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Abstract

Fabrication of magnetic materials via a facile and environmentally favorable process with
high self-heating performance is quite favored for biomedical applications. To tackle this
challenge, magnetic ferrite nanoparticles were developed through an ultrasonic-assisted
coprecipitation process. Magnetite (Fe3O4), magnetite doped with cobalt nanoparticles
(Co0.4Fe2.6O4), and magnetite doped with cobalt/zinc nanoparticles (Zn0.15Co0.25Fe2.6O4)
were synthesized using ultrasonic-assisted coprecipitation techniques. Specific loss power
(SLP) was estimated to optimize the heating influence under varied magnetic fields, coat-
ing agents, and dispersing solvents. Magnetite doped with cobalt/zinc nanoparticles
demonstrated elevated SLP 110 W/g with preferable hyperthermic performance, where
AMF conditions did not surpass the safety border for human exposure. The self-heating
performance of magnetite doped with cobalt/zinc nanoparticles increased with increasing
strength at a constant frequency. The self-heating performance of magnetite nanoparticles
increased with increasing frequency at constant strength. Hence, the prepared magnetite
doped with cobalt/zinc nanoparticles by the ultrasonic-assisted coprecipitation process
can be appropriate for biomedical applications.

Keywords: self-heating; magnetic ferrite nanoparticle; hyperthermia; biomedical applications

1. Introduction
Ferrite nanoparticles (FNs) have been widely used in environmental, industrial,

and biomedical fields [1–6]. FNs have special behaviors, like high magneto-crystalline
anisotropy and coercivity [7,8]. The composition, size, morphology, and magnetic behavior
were controlled by the conditions and selected fabrication process [9–11]. However, due to
factors that affect the fabrication techniques, a slight change in any parameter may result
in the obtained ferrite nanoparticles with special behaviors [1]. Thus, the influences of
medium, temperature, reaction pH, and time are investigated when fabricating materials
for certain fields [12,13]. However, FN agglomeration fosters magnetic behaviors as the
loss of size-dependent attitude in the particles [14]. Their self-heating efficiency is often
deficient, which is believed to be the essential challenge to the evolution of practical cancer
therapy [15–17]. Currently, two types of magnetic particles are utilized in clinical tests,
modified with polysaccharides and silica. Ferumoxytol was primarily tested as a con-
trast agent for MRI [18]. NanoTherm® nanoparticles were approved for the hyperthermia
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technique. Magnetite has an intrinsic magnetic ability that operates with an alternating
magnetic field (AMF) and releases energy by relaxation processes [2]. FNs that can raise the
temperature of the selected area >45 ◦C are fit for therapy [15]. A decrease in therapy time
is demanded for safe treatment. Size and chemical composition of magnetic nanostructures
plays a role in magnetization; control is important for the efficiency of treatment. Heating
performance is impacted by magnetic properties, field conditions, and nanoparticle size.
Specific loss power (SLP) is applied to estimate the energy amount per nanoparticle under
AMF [16–29]. It was detected that the particle size from 20 to 70 nm showed good thermal
efficiency [24]. Recorded values for SLP in the reports are 10–100 Wg−1 [26]. SLP is not a
fair hyperthermia parameter in comparison with other works because the input magnetic
energy is not pointed out and normalized. For the magnetic nanoparticle with bad hyper-
thermia performance, it still showed good SLP if the input high magnetic power is quite
large. The Intrinsic Loss Parameter (ILP) is the magnetic heating capability of a particle,
normalizing the SLP to H2 and f. This normalization creates a material-specific parameter
that is independent of the experimental conditions, allowing for accurate comparison of
heating properties across different tests and particles. ILP is a critical metric for estimating
MNP performance in magnetic hyperthermia treatments for conditions like cancer. Thus,
great efforts have been made to fabricate particles with high ILP. MNPs have numerous
advantages; they are biocompatible, thermal, colloidal, and chemically stable. However,
characteristics of synthesized MNPs depend on the synthesis technique used. That is why
we must choose the most convenient method for the application according to the properties
needed. The main challenge in the fabrication of magnetic materials is how to enhance the
monodisperse behavior of particles with high SLP by using simple and environmentally
friendly techniques. The stoichiometric equation for the preparation of magnetite via the
generally used chemical coprecipitation technique includes iron (II) and iron (III) salts in a
(1:2) molar ratio under alkaline conditions.

Fe2++2Fe3++8OH− → Fe3O4+4H2O

In spinel materials, variations in Fe2+/Fe3+ ratios often accompany the formation of cation
vacancies or changes in the crystal lattice, which affect the overall structure. Using a
non-stoichiometric ratio enables us to gain insight into their chemical and physical be-
havior. Tuning the compositions is critical to improving the magnetic properties, which
valuably assists in enhancing the hyperthermia performance of magnetic nanoparticles.
The current work aimed to fabricate magnetic ferrite nanoparticles using ultrasonic-assisted
coprecipitation. This technique remarkably affects nanoparticle fabrication by producing
small, uniform particles with high surface area for leading dispersion compared to con-
ventional techniques. This is carried out through the cavitation impact of an ultrasound,
which produces localized high temperature and pressure that support nucleation and
decrease particle growth. The particles were fabricated with environmentally friendly tech-
niques without organic solvents and an effortless process with inexpensive components.
The fabricated particles show superior self-heating efficiency by producing energy with
AMF. In this work, self-heating performances of magnetite (Fe3O4), magnetite doped with
cobalt nanoparticles (Co0.4Fe2.6O4), and magnetite doped with cobalt/zinc nanoparticles
(Zn0.15Co0.25Fe2.6O4) were fabricated by ultrasonic-assisted coprecipitation techniques. The
thermal and self-heating behaviors of the nanoparticles were determined based on SLP.
SLP was estimated to optimize the heating impacts under varied magnetic field conditions.
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2. Materials and Methods
2.1. Materials

FeCl3·6H2O (≥99%), FeCl2·4H2O (≥99%), CoCl2·6H2O (≥98%), ZnCl2 (≥98%), and
ammonium hydroxide (concentration 16.4 mol/L) were ordered (Sigma Aldrich, St. Louis,
MO, USA).

2.2. Magnetite Nanoparticles (Fe3O4) Fabrication

FeCl3·6H2O (0.59 mole) and FeCl2·4H2O (0.399 mole) were mixed in distilled water
(DW) (50 mL) at 60 ◦C until complete homogenous solution was obtained. Ammonium
hydroxide (20 mL) was added dropwise and stirred in a sonicated bath (YNLH0306-20,
Yunyisonic, Shenzhen, China, frequency: 20 kHz automatic tracking, ultrasonic power:
2200 W, temperature: 25 ◦C) for 30 min. The precipitate of magnetite nanoparticles was
washed with DW and then dried (sample S1).

2.3. Magnetite Doped with Cobalt Nanoparticles (Co0.4Fe2.6O4) Fabrication

FeCl3·6H2O (0.59 mole), FeCl2·4H2O (0.399 mole), and CoCl2·6H2O (0.199 mole)
were mixed in DW (50 mL) at 60 ◦C until a complete homogenous solution was obtained.
Ammonium hydroxide (20 mL) was added dropwise and stirred in a sonicated bath
(frequency: 20 kHz automatic tracking, ultrasonic power: 2200 W, temperature: 25 ◦C) for
30 min. The precipitate of nanoparticles was washed with DW and then dried (sample S2).

2.4. Magnetite Doped with Cobalt/Zinc Nanoparticles (Zn0.15Co0.25Fe2.6O4) Fabrication

FeCl3·6H2O (0.59 mole), FeCl2·4H2O (0.399 mole), CoCl2·6H2O (0.199 mole), and
ZnCl2 (0.199 mole) were mixed in DW (50 mL) at 60 ◦C until a complete homogenous
solution was obtained. Ammonium hydroxide (20 mL) was added dropwise and stirred
in a sonicated bath (frequency: 20 kHz automatic tracking, ultrasonic power: 2200 W,
temperature: 25 ◦C) for 30 min. The precipitate was washed with DW and then dried
(sample S3). For coating with sodium citrate, particles (0.1 g) were added to a solution of
(0.5 g sodium citrate (≥99%, Sigma Aldrich, MO, USA), in 25 mL DW) and mixed via an
ultrasonic bath for 4 h.

2.5. Hyperthermia Performance

Nanoparticle sample (50 mg) was dissolved in distilled water (6 mL). Heating per-
formance, affecting a quasi-adiabatic regime in the first ten seconds, was measured. The
temperature was measured using an Osensa optic temperature, PRB-100, OSENSA Innova-
tions, Burnaby, BC, Canada, measurement cable. SLP values were investigated to optimize
the heating performance by using varied field conditions of frequency (f ) and magnetic
field (H).

SLP = [Cp/m] × [dT/dt]

where dT/dt (time/dependent temp.), Cp (4.184) and m (mass).

2.6. In Vitro Cytocompatibility Test

The toxicity of the fabricated samples was investigated using culturing NIH-3T3
cells (Dojindo Laboratories, Kumamoto, Japan) by a WST assay. The seeding density of
5 × 104 cells/well in a 24-well plate was measured, and cell were incubated for one day in
DMEM (Dulbecco’s Modified Eagle Medium, Hyclone, Logan, UT, USA) supplemented
with 10% FBS (Fetal Bovine Serum, Hyclone, UT, USA) and 1% antibiotics. Then, the
culture medium (1 mL) containing the nanoparticles was added to the cells and incubated
for an additional day. The sample solution was removed and washed with DPBS. Then,
fresh culture medium (0.5 mL) and WST assay solution (0.05 mL, Dojindo Laboratories,
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Kumamoto, Japan) were added and incubated for two hours. An amount of 0.1 mL of
the solution from the well was moved to a new plate, and the absorbance at 450 nm
was investigated using a microplate reader. Ac and As are absorbances of control and
solution samples, respectively. The cell viability was normalized to the control using the
following formula:

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

2.7. Characterizations

Hydrodynamic diameter is provided by dynamic light scattering (DLS). DLS and Zeta
potential measurements were recorded using a Zeta-potential and Particle Size Analyzer
(ELSZ-2000; Photal Otsuka Electronics, Osaka, Japan). For DLS and Zeta potential tests,
a suspension of 50 mg nanoparticles in 6 mL deionized water to obtain a ferrofluid at a
concentration of 8.3 mg mL−1 was subjected to ultrasound (5 min) before the analyses;
the corresponding pH values for Zeta potential measurements were 3.8, 4, 4.3, and 4.1
for S1, S2, uncoated S3, and coated S3, respectively. The metal contents were measured
by inductively coupled plasma-optical emission spectroscopy (ICP-OES; Optima 8300,
PerkinElmer, Waltham, MA, USA). An amount of 0.1 g of the nanoparticles dispersed in
25 mL D.I. water (Deionized Water) was subjected to ultrasound before the analyses. The
quantitation range for cost elements was 50 ppm for ICP-OES. The sample was made using
an aqueous nitric acid solution. Additional dilution was performed to make the sample
concentration according to the specified range. Nanoparticles phases were detected with
XRD (X-ray Diffraction, Rigaku, Tokyo, Japan). The Scherrer equation was utilized to detect
the crystallite size (grain):

Dp =
Kλ

βcosθ
(1)

where grain sizes (Dp), β (FWHM), λ (1.5406), K (constant), θ (angle).

Magnetic behavior was detected using VSM Lake Shore 7400 series; Lake Shore Cryotronics,
Westerville, OH, USA). UV-spectrophotometer (V-570, JASCO, Tokyo, Japan). Morphologies
were detected with TEM (Transmission Electron Microscopy, Tecnai G2S Twin; Philips,
Hillsboro, OR, USA).

3. Results
3.1. Particles Characterization

Tuning the compositions and sizes is critical to improving magnetization, which valu-
ably assists in enhancing hyperthermia performance of nanoparticles. Magnetite nanoparti-
cles (sample S1), magnetite doped with cobalt nanoparticles (sample S2), and magnetite
doped with cobalt/zinc nanoparticles (sample S3) were fabricated using ultrasonic-assisted
coprecipitation without organic solvents and with inexpensive components. The size and
the morphology were studied using TEM (Figure 1). The size of the fabricated samples S1,
S2, and S3 were 12.3 ± 3.2, 8 ± 2, and 25 ± 5 nm, respectively. DLS was used to investigate
the mean hydrodynamic size. The sizes were 237, 302, and 575 nm for S1, S2, and S3,
respectively (which was higher than that obtained using TEM analysis).

Surface charge was detected with Zeta potential values, which is an indicator of
colloidal stability. The Zeta potentials of the fabricated samples S1, S2, and S3 were −39.32,
29.38, and 15.65 mV, respectively.

XRD was utilized to detect the crystallite size (grain) by the Scherrer equation and to
identify the type of magnetic phase by matching the detected diffraction peaks with known
patterns for specific nanoparticles (Figure 2). The peaks correspond to ICSD (98-015-8742)
and were detected for the dominant magnetite nanoparticles phase (Fe3O4). The ferrite
crystalline behaviors of magnetite doped with cobalt nanoparticles and magnetite doped
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with cobalt/zinc nanoparticles were detected with JCPDS (221086). The estimated sizes for
the fabricated samples S1, S2, and S3 were 11.7, 8, and 14.5 nm, respectively.

 

Figure 1. TEM and DLS of the fabricated samples S1, S2, and S3.

Figure 2. XRD of the fabricated samples S1, S2, and S3.

UV–Vis spectroscopy was used to detect the optical properties of the fabricated ferrites
(Figure 3). The distinguishing peaks for ferrites were mainly located on the wavelength
(nm) scale from 300 nm to 600 nm. The band gap energy for samples S1, S2, and S3 were
2.35, 2.50, and 2.4 eV. The lower level in the band gap could influence the photocatalytic
character of the materials by minimizing the light needed for the reactions.
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Figure 3. UV-Vis of the fabricated samples S1, S2, and S3.

The magnetic behavior for the fabricated magnetic particles was detected by VSM
(Figure 4). Studying magnetic nanoparticles (MNPs) using VSM at room temperature is
a standard method to determine their magnetic properties, particularly hysteresis loops
which reveal parameters like saturation magnetization (Ms), remanence (Mr), and coercivity
(Hc). It gives insights into the MNPs’ potential applications, such as in magnetic hyperther-
mia by considering their restraint to the magnetic field and how they retain magnetization
after the field is removed. Values of Hc, Mr, Ms, and squareness from the hysteresis loop
were studied. The magnetization (M) and strength (H) curve confirmed the hysteresis loop
and suggested the ferromagnetism of the fabricated particles. Magnetization saturation
(Ms) values were 41.9, 50.7, and 50.6 emu/g for S1, S2, and S3 (Figure 4). The coercivity
(Hc) values were 43, 190, and 247 Oe for S1, S2, and S3, respectively. The remanence values
(Mr) were 3.8, 10.75, and 10.71 emu/g for samples S1, S2, and S3. Reduced remanence (SQ)
[Mr/Ms]: The reduced remanence (SQ) values were 0.09, 0.212, and 0.211 emu/g for S1, S2,
and S3.

Figure 4. Magnetic properties of the fabricated samples S1, S2, and S3.
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3.2. Hyperthermia Performance

Ferrite nanoparticles were able to produce thermal energy under alternative magnetic
field (AMF) (Figure 5). For high-performance hyperthermia impact, magnetic nanoparticles
should be a small size with a high magnetic saturation value. Increasing temperature is
the basis for cancer treatment via induction heating techniques. The thermal time desired
to gain 45 ◦C is influenced by several conditions such as magnetic field, medium, and
concentration and particle size. The heating performances of the fabricated samples are
listed In Table 1.

Table 1. The heating performances of the fabricated samples.

Sample The Heating
Performance (◦C) Magnetic Field Condition The Safety Limit

S1

2.5 f = 106.6 kHz, H = 20 kA/m

Under the safety limit
1.8 f = 159.8 kHz, H = 13.5 kA/m

4.3 f = 269.9 kHz, H = 13.5 kA/m

6.3 f = 381.6 kHz, H = 12.7 kA/m

7.6 f = 614.4 kHz, H = 9.5 kA/m Over the safety limit

7.3 f = 97 kHz, H = 40 kA/m
Under the safety limit

8.6 f = 97 kHz, H = 50 kA/m

S2

0.66 f = 106.6 kHz, H = 20 kA/m

Under the safety limit
0.27 f = 159.8 kHz, H = 13.5 kA/m

0.4 f = 269.9 kHz, H = 13.5 kA/m

0.6 f = 381.6 kHz, H = 12.7 kA/m

0.2 f = 614.4 kHz, H = 9.5 kA/m Over the safety limit

16.18 f = 97 kHz, H = 40 kA/m
Under the safety limit

32.3 f = 97 kHz, H = 50 kA/m

S3

1.6 f = 106.6 kHz, H = 20 kA/m

Under the safety limit
1.6 f = 159.8 kHz, H = 13.5 kA/m

3.8 f = 269.9 kHz, H = 13.5 kA/m

3.4 f = 381.6 kHz, H = 12.7 kA/m

0.8 f = 614.4 kHz, H = 9.5 kA/m Over the safety limit

30.2 f = 97 kHz, H = 40 kA/m
Under the safety limit

47.2 f = 97 kHz, H = 50 kA/m

The heating performances were evaluated at constant H = 13.5 kA/m, while changing
f (159.8–269.9 kHz) (Figure 5b,c). The heating performance of sample S1 improved with
the change f from 159.8 to 269.9 kHz. The temperature increased to 1.7 ◦C and 4.1 ◦C after
170 s under AMF applications at 159.8 and 269.9 kHz. As a result, the thermal performance
of sample S1 elevated as the f increased under a constant H.

The heating performances were evaluated at a constant f = 97 kHz, while changing f
40–50 kA/m (Figure 5f,g). The heating performance improved as the strength increased. In
sample S3, the temperature increased to 24.4 ◦C and 45 ◦C after 190 s of 40 and 50 kA/m.
As a result, the thermal performance of sample S3 elevated as the H increased under a
constant f.
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(g) 

Figure 5. The heating performance of fabricated samples S1, S2, and S3 at (a) f = 106.6 kHz,
H = 20 kA/m, (b) f = 159.8 kHz, H = 13.5 kA/m, (c) f = 269.9 kHz, H = 13.5 kA/m, (d) f = 381.6 kHz,
H = 12.7 kA/m, (e) f = 614.4 kHz, H = 9.5 kA/m, (f) f = 97 kHz, H = 40 kA/m, and (g) f = 97 kHz,
H = 50 kA/m.
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The heating performances were evaluated under the conditions of low H and high f
(Figure 5a,d,e). Under H = 20 kA/m, the highest heating performance (2.5 ◦C) was detected
for sample S1. Under H = 12.7 kA/m, the highest heating performance (6.3 ◦C) was detected
for sample S1, while the lowest heating performance (3.4 ◦C) was detected for sample S2.
Under H = 9.5 kA/m, the highest thermal performance (7.6 ◦C) was detected for sample S1.
The lowest thermal performance (0.84 ◦C) was detected for sample S2. This is because fields
may not be sufficient to saturate the magnetization of the sample S2. In Table 2, the results
of this research compared to those gained by conventional coprecipitation techniques are
presented [29–37].

Table 2. Compared the results of this research and conventional coprecipitation techniques.

Nanoparticles Type Size (nm) Ms (emu/g) SLP (W/g) Ref.

Magnetite 10 3 20 [29]
Magnetite 7.5 10 15.5 [30]
Cobalt ferrite 7 32.3–73.1 11–289 [31]
Cobalt ferrite 16.2 68 90.2 [32]
Cobalt ferrite 9–10 59.56 51.8 [33]
Zinc cobalt ferrite 13 70.23 114.98 [34]
Magnetite 12 41.9 75.35 This study
Magnetite doped with cobalt 8 50.7 11.69 This study
Magnetite doped with cobalt/zinc 25 50.6 110 This study

In a medical context, a particle that aggregates easily can cause fatal embolism. The
particles exhibit a wide distribution with varied aggregation behavior, which is a major
drawback for clinical use, where uniform and stable dispersion is required. Agglomeration
significantly reduces heating efficiency. The lower heating efficiency indicates that the
sample is dependent on the applied field and agglomeration, which is probably caused by
the low stability of the suspension. For instance, the unexpectedly low heating performance
of sample S2 was explicitly blamed on extended nanoparticles agglomeration, which leads
to a reduction in power dissipation. Composition modification of particles via insertion of
a hydrophilic shell could improve their dispersion and heating impact. Magnetite nanopar-
ticles are oxidized in an atmospheric state. This lack of phase purity means the magnetic
properties, and thus the heating efficiency, could degrade over time if the particles are not
perfectly stored or coated. We tried to overcome this challenge by coating the sample S3
with surfactants (i.e., sodium citrate) to decrease their aggregation and increase their stabil-
ity. The aggregation between nanoparticles of coated sample S3 was decreased as shown
by TEM (Figure 6). In addition, the Zeta potential of coated sample S3 shows enhanced
stability with higher Zeta potential compared to uncoated sample S3. Sodium citrate was
used as a coating agent for magnetite doped with cobalt/zinc nanoparticles. It could
improve the charge surface particles for colloid stability and biocompatible properties.

For hyperthermia efficiency, the heating performance was evaluated at varied field
strengths. The heating performance of magnetite doped with cobalt/zinc nanoparticles
was optimized with a field strength of 50 kA/m. SLP value was calculated by employing
the influence of the coating agent and dispersing solvent to evaluate and optimize the
hyperthermia performance.

The impact of the coating agent on SLP was detected; it reduced SLP slightly to
104 W/g (with coating agent) from 110 W/g (without coating agent). The shape modulation
and size of particles could result in tuned magnetic properties and further shift the heating
performance. The surface-coated layer on the particles protects the core from oxidation,
thereby enhancing compatibility and stability for biomedical applications.
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Figure 6. (a) TEM, and (b) Zeta potential of the fabricated coated sample S3 with sodium citrate.

To evaluate Néel/Brownian contributions to thermal generation, magnetite doped
with cobalt/zinc nanoparticles was mixed with glycerol as a high-viscosity solvent. The
heating performance decreased with increasing exposure time (Figure 7). The solvent
viscosity had a dramatic impact on SLP, reducing it from 110 W/g (water as a solvent) to
7 W/g (glycerol as a solvent). This confirmed that glycerol restricts heat transfer under AMF.
Brownian relaxation is restricted by the particles’ viscosity, which minimizes the rotation of
the particles in the solvent. The medium viscosity impacts the heating performance with a
Brownian mechanism, and SLP was reduced.

Figure 7. The heating performance at H = 50 kA/m for sample S3 (a) without coating agent, (b) with
coating agent, (c) with glycerol.

The cytotoxicity of uncoated sample S3 and coated sample S3 with sodium citrate was
studied using in vitro culture with NIH-3T3 fibroblasts (Figure 8). The cell viability for the
coated sample S3 particle remained comparatively high, up to 0.5 mg/mL to the control
sample, showing that the fabricated particles have a low toxicity. Decrease in cell viability
for uncoated sample S3 may be associated with agglomeration, which is probably caused
by the low stability of the suspension. Cobalt and zinc can be toxic when they leach from
the magnetic core. Citrate coating could improve biocompatibility, where this coating could
prevent metal ions leaching in a biological environment.
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Figure 8. The cytocompatibility tested using a WST assay for the uncoated sample S3 and coated
sample S3 with sodium citrate.

4. Discussion
Size and morphology importantly affect a nanoparticle’s surface area, reactivity, and

magnetic behavior, all of which are critical for its function. The fabricated nanoparticles
have a wide distribution with varied aggregation behavior. The standard deviations
of the particle size come from measuring many individual particles within one single
batch. This only shows that the particles in that specific batch have a distribution of sizes.
This is a measure of polydispersity, not experimental reproducibility. Sample S2 showed
the smallest size, while inserting zinc in the matrix led to size increase and aggregation.
Aggregations are due to dipole/dipole interaction and high surface energy [19]. DLS
displays statistical values about hydrodynamic size. Samples show a wider distribution of
sizes. DLS analysis performance depends on various parameters such as the particle size,
sample shape, concentration, pH, polydispersity, and surface behavior. Scattering may not
be enough to have proper detection for a diluted sample. Otherwise, multiple scattering
can occur for a concentrated sample.

Sample S3 showed the lowest stability with small electrostatic repulsive force. In
contrast, sample S1 exhibited the highest Zeta potential value, which indicates that the
particles may show high stability [20–22]. The measurement of ferrites exhibits a positive
Zeta potential, where it could protonate (H+) at low pH. In addition, doping with positive
ions (incorporating transition metal, e.g., Fe3+, Co2+, Zn2+) during fabrication can further
enhance the positive surface charge. Zeta potential near ±30 mV is confirmed to be
associated with stability (presence of high repulsive forces between the particles). Stability
is important to obtain expected and regular results [23–25].

The detected peaks at (440), (511), (422), (400), (311), and (220) were approved for the
dominant ferrite. However, the presence peaks at (104) (024), (116), and (113) confirmed
maghemite (Figure 2) [21,35]. Magnetite nanoparticles could be oxidized in an atmospheric
state. A decrease in peak position towards lower 2θ with a decrease in peak intensity was
because of the insertion of zinc. The indexed peaks were wide because of small crystallites.
The peak extent is affected by strain impact and crystallites.

The ferrite nanoparticles showed high absorption in the visible/near-IR scale, which
may be for d-orbital transition. The peak around 400 nm belongs to ferric ions in a
tetrahedral coordination [21].

Sample S2 showed the highest magnetization saturation (Ms), which with field increase
exerts no improved impact on magnetization and reached saturation. A superparamagnetic
condition was reported for cobalt ferrite with size 4.8 nm and Ms 48.8 emu/g [22]. The
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magnetization (Ms) is enhanced with the nanoparticle size increased to a maximum, near
the bulk magnetization value. Sample S1 showed the lowest coercivity (Hc) as soft magnetic
particles, which is the reverse field value wanted to minimize the magnetization from
remanence to zero under the reversing field. Samples S2 and S3 showed high coercivity
(Hc), where cobalt ions have a primary impact in demonstrating hard magnetic behavior.
Sample S1 showed the lowest residual magnetism (Mr), which is the value of magnetization
left in a ferromagnetic particle after the field is gone. ZFC/FC (Zero-Field Cooled/Field
Cooled) curves are not available. Without ZFC/FC, the blocking temperature cannot be
definitively stated, which is essential to prove that the particles will not clump inside a
human body at 37 ◦C.

In this work, the heating performances were investigated by using varied magnetic
field conditions to optimize the heating impacts (Figure 5). With time, the temperature was
elevated in a linear fashion and then slowed down to a saturation region (Figure 5). In a
shorter time, the ferrites nanoparticles became heated rapidly, and by increasing frequency
the thermal efficiency increased. Ferrites have high thermal impact with a minimum dose
for rapid therapy. When comparing the thermal performance of the fabricated samples,
sample S3 showed the highest performance. The magnetic coupling between hard and
soft phases may enhance magnetic behavior and anisotropy and possibly result in the
improvement of heat-generation efficiency for sample S3. For active hyperthermia therapy,
the temperature should reach 6–8 ◦C to gain (43–45 ◦C). Hyperthermia techniques require
a high magnetic field with high frequency, which is much more challenging for clinical
application. This situation requires the development of a material with high efficiency for
innovative therapy strategies that minimize side effects and increase treatment effectiveness
with minimal technical requirements for clinical applications.

This study’s limitation is statistical repeats. The error bars for heating data in the
manuscript currently represent measurement variance within a single sample (internal
statistics) but do not reflect experimental reproducibility (repeats). This does not account
for human error, sample-preparation variability, or environmental factors. It is a theoretical
limit, not an experimental measurement.

It is pivotal to maintain H and its f under the safety limit. The safety limit is equal to
H × f and should be C ≤ 5 × 109 A/ms to reduce side impacts [24–36]. In our research, C
was 3.8–4.8 × 109 A/ms for H = 40–50 kA/m. At H = 13.5 kA/m, with f = 159.8–269.9 kHz,
C was 2.1–3.6 × 109 A/ms. These rates did not surpass the safety border. However, with
H = 9.5 kA/m, the value of C was 5.8 × 109 A/ms, which slightly surpasses the safety
border. In this work, sample S3 showed the highest ILP 0.45 nHm2/kg with f = 97 kHz
and H = 50 kA/m, regarding safety consciousness on the Atkinson–Brezovich limit (H × f ).
It was reported that magnetite nanoparticles coated with chitosan showed rapid tumor
inhibition via magnetic hyperthermia treatment with ILP = 9.0 [36]. In another report
magnetite nanoparticles/PEG exhibited high magnetic hyperthermia performance with
ILP = 1.22 [37]. Fuentes-García et al. prepared magnetite nanoparticles via sonochemical
technique with good heating performance (ILP = 0.72) [38]. SLP has been utilized to
measure absorbed energy per mass of nanoparticles under AMF. In this study, sample
S3 demonstrated the highest SLP 110 W/g with f = 97 kHz and H = 50 kA/m, where
AMF conditions did not surpass the safety border. Sample S1 detected SLP 75.35 W/g at
f = 614.4 kHz and H = 9.5 kA/m. Sample S3 exhibited SLP 44.09 W/g with f = 269.9 kHz,
while sample S2 showed the lowest SLP 11.69 W/g with f = 159.8 kHz. The detected
decrease in SLP was because of an extended nanoparticle agglomeration under AMF,
resulting in a power dissipation reduction and minimized heating efficiency. Great efforts
have been made by researchers to gain the smallest nanoparticles possible and to enhance
SLP. Bauer et al. fabricated Zn-doped Fe3O4 with SLP 1019.2 W/g with H = 16 kA/m
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and f = 380 kHz; however, that condition surpassed the safety limit 5 × 109 A/ms [25].
Dadfar et al. fabricated citrate-shelled superparamagnetic particles with SLP 350 W/g at
H = 46 kA/m and f = 186 kHz [27]. SLP (150 W/g) was obtained with H = 20 mT and
f = 205 kHz [28]. Coated Fe3O4 exhibited higher SLP (119 W/g) than the uncoated one [29].

5. Conclusions
Magnetic ferrite nanoparticles were fabricated with ultrasonic-assisted coprecipitation

techniques to attain nanoparticles with high hyperthermia performance. Magnetite doped
with cobalt/zinc nanoparticles exhibited the highest SLP 110 W/g under AMF condi-
tions and did not surpass the safety border. Magnetite doped with cobalt nanoparticles
showed the lowest heating performance. The heating performance of magnetite doped
with cobalt/zinc nanoparticles increased as the strength increased, while the self-heating
performance of magnetite nanoparticles increased as the frequency increased. As a result,
the heating performance of magnetite doped with cobalt/zinc shows promise in the field
of hyperthermia.
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