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This study investigates the inductive heating behavior of CuFe20s magnetic nanoparticles (MNPs) for potential
application in magnetic hyperthermia. CuFe204 nanoparticles were synthesized using the sol-gel autocombustion
method and subjected to annealing at 400°C and 800°C to assess the effect of thermal treatment on their structural and
magnetic properties. X-ray diffraction (XRD) analysis revealed a phase transition from the cubic spinel structure
(Fd3m) in the as-prepared samples to a tetragonal phase (I141/amd) after annealing, with particle sizes ranging from 20
to 30 nm. Transmission electron microscopy (TEM) confirmed spherical morphology and uniform particle distribution,
while vibrating sample magnetometry (VSM) measurements showed that annealing significantly influenced the
saturation magnetization and coercivity, key parameters for heating performance. Specific absorption rate (SAR) and
intrinsic loss power (ILP), estimated using Box-Lucas and Newton cooling models, demonstrated that the nanoparticles
maintained strong heating efficiency across thermal treatments, with SAR values of ~30-32 W/g. The results suggest
that CuFe204 nanoparticles are promising candidates for magnetically guided hyperthermia applications, with tunable
properties that can be optimized for clinical readiness.
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Introduction of this process depends not only on the external magnetic
field parameters but also on the intrinsic magnetic and
structural properties of the nanoparticles themselves.
Copper ferrite (CuFe,04) [8], a type of spinel ferrite,
offers tunable magnetic characteristics and good chemical
stability, making it a compelling material for inductive
heating applications.

Magnetic hyperthermia [9] is an advanced cancer
treatment technique that employs magnetic nanoparticles
to produce localized heating when subjected to an
alternating magnetic field (AMF). This localized heating
leads to the targeted destruction of cancer -cells.

Magnetic nanoparticles have gained significant
attention in recent years due to their unique magnetic [1],
thermal [2], and chemical properties [3], which make them
promising candidates for a wide range of technological [4]
and biomedical applications [5]. Among these, magnetic
hyperthermia stands out as an innovative approach for
localized heating [6], particularly in cancer treatment [7],
where controlled thermal energy can selectively destroy
tumor cells while sparing healthy tissues. The efficiency
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Commonly used materials for this procedure include iron
oxide (Fe304), and other ferrites. These nanoparticles are
often functionalized to enhance their stability and
biocompatibility. Typically, the nanoparticles range in
size from 5 to 100 nm in diameter [10 - 13].

In magnetic hyperthermia an alternating magnetic
field with a specific frequency and amplitude is applied to
the nanoparticles. Heat is generated through two primary
mechanisms: Néel relaxation [14], which involves the
reorientation of the magnetic moment within the particle,
and Brownian relaxation [15], which involves the physical
rotation of the entire nanoparticle in the fluid.

The primary advantage of using nanoparticles in
hyperthermia is their ability to generate heat locally,
increasing the temperature of the surrounding tissue to the
therapeutic range of 42-45°C [16]. This temperature range
selectively damages cancer cells more than normal cells
due to the higher susceptibility of cancer cells to heat.
Elevated temperatures induce protein denaturation [17],
disrupt cellular functions [18], and increase cell
membrane permeability [19], leading to loss of membrane
integrity and subsequent cell lysis [20]. This precise
thermal targeting enhances the efficacy of the treatment
while minimizing damage to healthy tissues.
Hyperthermia induces heat shock proteins (HSPs) [21],
which can enhance antigen presentation and stimulate an
immune response against tumor cells. Increased
infiltration of immune cells such as macrophages and
lymphocytes are often seen in treated areas, aiding in
tumor clearance.

The main aim of this article is to investigate the
inductive heating behavior of copper ferrite magnetic
nanoparticles and to identify the key material and
magnetic parameters that optimize their heating efficiency
for potential applications in magnetic hyperthermia.

I. Materials and Methods

Copper ferrite (CuFe,O4) nanoparticles were prepared
by the sol-gel autocombustion method [22]. Iron nitrate
(Fe(NOs)3-9H,0), copper nitrate (Cu(NOs),-:3H,0), and
citric acid (C¢HsO7) were combined in stoichiometric
amounts, with citric acid serving as fuel. The mixture was
dissolved in distilled water, stirred, and the pH adjusted to
7 [23] using aqueous ammonia. After drying, the resulting
gel was heated at 250-300°C, triggering a self-sustaining
combustion reaction that produced porous copper ferrite
powder. Samples were labelled RT (as-prepared,
unannealed) and C400, and C800 according to annealing
temperatures of 400°C, and 800°C, respectively.

X-ray diffraction (XRD) studies were conducted
using an Empyrean PANalytical powder diffractometer
(Malvern Panalytical, Malvern WR14 1XZ, UK) with
Bragg—Brentano geometry. Data were collected over a 26
range from 20° to 90° with a step size of 0.033° and an
acquisition time of 25 minutes per pattern, following a 20-
minute temperature stabilization period.

The microstructural characterization of the
nanopowders was performed using a transmission electron
microscopy (TEM) FEI Tecnai G2 20 (FEI, Hillsboro,
OR, USA) with a LaB6 cathode operating at acceleration
voltage 200 kV.
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The magnetic properties of the CuFe,O4 samples were
characterized using a LakeShore 7407 vibrating sample
magnetometer (VSM, Westerville, USA) at room
temperature and during heat treatment in air.

The equipment used to assess the magnetic
hyperthermic effect included a chamber designed to hold
0.4 mL of the sample. This sample was positioned in a
polymer Eppendorf tube, paired with an optical fibre
temperature sensor linked to a temperature recording
system [24, 25]. For accurate placement and thermal
insulation during heating, the sample was set at the centre
of an induction coil, using a polymer supporter of 2.5 cm
diameter. The magnetic field was produced by the EASY
Heat 0224 FFC CE induction heating generator from St.
Louis, MO, USA. A water-cooling system (TEXA
TCWI12NBSBCP0000, Pegognaga, Italy) was employed
to maintain the induction coil's temperature. Tests were
conducted by adjusting the generator's power between
0.6-1.6 kW, correlating to a magnetic field strength (H) of
23.8-35.7 kA/m; an H value of 23.8 kA/m was chosen for
SAR determination.

II. Results and discussion

2.1. Structural Studies

X-ray diffraction (XRD) analysis was conducted to
investigate the phase composition and crystal structure of
the CuFe,0, nanoparticles, with results shown in Figure
1(a). The as-prepared sample exhibited diffraction peaks
corresponding to the cubic spinel structure (space group
Fd3m). After annealing, the diffraction pattern shifted,
indicating a transition to the tetragonal phase (space group
14)/amd), reflecting structural reorganization driven by
thermal treatment. The average crystallite sizes, estimated
from peak broadening using the Scherrer equation [26],
were found to range between 20 and 30 nm across the
samples.

Transmission electron microscopy (TEM), Figure
1(b), was used to examine the morphology and size
distribution of the synthesized CuFe,O4 nanoparticles,
with representative images shown in Figure 1 (b). The
TEM analysis revealed predominantly spherical particles
with relatively uniform size distributions, confirming
successful synthesis. The average particle size was
consistent across samples, with slight growth observed
after annealing, reflecting the influence of thermal
treatment on particle coarsening and crystallinity. These
structural observations complement the magnetic
measurements, helping to explain the variations in SAR
performance with annealing.

2.2. Magnetic Studies

The vibrating sample magnetometry (VSM)
measurements (Figure 2) reveal how annealing
temperature affects the magnetic properties of CuFe,O4
nanoparticles. The saturation magnetization (Ms)
increases markedly from 23.39 emu/g for not annealed
sample to 58.01 emu/g after annealing at 400°C,
indicating enhanced magnetic ordering and crystallinity.
However, at 800°C, Mg decreases to 37.85 emu/g, likely
due to particle growth, surface effects, or partial phase
changes. Coercivity Hc steadily increases with annealing,
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Fig. 1. (a) XRD diffraction patterns of CuFe,O4 samples, as-prepared and annealed at 400°C and 800°C;
(b) TEM image of CuFe>O4 sample.
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Fig. 2. VSM magnetization curves
nanoparticles.

0
of CuFe,0,

from 415.5 Oe (RT) to 768.1 Oe (800°C), reflecting
changes in magnetic anisotropy and domain structure [27].

2.3. Inductive Heating Studies

The heating abilities of the CuFe,O4 samples were
evaluated using heat-response curves in a magnetic field.
Figure 3 presents the experimental heat-response curves
of CuFe,O4 (non-annealed, and annealed at 400°C, and
800°C) colloidal nanoparticles, tested under an alternating
magnetic field of 23.8 kA/m and 357 kHz (scheme 1).

Each of these samples was assessed at a concentration
of 1 mg/L [28]. To reproduce a tissue-like setting, the
samples were dispersed within an agar matrix. Research
indicates that an agar concentration of up to 4 wt%
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Scheme 1. General scheme of magnetic induction heating
process.

exhibits porosity and density akin to soft tissue [29].
Therefore, this study employed an agar concentration of
2wt%, emulating the properties of soft tissues. The
preparation of these agar-encased emulsion samples
adhered to the methodology outlined by Serantes et al.
[30]. Initially, the sample was placed in a hot water-bath
sonicator at 70°C for 10 minutes. Subsequently, 4 mg of
agar (sourced from Sigma-Aldrich) was integrated into the
emulsion, ensuring a final agar concentration of 2 wt%
without altering the emulsion's concentration. This agar-
infused liquid sample underwent an additional 60 minutes
of sonication to achieve a uniform dispersion. This
mixture was then swiftly transferred to a specially
designed sample holder situated at the core of an
electromagnet. It was imperative to maintain a consistent
sample volume across all tests to ensure the accuracy of
the SAR measurements.
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Fig. 4. Box-Lucas fitting of the time-dependent temperature rise curve for the synthesized magnetic CuFe,04
nanoparticles, RT and annealed at 400°C, and 800°C, measured under 23.8 kA/m and 357 kHz alternate magnetic
field.
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Fig. 3. Heating response curves of CuFe;O4 (RT and
annealed at 400°C and 800°C) colloidal nanoparticles
measured under 23.8 kA/m and 357 kHz alternate
magnetic field.

2.3.1. Box Lucas Method

Once the magnetic material's temperature stabilizes,
the temperature rise curve is fitted using the Box-Lucas
approach. This method is non-adiabatic and relies on
Newton's law of cooling principles. The Box-Lucas
method (Figure 4) is used to determine the Specific
Absorption Rate (SAR) using the following equation [31-
33]

T(t) = a[l —exp (=b(t — to))] (M
in this context, (to) represents the initial time offset
(20 seconds), while (a) and (b) are parameters derived
from fitting the Box-Lucas equation to the experimental
data. The SAR is then calculated using the expression:

2

M

SARBox-Lucas = M_z x C(a x b)
where C is the specific heat capacity of the medium (for
2 wt% agar solution C = 4.13 J g''C"), Ms is the mass of

suspension (i.e. 1.5g), and Mn is the mass of the
nanoparticles in the suspension (i.e. 0.01g).
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Table 1.
Specific absorption rate (SAR), intrinsic loss power (ILP), of RT-CuFe,O4 nanoparticles, annealed at 400°C, and

800°C, obtained from Box-Lucas Fit and Newton Cooling Approach Fit.

Box-Lucas Fit Newton Cooling Approach Fit
Sample SAR, W/g ILP,nH-m?’kg  SAR, W/g ILP, nH-m?/kg
CuFe;04 RT 31.43 0.155 20.67 0.102
CuFex04 400C 30.21 0.149 19.42 0.096
CuFe04 800C 31.79 0.157 22.38 0.111
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Fig. 5. Fit to the Newton Cooling Approach of the time-dependent temperature rise curve for the synthesized

magnetic CuFe>O4 nanoparticles, RT and annealed at 400°C, 500°C, 600°C, and 800°C, measured under 23.8 kA/m
and 357 kHz alternate magnetic field.

Intrinsic Loss Power [34]

ILp = 348 3) 2.3.2. Newton Cooling Approach Method

HZf According to Newton's Law of Cooling, the change in
temperature of a sample over time t when exposed to an
alternating magnetic field under non-adiabatic conditions
can be described by the following equation [35, 36],

where H is the field strength in kA/m, fis the frequency in
kHz, and SAR should be substituted in W/kg.

The SAR value derived from the Box-Lucas model is
listed in table 1.
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Table 2.
Summary of main hyperthermia methods
Hyperthermia Method Motivations Limitations Applications
Localized heating; non- | Limited penetration depth Capcer treatment
. . . . : (glioblastoma, prostate)
. . invasive; precise targeting | of AMF; nanoparticle .
Magnetic hyperthermia . . ) s [37], thermally triggered
using magnetic | biocompatibility and drue release
nanoparticles and AMF delivery challenges & ’
. Deep tissue  heating; Non—spemﬁc h.eatmg; Treatment of deep-seated
Radiofrequency  (RF) . potential overheating of . .
. suitable for large tumors; . ] tumors [38] (liver, cervix
hyperthermia . . healthy tissues; complex
non-invasive [39], prostate [40, 41]).
field control
. Rapid heating; effective | Limited penetration depth; | Breast cancer [42], head
Microwave : :
hvperthermia for superficial and | uneven heating due to | and neck tumors [43],
P moderately deep tumors tissue heterogeneity superficial lesions [44].
Focused deep tissue | Requires precise | Prostate cancer [45], brain
Ultrasound heating; non-invasive; | targeting; acoustic | tumors  [46], uterine
hyperthermia precise  control  with | scattering and absorption | fibroids [47], targeted
imaging guidance in bone and air drug delivery [48].
Skin cancer [49],
High spatial resolution; | Limited light penetration | superficial tumors [50],
Photothermal therapy uses light-absorbing | in deep tissues; requires | antibacterial treatments
nanoparticles or dyes optical window matching | [51], biofilm disruption
[52].

-t
T =Ty + ATy [1— exp (Z)] 4)
The complete time-dependent temperature curve has
been fitted to equation (17). The fitting parameters
obtained from this process (Figure 5), specifically the
maximum temperature increase ATmax and the time
constant t, are then used to calculate the SAR value using
the following expression,

SAR = CATmax (msample+mmedia> (5)
T Msample

Calculated SAR values are listed in the table 1. The
discrepancy between the SAR values obtained using the
Box-Lucas Fit and those calculated with Newton's
Cooling Approach arises from fundamental differences in
how each method accounts for heat generation and loss
during magnetic hyperthermia experiments.

In Newton's Cooling Approach, the calculation of
SAR is based on the initial slope of the temperature versus
time curve, assuming minimal heat losses to the
environment during the early stages of heating. This
method focuses on the initial rate of temperature increase
and often neglects the energy lost to the surroundings
throughout the experiment. As a result, it tends to
underestimate the actual heat generated by the
nanoparticles, leading to lower SAR values.

Comparison to Clinical Trials. When comparing the
obtained SAR values of CuFe,O4 nanoparticles to those
reported in clinical trials for magnetic hyperthermia, it is
evident that the synthesized materials demonstrate
promising heating efficiency. Clinical studies typically
require SAR values in the range of 10—-100 W/g to achieve
effective tumor heating under safe magnetic field
conditions (usually below 15 kA/m and 500 kHz) while

minimizing damage to surrounding healthy tissue. The
CuFe;04 nanoparticles studied here exhibit SAR values
around 30-32 W/g (Box-Lucas fit), positioning them well
within the lower-to-mid clinical range. Although iron
oxide nanoparticles (e.g., Fe304) are most commonly used
in clinical applications due to their established
biocompatibility, the comparable SAR performance of
copper ferrite, alongside its tunable magnetic properties,
suggests it could serve as a viable alternative or
complementary material in future hyperthermia treatments
(table 2).

Further work would be required to assess their long-
term biocompatibility, surface functionalization, and
heating performance under in vivo conditions to fully
align with clinical requirements.

Conclusions

In this work, was synthesized and systematically
analyzed CuFe;Os4 magnetic nanoparticles to evaluate
their potential for magnetic hyperthermia applications.
Structural characterization by XRD confirmed a phase
transition from cubic (Fd3m) to tetragonal (I14,/amd) upon
annealing, while TEM revealed uniform morphology and
nanoscale particle sizes. Magnetic measurements using
VSM demonstrated that annealing significantly affects the
saturation magnetization and coercivity, directly
influencing the heating behavior under an alternating
magnetic field. SAR and ILP values obtained from Box-
Lucas and Newton cooling models showed that the
nanoparticles exhibit efficient inductive heating, with
annealed samples maintaining or slightly improving
thermal performance. These findings highlight CuFe,O4
as a promising ferrite system for magnetothermal therapy,
offering tunable properties that can be further optimized
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for biomedical applications. Future work should focus on
enhancing biocompatibility, in vivo performance, and
clinical translation potential.
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VY 1poMy JOCTIDKEHHI PO3MIITHYTO IHAYKLIMHI BIACTMBOCTI HarpiBaHHA MarHiTHHX HaHO4acTMHOK CuFe2Os
(MHY) nnst moTeHUiifHOro 3acTocyBaHHS B MarHiTHiH rimeprepmii. Hanouactunku CuFe:O4 Oymu cuHTe30BaHi
METOJIOM COJIb-T€Jb aBTOTOPiHHSA Ta mimnani Bignamy mpu 400°C i 800°C st OIiHKY BILIMBY TepMOOOPOOKHM Ha iXHI
CTPYKTYpHI Ta MarHiTHi BracTHBOCTI. PeHTreHiBchbkuit pazoBuii ananiz (XRD) nokasas ¢a3oBuit nepexiz Bix kKyGiaHOT
mminensHO1 cTpykTypu (Fd3m) y BuximHuHX 3paskax go terparoHanbHoi (asu (141/amd) micna Biamamy, npu npoMy
po3mip uactuHOK ckiagaB 20-30 HM. AHami3 3a JOMOMOTOI0 IMPOCBIUYIOUOi eleKTpoHHOI Mikpockomii (ITEM)
miATBepANB cepuyHy MOPQOIOTII0 Ta OTHOPITHHN PO3MOJIN YACTHHOK, a BHMIpIOBaHHS Ha BiOpauiiiHOMY
marHiToMeTpi (VSM) nokazanu, 1o BiJnaji iCTOTHO BIUITMBAE Ha HAMArHiYeHICTh HACHYECHHS Ta KOCPIUTUBHY CHITY —
KJTFOYOBI mapaMeTpu i edexTuBHOCTI HarpiBanHs. [Tutoma mBuakicts nornuHanHs (SAR) Ta mutomi BTpatu (ILP),
ouiHeHi 3a Mozensimu bokca-JIykaca Ta oxosomkeHHs HploToHa, mokasany, 110 HAHOYACTHHKH 30€piraloTh BUCOKY
e(heKTHBHICTh HArpPiBaHHSA MiCNs TepMiuHOT 00poOKH, 3 SAR ~30-32 Bt/r. Pe3ynbratu cBim4ath, 1110 HAHOYACTUHKH
CuFe204 € mepcneKTUBHUMH KaHIWIATAMH JUIi MarHiTHO KEepPOBAaHOI TimepTepMil 3 MOXIIMBICTIO ONTHUMI3arii ix
BJIACTHBOCTEH JUTA KITIHIYHOTO BUKOPHCTAHHSI.

KniouoBi cioBa: mMinHWMIA (pepuT, MarHiTHI HAHOYACTHHKH, 1HIYKIiHE HarpiBaHHs, MeTo bokca-Jlykaca, miaxig
oxonomxeHHs Herorona.
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