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Abstract: Among the modern oncological therapies, one of the most promising is based on tumor
hyperthermia with magnetic nanoparticles resulting from the crystallization of iron and cobalt
oxides. We synthesized core-shell magnetic nanoparticles of perchlorate-CoyFe;_O4 (x = 0; 0.5;
1.0) via the co-precipitation method and stabilized them in aqueous suspensions. Fine granulation
of the dispersed ferrophase was revealed by Transmission Electron Microscopy and Dynamical
Light Scattering, with FTIR data detailing the surface-interaction phenomena. X-ray diffractometry
revealed specific crystallization features of inverse spinel lattice, providing crystallite size and lattice
parameters dependent on the cobalt content. The results of the Vibrating Sample Magnetometry
investigations indicated that cobalt doping has reduced the magnetic core size and increased the
nanoparticle dimension, which could be the result of crystallization defects at the nanoparticle
surface related to the presence of cobalt ions. A mathematical model was applied with a focus
on the quantitative description of the temperature distribution around magnetic nanoparticles.
Further development of our research will consider new cobalt ferrite nanoparticles with new cobalt
contents and different organic coatings to contribute to their biocompatibility and stability in aqueous

suspensions, as required by administration in living organisms.

Keywords: cobalt ferrite nanoparticles; magnetizability; temperature field

1. Introduction

In the last decades, considerable scientific work focused on cobalt ferrite nanoparticle
applications in life sciences for magnetic resonance imaging in medical diagnosis, as well as
for tumor hyperthermia, magnetically assisted drug delivery, biosensors, and purification.
Some examples could be relevant. In [1], cobalt ferrite nanoparticles synthesized by co-
precipitation method with saturation magnetization up to 40 Am?/kg were studied as
a possible contrast agent in MRI. The possible formation of a dead-magnetic surface
layer is assumed to affect their magnetizability. In [2], cobalt ferrite nanoparticles treated
with nitric acid and sodium citrate were determined to be biocompatible and capable of
maintaining their magnetic properties (about 40 Am?/kg saturation magnetization) for
several magnetization cycles after administration in mice cells; they were recommended
for tumor hyperthermia as a result. Cobalt ferrite nanoparticles functionalized with folic
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acid and loaded with doxorubicin were tested for drug delivery with studies in cancer
chemotherapy [3]. In [4], cobalt ferrite nanoparticles coated with TEOS, characterized
by high magnetic anisotropy, were synthesized for utilization as a biosensor for single
molecular detection. Meanwhile, in [5], methylene blue wastewater treatment with cobalt
ferrite nanoparticles was reported. Cobalt ferrite nanoparticles with a citric acid-modified
surface and functionalized with glucose—oxidase were studied for glucose detection based
on the generation of hydrogen peroxide in the glucose—oxidase reaction with glucose [6].

Various studies in the fields of biotechnology, bioengineering, and environmental
sciences were dedicated to cobalt ferrite nanoparticle synthesis and characterization. These
biocompatible nanomaterials are easily produced by various methods and able to ensure
the adjustment of their microstructural and magnetic properties according to the intended
use [7-10]. Thermal decomposition of iron and cobalt compounds in organic solvents was
applied to obtain cobalt ferrite nanoparticles [7] with well-controlled size and morphology.
The organic acid precursor route was used [8] to yield octahedral cobalt ferrite nanopar-
ticles with high saturation magnetization (over 70 Am?/kg). Wet chemistry and sol-gel
methods [9] were utilized to produce cobalt ferrite nanoparticles characterized by satura-
tion magnetization of 13 to 60 Am?/kg; it is assumed the spin anisotropy characterizes the
samples. Green chemistry was also found useful in producing cobalt ferrite nanoparticles
with moderate saturation magnetization [10], which depends on the nature and quantity of
the biological material chosen for interactions with iron and cobalt salts.

Cobalt ferrites are characterized by inverse spinel crystalline structures, like other
oxides of iron and transition metals. They are denoted as MFe,O, (M being the transition
metal like Co, Ni, Zn, etc.), they are usually described as the cubic arrangement of M2+ and
Fe®* ions, they are closely packed with oxygen anions, and they occupy either tetrahedral
(A) or octahedral (B) sites [11,12]. That is, cobalt ferrite crystals form a cubic lattice with
the space group Fd-3m and are divided into face-centered cubic (fcc) unit cells. In the
ideal model of crystalline structure of inverse spinel architecture, all Co** ions occupy B
sites, while Fe3* ions are equally located between A and B sites [13]. In [14,15], the authors
studied the effects of cobalt doping on the crystalline ferrophase heating efficiency in the
presence of external magnetic fields and determined that the increase of cobalt content
has resulted in the increase of nanoparticle coercivity and magnetic anisotropy, which in
turn led to the increase of the specific absorption rate and, finally, to the increase in the
nanoparticle heating power.

In [16], the authors reported the synthesis of cobalt ferrite nanoparticles of 13-28 nm,
which were supplied to Hella cancer cell cultures under magnetic field of 51 mT and
32-101 Hz. Maximum heat absorption was found by using nanoparticles with a crystal
size of 28 nm at a 101-kHz and 51-mT magnetic field.

Tumor treatment through hyperthermia with magnetic nanoparticles was also stud-
ied from a theoretical viewpoint since ethical reasons limited a lot of the experimental
approaches. First, the mathematical model focusing on heat transfers into living tissues,
known as bioheat equation, was proposed by Pennes [17] to describe the effect of blood
perfusion as well as that of the metabolic heat generation rate on the local heating of the
living tissue. Among various applications of this first model, which was developed over
years, we mention the approach of [18], which considered the use of magnetic nanopar-
ticles injected into a liver tumor in the form of prepared nanofluid under the applied
radio-frequency field.

The magnetic nanoparticles synthesized and characterized in this study were simply
coated with small capping molecule. Their properties for heat transfer were mathematically
modeled for certain skin tissues since tumor hyperthermia seems to be suitable in such
cases where the transfer of energy is more controllable than with deep tumors.
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2. Materials and Methods
2.1. Materials

Aqueous suspensions of CoxFe3_,O4 magnetic nanoparticles (x = 0; 0.5; 1) were pre-
pared using the following high-purity reagents (Table 1): ferric chloride hexahydrate
(FeCls x 6H,0), ferrous sulfate heptahydrate (FeSO4 x 7H,0O), cobalt heptahydrate
(CoSO4 x 7H0), and crystalline sodium hydroxide (NaOH) purchased from Lachner,
Merck, Sigma—-Aldrich. Perchloric acid (HCIO4) from Merck was used as a stabilizing agent,
while the water used for solving and dispersing was purified before use by the Barnstead
EasyPurell water purification system.

Table 1. Summary on the quantitative landmarks of the synthesis protocol.

Sample x FeCl; x 6H,O FeSO4 X 7H,0 CoSO4 X 7H,0 NaOH HC1004
(134 mM) (67 mM) (67 mM) 1.7M) (25%)

Fe;0, 0 362g(100mL)  1.86 g (100 mL) - 34 g (50 mL) 3mL
CopsFey 504 0.5 3.62g(100mL) 093 g (50 mL) 0.94 g (50 mL) 3.4 g (50 mL) 3mL
CoFey Oy 1 3.62 g (100 mL) - 1.88 g (100 mL) 3.4 g (50 mL) 3mL

2.2. Synthesis of Suspensions of CoxFez_,O4 Nanoparticles Stabilized with Perchloric Acid

The nanoparticles were synthesized using the adapted co-precipitation procedure of
Massart [19]. The iron and cobalt precursor salts (Table 1) were dissolved in water and
mixed under magnetic stirring, on a hot plate at a temperature of 65 °C. Afterwards, the
hot sodium hydroxide solution was dropped into the mixture under mechanic stirring
at the temperature of around 80 °C. Then, the black ferrophase formed was extracted in
magnetic field gradient and washed three times with hot water to remove unreacted salts
or impurities (Scheme 1).

65 °C 65°c 65 °C

+2ts

+ ’0
+( coFe, 0, |4
+

+ *’

+ ++ ¢
Scheme 1. The procedure of nanoparticle preparation.

To stabilize the magnetic nanoparticles in deionized water, 3 mL of 25% perchloric acid
were added to 50 mL of nanoparticle suspension and allowed to react under mechanical
mixing at about 85 °C for more than one hour. The coated nanoparticles were washed twice
with hot distilled water to remove excess of coating agent.

2.3. Nanoparticle Characterization Methods
2.3.1. Microstructural and Elemental Investigation
Microstructural study was accomplished with Ultra-High Resolution Scanning Trans-

mission Electron Microscope UHR-TEM LIBRA®200MC, with EDS facility attached; size
measurements were performed with Image]J software.



Crystals 2023, 13, 1058

40f19

2.3.2. Investigations of Crystallinity Properties

The crystallinity characteristics were studied using a Shimadzu LabX XRD-6000 diffrac-
tometer with an incident beam of Cu-K« radiation with A = 1.5406 A. The powders resulting
from the drying of magnetic nanoparticle suspensions were analyzed in Bragg-Bentano
geometry. The diffractograms were recorded in the 20°-80° range of 20 angle, with a
scanning step of 0.02° and a 0.5 deg/min scan speed.

2.3.3. Magnetic Properties Investigation by Vibrating Sample Magnetometry (VSM)

Magnetization characteristics were analyzed using the Lake Shore VSM 7410 device
on dry suspensions under magnetic field up to 20 kOe at room temperature in order to
determine magnetization capacity and evaluate magnetic features as particle magnetic core
size, coercive, and remanent field.

2.3.4. FTIR Investigation

FTIR spectrometer, Bruker Vertex 70 model, and potassium chloride solid dispersion of
dried magnetic nanoparticle samples were used to demonstrate the core—shell interactions
at the nanoparticle surface.

2.3.5. Dynamic Light Scattering Investigation

Measurements of zeta potential and hydrodynamic diameter were carried out with
DelsaNano C analyzer coupled with an Autotitrator DelsaNanoAT module.

3. Results and Discussion
3.1. Microstructural Characterization

The granularity investigation by the TEM technique was conducted on 10~# diluted
magnetic nanoparticle suspensions, which were deposited and dried on the grid supports.
In Figure 1, mainly cubic and quasi-spherical structures, which frequently possessed a
diameter of 19 to 25 nm for the three analyzed samples (Table 2), were observed. These
nanoparticles are randomly distributed; certain forms of agglomerations are either present
in the suspension of nanoparticles or are possibly the result of the suspension deposition
and drying on the sample support. Among the three analyzed samples, the cobalt ferrite
particles CoFe,Oy, have the largest diameter (of 25 nm), which is concordant with XRD
results as shown below.

Table 2. Physical size of the colloidal magnetic nanoparticles, mean values, d, and standard deviations
resulted from lognormal fitting, as proven by TEM investigation.

Cobalt Content Ferrophase D (nm) St Dev (nm)
0 Fe304 19.16 0.24
05 CopsFe, 50, 22.30 0.27
1 CoFe,0, 25.25 1.14

High-Resolution TEM images demonstrated phase composition with the crystalliza-
tion planes of the individual nanoparticles, while the coating shell surrounds either particle
cluster, such as for the magnetite sample (Figure 1(a2)) or individual particles, in the case
of cobalt containing ferrites (Figure 1b,c). As for particle morphology, quasi-spheric and
frequent polyhedric nanoparticles were visualized by TEM.
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Figure 1. (a). TEM micrographs for Fe3O4 nanoparticles (CoxFe3_,O4 with x = 0,), stabilized in the
form of colloidal aqueous suspension by using perchloric acid. (al) Scale bar of 100 nm; (a2) Scale
bar of 50 nm; (a3) SAED (Selected Area Electron Diffraction); (a4) Scale bar of 20 nm; (a5) Histogram
and lognormal-fitting curve; (b) TEM micrographs for Cog 5Fe; 504 nanoparticles (CoxFes_O4 with
x = 0.5) stabilized in the form of colloidal aqueous suspension by using perchloric acid; (b1) Scale bar
of 100 nm; (b2) Scale bar of 50 nm; (b3) SAED (Selected Area Electron Diffraction); (b4) Scale bar of
20 nm; (b5) Histogram with lognormal-fitting curve; (c) TEM micrographs for CoFe;O4 (CoxFe3_xOy,
x = 1) nanoparticles stabilized in the form of colloidal aqueous suspension by using perchloric acid;
(c1) Scale bar of 100 nm; (c2) Scale bar of 50 nm; (c3) SAED (Selected Area Electron Diffraction);
(c4) Scale bar of 20 nm; (c5) Histogram and lognormal-fitting curve.
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3.2. XRD Investigation Results

The crystalline structure of the dried ferrophase from the colloidal suspension samples
was described by the XRD procedure (Figure 2). The peaks indexation could be conducted
according to reference data for magnetite (Card No. ICSD 98-015-8505) and cobalt ferrite
(Card No. ICSD 98-010-9045) crystallites with spinel structures. Characteristic crystalliza-
tion peaks were identified for Miller indexes (220), (311), (400), (511), and (440). In the
magnetite sample (Fe30y), the diffraction peaks at about 31.7° and 46.9° could be generated
by small traces of goethite (pdf ref. 00-029-0713) (Fe-O-OH), formed as intermediate in
the iron oxide crystallization, or siderite (FeCOs3) (pdf ref. 00-029-0696), resulted from
either air-borne carbon dioxide that interacted with iron [20] or sodium (traces from the
precipitation agent, NaOH [21]).

— [—Ce.Fe.0]
@11) 400~ (311) ©0usFe,,0
@) (b)

(440)

200
(440)

3 3
& < 2001
> 1001 =
2 2
[ oy
£ ]
- <
%% 3 40 S0 60 70 80 0 . . r v . ,
‘ 20 (degrees) 20 30 40 50 60 70 80
20 (degrees)
800 @311) ——N
(c)
600-
; (440)
o -
:400 51)
2 (220) (400)
"
S 200 n ‘ L
= \'\M\A«.\—J\J M
0-

20 30 40 S0 60 70 80

20 (degrees)

Figure 2. XRD recording for the dried samples of magnetic nanoparticle colloidal suspensions in
water (a) Fe304 (b) CogsFer 504 (c) CoFepOy.

The average crystallite size of the nanoparticles, Dy, was calculated (Equation (1))
from the diffraction peak data, with Scherrer formula:

K-A
:B . COSQhkl

Dy = M
where K is a shape factor with a value close to unity, A is the X-ray wavelength, j is the
line broadening at half the maximum intensity, 0 is the peak position (the Bragg angle).
In Figure 3a, the values of D317 are represented for different cobalt content values. It was
determined that the size of the crystallites is in the range of 9-16 nm, increasing with the
cobalt content. When compared to other reports, we found that in [22], the authors reported
synthesized cobalt ferrite with the average size of 42.5 nm, while in [23], the synthesis of
cobalt ferrite nanoparticles of 34 nm was presented. The lattice parameter a2 was calculated
(Equation (2)) as below, with , k, | being the Miller indexes and dj;; the interplanar distance:

1 P44
a2, a2 '

()

2
hkl
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where the interplanar distance (Equation (3)) is:
A
Ay = ———— 3
M= 5 sinb 3)
D311 8.39 ] D
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Figure 3. (a) Crystallite size (Dyy) linear dependence on the cobalt content in the ferrophase samples.
Best linear variation was evidenced for D3;1 (correlation coefficient of 0.9993); (b) The lattice parameter
increasing with the cobalt content in the studied ferrophase samples.

Analyzing the crystallization data, the cobalt-doping influence on the lattice parame-
ters was observed. According to Figure 3b, the values of the lattice parameter, 4, linearly
depend on the cobalt content (linear correlation coefficient over 0.989). This reflects the
progressive increase of cobalt content (Figure 3b).

Similarly, some reports specified that the lattice parameter for magnetite was deter-
mined to be 8.36 A [24] or 8.39 A for cobalt ferrite [22,25]. The increase in lattice parameter
with cobalt content was also reported in [26].

3.3. EDS Analysis Results

Elemental analysis in the selected sample area (Figure 4a) corresponding to Fe3Oy
nanoparticles was conducted based on Scanning Transmission Electron Microscopy record-
ings with distinct images for the presence of iron and oxygen (Figure 4b—d). In Figure 4, the
qualitative elemental maps present the distribution of iron, oxygen, and iron with oxygen,
as resulted from the K« shell emission lines obtained by STEM analysis. In Figure 4e, the
more detailed representation of the EDS investigation is shown. In Figure 4e, the iron lines
Ko (at about 6.5 KeV, with highest intensity) and L« (at about 0.65 KeV, with much lower
intensity) are evidenced together with oxygen K line (at about 0.52 KeV) with rather small
intensity, related to the fact that oxygen, as well as carbon recording accuracy, are known
as quite low in EDS and cannot be quantified reliably.

a & E b

40 nm 30nm

cl

-

%0 1 2 fnergikev) 5 6 7
Figure 4. (a—e). EDS recordings for Fe304 sample. (a) Selected area of nanoparticle sample; (b) STEM
recording of Fe and O elements in the selected area; (c) Fe ion distribution (Ko shell emission line) in
the sample selected area; (d) O ion distribution in the sample selected area (Ko shell emission line);

(e) EDS spectrum recorded for Fe3O4 sample.
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In the present case, the carbon is received from the sample support (carbon Ke line
at about 0.27 KeV), and the very small peak of chlorine at about 0.26 KeV stems from
perchlorate thin coating (K« line, not visualized by STEM image since the intensity values
are close to the recording noise). In Figure 5a—e, the uniform spread of iron (Figure 5b),
cobalt (Figure 5c), and oxygen atoms (Figure 5d) at nanoscale is suggested from the image
similarity (for cobalt doped magnetite as in the case of magnetite, presented above).

B
@]
~
@
a
=)
—
o
=]
= e Co
Z
‘@
=
2
= Cl
Lo b b "
2 6 7

3 4
Energy (keV)

Figure 5. (a—f). The results of EDS investigation for the selected area of cobalt-doped magnetite
nanoparticles. (a) Selected area of Cog 5Fe; 504 sample; (b) Visualization of K« emission line of Fe;
(c) Visualization of Co Ko emission line; (d) Oxygen K« emission line; (e) Fe, Co, and O emission lines
visualized together at the surface of the selected area; (f) EDS spectrum of cobalt-doped magnetite
nanoparticle sample.

In Figure 5f, the cobalt lines are evidenced (Co (s5Fe;504) at about 6.9 KeV (K«
line) and 0.77 KeV (L line), close to iron Ka and L lines and possessing smaller relative
intensities. Carbon from the sample support appears with the highest intensity K« line at
about 0.27 KeV, which is in accordance with the apparent largest zone lacking nanoparticles
presented in Figure 6a. The very small peak of chlorine (from perchlorate coating) at about
0.26 KeV appeared, too (K« line [27]), with oxygen also present with K« line at about
0.52 KeV. According to Figure 6a—e, the elemental composition of the studied cobalt ferrite
nanoparticles is confirmed by the emphasizing of Ko shell emission lines of iron (Figure 6b),
cobalt (Figure 6¢), and oxygen (Figure 6d), which appeared to be distributed very similarly
on the selected area of the sample. Due to the very small amount of perchlorate anions at
the nanoparticle surface, the chlorine visualization was not a reliable capture, although the
corresponding emission line is expected to be implicitly contained in Figure 6e. According
to Figure 6f, the cobalt Ko line of CoFe,O4 nanoparticles has a higher relative intensity
compared to the previous sample (CogsFe;504), as expected, while the chlorine line
appears doubtable among noise lines (approximately 2.6 eV). Thus, this report observed
expected composition for the magnetic nanoparticles synthesized, while approximative
identification could be conducted for the capping shell by means of the very low line
of chlorine. The fact that, for the Fe3sO4 sample, the chlorine appears to be the least
represented suggested that perchlorate ions binding to nanoparticle surface is different
than for the nanoparticles containing cobalt ions, i.e., the capping shell covers clusters of
particles rather than individual ones, meaning a smaller amount of perchlorate ions. Thus,
the hydrodynamic diameter evidenced in the DLS analysis (presented further below) is
noticeably higher than for cobalt-containing nanoparticles.
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Figure 6. (a—f) Visualization of the main element distribution at nanoscale in the EDS investigated
sample of cobalt ferrite nanoparticles. (a) Selected area of nanoparticle spread. (b) The distribution
of Fe ions, resulting from K« shell emission line; (c) Co ions distributed from K« line; (d) Oxygen
ions in the studied sample of CoFe,Oy4 nanoparticle resulted from K« line recording; (e¢) Summarized

presentation of Fe, Co, and O ions in the STEM-investigated sample; (f) EDS spectrum recorded for
cobalt ferrite nanoparticles.

3.4. DLS Investigation Results

In Figures 7-9, the nanoparticle hydrodynamic diameter and Zeta potential are pre-
sented. In each case, three repetitions of the measurements were accomplished.

o
—_— / 100 €
£ /7 3
Z5 5
‘G 75 9
5 5
] o
£ 50 5
.
] 25 F
£ | T
= a 0 =
] |i| ,

1 10 100 1000
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- ]
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w
c
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£
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0 WV L
-200 0 200

Zeta potential (mV)

Figure 7. The results of DLS investigation for magnetite sample. (a) Hydrodynamic diameter.
(b) Zeta potential.
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Figure 8. The results of DLS investigation for cobalt-doped magnetite. (a) Hydrodynamic diameter.
(b) Zeta potential.
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Figure 9. The results of DLS investigation for cobalt ferrite. Hydrodynamic diameter; Zeta potential.

Zeta potential was determined to be 28 mV for magnetite (Figure 7), while for cobalt-
doped magnetite (Figure 8) and cobalt ferrite (Figure 9), the values were 20.47 and 30.29 mV,
respectively, denoting good stability for the three suspensions.

The mean hydrodynamic diameter ranged between 77.8 and 311.2 nm as summarized
in Table 3; the relatively high values suggest that fluid layers are surrounding particles
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as well as particle agglomerates, with the agglomeration being the consequence of a
moderate or small coating effect. Smaller diameters for the cobalt-containing samples
suggest a greater binding of perchlorate ions on individual particles, which imped particle
agglomeration. The dispersity index (PI) appears to be almost the same in all samples.

Table 3. The summary of DLS analysis results.

Sample Dy, (nm) PI V (mV)
Fe3zO4-PA 311.2 0.234 28.0
C00_5Fe2_504-PA 157.4 0.235 20.47
CoFe;O4-PA 77.8 0.239 30.29

3.5. VSM Investigation Results

The magnetic properties of the nano-powders synthesized by us are mainly deter-
mined by the distribution of Co?* and Fe?* ions in the crystalline structure. The (M, H)
hysteresis curves for the studied samples recorded at room temperature under high external
fields (up to 20 kOe) are shown below (Figure 10).

M(emu/g)

H(KOe)

Figure 10. Magnetization curves for CoxFes_,O4 nanoparticles stabilized with perchloric acid in
aqueous colloidal suspension.

The saturated hysterezis curves suggest that the samples present, along with ferrimag-
netic characteristics, also superparamagnetic characteristics, due to large and respectively
small particles that have different magetic behaviors. The saturation magnetization of
magnetite nanoparticles (x = 0) was 64.68 emu/g, while an increased value was demon-
strated for cobalt-doped magnetite nanoparticles (x = 0.5), of 72.48 emu/g; the decrease at
54.13 emu/g was demonstrated for cobalt ferrite nanoparticles (x = 1).

The distribution of Co?* and Fe?* ions in the tetrahedral and octahedral sites consti-
tutes a role in establishing the typology of the spinel structure and, consequently, for the
magnetic properties, especially the saturation magnetization [28]. As is known, cobalt ions
can generate defects in the structure of the cobalt ferrite nanoparticles, but also on their
surface [29]. Thus, the magnetic properties are influenced by the crystallization defects
inside the nanoparticles.

Another important factor influencing the magnetic properties is the anisotropy of
the surface and the disordered spin coating, as suggested by [30] where the saturation
magnetization is decreasing because of surface anisotropy and spin perturbations that influ-
ence the magnetic moment of nanoparticles and the magnetic interactions of neighboring
nanoparticles. In [1], a dead magnetic layer at the cobalt ferrite nanoparticle surface is men-
tioned. In addition, other authors [31] stated that the decrease in saturation magnetization
is due to the morphology and surface defects that lead to a non-collinearity of the magnetic
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moments on the surface. In another study [32], the authors affirmed that, according to
the theory of the core—shell model, the disordered spines at the surface shell can form a
dead magnetic layer (magnetically disordered), leading to the decrease of the saturation
magnetization values.

Magnetic parameters such as saturation magnetization (M;g), remanent magnetization
(M;), and coercive field (H.) are determined from the hysteresis loops and tabled in Table 4.
Based on the Langevin theory [33], the diameter of the magnetic core can be estimated, as

in Equation (4)
1/3
o= [T () ] "
ﬂyoMs'Mb dH H—0

where kp represents the Boltzmann constant, Mg and M}, represent the saturation magneti-
zation of the magnetic nanoparticle sample and of the pure bulk magnetite, y1o represents
vacuum magnetic permeability, and (dM/dH) represent the slope in the origin of the (M, H)
graph. According to the graph in Figure 11, it is observed that the magnetic diameter
decreases as the cobalt content in the nanoparticles increases.

Table 4. Magnetic characteristics revealed by VSM investigation.

Cobalt dm Mg M, M,/H,
Sample Content (nm) (emu/g) He (Oe) (emu/g) (emu/g/Oe)
Fe;0y4 0 9.64 64.68 24.238 10.36 0.427
CogsFey 504 05 6.73 72.483 337.23 18.14 0.053
CoFepOy 1 4.77 54.132 22747 31.44 0.013
2500 35
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Figure 11. (a) Magnetic core size correlating to the increase of cobalt content; (b) The influence of
cobalt content on the coercive field and remanent magnetization.

From the graphs represented in Figure 11b, it is observed that with the increase in
the cobalt content, the values of both coercive field and remanent magnetization have
increased, which suggests an increase in the ferrimagnetic properties. The relationship
between magnetic coercivity and particle size has also been widely reported [34-36]. The
increase in coercivity could be due to the presence of magneto-crystalline anisotropy in the
crystal. Surface phenomena related to spin anisotropy [37] can impair nanoparticle mag-
netic momentum and magnetic dipole-dipole interactions among neighbor nanoparticles.
One could assume that different properties of the nanoparticle surface layer for different
cobalt contents could influence the perchlorate binding so that the non-magnetic coating
shell was enhanced, and the magnetic core size was significantly diminished (Figure 11a). A
summary of the results regarding nanoparticle size is presented in Table 5. In Figure 12a—c,
the vibrational behavior of CoxFe3_,O4 powders is presented in comparison to the corre-
sponding samples after stabilization with perchloric acid in aqueous suspension.
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Table 5. Comparative data regarding nanoparticle dimensional features.
dm D311
1 D D
Samp e (nm) (nm) TEM (nm) h (nm)
Fe;0,4 9.64 9.8 19.1 311.2
CopsFer 504 6.73 11.3 22.3 157.4
CoFeyOy 4.77 15.2 25.2 77.8
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Figure 12. FTIR spectra of (a) magnetite (x = 0) nanoparticle sample (up) and magnetite nanoparticles
stabilized with perchloric acid (PA) (down); (b) Cobalt-doped (x = 0.5) magnetite (Cog sFep 504) (up)
and of perchloric acid-coated, cobalt-doped magnetite nanoparticles (down); (c) Cobalt ferrite (x = 1)
(CoFey0y4) (up) and perchloric acid coated cobalt ferrite nanoparticles (down).

3.6. FTIR Investigatig Results

The interaction of perchlorate ions with the magnetic nanoparticles is indicated by
the presence of the vibration band at about 1097-1136 cm ™! in magnetite (Figure 12a), at
1145 cm~1-1264 cm~! in cobalt-doped magnetite (Figure 12b), and at 1150 cm ! in cobalt
ferrite (Figure 12c¢), in accordance with data [38] that mention the antisymmetric vibrations
of perchlorate at 1125-1170 cm ™! for free perchlorate (while for organic molecule bound,
the band is at 1032-1115 cm™1).
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The vibrations found between 400 cm ! and 900 cm ! (Figure 12a) represent skeleton
vibrations or fingerprint of iron oxide spinel crystals with an Fe-O vibration band at
472 cm~! and the shoulder at 665 cm ™! according to [39], where these vibrations at 695.29
and 468.80 cm~! were reported. The bands at 736 cm ™! and 820 cm ! could represent
the vibrations of Fe-O-OH from traces of goethite, possibly present in the sample from
the partial oxidization process [40-42]. At 2310 cm ™!, one can see the band that could be
assigned to the adsorption of CO; [43,44] from the reaction medium.

The OH-stretching vibrations (from the water traces adsorbed at the surface of nanopar-
ticles) can be found at 3500-3700 cm ™! [45]. In Figure 12b, the cobalt ferrite crystallite
vibrations present in the Co~O vibration band at 730 cm~! (cobalt ions in octahedral posi-
tions), and the Fe-O vibration at 470 cm~! (iron ions in tetrahedral positions) in accordance
with [46]. The small-intensity band at 2339 em ™! could represent the CO, adsorbed from
the reaction medium [43,44], while the small intensity band at 1635-1656 cm~! could be
emitted by the bending vibrations of hydroxyl from small amounts of adsorbed water [47],
with the water-stretching vibrations found at high wavenumbers (3500-3700 cm ™~ 1).

The analysis of FTIR investigation results could be useful mainly for the discussion
on the perchlorate binding at the nanoparticle surface, as well as other aspects regarding
nanoparticle crystalline features. According to Figure 12¢, the increase of cobalt content
(x = 1) resulted in the revealing of the vibration bands at 8201260 cm~! corresponding
to the Co—Fe bonds in the alloy system [48,49]. Small amounts of adsorbed CO; or water
bound at the nanoparticle surface are susceptible from the low-intensity vibrations at
1260 cm 1 [42,43] and 2350 cm ! and 3500 cm !, respectively.

3.7. Temperature Field Modeling

The temperature field within malignant and healthy tissues is described by the solu-
tions of the bioheat transfer equation (Pennes equation) in the living tissues [17]:

oT
peor = Vik VT] + ppwpcp [ Tart — T] + Qumet + Q, 5)

with the following thermal characteristics (Table 6) for the blood and the tissue, detailed
as the skin: p represents the tissue’s mass density; c¢ represents specific heat capacity
of the tissue; k represents the skin thermal conductivity; p, represents the mass density
of the blood; ¢, represents the specific heat capacity of the blood; T, represents blood
temperature; wy represents the blood perfusion rate; and Q.+ represents the metabolic
heat production in the tissue [50-52]. Q (W/m?) represents power density (volumetric
heating rate) dissipated by the magnetic particles within geometric configuration when the
magnetic field is applied.

Table 6. Thermal and magnetic characteristics.

Thermal and Magnetic Characteristics Values

T, (K) 308

Ta (K) 310

pp (kg/m?) 1000

cp (J/kg K) 4200

k (W/m-K) 0.2

wy (1/s) 0.004/0.005/0.006
Qm (W/m?3) 400

Qext (W/m3) Fe304 2.06 x 10°

Qext (W/m3) Cog 5Fe 50, 3.50 x 10°

Qext (W/m3) CoFe,Oy 3.03 x 10°
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At thermal equilibrium, the Equation (1) can be written as:

19 (0T WhChPh _ Qm + Qext _
rzar(r ar)+k (1~ 1)+ 2t et g )
19 (-23T) -
= —5—|r—|-aT+p=0 @)
; or ar
with the notations:
— — 2
N = Wy WhZWbe]be i_,_ T—-T, (8)
— P P m ex RZ o —
B=wp+Q, Qn = (Qk(;*rﬂgTi)) Ta—T.
The solution of this equation has the form:
~(:\_ S, o= B
=7(r) —ﬁ(rﬁ)m ©)
r
= T(r) =T+ T(T,—T,), (10)
_ I (7va
T(r) =T, + (To — Te)p 1— 2 ( ) (11)

’ I%(\/&)\/;

where I/ is Bessel function of 1/2 order and c; is an integration constant.
The boundary conditions are:
(i) The Dirichlet boundary condition was considered on the external surface of the
healthy tissue:
Tlr=R]=37°C (12)

The amount of heat produced in unit volume per unit time by individual magnetic
nanoparticle in the alternating magnetic field with amplitude H is determined by the
frequency of the field f multiplied by the hysteresis loop area in the (M, H) coordinates
(where M is magnetic nanoparticle magnetization) Qext = f Wiyss , and Wipss = po § HIM
is the hysteresis loop area; y1g = 471-10~7 H/m is the permeability.

The power density Q was computed from the hysteresis loop area, which was deter-
mined experimentally [53,54].

The value of frequency of the magnetic field was considered as f = 100 kHz. The
temperature field generated by individual nanoparticle coated with perchloric acid was
described for a spherical configuration of radius R of the malignant tissue, where we
assumed that the nanoparticle-diluted suspension was injected right in the center. The
magnetizability properties of the prepared samples were the basis for the simulation of
heat transfer in the simplified tumor model. Mathematical modeling was carried out using
Maple software. The thermal and magnetic characteristics that were used are detailed in
Table 6. Figure 13 illustrates the temperature field that is dependent on the distance from
the center of the tumor, which resulted in the therapeutic range from 40-44 °C. In addition,
the blood perfusion rate influences the temperature field, so it can be observed that the
temperature field values increase as the perfusion rate values decrease but remains in the
therapeutic range. In the case of each type of magnetic nanoparticle, the graphical curves
were generated for three values of the w;, parameter (Table 6). It could be observed that
the local heating is occurring up to 1 mm in distance by monotonous decrease to zero for
R =1 mm. It was observed that the highest temperatures were reached for cobalt-doped
magnetite of over 43 °C in dependence on the w;, value, the maximum heating observed
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for wy, = 0.004 s~1. This result is concordant with the experimental magnetization data
that showed the highest magnetizability for cobalt-doped magnetite CogsFe;504. The
model development is planned for the next study step for new nanoparticles that will be
synthesized and characterized further.

FesOs e _WE=%'%%?I"S) CoosFezsO wb=0.006 (1/5)
. —whb=0. (1/s) 0sFersOy = — wh=L. "B
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Figure 13. The temperature field generated by (a) Fe3O4 nanoparticles. (b) Cog 5Fe; 504 nanoparticles;
(c) CoFeyO4 nanoparticles.

4. Conclusions

Magnetic nanoparticles of CoxFe;_4O4 crystals (x = 0/0.5/1) with 9.8-15.2 nm of
crystallite size were synthesized, aiming their study for applications in tumor hyperthermia.
High-Resolution TEM displayed the capping shell covering individual particles for the
samples containing cobalt but covering particle clusters rather than individual particles
in the case of magnetite, which could be related to a very weak chlorine peak in EDS
spectrum. In addition, the largest hydrodynamic diameter resulted from DLS investigation
for magnetite. Vibrational spectroscopy evidenced the core-shell interactions that ensured
the sample stabilization in aqueous suspensions, as required for medical administration.

VSM investigation revealed some peculiarities of magnetic nanoparticles containing
cobalt, like increased coercivity (337 to 2274 Oe) and magnetic remanence (18 to 31 emu/g)
that allow them to be responsive gradually to external magnetic field gradients.

The theoretical approach of magnetic nanoparticle behavior was attempted based
on a simple algorithm. The proposed mathematical modeling of local temperature fields
generated by magnetic nanoparticles of iron oxides and iron and cobalt oxides introduced
in living tissues was carried out, with the influence of cobalt content being found in
accordance with experimental results that were obtained for their magnetization properties.

The study will be continued with new nanoparticles containing different cobalt con-
tents to reveal the optimal properties for tumor hyperthermia applications.
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