 and 100 psi were evaluated. The effect of surfactant
concentration and surfactant nature was studied by varying the composition of the stock solution.
The total surfactant concentration was varied between 40 and 120 mM using three different conditions:
(i) Oleic acid alone, (ii) oleylamine and oleic acid in equimolar concentration, and (iii) Oleylamine alone.
The effect of residence time/flow rate and capillary internal diameter were investigated using tubing
with internal diameters (ID) of 0.5, 0.75, 1 and 2.4 mm and flow rates of 0.05, 0.1, 0.5, and 1 mL/min
and 2 mL/min* (* Only for the 2.4 mm (ID) PTFE reactor). After being cooled to room temperature, the
particles were isolated by pouring an excess of a 1:1 mixture of ethanol and acetone (40 mL) into the
suspension, followed by magnetic decantation. Finally, the as-obtained precipitate was resuspended in
tetrahydrofuran and centrifuged to remove any undissolved materials (16.000 g; 10 min).

2.4. Characterizations

Transmission electron microscopy (TEM) was used to obtain detailed morphological information
and was carried out using a Microscope Fei Tecnai 10 operating at an accelerating voltage of 80 kV
(Oregon, OR, USA). The samples were prepared by placing a drop of diluted suspension on
carbon-coated copper-grid (300 mesh; NP in organic media), allowing the liquid to dry in air at
room temperature. The statistical treatment of the TEM images was performed by iTEM (Münster,
Germany) on multiple images for each sample. The mean diameter, the standard deviation and
the polydispersity index (PDI) were calculated by measuring the particle diameter. The number of
nanoparticles counted ranged from 300 to 500.

The measurements of the size distribution of the nanoparticles suspended in organic medium
were performed on a Zetasizer nano zs (Malvern Instruments, Malvern, UK) using laser He-Ne
(633 nm). For each measurement, the suspensions were diluted in THF to approximately 1 mM in
iron concentration.

Nuclear Magnetic Relaxation Dispersion (NMRD) profiles were recorded on samples in organic
media with a field cycling relaxometer (STELAR, Mede, Italy) measuring the longitudinal relaxation
rates (R1) in a magnetic field range extending from 0.24 mT to 1 T. The temperature of the samples
was adjusted to 37 ◦C with a precision of 0.1 ◦C. The theoretical adjustment of the NMRD profiles
was performed using classical relaxation models [25,26] assuming a diffusion coefficient of THF of
3.27 × 10−9 cm2·s−1 [27].

Longitudinal (R1) and transverse (R2) relaxation rate measurements at 0.47 and 1.41 T were
obtained on Minispec mq 20 and mq 60 spin analysers (Bruker, Mannheim, Germany) respectively.
The relaxation rates were measured as a function of the iron molar concentration at 0.47 and 1.41 T,
in order to calculate the r1 and r2 relaxivities (defined as the enhancement of the relaxation rate of
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water protons in 1 mmol·L−1 solution of contrast agents). The relaxivities were calculated as the slope
of relaxation rate (Ri obs) versus iron concentration according to the equation,

Robs
i =

1
Tobs

i

= ri[Fe] +
1

Tdia
i

(1)

with ri being the relaxivities and Tdia
i being the proton relaxation times of the solvent without nanoparticle.

The total iron concentration was determined by the measurement of the longitudinal relaxation
rate R1 according to the method previously described [28]. Briefly, the samples were mineralized by
microwave digestion (MLS-1200 Mega, Milestone, Analis, Belgium) and the R1 value of the resulting
solutions was recorded at 0.47 T and 37 ◦C, which determined the iron concentration using equation,

[Fe] = (R1
sample − R1

dia) × 0.0915 (2)

where R1
dia (s−1) is the diamagnetic relaxation rate of acidified water (0.36 s−1) and 0.0915 (s·mM) is

the slope of the calibration curve.
The yield was determined after measuring the iron content of purified suspensions. The yield is

defined as:
Reaction yield =

nFe

nFe Stock solution
× 100% (3)

where nFe is iron molar content in the purified suspension, nFe Stock solution is the iron molar content in
the stock solution.

The magnetization of the samples was measured by means of Vibrating Sample Magnetometry
(VSM) at room temperature using an ADE Technologies VSM880 magnetometer (Massachusetts, MA,
USA). The samples saturation magnetization was determined as the intercept of the linear fit of
M = M(1/H) at H large (i.e., 1/H→ 0) [29]. The magnetic diameter distribution of the nanoparticles
was obtained by means of magnetogranulometry, i.e., the nonlinear regression of the magnetization
curve with Ivanov and coworkers second order modified mean field theory for highly concentrated
polydisperse samples [30]. The log-normal distribution was assumed for nanoparticles magnetic
diameter [31],

f (D) =
1

Dσ
√

2π
· e− 1

2σ2
·(ln D

D0
)

2

(4)

where D0 and σ are the fit parameters. Using D0 and σ, the calculation of the mean diameter (<D>)
and standard deviation (StDev) is straight forward.

The phase constitution of the powders was evaluated by X-ray diffraction (XRD) using a
PANalytical Empyrean diffractometer working with Cu Kα1 radiation (λ = 0.1546 nm) at an incidence
angle, Ω, of 3◦. The powders were continuously rotated during the measurements to ensure a
homogeneous exposure to the X-Rays. The resulting patterns were compared to the JCPDS card of
magnetite Fe3O4 (JCPDS card, No. -080-6407). The X-ray source voltage was fixed at 45 kV and the
current at 40 mA. The grain size (Gs) was calculated from the most intense diffraction peak, i.e., [311]
using the following Scherrer equation [32],

Gs =
K
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where K is a dimensionless shape factor, ʎ is the X-ray wavelength, β is the line broadening at 
half the maximum (FWHM) and θ is the Bragg angle. 

3. Results and Discussion 

3.1. VSION Formation by Thermal Decomposition Using Batch Process 

In standard batch conditions, two experimental procedures are commonly used for the thermal 
decomposition process: the “heating-up” [33] and the “hot-injection” methods [34]. Both procedures 
allow the formation of nearly monodisperse iron oxide nanoparticles, with tunable sizes, by simply 
varying the experimental parameters based on the precise separation between the nucleation and the 

β cos θ
(5)

where K is a dimensionless shape factor,

Nanomaterials 2020, 10, x FOR PEER REVIEW 4 of 18 

 

R =
1

푇  
= 푟 [퐹푒] +

1
푇

 (1) 

with ri being the relaxivities and 푇  being the proton relaxation times of the solvent without 
nanoparticle. 

The total iron concentration was determined by the measurement of the longitudinal relaxation 
rate R1 according to the method previously described [28]. Briefly, the samples were mineralized by 
microwave digestion (MLS-1200 Mega, Milestone, Analis, Belgium) and the R1 value of the resulting 
solutions was recorded at 0.47 T and 37 °C, which determined the iron concentration using equation, 

[Fe] = (R1sample – R1dia) × 0.0915 (2) 

where R1dia (s−1) is the diamagnetic relaxation rate of acidified water (0.36 s−1) and 0.0915 (s·mM) 
is the slope of the calibration curve. 

The yield was determined after measuring the iron content of purified suspensions. The yield is 
defined as: 

Reaction yield = 
  

 ×  100 %. (3) 

Where nFe is iron molar content in the purified suspension, nFe Stock solution is the iron molar content 
in the stock solution. 

The magnetization of the samples was measured by means of Vibrating Sample Magnetometry 
(VSM) at room temperature using an ADE Technologies VSM880 magnetometer (Massachusetts, MA, 
USA). The samples saturation magnetization was determined as the intercept of the linear fit of M = 
M(1/H) at H large (i.e., 1/H  0) [29]. The magnetic diameter distribution of the nanoparticles was 
obtained by means of magnetogranulometry, i.e., the nonlinear regression of the magnetization curve 
with Ivanov and coworkers second order modified mean field theory for highly concentrated 
polydisperse samples [30]. The log-normal distribution was assumed for nanoparticles magnetic 
diameter [31], 

푓(퐷) =
1

퐷휎√2휋
⋅ 푒 ⋅

 (4) 

where D0 and σ are the fit parameters. Using D0 and σ, the calculation of the mean diameter 
(<D>) and standard deviation (StDev) is straight forward. 

The phase constitution of the powders was evaluated by X-ray diffraction (XRD) using a 
PANalytical Empyrean diffractometer working with Cu Kα1 radiation (λ = 0.1546 nm) at an incidence 
angle, Ω, of 3°. The powders were continuously rotated during the measurements to ensure a 
homogeneous exposure to the X-Rays. The resulting patterns were compared to the JCPDS card of 
magnetite Fe3O4 (JCPDS card, No. -080-6407). The X-ray source voltage was fixed at 45 kV and the 
current at 40 mA. The grain size (Gs) was calculated from the most intense diffraction peak, i.e., [311] 
using the following Scherrer equation [32], 

퐺 =
퐾 ʎ

훽 푐표푠 휃
 (5) 

where K is a dimensionless shape factor, ʎ is the X-ray wavelength, β is the line broadening at 
half the maximum (FWHM) and θ is the Bragg angle. 

3. Results and Discussion 

3.1. VSION Formation by Thermal Decomposition Using Batch Process 

In standard batch conditions, two experimental procedures are commonly used for the thermal 
decomposition process: the “heating-up” [33] and the “hot-injection” methods [34]. Both procedures 
allow the formation of nearly monodisperse iron oxide nanoparticles, with tunable sizes, by simply 
varying the experimental parameters based on the precise separation between the nucleation and the 

is the X-ray wavelength, β is the line broadening at half the
maximum (FWHM) and θ is the Bragg angle.

218



Nanomaterials 2020, 10, 757

3. Results and Discussion

3.1. VSION Formation by Thermal Decomposition Using Batch Process

In standard batch conditions, two experimental procedures are commonly used for the thermal
decomposition process: the “heating-up” [33] and the “hot-injection” methods [34]. Both procedures
allow the formation of nearly monodisperse iron oxide nanoparticles, with tunable sizes, by simply
varying the experimental parameters based on the precise separation between the nucleation and the
growth steps involved in the formation mechanism of the nanocrystals [35]. For the preparation of
VSION, we decided to apply a previously established process [20] which consisted in the direct injection
of a solution containing the iron organometallic complex solubilized in oleylalcohol in a solution of
hydrophobic surfactants (e.g., oleic acid, oleylamine and 1,2-hexadecanediol in a 1:1:5 molar ratio) in
a dibenzylether solution preheated at 300 ◦C. As a result, VSION with well-defined properties were
readily obtained. Figure 1A presents a TEM image of the resulting nanoparticles which show spherical
morphology and exhibiting an average diameter of 3.5 ± 0.6 nm (PDI: 1.1). The monodispersity of
the sample was also confirmed by photon correlation spectroscopy (PCS), for which a narrow size
distribution has been observed (Figure 1B), as well as a hydrodynamic diameter centered at around
7 nm (PDI: 0.090).
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Figure 1. TEM image of the VSION in THF. The scale bar corresponds to 50 nm. The inset shows the
size distribution: 3.5 ± 0.6 nm (PDI: 1.1) (A); Size distribution in intensity as measured by PCS (B);
1H NMRD profile, recorded at 37 ◦C in THF (C).

The relaxation properties of magnetic nanoparticles were obtained by the study of their nuclear
magnetic resonance dispersion profiles (NMRD profiles; Figure 1C). These curves show the evolution
of the proton longitudinal relaxation (r1) as a function of the applied magnetic field (Larmor frequency).
The shape of this profile corresponds to the typical curve expected for superparamagnetic colloidal
suspensions. At low field, the small dispersion is a main feature of small-sized individual iron
oxide nanoparticles characterized by a low anisotropy energy [25]. After this dispersion, the hump
present at stronger magnetic field is due to the evolution of the Curie magnetization. The fit of the
NMRD curve using the classical relaxation models allowed to estimate a saturation magnetization
(MSAT of 39.6 A·m2·kg−1) and a NMRD diameter (DNMRD of 6.24 nm). One could underline the
good correlation between DNMRD and DPCS. Relaxometric properties of batch-prepared VSION,
Dotarem®and Resovist®are shown in Table S1.

3.2. Influence of Experimental Parameters on Nanoparticles Formation by Thermal Decomposition Using
Flow Process

The flow synthesis was performed using PTFE tube reactors with a fixed length (1 m) and internal
diameters of 0.5, 0.75, 1, and 2.4 mm. Figure 2 depicts the experimental setup designed for the flow
synthesis of the nanoparticles. It consists of a HPLC pump operating at flow rates between 10 µL·min−1

and 10 mL·min−1 which inject the reaction mixture in a PTFE tubing heated at constant temperature.
The system pressure is controlled by a back-pressure regulator assembly (BPRA) located at the output
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of the capillary. The as-synthesized nanoparticles were cooled at room temperature at the exit of
the capillary and then collected. Any unreacted iron complexes, as well as surfactant excess were
removed by means of several washing steps using ethanol/acetone mixture. After redispersion in THF,
the as-obtained suspensions were finally centrifuged to remove any undissolved materials.Nanomaterials 2020, 10, x FOR PEER REVIEW 6 of 18 
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Figure 2. Schematic representation of the experimental setup used for the flow synthesis of VSION.

Due to the high surface-to-volume ratios characteristic of flow reactors [22], fast heat transfer can be
achieved in order to emulate the hot-injection batch process. This sudden increase of temperature induces
the decomposition of the iron organometallic precursor into iron monomers (iron oxo-clusters) [36,37]
leading to a burst nucleation phenomenon. Subsequent growth of these nuclei results in the formation
of iron oxide nanoparticles in the capillary.

In order to adapt and optimize the synthesis to the continuous flow process, slight modifications
were made to the batch recipe. The major one implied the withdrawing of 1,2-hexadecanediol owing to
its low solubility in the reaction mixture at room temperature (to avoid clogging of the HPLC pump).
As a result, some adjustments in the oleic acid/oleylamine ratio had to be done.

3.3. Influence of the Ligand/Precursor Molar Ratio and Ligand Nature

Among the numerous studies treating about the thermal decomposition for the synthesis of iron
oxide nanoparticles, many reports show the strong impact of the surfactant/precursor molar ratio on
the properties of the obtained nanoparticles with different tendencies reported by several research
groups [38,39]. In order to evaluate the influence of the surfactant concentration and the surfactant
nature, the flow synthesis has been conducted with different ratios of (i) oleic acid only, (ii) oleic acid
and oleylamine and (iii) oleylamine only. All the experiments were carried out in the same solvent
mixture (i.e., dibenzylether and oleylalcohol 1/1) and three surfactants/precursor molar ratios were
tested (i.e. 4, 8 and 12 equivalents of surfactants). Experiments were carried out using a temperature of
250 ◦C and BPRA of 40 psi.

Iron oxide nanoparticles synthesized with the three different concentrations of pure oleic acid
exhibited very poor stability in THF, leading to diluted suspensions with very low yields (less than 10%).
Moreover, the TEM images (and the corresponding histograms) (Figure S1; SI) show nanoparticles
with no well-defined shape and very broad size distributions (PDI > 1.3). These results correlate
well with other report [40] in which the synthesis of iron oxide nanoparticles using oleic acid as
surfactant resulted in low yields. The lack of stabilisation using oleic acid was recently investigated by
Harris et al. [41] using molecular mechanics modelling to evidence lowest binding energy between oleic
acid and the nanoparticle’s surface compared to systems combining oleic acid and oleylamine. In their
study, they demonstrated that oleic acid only cannot yield to stable suspensions. It was suggested
the binding of deprotonated oleic acid molecules onto the nanoparticles leads to a neutral average
surface charge and at the same time to an increase in free proton concentration in the media. As a
consequence of these two phenomena, the zeta potential will overtime tend toward zero and the
formed nanoparticles tend to agglomerate.
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Interestingly, when oleylamine was used as surfactant. A linear decrease of the mean particle
size when increasing oleylamine amount was observed (Figure 3A). Qi et al. [42] reported a similar
trend using three different aliphatic amines (hexylamine, oleylamine and octadecylamine). However,
substantial differences are observed in the NMRD profiles recorded for these samples (Figure 3B). Indeed,
smaller nanoparticles exhibit higher longitudinal relaxivity on the overall range of Larmor frequency.Nanomaterials 2020, 10, x FOR PEER REVIEW 7 of 18 
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Figure 3. (A)Evolution of TEM diameter as a function of the oleylamine amount; (B)1H NMRD profiles
of samples obtained by flow synthesis with various amount of oleylamine.

Although these results seem contradictory with the superparamagnetic relaxation theory,
differences in the magneto-crystalline state of the nanoparticles could explain this phenomenon.
Oleylamine, can act as a reducing agent besides its role as a capping agent. The presence of a large
excess of oleylamine can therefore provide a strong reductive environment affecting the crystallinity of
the obtained nanoparticles [43]. The magnetic properties of nanoparticles were evaluated, using VSM
measurements, and compared to the parameters extracted from the fitting of the NMRD profiles
(Table S3; SI). Again, a good correlation between the MS values, measured by VSM and the MS

values, determined from the superparamagnetic theory, was obtained. Therefore, these results
demonstrate that tuning the oleylamine to iron precursor ratio is an experimental parameter, which can
be easily implemented to produce iron oxide nanoparticles with variable sizes and variable degrees of
crystallinity, using our continuous flow process.

On the other hand, conducting the synthesis with various amounts of oleylamine and oleic acid
(in equimolar quantities), yielded to stable and concentrated colloidal suspensions. Size changes were
measured with TEM (Figure 4). These results show that a ratio of surfactants to iron precursor of 4:1
leads to smaller nanoparticles with narrower size distribution compared to synthesis performed with
larger (6:1) and lesser (2:1) amounts of surfactants. This suggests that there is an optimum ratio at which
the organic surfactants provide a better stability to the nuclei formed in situ, and is therefore, favourable
to the formation of smaller nanoparticles having appropriate relaxometric properties (r2/r1 ratios)
(Table S2; SI). Therefore, the surfactants to iron precursor of 4:1 was used for the study of the other
experimental parameters, described in the following sections.
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Figure 4. TEM images of the nanoparticles obtained through flow synthesis with various equivalents of
oleic acid and oleylamine: Two equivalents (A), four equivalents (B) and six equivalents (C) in the 1 mm
capillary reactor. The scale bar corresponds to 100 nm. Insets show the size distributions determined
by statistical analysis.

3.4. Influence of Temperature

To study the influence of the temperature, synthesis experiments were carried out using a PTFE
tube reactor with an internal diameter of 1 mm and at a flow rate of 1 mL·min−1. In a typical synthesis,
a BPRA inducing a back pressure of 40 psi was used. Synthesis were carried out using oleic acid
and oleylamine as surfactants (with a surfactant to precursor ratio of 4/1) considering the results
abovementioned (i.e., flow synthesis using four equivalents of oleic acid and oleylamine in equimolar
concentration). Five batches were prepared by working at temperatures of 200, 225, 250, 275 and 300 ◦C.
Surprisingly, no significant differences in the mean diameter has been observed neither by PCS nor
by TEM. The resulting suspensions were all characterized by mean hydrodynamic diameters below
10 nm (Figure 5B; Table S4; SI) and a mean inorganic diameter below 4 nm (Figure 5C) accompanied
with polydispersity indexes between 1.10 and 1.16.The relaxometric properties of these samples were
investigated by the study of their NMRD profiles (Figure 5A).
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Figure 5. 1H NMRD profiles of iron oxide nanoparticles obtained at various temperatures recorded at
37 ◦C in THF (A). The continuous lines correspond to the fitting by the superparamagnetic relaxation
theory; Size distribution in intensity as measured by PCS of VSION obtained at various temperatures (B);
size distributions as determined by TEM (C).

The results indicate a marked increase of the relaxivity values on the overall range of Larmor
frequency when increasing the temperature in the capillary reactor. The samples obtained at lower
temperature (i.e., 200 and 225 ◦C) exhibit very low values of longitudinal relaxivities. Despite the
significant differences observed in their relaxometric properties, the small dispersion observed for each
sample still indicates that their anisotropy energy remains low and characteristic of VSION. Theoretical
parameters (MSAT and DNMRD) extracted from the fitting of these profiles are shown in Table S4 along
with the nanoparticle sizes determined by PCS and TEM. The estimated DNMRD values are in good
correlation with the hydrodynamic sizes measured by PCS. Taken together, these theoretical and
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experimental measurements indicate no influence of the temperature on the size of the synthesized
nanoparticles. However, the extracted values of MSAT are markedly increasing with the reaction
temperature (Table S4; SI). At this stage, the formulated hypothesis relies on differences in the
magneto-crystalline state of the VSION. Previous report from Belaid et al. [44] showed the same
tendency when synthesizing iron oxide nanoparticles in classical thermal decomposition synthesis at
different temperatures. XRD and VSM measurements showed the increase of the particles crystallinity
degree with the temperature, giving rise to increased relaxometric properties.

Since the iron oxide nanoparticles obtained at a temperature of 250 ◦C display relaxometric
properties similar to those of obtained for batch samples, this temperature was chosen as the working
temperature for the following flow syntheses. Moreover, this temperature was chosen due to the nature
of the capillary reactor i.e., PTFE which is known to be thermally resistant up to 250 ◦C (for long-term
continuous service) [45].

3.5. Influence of Pressure

The influence of pressure on the particles properties was studied using back-pressure regulator
assemblies inducing counter-pressure varying between 5 and 100 psi (BPR of 5, 20, 40, 75 and 100 psi
were tested). With the 5 and 20 psi BPR, flow cavitation was observed in the capillary reactor and the
resulting nanoparticles were characterized by very low relaxometric properties (Table 1). On the other
hand, BPR of 40, 75 and 100 psi delivered good flow stability and a steady flow was straightforwardly
reached in the capillary reactor. The TEM images of VSION obtained with these three BPR are presented
in Figure 6. Size histograms were fitted using a log-normal function and standard deviation and
polydispersity index were calculated.

Table 1. Relaxometric properties of VSION obtained at different pressures.

BPRA (psi)
20 MHz 60 MHz

r1 (s−1mM−1) r2 (s−1mM−1) r1 (s−1mM−1) r2 (s−1mM−1)

5 0.5 0.7 0.6 1.2
20 1.4 1.9 1.5 3.3
40 3.7 5.3 3.7 8.8
75 3.6 5 3.7 8.6

100 3.6 5 3.7 8.6
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For each sample, VSION with a mean diameter smaller than 4 nm are observed. NMRD profiles
of these three samples of VSION (Figure S2; SI) are stackable, showing no incidence of the pressure on
both, the size and relaxometric properties of the obtained VSION (Table S5). Therefore, we concluded

223



Nanomaterials 2020, 10, 757

that pressure only influences the stability of the flow in the capillary reactor and we investigated the
influence of other parameters such as flow rate and residence with the 40 psi BPR.

3.6. Influence of Residence Time in the Capillary Reactor

The residence time in the capillary reactor was modified by varying two experimental parameters, i.e.,
the capillary inner diameter and the flow rate. The influence of these flow parameters was initially
investigated by using three capillary reactors with internal diameters of 0.5; 0.75 and 1 mm. For each
capillary, experiments have been conducted with four flow rates (0.05; 0.1; 0.5 and 1 mL·min−1).
Photon correlation spectroscopy analysis confirmed for each sample the formation of nanoparticles
characterized by a narrow monomodal distribution with a mean diameter below 10 nm. Determination
of nanoparticles size and polydispersity index was performed using TEM (Figure 7).Nanomaterials 2020, 10, x FOR PEER REVIEW 10 of 18 
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Figure 7. Average diameter of VSION as a function of flowrate in capillary reactors with different
internal diameters.

No matter the experimental conditions, it was observed that the nanoparticle diameter remained
roughly constant when working at different flow rates. All samples are characterized by mean diameter
between 3.4 and 4 nm and no significant tendency of size increase is observed when decreasing the
flow rate. Such observations are quite different from other report from Jiao et al. [46], whereby a
significant impact of the residence time on the size properties of iron oxide nanoparticles was reported
using a similar flow process. This suggests a different mechanism of nanoparticle formation using our
flow process. The decomposition of the iron precursor depends on the solvents and the amounts of
surfactants present in the media. In our experimental setup, the reaction conditions seem to lead to a
burst nucleation phenomenon yielding VSION with constant size. However, if no clear influence was
observed by TEM, significant differences were observed when analysing the NMRD profiles (Figure 8).

Within each capillary reactor, we observe a global increase of the relaxometric properties of
the VSION when using slower flow rate. The increase of the residence time induces an increase of
proton longitudinal relaxivity in the overall studied range of Larmor frequency. Notably, is the shift of
the hump (maximum proton longitudinal relaxivity) towards lower frequency values when slower
flow rates are used, this indicates that an increased residence time is favourable to slightly larger
nanoparticles, which is not observed from the TEM analysis. This could also be provoked by a structural
change with different heating time. This observation can be confirmed by the NMRD diameters
extracted by the theoretical fittings of the NMRD profiles (Table 1). The NMRD diameters are much
higher than the sizes determined by TEM, given that the superparamagnetic relaxation theory was
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developed for crystalline superparamagnetic compounds, the hypothesis explaining this observation
would rely on differences in the crystalline state of the nanoparticles. Nanoparticles synthesized at
higher flow rates have a residence time of less than 2 min in the capillary reactor. Such short residence
time might not be sufficient to yield well-crystallized iron oxide nanoparticles. These differences in the
nanoparticles relaxometric properties can, therefore, be attributed to differences in the nanoparticle’s
crystallinity degree and consequently to their magnetic and relaxometric properties. Nonetheless,
when compared to their batch-prepared derivatives, VSION prepared at slower flow rates exhibit
similar or even better relaxometric properties (high longitudinal relaxivity values and low r2/r1 ratios)
for applications as T1 contrast agents (Table 2).
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Table 2. Summary of the experimental parameters and results obtained by PCS, TEM and relaxometry
for the study of flow parameters influences.

Capillary Inner
Diameter (mm)

Flow Rate
(mL·min−1)

Residence Time
(min)

Diameter NMRD Data Relaxivity
Measurements

DPCS
(nm)

DTEM
(nm) PDI DNMRD

(nm)
Ms

(A·m2·kg−1)
r2/r1

(20 MHz)
r2/r1

(60 MHz)

0.5 0.05 3.93 6.1 3.69 ± 0.81 1.16 6.82 38.4 1.58 2.42
0.5 0.1 1.96 6.2 3.70 ± 0.84 1.14 6.50 41.2 1.54 2.30
0.5 0.5 0.39 8.8 3.70 ± 0.92 1.15 7.18 25.4 1.45 2.26
0.5 1 0.20 6.6 3.61 ± 0.72 1.15 5.82 27 1.40 2.19
0.75 0.05 8.84 9.1 3.98 ± 1.00 1.23 7.34 41.6 1.57 2.63
0.75 0.1 4.42 8.8 3.84 ± 0.76 1.16 7.76 34.8 1.56 2.60
0.75 0.5 0.88 8.1 3.48 ± 0.76 1.20 7.28 31 1.56 2.53
0.75 1 0.44 6.8 3.40 ± 0.82 1.23 5.68 30.5 1.50 2.49

1 0.05 15.71 7.1 4.00 ± 0.94 1.19 7.52 44.8 1.63 2.55
1 0.1 7.85 9.5 4.02 ± 0.80 1.14 7.52 46.6 1.73 2.74
1 0.5 1.57 8.1 3.62 ± 0.74 1.17 6.70 39.8 1.58 2.48
1 1 0.79 7.7 3.73 ± 0.77 1.10 6.96 33.9 1.53 2.43

2.4 0.5 9 7.3 4.09 ± 0.81 1.15 7.44 47.3 1.84 2.69
2.4 1 4.5 9.3 3.98 ± 0.77 1.21 7.04 44.2 1.63 2.59
2.4 2 2.25 8.1 3.74 ± 0.64 1.15 6.62 38.6 1.51 2.46

To confirm these differences in the magnetic properties of the iron oxide nanoparticles,
magnetometry measurements were conducted on samples obtained in the 1 mm capillary reactor.
Those results are presented in Figure 9.

Magnetization curves obtained for VSION synthesized at all flow rates show the superparamagnetic
nature of the nanoparticles for each sample. As demonstrated in Figure 9, all samples have
a superparamagnetic behavior characterized by the absence of hysteresis (absence of coercivity
and absence of remanent magnetization). Fitting the magnetometry data using Ivanov 2nd order
modified field theory [30] allowed the the magnetic diameter distribution to be determined. Saturation
magnetization (MS) was measured using Chantrell method [29] (Table S6; SI). The results are well fitted
with the relaxometry measurements (MS and DNMRD obtained by the fitting of the NMRD profiles).
From these results, a same trend towards the increase of the magnetic properties when working at
slower flow rates was observed.
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To go further in the parametric study and the production objective intended for the synthesis
of VSION, the influence of flow parameters was investigated using a capillary with a larger internal
diameter (2.4 mm). Considering the dead volume of this capillary, flow rates of 0.5, 1 and 2 mL·min−1

were used. TEM images (and corresponding histograms fitted using a log-normal function) of samples
obtained at flow rates of respectively 0.5, 1 and 2 mL·min−1 are presented in Figure 10 with the
corresponding NMRD profiles recorded for each sample.

TEM and relaxometry results lead to the same conclusions: flow rate and consequently the
residence time do not have a marked influence on the size properties of the as-synthesized nanoparticles.
For all three samples, nanoparticles were characterized by a mean size around 4 nm and relatively
low polydispersity index. However, these three samples exhibit interesting relaxometric properties
compared to their batch-prepared derivatives. As seen on the NMRD profiles, samples obtained at
0.5 mL·min−1 and 1 mL·min−1 exhibit proton longitudinal relaxivity higher than the batch sample over
the whole range of proton Larmor frequencies. In addition, sample obtained at 2 mL·min−1 and the
batch sample display analogous values of longitudinal relaxivities, confirming that a residence time of
approximately 2 min is sufficient to yield VSION with properties similar to batch-prepared ones.

Furthermore, by comparing the properties of all samples obtained in tubings with different internal
diameters, no clear proportionality between the residence time and the nanoparticles properties can
be pointed out. Indeed, even if a global increase of the relaxometric properties with the residence
time is observed for each capillary. Samples obtained with similar residence time in capillaries with
different internal diameters do not exhibit properties (Table 2). An additional parameter which could
potentially explain these discrepancies concern the thickness of the PTFE tubings. All tubings are
made of 1/8 PTFE with varying internal diameters. As a result, the wall thickness is not the same for
each tubing. This thickness difference might affect the heat transfer in the tubing and therefore affect
the properties of the synthesized nanoparticles.

As mentioned above, these differences in relaxometric properties may be attributed to differences
in the nanoparticle’s magneto-crystalline properties. To confirm these differences in the crystalline
state potentially affecting the magnetic and therefore the relaxometric properties of the VSION,
VSM measurements were performed on the three samples, but also X-ray diffraction experiments,
to obtain a qualitative estimation of the crystallinity of the three samples (Figure 11).
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Figure 10. TEM images of the nanoparticles obtained through flow synthesis with flow rates of
0.5 mL·min−1 (A), 1 mL·min−1 (B) and 2 mL·min−1 (C) in the 2.4 mm capillary reactor. The scale bar
corresponds to 100 nm. Insets show the size distributions determined by statistical analysis; (D) 1H
NMRD profiles of the three samples (colored curves) and the batch-prepared sample (black curve).
The continuous lines correspond to the fitting by the superparamagnetic relaxation theory.

Nanomaterials 2020, 10, x FOR PEER REVIEW 14 of 18 

 

VSION, VSM measurements were performed on the three samples, but also X-ray diffraction 
experiments, to obtain a qualitative estimation of the crystallinity of the three samples (Figure 11). 

 

 
Figure 11. Magnetization curves (A) and XRD diffraction patterns (B) of samples obtained in the 2.4 
mm capillary reactor. 

Similarly to the VSION synthesized in the 1 mm PTFE capillary, the VSION are all characterized 
by a superparamagnetic behaviour and the magnetization saturations obtained by the Chantrell 
method follow the same trend as previously shown with the 1 mm capillary reactor. Differences in 
the crystallinity state of these 3 samples was confirmed using X-ray diffraction experiments. The 
characteristics diffraction peaks observed at 30.2; 35.5; 42.8; 57.2 and 62.7° and their relative intensities 
match well with the standard XRD data of magnetite Fe3O4 (JCPDS card No. 080-6407). The XRD peak 
intensity increases with the residence time in the capillary reactor, combined with the line broadening 
for samples obtained at higher flow rate (indicating the presence of smaller crystallites when using 
shorter residence time), this demonstrates the presence of nanoparticles with increased crystallinity 
when working at slower flow rate. An estimation of the magnetite nanoparticles size was made with 
both, characterization techniques, using magnetogranulometry and the Scherrer formula (taking the 
highest intensity peak corresponding to the [311] plane at 2θ = 35.5°) for VSM, and XRD, respectively 
(Table 3). 
  

Figure 11. Magnetization curves (A) and XRD diffraction patterns (B) of samples obtained in the
2.4 mm capillary reactor.

Similarly to the VSION synthesized in the 1 mm PTFE capillary, the VSION are all characterized by
a superparamagnetic behaviour and the magnetization saturations obtained by the Chantrell method
follow the same trend as previously shown with the 1 mm capillary reactor. Differences in the crystallinity
state of these 3 samples was confirmed using X-ray diffraction experiments. The characteristics diffraction
peaks observed at 30.2◦, 35.5◦, 42.8◦, 57.2◦ and 62.7◦ and their relative intensities match well with the
standard XRD data of magnetite Fe3O4 (JCPDS card No. 080-6407). The XRD peak intensity increases
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with the residence time in the capillary reactor, combined with the line broadening for samples obtained
at higher flow rate (indicating the presence of smaller crystallites when using shorter residence time),
this demonstrates the presence of nanoparticles with increased crystallinity when working at slower
flow rate. An estimation of the magnetite nanoparticles size was made with both, characterization
techniques, using magnetogranulometry and the Scherrer formula (taking the highest intensity peak
corresponding to the [311] plane at 2θ = 35.5◦) for VSM, and XRD, respectively (Table 3).

Table 3. Summary of the results obtained with TEM, VSM and XRD for samples obtained in the 2.4 mm
capillary reactor.

Flow Rate
(mL·min−1)

Diameter
MSAT (emu/g)

DTEM (nm) DVSM (nm) DXRD (nm)

0.5 3.71 ± 0.76 4.16 ± 0.91 5.02 40.1
1 3.98 ± 0.77 3.90 ± 0.76 4.59 26.4
2 3.74 ± 0.64 3.51 ± 0.58 4.16 20.4

Whereas, the estimated size of the nanoparticles, determined by magnetogranulometry, is in
relatively good agreement with the TEM diameter, the estimated particle diameters measured from the
XRD measurements, using the Scherrer formula are slightly higher than the measured size determined
from the TEM analysis, this overestimation of the nanoparticles size might be due to the very small
size of the nanoparticles limiting the use of the Scherrer equation.

4. Conclusions

We have developed a continuous flow process for the thermal decomposition synthesis of very
small iron oxide nanoparticles. The influence of experimental parameters (ligand concentration
and nature, temperature, pressure capillary inner diameter and residence time) was investigated
to determine their inflluence on the nanoparticles magneto-crystalline and relaxometric properties.
This study showed that experimental parameters have almost no incidence on the nanoparticles size
properties. However, a clear impact was evidenced based on the relaxometric and magnetic properties
of the particles. As a consequence, nanoparticles obtained with increased residence times exhibit
higher relaxometric and magnetic properties. With respect to the application of these VSION for MRI,
an important feature defining their efficacy as T1 contrast agents is their r2/r1 ratios. The ideal T1 MRI
contrast agent is characterized by high r1 values and low r2/r1 ratios in order to reach their highest
imaging efficacy [47,48]. In our case, VSION synthesized using this flow process exhibit higher r1

values than commercially used T1 contrast agents [49] such as Dotarem®or other paramagnetic agents
as well as r2/r1 ratios below three at standard clinical fields (1.5 T). This flow process allowed the
production of VSION with superior throughput than classical batch methods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/4/757/s1.
Table S1: Relaxometric properties of Dotarem®, Resovist®and batch-prepared VSION; Figure S1: TEM images
of the nanoparticles obtained through flow synthesis with various equivalents of oleic acid: 4 equivalents (left),
8 equivalents (middle) and 12 equivalents (right) in the 1 mm capillary reactor. The scale bar corresponds to
100 nm. Insets show the size distributions determined by statistical analysis; Table S2: Size and relaxometric
properties of VSION synthesized using various surfactant concentrations (oleic acid and oleylamine); Table S3:
Size and magnetic properties of VSION synthesized using various oleylamine concentrations; Table S4: Size and
relaxometric properties of VSION synthesized at different temperatures using continuous flow process; Table S5:
size and magnetic properties of VSION synthesized using different BPR; Figure S2: 1H NMRD profiles of iron
oxide nanoparticles obtained at various pressure recorded at 37 ◦C in THF; Table S6: Magnetic properties extracted
from the fitting of the magnetization curves of samples obtained in the 1 mm capillary reactor.
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Abstract: Magnetic nanoparticles (MNPs) that exhibit high specific loss power (SLP) at lower metal
content are highly desirable for hyperthermia applications. The conventional co-precipitation process
has been widely employed for the synthesis of magnetic nanoparticles. However, their hyperthermia
performance is often insufficient, which is considered as the main challenge to the development of
practicable cancer treatments. In particular, ferrite MNPs have unique properties, such as a strong
magnetocrystalline anisotropy, high coercivity, and moderate saturation magnetization, however their
hyperthermia performance needs to be further improved. In this study, cobalt ferrite (CoFe2O4) and
zinc cobalt ferrite nanoparticles (ZnCoFe2O4) were prepared to achieve high SLP values by modifying
the conventional co-precipitation method. Our modified method, which allows for precursor material
compositions (molar ratio of Fe+3:Fe+2:Co+2/Zn+2 of 3:2:1), is a simple, environmentally friendly,
and low temperature process carried out in air at a maximum temperature of 60 ◦C, without the
need for oxidizing or coating agents. The particles produced were characterized using multiple
techniques, such as X-ray diffraction (XRD), dynamic light scattering (DLS), transmission electron
microscopy (TEM), ultraviolet-visible spectroscopy (UV–Vis spectroscopy), and a vibrating sample
magnetometer (VSM). SLP values of the prepared nanoparticles were carefully evaluated as a function
of time, magnetic field strength (30, 40, and 50 kA m−1), and the viscosity of the medium (water and
glycerol), and compared to commercial magnetic nanoparticle materials under the same conditions.
The cytotoxicity of the prepared nanoparticles by in vitro culture with NIH-3T3 fibroblasts exhibited
good cytocompatibility up to 0.5 mg/mL. The safety limit of magnetic field parameters for SLP
was tested. It did not exceed the 5 × 109 Am−1 s−1 threshold. A saturation temperature of 45 ◦C
could be achieved. These nanoparticles, with minimal metal content, can ideally be used for in vivo
hyperthermia applications, such as cancer treatments.

Keywords: specific loss power; magnetic ferrite; modified co-precipitation; hyperthermia

1. Introduction

Recently, magnetic nanoparticles have shown great potential for application in various biomedical
fields such as drug delivery, magnetic separation, imaging, and hyperthermia cancer treatments [1–4].
In particular, the hyperthermia capability of magnetic nanoparticles, by which they convert dissipated
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magnetic energy into thermal energy, enables cancer treatment. Such hyperthermia treatment depends
on heating of the region affected by cancer, where the temperatures between 43 and 45 ◦C can
be reached using magnetic nanoparticles under an alternating current (AC) magnetic field [5–7].
Hyperthermia can destroy the cancer cells with minimal influence on the healthy tissues, so it
could potentially be used for localized, scarless, and economical treatments with few side effects.
The efficacy of the hyperthermia process depends on many factors, such as properties of the magnetic
nanoparticles, the magnitude of the applied AC magnetic field (H), and its frequency (f ) and duration (t)
of actuation [8,9]. The magnitude and frequency of the applied AC magnetic field must remain
within safe limits to prevent unwanted side effects. A commonly prescribed safety limit is that the
product of the frequency and field amplitude (H × f ) should be no greater than 5 × 109 Am−1 s−1 to
protect the healthy tissues against excessive heating [10]. In addition, particle size is very important
in determining the magnetic properties. By controlling the particle size in the transition range
(about 20 nm), the particle properties can be moved from superparamagnetic to ferromagnetic,
meaning that higher SLP values can be obtained [10]. Thus, it is necessary to enhance the heating
ability of nanoparticles by controlling their size to obtain the required temperature rise during
hyperthermia. The heating power generated per particle, the specific loss power (SLP), should be
as high as possible in the injected material, and ensuring bio-safety is considered the most critical
challenge to achieving desirable tumor destruction [7]. In superparamagnetic nanoparticles, the two
mechanisms primarily responsible for magnetic relaxation in nanoparticles involve the physical
rotation of the individual particles in the fluid (Brownian relaxation) and the collective rotation of
the atomic magnetic moments within each particle (Néel relaxation) [1]. Based on these mechanisms,
controlling the morphology and composition of the magnetic nanoparticles is an effective method for
increasing the SLP. However, due to the problem of toxicity, the number of usable elements is severely
limited [3,8]. Cobalt ferrite nanoparticles (CoFe2O4) have some advantageous unique properties,
as compared to ferrous ferrite, including strong magnetocrystalline anisotropy, high coercivity
(Hc), and moderate saturation magnetization (Ms) [4,5]. These properties, along with their high
oxidative and thermal stability, make these nanoparticles attractive for hyperthermia applications.
CoFe2O4 also have a variety of medical and technological applications due to their high moments
at low magnetic fields, together with superparamagnetic properties [11,12]. Furthermore, they are
non-toxic, biocompatible, and can be heated remotely by alternating magnetic fields. Control of
their morphology and size can be achieved by varying the pH, ionic strength, coating agent,
and temperature of the reaction [13–16]. Cobalt ferrite nanoparticles have been prepared by several
methods, including sol-gel [11], hydrothermal [12,13], co-precipitation [14], and thermal decomposition
methods [15,16]. Using the co-precipitation process, many researchers have made efforts to achieve
the smallest possible particles and to improve the magnetic properties and SLP of the cobalt ferrite
nanoparticles and cobalt zinc ferrite nanoparticles [14,17–35]. The ferromagnetic-superparamagnetic
size threshold for cobalt ferrite nanoparticles has been reported by Pereira et al., who prepared
superparamagnetic cobalt ferrite nanoparticles with the tuning of particle size (4.2−4.8 nm) and
magnetic properties (Ms 30.6–48.8 emu/g) using a co-precipitation method. Saturation magnetization
increases with the increase in particle size until it reaches a threshold size beyond which magnetization
is constant and is close to the bulk value [23]. Recently, a high SLP of 237–272 W/gmetal was obtained
with CoFe2O4 nanoparticles via the co-precipitation method at 90 ◦C in the presence of chitosan as
a coating agent [17]. In another report, a high SLP of 91.84 W/gmetal was obtained using CoFe2O4

nanoparticles via a co-precipitation method, at room temperature in the presence of a coating agent
(polyethylene glycol and oleic acid) [18]. Under safe AC field conditions, a high SLP of 2131 W/gmetal

was obtained with CoFe2O4 nanoparticles fabricated by co-precipitation (100 ◦C in the presence of
Lauric acid) [33]. It is necessary to overcome the drawbacks of the reported synthesis processes, such as
being environmentally unfavorable, expensive, dependent on high energy, and time-consuming, as well
as yielding low SLP values. The solution-based synthesis method is sensitive to the composition and
temperature of the precursor materials, which in turn influences the formation of the cobalt ferrite
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nanoparticles, particle size, and degree of crystallinity. In the current investigation, we modified the
conventional co-precipitation process to make it simple, environmentally friendly, and amenable to
operation under relatively low temperatures. The properties of CoFe2O4 and ZnCoFe2O4, prepared
by varying the compositions of the precursor material (molar ratio of Fe+3:Fe+2:Co+2/Zn+2 of 3:2:1)
at relatively low temperature (60 ◦C) and without oxidizing or coating agents, were investigated.
The magnetic properties, optical activity, and toxicity were evaluated in an in vitro culture with
NIH-3T3 fibroblasts. Ensuring the bio-safety of the nanoparticles is considered to be the greatest
challenge to the development of desirable treatments. The heat generation performance of the MNPs
was studied while varying the magnetic field, timing, concentration, and viscosity of the medium.

2. Experimental Work

2.1. Materials

Iron(III) chloride hexahydrate, iron(II) chloride tetrahydrate, cobalt(II) chloride hexahydrate,
zinc(II) chloride, sodium citrate, and ammonium hydroxide were purchased from Sigma Aldrich
(St. Louis, MO, USA). We also tested commercial iron oxides, as follows: BNF, the particles of which
are magnetite with a shell of dextran dispersed in water, from micromod Partikeltechnologie GmbH
(Rostock, Germany). SHA30 and SHA15, which are amine iron oxide nanoparticles dispersed in PBS
with sizes of 30 and 15 nm, respectively, from Ocean Nanotech, LLC, Manufacturing Facility and R&D
(San Diego, CA, USA). HyperMAG A, HyperMAG B, and HyperMAG C, which are magnetic iron oxide
nanoparticles with sizes of 10.3, 11.7, and 15.2 nm, respectively, dispersed in water, from nanoTherics
Ltd. (Newcastle, UK). Resovist, which are superparamagnetic iron oxide nanoparticles coated with
carboxydextran, from Meito Sangyo Co., Ltd. (Nagoya, Japan).

2.2. Preparation of Cobalt Ferrite and Zinc Cobalt Ferrite Nanoparticles by Co-Precipitation

The synthesis process used herein is a modified version of a previously reported co-precipitation
method [14,17–35]. The molar ratio of iron(III) chloride hexahydrate(8.1 g): iron(II) chloride tetrahydrate
(3.97 g): cobalt(II) chloride hexahydrate (2.37 g) was precisely set to be 3:2:1 and mixed in 50 mL of
distilled water for 15 min to obtain a homogeneous solution at room temperature. The temperature
was then increased to 60 ◦C, and maintained for 5 min, to ensure complete homogenous mixing. With
vigorous stirring, 20 ml of ammonium hydroxide (30%) was added in a dropwise manner to induce the
particle growth, followed by additional stirring for 30 min at 60 ◦C to evaporate any excess ammonia.
The black precipitate thus formed was washed several times using distilled water to remove possible
ammonium salts and then dried for 24 h to obtain a cobalt ferrite nanoparticle powder.

For preparation of zinc cobalt ferrite nanoparticles, the same procedure as described above was
used with the addition of zinc chloride (1.36 g).

For coating of nanoparticles with sodium citrate, 0.5 g of sodium citrate was dispersed in 25 mL
water by sonication using an ultrasonic bath for 30 min to form a homogenous solution. A total of 0.1 g
of nanoparticles was added to the solution and sonicated for 4 h using the ultrasonic bath.

2.3. Characterization

Dynamic light scattering (DLS) and zeta potential measurements were performed using a
Zeta-potential and Particle Size Analyzer (ELSZ-2000; Photal Otsuka Electronics, Osaka, Japan).
For DLS and zeta potential tests, suspensions of 50 mg nanoparticles in 6 mL deionized water
were subjected to ultrasound (5 min) before the analyses. The magnetic properties of the samples
were measured using a vibrating sample magnetometer (VSM; Lake Shore 7400 series; Lake Shore
Cryotronics, Westerville, OH, USA). The X-ray diffraction (XRD) of the nanoparticles was analyzed
using an X-ray diffractometer (Rigaku, Japan). The diffractometer used a copper X-ray tube and
Cu Kr radiation. A scan speed of 4◦/min and 2θ ranging from 5◦ to 65◦ were selected as the
measurement parameters. The metal contents of the precursors were analyzed using inductively
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coupled plasma-optical emission spectroscopy (ICP-OES; Optima 8300, PerkinElmer, Waltham, MA,
USA). A total of 0.1 g of the nanoparticles dispersed in 25 mL D.I. water was subjected to ultrasound
before the analyses. The quantitation range for cost elements was 50 ppm for ICP-OES. The samples
were made using an aqueous nitric acid solution. Additional dilutions were performed to make the
sample concentrations according to the specified range. The morphology and structure of the materials
were characterized by transmission electron microscopy (TEM) and selected area electron diffraction
(SAED) (Tecnai G2S Twin; Philips, USA) at 300 keV. The optical properties were evaluated using
ultraviolet-visible spectroscopy (UV–Vis spectroscopy). The clear colloid obtained after sonicating the
nanoparticles dispersed in deionized water was used for the measurement and pure deionized water
was used as a reference. A band gap energy (Eg) is an intrinsic property of a material and it estimated
from the absorption curve. Generally, electrons can jump from one band to another as long as they
have the specific minimum amount of energy required for the transition. To investigate direct and
indirect transitions, we plotted (αhν)2 against ‘hν’ and (αhν)1/2 against ‘hν’. The band gap energy of
the material is related to the absorption coefficient ‘α’ by the Tauc relation, as follows:

(αhν)n = (absorption coefficient × energy)n = (2.303Ahν)n,

where A is a constant, hν is the photon energy, and n is a number (n = 2 and 1
2 for direct and indirect

transitions, respectively).
Band gap energy (Eg) = hc/λ,

where h is Planck’s constant (6.626 × 10−34 Joules/s), c is the speed of light (3.0 × 108 m/s), and λ is the
cut off wavelength (Eg = 1240 eV nm/λ) (energy in eV).

Heating efficiency and SLP were measured using our Lab-made system. In this setup, a function
generator is used to generate a sinusoidal voltage signal which is amplified to the desired power
through an AC Power amplifier, AE Techron 7224. This amplified signal is fed to a litz wire coil wound
around a ferrite core to induce the alternating magnetic field (30–50 kA/m at 97 kHz). High voltage
capacitors, CSM 150 capacitor, are used to set the resonant frequency and the particle temperature is
measured using an Osensa optic temperature measurement cable. The SLP is calculated using the
following equation; we take into account only the first few seconds, in which a quasi-adiabatic regime
is assumed [29–35]:

SLP = (Cp/m) × (dT/dt),

where dT/dt is the initial gradient of the time-dependent temperature curve, Cp is the volumetric
specific heat capacity of the sample solution, J/(g ◦C) (4.184 [water], 2.43 [glycerol]), and m is the mass
of elements in the particles.

2.4. In Vitro Cytocompatibility Test

The toxicity of the prepared nanoparticles was studied by culturing NIH-3T3 cells using a WST
assay [36]. The cells were seeded at a seeding density of 5 × 104 cells/well in a 24-well plate and
incubated for 1 day in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics. Then, the culture medium (1 mL) containing the prepared
nanoparticles (0.125, 0.25, or 0.5 mg/mL) was added to the cells and incubated for an additional day.
Cells without any treatment of nanoparticles were used as the control. The sample solution was
removed and washed with Dulbecco’s phosphate-buffered saline (DPBS). Then, fresh culture medium
(0.5 mL) and WST assay solution (0.05 mL) were added to each well and incubated for 2 h. Finally,
0.1 mL of the solution from each well was transferred to a new plate and the absorbance (A) at 450 nm
was measured using a microplate reader. The cell viability was normalized to the control using the
following formula:

Cell Viability (%) = (Ac−As)/Ac × 100,

where Ac is the absorbance of the control sample and As is the absorbance of the sample solution.
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2.5. MNP Uptake (Prussian Blue Staining)

NIH-3T3 cells were seeded at a seeding density of 5 × 104 cells/well in a 24-well plate and
incubated for 1 day in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics. Culture media were replaced with fresh media containing
4 types of MNPs with a concentration of 12.5 µg/mL and the cells were further incubated for 24 h.
Cells without any treatment of nanoparticles were used as the control. After incubation, the cells were
washed twice with DPBS and fixed with 4% paraformaldehyde at room temperature for 15 min. Then,
Prussian blue solution prepared with equal volumes of 4% potassium ferrocyanide (II) trihydrate and
4% HCl (in PBS) was added to each well and incubated at room temperature for 20 min. Then, the cells
were washed with DPBS and imaged using a microscope.

3. Results and Discussion

3.1. Synthesis and Characterization of Magnetic Nanoparticles

Controlling the chemical composition and size of magnetic materials is important to enhance
magnetization that effectively leads to an increase in magnetic hyperthermia heating efficiency of
magnetic NPs. Cobalt ferrite nanoparticles (CF-MNPs) and zinc cobalt ferrite nanoparticles (ZCF-MNPs)
were prepared by a controlled co-precipitation method, which is a simple, environmentally friendly,
and low-temperature method. By shaking, the prepared nanoparticles can be dispersed in water,
but after a while they tend to aggregate and sediment. As shown in Figure 1, CF-MNPs had a wide size
distribution with an average particle size of 8 ± 2 nm. In the case of ZCF-MNPs, the average particle
size was 25 ± 5 nm, with a wide size distribution and varied agglomeration behavior. The incorporation
of Zn in the NP structure lead to an increase in the particle size and agglomeration. Magnetic particles
agglomerate as a result of high surface energy between the nanoparticles and magnetic dipole–dipole
interactions [20,21]. The crystalline nature of the prepared nanoparticles was observed using HRTEM.
The clear lattice boundary in the HRTEM image illustrates the higher crystallinity of CF-MNPs,
as compared to ZCF-MNPs, which is confirmed by XRD (shown later). The corresponding selected
area electron diffraction (SAED) image of nanoparticles displays the ring characteristics consistent
with a structure composed of small domains with their crystallographic axes randomly oriented with
respect to one another. The SAED pattern shows diffuse rings with less intensity that can be indexed to
the nanoparticle plane reflections. Results indicate that our method produced smaller nanoparticles
with fewer aggregations for CF-MNPs, as compared to ZCF-MNPs, due to a progressive increase in the
solubility product constant of the corresponding divalent metal hydroxides [19–21].

As shown in Figure 2, the mean hydrodynamic size obtained by DLS was 50.9 and 575 nm for
CF-MNPs and ZCF-MNPs, respectively (which was higher than that obtained using TEM analysis).
Wide size distribution may result from the hydrophobic nature of the prepared nanoparticles [37].
The measurements of the zeta potential were used to assess the effects of nanoparticles in the colloidal
phase and their aggregates. Higher zeta potentials indicate stable nanoparticle systems [18]. The zeta
potential values were +30.59 and +14.69 mV for CF-MNPs and ZCF-MNPs, respectively (Figure 2).
Thus, the synthesized cobalt ferrite nanoparticles dispersed in water due to the large electrostatic
repulsive forces between the particles. In contrast, zinc cobalt ferrite nanoparticles appeared less
stable due to the low electrostatic repulsive forces between them. Obtaining stable colloidal systems is
particularly important from the perspective of using synthesized nanoparticles in nano-medicine and
biomedical applications [38].

The crystalline properties, such as average crystallite size (nm) and degree of crystallinity,
are important for the hyperthermic performance of magnetic nanoparticles. The ferrite crystalline
properties of the prepared cobalt ferrite nanoparticles and zinc cobalt ferrite nanoparticles were
investigated together with JCPDS data (#221086) using XRD (Figure 3). The diffraction peaks,
indexed to (111), (220), (311), (222), (400), (422), (511), and (440), for the prepared nanoparticles are
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shown in Table 1. Shifting in peak position towards lower 2θ with decreasing intensities of peaks is
caused by the presence of Zn in the structure of ZCF-MNPs.
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between the nanoparticles and magnetic dipole–dipole interactions [20,21]. The crystalline nature of 

the prepared nanoparticles was observed using HRTEM. The clear lattice boundary in the HRTEM 

image illustrates the higher crystallinity of CF-MNPs, as compared to ZCF-MNPs, which is 

confirmed by XRD (shown later). The corresponding selected area electron diffraction (SAED) image 

of nanoparticles displays the ring characteristics consistent with a structure composed of small 
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reflections. Results indicate that our method produced smaller nanoparticles with fewer 

aggregations for CF-MNPs, as compared to ZCF-MNPs, due to a progressive increase in the 

solubility product constant of the corresponding divalent metal hydroxides [19–21]. 
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Table 1. The indexed diffraction peaks from XRD.

Indexed
2θ

CF ZCF

(111) 18.22 18.06
(220) 30 29.86
(311) 32.46 32.40
(222) 35.42 35.22
(400) 42.96 42.88
(422) 53.52 53.32
(511) 56.96 56.78
(440) 62.58 62.51

We calculated the crystallite sizes of the nanoparticles based on the Scherrer formula [17],
as follows:

Crystallite size (Dp) = Kλ/(Bcosθ),

where Dp is the average crystallite size (nm), B is the full width at half maximum (FWHM) of XRD
peak, λ is the X-ray wavelength (1.5406 Å, K (Scherrer constant [shape parameter]): 0.89), and θ is the
XRD peak position.

% Crystallinity = total area of crystalline peaks/total area of all peaks.

The crystallite sizes for the higher intensity peaks of the CF-MNPs were 29.1, 10.5, 8.7, 9.7, 8.9,
and 10.4 nm, and the average crystallite size was 12.9 nm. In the case of ZCF-MNPs, the crystallite
sizes of the highest intensity peaks were 31.3, 11.5, 9.7, 13.5, 10.3, and 10.8 nm, and the average
crystallite size was 14.5 nm. The presence of zinc significantly affected the particle size and degree
of crystallinity of the nanostructure, as shown in Figure 3. The crystallite size increased from 12.9 to
14.5 nm, while the degree of crystallinity [39] decreased from 74.03% to 71.5%, as shown in Figure 3,
which is also confirmed by TEM.

Ferrites nanoparticles can be prepared from ferrous ions [25,26], ferric ions [17–20], or a mix of
ferrous and ferric ions [21,31,34]. Chinnasamy et al. reported that the particle size of the ferrite powders
decreased with an increase in ferric ion concentration [21]. The increase in the size of our particles
caused an increase in the anisotropy energy, which in turn resulted in an increase in Hc and Ms.

Photocatalysis combined with magnet heating constitutes a typical example of the so-called
theranostic agents. The optical absorbance and band energy of the prepared nanoparticles were
investigated by UV–Vis spectroscopy. Figure 4 shows the measured optical absorbance spectra of cobalt
ferrite nanoparticles and zinc cobalt ferrite nanoparticles at ambient temperatures. The UV–visible
absorption spectra of the prepared nanoparticles showed a broad absorption range (300–600 nm) in the
visible wavelength range, which we attributed to d-orbital transitions of Fe3+. Especially, the absorption
peak was close to 490 nm, which corresponds to the d-d transitions of Fe3+ in a tetrahedral coordination
environment [40–42].

The calculated direct band gap energies of cobalt ferrite and zinc cobalt ferrite nanoparticles were
3.15 and 2.9 eV, respectively, while the respective calculated indirect band gap energies were 2.6 and
2.3 eV, as shown in Figure 5. It is clear that, as the crystallite size increased from 12.92 to 14.57 nm,
the band gap energy decreased from 3.15 to 2.9 eV for cobalt ferrite and zinc cobalt ferrite nanoparticles.
The band gap energy of the prepared nanoparticles varied with an inverse relationship with their sizes.
This is similar to what has been reported in previous studies [43].
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The magnetic properties of the prepared nanoparticles were measured by VSM. The M–H
results exhibit a clear hysteresis loop (Figure 6), which indicates that the magnetic nanoparticles
were ferromagnetic. The cobalt ferrite nanoparticles had the following values: Ms: 50.61 emu/g, Mr:
10.75 emu/g and Hc: 159.8 Oe. The corresponding values for the zinc cobalt ferrite nanoparticles were
as follows: Ms: 50.71 emu/g, Mr: 10.71 emu/g, and Hc: 225 Oe. Hc and Ms of nanoparticles increase
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with particle size. In addition, as in our case, the Hc and Ms are also increased by the shape anisotropy
contribution. Thus, the increase in particle size will increase the anisotropy energy, which in turn
results in an increase in the coercivity and magnetization saturation [44]. The squareness (SQ) or
reduced remanence value is equal to Mr/Ms. When SQ is greater than or equal to 0.5, the material
has a single magnetic domain structure, whereas it has a multi-domain structure when it is below 0.5.
In our study, the SQ values were 0.212 and 0.211 for cobalt ferrite and zinc cobalt ferrite nanoparticles,
respectively. These values less than 0.5 indicate the formation of a multi-domain structure, as has been
observed previously [45].Nanomaterials 2019, 9, x FOR PEER REVIEW 10 of 21 
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3.2. Heat Generation Performance of the MNPs

The heating properties of the prepared nanoparticles upon exposure to an AC magnetic field with
frequency (97 kHz) at various magnetic field strengths (30, 40, or 50 kA/m) and concentrations (8 or
25 mg/mL) were investigated (Figure 7). The initial rise in temperature over time was approximately
linear, then it slowed down gradually until saturation. The rate of heating increased with the
concentration and magnetic field strength, as shown in the temperature curves in Figure 7. As the
heating rate increased, the samples became heated faster according to magnetic field strength (50 > 40
> 30 kA/m) and concentration (25 > 8 mg/mL). At the highest magnetic field strength (50 kA/m),
and with the higher concentration (25 mg/mL) of cobalt ferrite and zinc cobalt ferrite nanoparticles,
the temperature rose to higher than 70 and 60 ◦C, respectively, within 1 min. At the highest magnetic
field strength (50 kA/m) and lower concentration (8 mg/mL) of cobalt ferrite and zinc cobalt ferrite
nanoparticles, the temperature rose higher than 45 ◦C within 9 and 3 min, respectively. At a moderate
magnetic field strength (40 KA/m) and frequency of 97 kHz with the higher concentration (25 mg/mL)
of cobalt ferrite and zinc cobalt ferrite nanoparticles, the temperature rose to over 45 ◦C within 2
and 3 min, respectively. At a moderate magnetic field strength (40 kA/m) and frequency of 97 kHz
for both concentrations (25 and 8 mg/mL) of cobalt ferrite and zinc cobalt ferrite nanoparticles, the
temperature did not reach 45 ◦C, even over a longer period. At the lowest magnetic field strength
(30 kA/m) and frequency of 97 kHz with both concentrations (25 and 8 mg/mL) of cobalt ferrite
and zinc cobalt ferrite nanoparticles, the temperature did not reach 45 ◦C, even over longer periods.
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Nanoparticles that can increase temperature to 45 ◦C are suitable for cancer treatment. Faster treatment
with a low metal content is highly desirable for hyperthermia applications. Furthermore, for effective
therapy, the temperature of cancerous tissue needs to reach 42–45 ◦C, while temperatures greater than
50 ◦C cause damage to cancer cells via thermoablation. As shown in Figure 8, the comparison of the
saturated temperatures revealed that an increase in the saturation temperature of the nanoparticles
was accompanied by the higher concentration and strength of the magnetic field.Nanomaterials 2019, 9, x FOR PEER REVIEW 11 of 21 
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The SLP is used as an indicator to measure how much energy is absorbed per mass of magnetic
nanoparticles when exposed to an alternating magnetic field.

The metal content in cobalt ferrite was Fe at 56.5% and Co at 7.81% (the total metal content was
64.31%). The metal content in zinc cobalt ferrite was Fe at 53.0%, Co at 6.31%, and Zn at 3.41% (the total
metal content was 62.72%). We calculated the SLP (W/gmetals) values based on the total metal contents.
The SLP of nanoparticles in an external AC magnetic field, as mentioned earlier, can be attributed to
two power loss mechanisms, as follows: Néel relaxation and Brownian relaxation. The variation in
SLP values is due to several reasons, including sample size, concentrations and the magnitude and
frequency of the applied field [29–35,45–47]. With respect to human exposure, it is very important
to maintain the product of the magnetic field strength (H), and its frequency (f ), below a threshold
value. A safety limit that has been commonly prescribed is that the product of the frequency and
the field amplitude should remain below C = H × f = 5 × 109 Am−1s−1 to minimize any collateral
effects of alternating magnetic fields on the human body [10]. The values of C in our experiments
were calculated to be 2.9 × 109, 3.8 × 109, and 4.8 × 109 Am−1 s−1 for 30, 40, and 50 kA/m, respectively.
Thus, our experimental conditions for alternative magnetic field did not exceed the safety limit. In the
current study, the highest SLP value obtained was 552 W/gmetal for zinc cobalt ferrite nanoparticles
with a concentration of 8 mg/mL at 50 kA/m and 97 kHz. The lowest SLP obtained was 11.57 W/gmetal

for zinc cobalt ferrite nanoparticles with a concentration of 25 mg/mL at 30 kA/m and 97 kHz. For ZCF,
the magnetic coupling between soft and hard ferrite tune the magnetic anisotropy and, therefore,
enhance the SLP values, improving the efficiency of energy conversion for hyperthermia applications.
These results show the importance of changing the chemical composition of magnetic materials to
enhance magnetization, which effectively leads to an increase in magnetic hyperthermia heating
efficiency of magnetic NPs. SLP values are not related to concentration in this study. The observed
reduction in SLP is probably caused by an extended aggregation of ferromagnetic nanoparticles,
due to the application of the alternating magnetic field, and the power dissipation in the medium
decreased. Thus, the heating performance was reduced. When comparing the SLP values of our
nanoparticles to those of commercial iron oxide materials under the same magnetic field strength
(40 kA/m), our zinc cobalt ferrite nanoparticles were found to show lower SLP values than SHA25,
but higher values than the others (BNF, MagA, MagC, Resovist, MagB, and SHA30). Cobalt ferrite
nanoparticles showed lower SLP values than SHA25, BNF, and MagA, but higher values than MagC,
Resovist, MagB, and SHA30, as shown in Figure 9. Our results are of particular interest for heating
therapy applications due to the high SLP obtained under the magnetic field parameters tested and the
achievement of a saturation temperature of 45 ◦C. These characteristics are ideal for cancer treatment
applications with minimal metal content.

It is important to differentiate between the contributions of the Néel and Brownian mechanisms
to heat generation. For this purpose, we dispersed zinc cobalt ferrite nanoparticles in a high viscosity
solvent. When glycerol was used as the dispersing solvent, the heating rate became very low as the
exposure time increased (Figure 10). For example, in this study, the highest SLP (552 W/gmetal) was
obtained for zinc cobalt ferrite nanoparticles with a concentration of 8 mg/mL at 50 kA/m, dispersed in
water. The effect of the viscosity of the solvent on the SLP value was surprising; it caused an obvious
drop in SLP from 552 W/gmetal (water as a dispersed medium) to 35 W/gmetal (glycerol as a dispersed
medium). Glycerol molecules contain three OH groups per molecule, which allows for extensive
hydrogen bonding between the many oxygen and hydrogen atoms, which makes the substance
viscous. This indicates that glycerol hinders convective heat transfer under alternating magnetic fields.
The charges on the surfaces of these nanoparticles were neutralized by the surrounding solvent ions
(OH−), providing stability. Brownian relaxation, which is due to the physical rotation of the particles
within the medium, is hindered by the hydrodynamic volume and viscosity of the particles, which in
turn tends to inhibit the rotation of the particles in the medium.
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The Brownian relaxation time (τB) is given by

τB = 3ηVH/(kBT),
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where η is the viscosity of the fluid, VH is the hydrodynamic volume of the particles, kB is the Boltzmann
constant, and T is the temperature [3].

The viscosity affects the heating properties via a Brownian mechanism and, thus, causes a
significantly lower SLP, as reported previously [31]. This reduction is primarily due to the high
viscosity of glycerol, which is 60 times that of water at room temperature [48]. It is important to
note that the large amount of water molecules associated with the nanoparticles may affect their
chemical stability and heat-generation ability under an AC magnetic field, which is critical for
hyperthermia applications.

The cytotoxicity of the cobalt ferrite and zinc cobalt ferrite nanoparticles was investigated by
in vitro culture with NIH-3T3 fibroblasts (Figure 11). The cell viability remained relatively high up
to concentrations of 0.5 mg/mL, for both types of nanoparticles compared to the control sample,
indicating that the prepared nanoparticles have a low toxicity. The results of our cytocompatibility
analysis indicate that the cell viability decreased as the concentration of zinc cobalt ferrite nanoparticles
increased to 0.25 and 0.5 mg/mL. This reduction in cell viability may be attributed to the loss of
colloidal stability. The incorporation of Zn in the NP structure lead to an increase in the particle size
and agglomeration.
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Figure 11. Cytocompatibility tests for CF-MNPs and ZCF-MNPs in in vitro culture with NIH-3T3.

3.3. Characterization of Coated Magnetic Nanoparticles with Sodium Citrate

Modifying the chemical composition of the prepared nanoparticles by the addition of a hydrophilic
surface layer (e.g., surfactant) may enhance their dispersion and heating performance. Enhancement of
the heating performance of nanoparticles with size controlling and their enhanced SLP value can lead
to the improvement of their effectiveness in hyperthermia. To this end, sodium citrate was selected
as a surfactant for nanoparticle coating to enhance the surface charge of the MNPs to form a stable
colloid with biocompatible behaviors. The effects of surfactant introduction in the colloidal phase
on the possible aggregation of the nanoparticles were investigated with zeta potential measurement.
The zeta potential values were −49.38 and −48.55 mV for sodium citrate@ CF-MNPs and sodium
citrate@ ZCF-MNPs, respectively (Figure 12). In a neutral aqueous solution, the citrate provides
negatively charged ions, which become absorbed onto the nanoparticles. The negative surface charges
introduced on the surface cause repulsion among the particles, thus preventing particle aggregation
and encouraging a stable dispersion. As shown in Figure 12, the mean hydrodynamic size obtained
by DLS was 109.2 and 111.1 nm for sodium citrate@ CF-MNPs and sodium citrate@ ZCF-MNPs,
respectively. Decrease in the amount of sodium citrate resulted in an increase in the average size of the
nanoparticles. In other words, the reduction in the amount of sodium citrate decreases the citrate ions
available for stabilizing the particles, which causes small particles to aggregate.
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Figure 12. Dynamic light scattering (DLS) and zeta potential results for sodium citrate@ CF-MNPs
(A,B) and sodium citrate@ ZCF-MNPs (C,D).

Particle size distribution and the average size of cobalt ferrite nanoparticles coated with sodium
citrate (sodium citrate@ CF-MNPs) and zinc cobalt ferrite nanoparticles coated with sodium citrate
(sodium citrate@ ZCF-MNPs) were investigated by TEM. As shown in Figure 13, sodium citrate
decreases the aggregation between the prepared nanoparticles and the SAED pattern shows diffuse
rings with high intensity that can be indexed to the nanoparticle reflections. The average particle
sizes of sodium citrate@ CF-MNPs and sodium citrate@ ZCF-MNPs were 10 ± 4 nm and 30 ± 6 nm,
respectively, with a wide size distribution.

The cytotoxicity of the coated nanoparticles was investigated by in vitro culture with NIH-3T3
fibroblasts (Figure 14). The cell viability remained relatively high up to concentrations of 0.5 mg/mL,
for both types of nanoparticles compared to the control sample, indicating that the prepared
nanoparticles have a low toxicity. However, these results do not prove that these nanoparticles
are completely safe for in vivo applications. There may be a dissolution of the nanoparticles, which
would lead to high Co2+ concentrations in the organism [49]. So, in-depth studies to evaluate the
possible interactions between cells and our nanoparticles are currently in progress.

Evaluation of the interaction between cells and nanoparticles was also investigated. MNPs were
stained by Prussian blue solution showing blue color (Figure 15). MNPs were located in the cell,
indicating that MNPs were internalized into the cell. Citrate coated MNPs were more internalized,
likely due to the lesser aggregation of MNPs.

The heating efficiency and SLP values of the prepared magnetic nanoparticles coated with sodium
citrate upon exposure to an AC magnetic field with a frequency of 97 kHz at various magnetic field
strengths (30, 40, and 50 kA/m) and a at concentration of 4 mg/mL were investigated (Figure 16).
The total metal content in cobalt ferrite nanoparticles coated with sodium citrate (sodium citrate@
CF-MNPs) and zinc cobalt ferrite nanoparticles coated with sodium citrate (sodium citrate@ ZCF-MNPs)
was 43.6% and 60.87%, respectively. The highest SLP value obtained for coated nanoparticles was
523.45 W/gmetal for zinc cobalt ferrite nanoparticles coated with sodium citrate with a concentration of
4 mg/mL at 50 kA/m and 97 kHz. The lowest SLP obtained for coated nanoparticles was 235 W/gmetal

for cobalt ferrite nanoparticles coated with sodium citrate with a concentration of 4 mg/mL at 30 kA/m
and 97 kHz. When comparing the SLP values of our magnetic nanoparticles coated with sodium
citrate to those of commercial iron oxide materials under the same magnetic field strength (40 kA/m),
our nanoparticles were found to show higher values than the commercial iron oxide materials.
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Figure 14. Cytocompatibility tests for sodium citrate@ CF-MNPs and sodium citrate@ ZCF-MNPs in
in vitro culture with NIH-3T3.
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Figure 15. Optical micrographs of cells after the nanoparticle treatment. MNP uptake was shown
by Prussian blue staining (A) CF-MNPs, (B) ZCF-MNPs (C) sodium citrate@ CF-MNPs, (D) sodium
citrate@ ZCF-MNPs.

We compared the results of this study to those obtained using conventional co-precipitation
methods, as summarized in Table 2. The comparison was based on the synthesis conditions, magnetic
properties, and the maximum SLP obtained under AC field conditions with a note on whether the
safety limit was exceeded. Researchers have made many efforts to achieve the smallest nanoparticles
possible at high temperatures using a coating agent and to improve the magnetic properties and
SLP. Salunkhe et al. and Hoquea et al. prepared CoFe2O4 nanoparticles at room temperature via a
co-precipitation method in the presence of a coating agent [18,29]. Surendra et al. prepared CoFe2O4

nanoparticles and achieved a high SLP (2131 W/gmetal) under safe AC field conditions (18.3 kA/m,
275 kHz) [33]. In our study, the molar ratio of Fe+3:Fe+2:Co+2/Zn+2 could be simply controlled to be
3:2:1 and the maximum temperature for the synthesis could be lowered to be 60 ◦C in air, without the
need for oxidizing or coating agents. Our nanoparticles are of particular interest for hyperthermia
therapy applications due to their high SLP (552 W/gmetal), which was achieved with minimal metal
content and magnetic field conditions within the physiologically tolerable limit of 5 × 109 Am−1 s−1.
A temperature of 45 ◦C was also achieved, which is ideal for cancer treatment applications.Nanomaterials 2019, 9, x FOR PEER REVIEW 18 of 21 
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Figure 16. Heating profiles of sodium citrate@ CF-MNPs (A) and sodium citrate@ ZCF-MNPs (B) with
magnetic field strengths (30, 40, and 50 kA/m) at a frequency of 97 kHz and SLP values (C).
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Table 2. Comparison between conventional co-precipitation methods and the current study.

Sample Temperature
(◦C)/Coating Agent

Size
(nm)

Ms
(emu/g) SLP (W/gmetal)

Alternating Current (AC) Field
Condition (Safety Limit) Ref.

CoFe2O4 70 (*) 14 26 – – [19]
CoFe2O4 90 (*) 6.5–9.7 25–42 – – [14]
CoFe2O4 90 (oleic acid) 14.8 52 – – [20]
CoFe2O4 93 ± 2 (*) 15–20 61 – – [21]
CoFe2O4 100 (*) 5–24 22–74 – – [22]
CoFe2O4 100 (*) 4.2–18.6 30–48 – – [23]
CoFe2O4 100 (*) 22 38 – – [24]
CoFe2O4 100 (*) 46–77 82–91 – – [25]
CoFe2O4 60 (*) – 13 – – [26]
CoFe2O4 60 (*) 8 36 – – [27]

ZnCoFe2O4 85 (*) 6–10 14–49 – – [28]
CoFe2O4 90 (chitosan) 14 46.1 237–272 30 mT, 342 kHz (not safe) [17]

CoFe2O4

Room Temp.
(polyethylene

glycol, oleic acid)
9.9 60.42 91.84 30 kA/m, 260 kHz (not safe) [18]

CoFe2O4

Room Temp.
(polyethylene

glycol, chitosan)
7 32.3–73.1 11–289 76 mT, 400 kHz (not safe) [29]

CoFe2O4 90 (sodium citrate) 13.56 – 82.6 9.4 kA/m, 198 kHz [30]
CoFe2O4 80 (sodium citrate) 9.1 – 360 24.8 kA/m, 700 kHz (not safe) [31]

CoFe2O4
90 (trisodium citrate

dehydrate) 16.2 68 90.2 769 A/m, 400 kHz (safe) [32]

CoFe2O4

100 (oleic acid)
Heat treatment

100–600 ◦C
12–20 49–56 114–2131 18.3 kA/m, 275 kHz (safe) [33]

CoFe2O4 90–95 (lauric acid) 9–10 59.56 51.8 15 kA/m, 300 kHz (safe) [34]
ZnCoFe2O4 80 (*) 13 70.23 114.98 335.2 Oe, 265 kHz (not safe) [35]

CoFe2O4 60 (*) 8 50.61 358.77 50 kA/m, 97 kHz (safe) Current
study

ZnCoFe2O4 60 (*) 25 50.71 552 50 kA/m, 97 kHz (safe) Current
study

CoFe2O4 60 (sodium citrate) 10 – 465 50 kA/m, 97 kHz (safe) Current
study

ZnCoFe2O4 60 (sodium citrate) 30 – 523.45 50 kA/m, 97 kHz (safe) Current
study

*: without coating agent; –: not measured.

4. Conclusions

In this study, ferrite nanoparticles, namely cobalt ferrite (8 ± 2 nm) and zinc cobalt ferrite
(25 ± 5 nm), were prepared using a controlled co-precipitation process. The synthesis process was a
modified version of the conventional co-precipitation methods, with changes in the composition of the
precursor materials (molar ratio of Fe+3:Fe+2:Co+2/Zn+2 of 3:2:1) and a simple, environmentally friendly,
and low-temperature process carried out in air (the maximum temperature was 60 ◦C and neither
oxidizing nor coating agents were required). The prepared nanoparticles exhibited optical activity
with moderate magnetic saturation (50 emu/g). SLP was enhanced with respect to time, magnetic
field strength, concentration, and medium viscosity. The highest SLP obtained was 552 W/gmetal

for zinc cobalt ferrite nanoparticles at a concentration of 8 mg/mL with a magnetic field of 50 kA/m
and frequency of 97 kHz, while the lowest SLP was 11.57 W/gmetal, obtained at a concentration of
25 mg/mL with magnetic field of 30 kA/m and frequency of 97 kHz. The SLP values of our magnetic
nanoparticles coated with sodium citrate were found to be higher than those for the commercial iron
oxide materials. The nanoparticles exhibited high cell viability and none of the applied AC magnetic
fields exceeded the physiologically tolerable limit of 5 × 109 Am−1 s−1. The nanoparticles prepared
using the presented method achieve high SLP and are promising for biomedical applications, such as
hyperthermia cancer treatment.
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Abstract: In this work, we demonstrate a highly-sensitive vector magnetometer based on
a few-mode-fiber-based surface plasmon resonance (SPR) sensor functionalized by magnetic
nanoparticles (MNPs) in liquid. To fabricate the sensor, a few-mode fiber is side-polished and
coated with a gold film, forming an SPR sensor that is highly sensitive to the surrounding refractive
index. The vector magnetometer operates based on the mechanism whereby the intensity and
orientation of an external magnetic field alters the anisotropic aggregation of the MNPs and thus the
refractive index around the fiber SPR device. This, in turn, shifts the resonance wavelength of the
surface plasmon. Experimental results show the proposed sensor is very sensitive to magnetic-field
intensity and orientation (0.692 nm/Oe and −11.917 nm/◦, respectively). These remarkable sensitivities
to both magnetic-field intensity and orientation mean that the proposed sensor can be used in
applications to detect weak magnetic-field vectors.

Keywords: magnetic nanoparticles; few-mode fiber; surface plasmonic resonance; magnetic vector

1. Introduction

Magnetic sensing is important in the industry, power transmission, military, etc. In recent years,
optical-fiber magnetic-field sensors, integrated with magnetic nanoparticles (MNPs) in liquid that
is called magnetic fluids (MFs) or ferrofluids, have attracted considerable attention because of their
ease of fabrication, high sensitivity and low cost [1]. MFs, a type of paramagnetic material, consist of
MNPs uniformly dispersed in a base liquid with the aid of surfactant [2]. When exposed to an applied
magnetic field, the MNPs realign and form a chain- or cluster-like structure [3], endowing the MF with
various outstanding magneto-optical properties, including a magneto-controllable refractive index (RI),
absorption coefficient, birefringence, and so on [4]. Taking advantage of these properties, researchers
have proposed diverse magnetic-field sensors based on MFs and various fiber-optical structures or
schemes. Some examples include tapered two-mode fiber interferometers [5], Sagnac interferometers [6],
multimode interferometers [7], whispering gallery mode resonators [8,9] or interferometers [10,11],
microfiber-based interferometers [12,13], two-core fiber-based interferometers [14], photonic crystal
fibers [15–17] and asymmetric-tapered fiber [18]. Furthermore, based on the mechanism whereby
protein binding can tailor the response to a magnetic field, these devices have recently been used
to measure protein concentrations [19,20], further extending the range of applications to biosensing.
However, most of these sensors were designed to detect the magnetic intensity while ignoring the
magnetic orientation, due to the lack of exploration on the microstructure of MF around the optical fiber.
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In 2016, Zhang et al. [21] demonstrated the phenomenon that a magnetic field could induce a
non-uniform distribution of MNPs, and thus a non-uniform distribution of RI, around an optical fiber.
This RI distribution can be tuned by modulating either the intensity or the orientation of the magnetic
field. This work revealed a new way to detect both the magnitude and orientation of a magnetic
field. By creating a non-circularly-symmetric light-field in a fiber, Yin et al. (2017) [22,23] developed
two MF-based magnetic-vector sensors by sandwiching a piece of double-clad photonic-crystal-fiber
or a thin core fiber between two single-mode fibers with a lateral offset. In 2018, based on a similar
mechanism, magnetic-vector sensing was achieved by Layeghi et al., who used a tapered Hi-Bi fiber
inserted in a fiber loop mirror [24]. In 2019, Cui et al. [25] and Lu et al. [26] respectively proposed using
a single-mode-fiber fused with capillary structure and an excessively tilted fiber grating to realize
the sensing to the magnetic vector. Note that in the above cases, the used fibers still remained in a
cylindrically symmetric structure. In 2018, Violakis et al. demonstrated that an MF-encapsulated,
D-shaped fiber (a non-circularly-symmetric structure) can also respond to the changes of an external
magnetic field’s direction [27], which further paved the ways to use an asymmetric fiber structure.
Although a number of fiber-based magnetic-vector sensors have been developed, the simultaneous
high sensitivity to both magnetic intensity and orientation still remains as a challenging issue.

Surface plasmon resonance (SPR) sensors are typically constructed by coating a metal film over
a dielectric substrate, and they are powerful tools for detecting tiny changes in the RI over a metal
surface thanks to their high RI sensitivities, which even can exceed 104 nm per refractive index unit
(RIU) around the RI of 1.33. Therefore, combining MFs with SPR technology could provide a scheme
for highly-sensitive magnetic-field sensing, and several works in that direction have already been
published [21,28–32]. Ying et al. made a numerical study of the magnetic-field response based on a
Kretschmann prism SPR configuration [28] which, unfortunately, is limited in practical use because of
its bulky size. Weng et al. [29] and Liu et al. [30] theoretically investigated magnetic-field sensors based
on side-hole fiber SPRs and D-shaped photonic-crystal-fiber SPRs, respectively. Schwendtner et al.
experimentally boosted the sensitivity up to ~1 nm/Oe by using a tapered fiber as an SPR substrate [31].
Unfortunately, these SPR-based MF sensors were only proposed to detect magnetic field intensity,
but not orientation. Later, Zhang et al. demonstrated a plasmonic fiber-optic vector magnetometer
based on directional scattering between polarized plasmon waves and ferro-magnetic nanoparticles,
and achieved the sensitivities of 0.18 nm/Oe and 2 nm/◦ to intensity and orientation, respectively [21].
Recently, we proposed a fiber SPR sensor, based on side-polished multimode fiber, for the sensing to
magnetic vector, and further improved the sensitivities to 0.599 nm/Oe and −5.63 nm/◦ [33]. However,
to realize the sensing to a weaker magnetic field, the magnetic fields’ sensitivities to orientation and
intensity need further development.

In this paper, aiming to develop a higher sensitivity magnetometer with the ability of
simultaneous sensing to the magnetic intensity and orientation, we propose and investigate a
plasmonic vector magnetometer based on a side-polished few-mode-fiber (FMF) functionalized
by MNPs. This customized SPR device’s high sensitivity to RI means this sensor is highly-sensitive to
magnetic-field intensity (up to 0.692 nm/Oe). In addition, the non-circularly-symmetric geometry of
the side-polished fiber and the non-uniform distribution of the MF around the fiber together allow the
sensor to sense the magnetic field’s orientation with the high sensitivity of −11.917 nm/◦. The excellent
characteristics of this sensor and its operating mechanism are comprehensively analyzed herein,
offering an effective solution for high-sensitivity magnetic-vector sensing.

2. Principles and Structure

A schematic diagram of the proposed sensor is shown in Figure 1. In this work, the side-polished
fiber was made from an FMF. Its core diameter is less than that of a multimode fiber but greater than
that of a single-mode fiber, which alleviates the problems of low sensitivity and low signal-to-noise
ratio that plagues SPR sensors based on side-polished multi-mode and single-mode fibers [34,35].
The sensor consists of a side-polished FMF (OFS Fitel, LLC) coated with a gold film and immersed in
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MF (EMG 605, Ferrotec. Inc., Santa Clara, USA) which is sealed in a capillary tube. The MNPs with
the material of Fe3O4 that evenly dispersed in the MF have the average diameter of ~10 nm and the
volume concentration of 3.9%, i.e., the ratio of the total volume of MNPs to the volume of MF is 3.9%.
When the light in the FMF propagates over the gold-coated region, the p-polarized component of the
resonance wavelength will couple with a surface plasmon wave in the gold film, if their wave vectors
match. As a result, the transmittance spectrum will feature a narrow-band absorption at the resonance
wavelength, which is extremely sensitive to the surrounding RI. Conversely, the RI of the surrounding
MF depends on the applied magnetic field [36], so the resonance wavelength depends strongly on
the external magnetic field. Therefore, magnetic-field sensing can be implemented by monitoring the
resonance wavelength.
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Figure 1. Schematic diagrams of (a) the proposed sensor and (b) a cross section of the sensor.
A broadband incoming light from the left is partially absorbed due to the SPR, producing the notched
spectrum of the outgoing spectrum on the right end.

A mode solver (Mode Solution, Lumerical Solutions, Inc.) was used to simulate the mode
field distribution. For these simulations, the FMF core and cladding diameters are 19 and 125 µm,
respectively; the RIs of the cladding and the FMF core are 1.444 and 1.449, respectively; the RI of the
surrounding MF, under zero magnetic field, is 1.385, which is calibrated by a homemade, prism-based
SPR testing system; and the thickness of the side-polished FMF is 71 µm, which means that the fiber is
polished into the core section. Figure 2 shows the field distributions and the propagation losses of
modes LP01, LP11a, LP11b, and LP21a at the wavelength of 650 nm. A strong evanescent field is seen
over the gold film surface, indicating SPR excitation.
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As the evanescent field, which interacts with the surrounding MF, only exists near the gold film
surface, the MF microstructure, which is related to the RI over the gold surface, determines the sensor
performance. When exposed to an applied magnetic field, the MNPs in the MF become magnetic
dipoles and aggregate, forming stable chain-like structures oriented along the applied magnetic field
direction [3]. However, the optical fiber in the MF destroys the original equilibrium state, forcing the
MNPs to realign and form a new distribution around the fiber [23]. Moreover, the MNPs aggregate
in an anisotropic manner: when the fiber surface is parallel (perpendicular) to the magnetic-field
direction, they tend to gather to (depart from) the fiber surface [21,22]. For our situation, where the
fiber has a D-shaped cross section, Figure 3 shows the state of MNP aggregation around the fiber,
which is predicted depending on the published works [21–23]. The comparison of Figure 3a,b shows
that the aggregation state of the MNFs over the gold film depends on the magnetic field orientation.
First, the chain-like structures realign along the magnetic field direction. Second, when the magnetic
field direction changes from parallel to perpendicular (relative to the side-polished surface), some of
the MNPs depart from the surface of the gold film, leaving fewer MNPs to interact with the evanescent
field. The orientation-dependent distribution of MNPs around the fiber is the basis for sensing the
orientation of the magnetic-field vector.
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Figure 3. Schematic diagrams of the magnetic nanoparticles (MNPs) distribution around the
side-polished fiber, when the external magnetic field is (a) parallel and (b) perpendicular to the
flat surface of the side-polished fiber.

3. Fabrication and Characterization

A piece of FMF was first coarsely polished by a homemade wheel-polishing system for ~4 min,
and then finely polished for ~150 min to obtain the desired residual thickness of the polished fiber.
The polished fiber profile was characterized with a microscope (Zeiss Axio Scope A1); the results show
that the polished region is ~6 mm long, and the residual thickness of the polished region is ~71 µm.

To fabricate an FMF-based SPR sensor, a chromium adhesion layer (~5 nm) and a gold film
(~50 nm) were successively vacuum evaporated onto the surface of the polished fiber. The fabricated
SPR sensor’s sensitivity to the RI was characterized by immersing the sensing section into solutions
with different RIs. Figure 4a shows the spectral transmittance of the sensor immersed in various
RI solutions. With increasing RI, the resonance spectrum shifts to longer wavelengths because the
wave-vector-matching condition between the light and the surface plasmon wave depends on the
RI [37]. The resonance wavelength varies nonlinearly with RI over the entire range of 1.33~1.39,
as shown in Figure 4b. The blue curve in Figure 4b is a fit to a quadratic polynomial. At the RI of
MF (~1.385), the SPR sensor’s sensitivity is estimated to be 3693 nm/RIU. The RI sensitivity of the
FMF-based SPR sensor exceeds those of optical-fiber RI sensors based on mode interference [38],
long-period gratings [39], Fabry–Perot cavities [40], etc., laying a solid foundation for high-sensitivity
sensing of magnetic fields.
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After characterizing the RI sensing performance, the SPR-based magnetic-field sensor was
fabricated by packaging the MF around the side-polished fiber. The side-polished fiber section was
first fed into the center of a 30-mm-long capillary tube with an inner (outer) diameter of 0.5 (1.0) mm.
The capillary containing the fiber was embedded into a holder consisting of a rectangular groove.
Next, the MF was inserted into the capillary using capillary force. Finally, the capillary was sealed by
applying UV glue at both ends, completing sensor fabrication. Figure 5a shows a photograph of the
fabricated sensor, where the black region is the MF-encapsulated in the capillary. The X-ray diffraction
(XRD) characterization for the Fe3O4 MNPs was conducted and the XRD pattern is shown in Figure 5b.
As we can see, the peaks shown in the pattern agrees well with the typical peaks of Fe3O4 standard
diffraction at 30.1◦, 35.5◦, 43.1◦, 53.4◦, 57.0◦ and 62.6◦, corresponding to the (220), (311), (400), (422),
(511) and (440) crystal planes, respectively.

Nanomaterials 2019, 9, x FOR PEER REVIEW 5 of 13 

 

 
Figure 4. (a) Spectral response of the surface plasmon resonance (SPR) sensor to refractive index (RI). 
(b) Measured resonance wavelength as a function of RI. 

After characterizing the RI sensing performance, the SPR-based magnetic-field sensor was 
fabricated by packaging the MF around the side-polished fiber. The side-polished fiber section was 
first fed into the center of a 30-mm-long capillary tube with an inner (outer) diameter of 0.5 (1.0) mm. 
The capillary containing the fiber was embedded into a holder consisting of a rectangular groove. 
Next, the MF was inserted into the capillary using capillary force. Finally, the capillary was sealed by 
applying UV glue at both ends, completing sensor fabrication. Figure 5a shows a photograph of the 
fabricated sensor, where the black region is the MF-encapsulated in the capillary. The X-ray 
diffraction (XRD) characterization for the Fe3O4 MNPs was conducted and the XRD pattern is shown 
in Figure 5b. As we can see, the peaks shown in the pattern agrees well with the typical peaks of Fe3O4 
standard diffraction at 30.1°, 35.5°, 43.1°, 53.4°, 57.0° and 62.6°, corresponding to the (220), (311), (400), 
(422), (511) and (440) crystal planes, respectively. 

 
Figure 5. (a) Photograph of the fabricated sensor on an optical table. (b) XRD pattern for the Fe3O4 
MNPs. 

4. Experiments and Results 

4.1. Experimental Setup 

Figure 6 shows a schematic diagram of the experimental setup. A tungsten-halogen lamp 
broadband light source (AvaLight-HAL-(S)-Mini, Apeldoorn, Netherlands) is coupled into the fiber 
sensor, and a spectrometer (AvaSpec-ULS2048XL, China) is used to record the transmission spectra. 
An electromagnet generates the applied magnetic field, which is perpendicular to the fiber axis. The 
intensity is monitored in real time by a gauss meter. The magnetic-field intensity can be tuned by 
adjusting the applied voltage. The sensor is fixed onto a rotation stage to allow tuning its orientation 
with the applied magnetic field. 

Figure 5. (a) Photograph of the fabricated sensor on an optical table. (b) XRD pattern for the
Fe3O4 MNPs.

4. Experiments and Results

4.1. Experimental Setup

Figure 6 shows a schematic diagram of the experimental setup. A tungsten-halogen lamp
broadband light source (AvaLight-HAL-(S)-Mini, Apeldoorn, Netherlands) is coupled into the fiber
sensor, and a spectrometer (AvaSpec-ULS2048XL, China) is used to record the transmission spectra.
An electromagnet generates the applied magnetic field, which is perpendicular to the fiber axis.
The intensity is monitored in real time by a gauss meter. The magnetic-field intensity can be tuned by
adjusting the applied voltage. The sensor is fixed onto a rotation stage to allow tuning its orientation
with the applied magnetic field.
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Figure 6. Schematic diagram of experimental setup and photograph of main components, including
electromagnet, sensor and rotation stage.

4.2. Response to Magnetic-Field Orientation

To characterize the sensor’s response to the magnetic-field direction, it was rotated from 0◦ to
360◦ in 4◦ increment while the magnetic field’s intensity was fixed. Here the orientation angle is the
one between the magnetic-field direction and the polished surface. Therefore, 0◦ and 180◦ (90◦ and
270◦) indicate the magnetic field is parallel (perpendicular) to the flat surface of the side-polished fiber,
as shown in Figure 3a,b.

First, the magnetic intensity was fixed at 300 Oe. Upon rotating the sensor counterclockwise
(i.e., changing the relative orientation between magnetic field and sensor), the transmission spectrum
blueshifts and redshifts repeatedly, indicating the sensor is sensitive to the applied magnetic field
direction. Figure 7 shows the spectral response to the relative orientation of the magnetic field:
the transmission dip, due to the SPR, blueshifts as the orientation angle goes from 0◦ to 90◦ and from
180◦ to 270◦; On the contrary, the dip in transmission redshifts when the orientation angle goes from
90◦ to 180◦ and from 270◦ to 360◦.
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Figure 7. Spectral response of sensor to orientation of magnetic field. The magnetic-field intensity is
fixed at 300 Oe, while the orientation is changed (a) from 0◦ to 88◦, (b) from 92◦ to 180◦, (c) from 180◦ to
268◦, and (d) from 272◦ to 360◦.

Figure 8a shows the resonance wavelengths at different orientations in a polar coordinate system.
The noncircular curve indicates the orientation-dependent sensor response. The resonance wavelength
depends on the orientation angle because the MNPs anisotropic aggregation around the side-polished
fiber [22,23]: when the magnetic field goes from parallel to perpendicular with respect to the gold film,
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the MNPs concentration over the gold film gradually decreases, as illustrated in Figure 3. As the RI
of the MF correlates positively with the concentration of MNPs, the RI of the MF over the gold film
will reach its maximum (minimum) at 0◦ and 90◦ (180◦ and 270◦). Therefore, four extreme points
appear in the resonance wavelength curve versus orientation angle, as shown in Figure 8a, and
the resonance wavelength changes monotonically from one maximum (minimum) to the adjacent
minimum (maximum) upon monotonically varying the orientation. In addition, Figure 8a shows that
the change around the maxima (0◦ and 180◦) is sharper than that around the minima (90◦ and 270◦),
indicating a deviation from parallel orientation induces a larger change in the RI over the gold film
than it does from a perpendicular orientation.

Another series of tests to characterize the sensor’s orientation response were conducted by the
same way, but with a magnetic-field intensity of 60 Oe. Figure 8b shows the resonance wavelength as a
function of orientation angle, which presents a similar trend to a magnetic-field intensity of 300 Oe
(cf. Figure 8a). However, the curve is more circular, indicating that the lower magnetic-field intensity
weakens the orientation dependence, which arises from the smaller change in the RI of the MF at the
lower magnetic-field intensity.

To quantitatively assess the orientation response, we plot, in Figure 8c, the resonance wavelength
versus orientation angle in Cartesian coordinates and show the corresponding linear fits in the linear
regions. Within the range of 144◦~180◦, the sensitivities to orientation are 5.889 nm/◦ and 1.562 nm/◦
for 300 and 60 Oe respectively, indicating that the sensor is more sensitive to orientation at a higher
magnetic-field-intensity. Within the range of 184◦~200◦ at 300 Oe, we can achieve the maximal
sensitivity of −11.917 nm/◦, which is much higher than the 2 nm/◦ and −5.63 nm/◦ obtained by using
the SPR scheme based on a tilted fiber-Bragg grating [21] and a side-polished multimode fiber [33],
respectively. This advantage can be attributed to the non-circularly-symmetric cross section of the
side-polished fiber and the smaller core diameter of FMF than that of multimode fiber.
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4.3. Response to Magnetic-Field Intensity

The sensor’s response to the magnetic-field intensity was characterized by gradually changing
the intensity from 0 to 400 Oe while keeping the orientation fixed. During the measurements,
the orientation was fixed at two specific angles (i.e., 0◦ and 90◦), corresponding to the magnetic field
being parallel and perpendicular, respectively, to the flat surface of the polished fiber. Figure 9 shows
the transmission spectra for several magnetic-field intensities and the resonance wavelength as a
function of magnetic-field intensity.
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Figure 9. (a,c) Spectra for different magnetic-field intensities and (b,d) corresponding resonance
wavelength as a function of magnetic-field intensity. Panels (a,b) correspond to the orientation angle of
0◦, and panels (c,d) correspond to the orientation angle of 90◦. The inset in (a) shows the normalized
transmittance spectra near the resonance wavelengths.

As shown in Figure 9, the transmission dip, due to the SPR, redshifts (blueshifts) with the increase
of magnetic-field intensity when the orientation angle is 0◦ (90◦). This indicates the change in the RI
over the gold film for the parallel orientation is opposite that for the perpendicular orientation, which
is attributed to the MNPs anisotropic aggregation around the side-polished fiber: as illustrated in
Figure 3, the MNPs approach (or distance themselves from) the gold film when an external magnetic
field is applied parallel (or perpendicular) to the surface of the gold film. Moreover, increasing the
magnetic-field intensity further enhances this gathering or evacuation of MNPs, resulting in a further
increase or decrease of the RI over the gold film. Figure 9b,d show the resonance wavelength as a
function of magnetic-field intensity for parallel and perpendicular orientation, respectively. Overall,
the wavelength is nonlinear in magnetic-field intensity, which is mainly attributed to (i) the nonlinear
dependence of the RI of the MF on magnetic field, which usually follows a Langevin function [41]; and
(ii) the nonlinear sensitivity to RI of the SPR sensor, as shown in Figure 4. Nevertheless, the linear
regions were fitted to characterize the sensitivity of the device to magnetic-field intensity. For 0◦
and 90◦, the sensitivity to magnetic-field intensity is 0.692 nm/Oe (0~220 Oe) and −0.282 nm/Oe
(20~160 Oe), respectively.
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To make a clear comparison, we summarized the relevant-published works that use SPR and
MF for magnetic field sensing in Table 1. As we can see, the sensitivity to magnetic-field-intensity
achieved in this paper is competitive with the most reported results. More importantly, the employing
of side-polished FMF, which has a non-circularly-symmetric geometry and a relatively-smaller core
diameter compared to multimode fibers, makes the proposed senor possess the highest sensitivity
to magnetic-field-orientation.

Table 1. Comparisons between the smartphone-based and the traditional platforms.

SPR Scheme Simulation/Experiment Vector Sensitivity Reference

Prism Simulation No 0.061◦/Oe [28]
Side-hole fiber Simulation No 1.063 nm/Oe [29]
D-shaped PCF Simulation No 0.087 nm/Oe [30]

Metal-dielectric-Metal Simulation No 0.027 nm/Oe [42]
Tapered fiber Experiment No ~1.0 nm/Oe [31]
No-core fiber Experiment No 0.303 nm/Oe [32]

Tilted FBG Experiment Yes 0.18 nm/Oe
2 nm/◦ [21]

Side-polished MMF Experiment Yes 0.599 nm/Oe
−5.63 nm/◦ [33]

Side-polished FMF Experiment Yes 0.692 nm/Oe
−11.917 nm/◦ This work

4.4. Control Experiment

In the experiments, the applied magnetic-field’s relative orientation is modified by rotating the
sensor, which inevitably twists the optical fiber. To nullify any effect from a twisted fiber, which may
cause a further change in the fiber’s state of polarization and birefringence [43,44], we did a control
experiment in which the MF was replaced with distilled water and the sensor was rotated over several
full rotations. Figure 10a shows the transmission spectra for several rotation angles. Although the
spectrum fluctuates slightly, no clear shift in the transmission dip appears. The corresponding resonance
wavelengths are presented in Figure 10b. The largest shift in the resonance wavelength induced by
rotation is only ~2 nm, which is much less than what occurs when the SPR sensor is immersed in
the MF, as shown in Figures 7 and 8. Therefore, we conclude that, in these experiments, the shift in
resonance wavelength is induced by the magnetic-field intensity and the MF’s orientation-dependent
optical properties instead of by any twisting of the fiber that may be induced by rotating the sensor.
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4.5. Discussion

We have demonstrated a highly sensitive device to detect magnetic-field vectors. The device is
based on a side-polished-FMF SPR immersed in an MF. By exploiting the intrinsic high sensitivity of the
SPR to the RI and the strong magneto-optical effect in the MF, the proposed sensor is highly sensitive to
magnetic-field intensity. Additionally, the nonsymmetrical configuration of the side-polished fiber and
the anisotropic aggregation of MNPs around the fiber make the sensor highly-sensitive to the magnetic
field’s relative orientation. At a fixed magnetic-field intensity, the RI of the MF in the vicinity of the
side-polished surface is maximized when the magnetic field is parallel to the surface. Moreover, in the
parallel orientation, the RI of the MF increases with increasing magnetic-field intensity, causing the
resonance wavelength to redshift. On the contrary, in the perpendicular orientation, the resonance
wavelength blueshifts with increasing of magnetic-field intensity because the RI of the MF is smaller in
this orientation.

The measurement resolution is calculated using R = σ/S [45], where σ is the standard deviation of
the output noise, measured multiple times under the same conditions, and S is the sensor’s sensitivity.
In the present work, σ = 0.156 nm, which is determined mainly by the spectrometer’s performance.
As a result, the sensor resolution is calculated to be 0.225 Oe and 0.013◦ for magnetic-field intensity
and orientation, respectively.

A common problem with such MF-based sensors is the temperature’s effect on their performance,
which is due to the thermo-optical effect (about −10−4 RIU/◦C depending on the concentration of
MNPs) [41]. In our case, the RI sensitivity of the SPR sensor was determined to be 3693 nm/RIU for a RI
~1.385 (i.e., the RI of the MF under zero magnetic field). Therefore, we calculate the sensor’s temperature
sensitivity to be −0.369 nm/◦C. Then, considering the measured sensitivities of 0.692 nm/Oe (sensitivity
to magnetic-field intensity) and −11.917 nm/◦ (sensitivity to magnetic-field orientation), the error
induced by the temperature fluctuation will be 0.533 Oe/◦C and 0.031◦/◦C for magnetic-field intensity
and orientation, respectively. The temperature sensitivity is less than the magnetic-field sensitivity,
indicating that temperature is a minor factor in determining the proposed sensor’s performance.
Nevertheless, a method to eliminate or alleviate the temperature effect is desired and will be the subject
of a future presentation.

5. Conclusions

In summary, we proposed and investigated an optical-fiber-based magnetic-vector sensor that
offers high sensitivity to both the magnetic-field intensity and orientation. The proposed sensor
consists of an SPR sensor based on a side-polished FMF functionalized by immersion in an MF.
Experiments show that the maximal sensitivities of the proposed sensor can reach as high as 0.692
nm/Oe (to magnetic-field-intensity) and −11.917 nm/◦ (to magnetic-field-orientation). This high
sensitivity, compact size, and online detection scheme give the magnetic-vector sensor significant
potential for applications involving the detection of weak magnetic-field vectors.
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