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Abstract

This study investigates the effects of Sr>™ substitution on the structural, morphological, and magnetic
properties of magnetic cobalt ferrite (CoFe,O,). Through sol-gel auto-combustion synthesis, Sr*"
was substituted into Co-spinel ferrites (Co,_,Sr,Fe,O,, where x = 0.0, 0.25, 0.5, 0.75, 1.0). SEM
analysis revealed spherical grains with an average size of 54.4 nm. XRD analysis indicated systematic
changes in crystallographic parameters and the formation of secondary phases with Sr-substitution.
While the crystal size for CoFe,O,4 was calculated as 262 nm, this value was determined as 18 nm for
Cog.2551¢.75Fe,0,. FT-IR results suggested increased force constants of octahedral and tetrahedral
bonds with higher Sr content, with main vibration bands at 423.6 and 606 cm ~'. M-H curves exhibited
S-shaped behavior, indicating drastic magnetic property changes with Sr** substitution. Coercivity
field (Hc), saturation magnetization (Ms), and remanent magnetization (M,) values ranged from
1447.8-545.4 Oe, 58.8-14emu g ',and 36.8-7.6emug ', respectively. Blood compatibility
experiments highlighted Coy ;551 »5Fe,O4 nanoparticles with significantly low hemolysis rates
compared to other concentrations.

1. Introduction

The term ‘spinel ferrite’ is derived from the name of the mineral spinel, which is a naturally occurring material
composed of metal oxides and other elements. The metal oxides are mixed in the form of a powder and then
sintered in a furnace to form a ceramic material. Spinel ferrites are represented by a general formula AFe,O,,
where A refers to the divalent metal cations [Ni**, Cu®", Mn*", Zn**, Co®", etc], can be depicted as a closely
packed cubic structure of oxygen atoms with A>" and Fe’ ' at two different crystallographic regions [1, 2]. These
regions are labelled as tetrahedral (A-site) and octahedral (B-site) oxygen coordination, respectively. The spinel
structure is composed of two cation sites for cationic occupancy. There are 8 A-sites in which the metal cations
are coordinated as tetrahedral with oxygen and 16 B-sites, which have octahedral coordination. When the
A-sites are occupied by eight divalent A>" cations and the B-sites are occupied by 16 trivalent ferric (Fe’ ")
cations, the ferrite is named as a normal spinel. If the A-sites are completely occupied by one-half of Fe’ " cations
and the B-sites are randomly occupied by A** and another half of Fe’* cations, the structure is called an inverse
spinel [3-5]. Spinel ferrites and their nanoparticles have attracted great interest from the research area due to
their fascinating electrical and magnetic properties, such as high saturation magnetization, high Curie
temperature, low eddy current losses, large magneto-crystalline anisotropy, low coercivity, high electric
resistivity, high permeability, and mechanical hardness [6—11]. Due to their very interesting properties, most
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scientists have paid attention to spinel ferrites and their wide range of applicability for electronic applications
such as magnetic media, gas sensors, microwave absorbers, high-density data storage, rechargeable lithium
batteries, information storage systems, magnetic stack cores, and biological applications [12-22]. In addition,
because of high coercivity, mechanical rigidity, conceivable magnetic saturation, magnetic anisotropy, excellent
thermal and chemical stabilization characteristics, most of the spinel ferrite materials have become potential
materials for several technological applications like spintronics, hyperthermia, molecular imaging applications,
high frequency and power devices, supercapacitors, photocatalyst, and blood compatible nano-devices [23-29].

In recent years, advancements in ferrite nanomaterials have sparked significant interest across diverse fields,
particularly in biomedical applications. Ferrites, owing to their unique magnetic and physicochemical
properties, hold promise for various biomedical applications such as drug delivery, hyperthermia therapy,
magnetic resonance imaging (MRI), and bioseparation processes [30, 31]. The nanoscale dimensions of ferrite
particles enable enhanced surface area-to-volume ratios, which are advantageous for targeted drug delivery
systems [32]. Additionally, the tunable magnetic properties of ferrites facilitate their use in magnetic
hyperthermia therapy, where localized heating of tissues through the application of an external magnetic field
can be utilized for cancer treatment [33]. Moreover, the magnetic properties of ferrites make them valuable
contrast agents for MRI, providing enhanced imaging capabilities for disease diagnosis and monitoring [34].
Furthermore, ferrite nanoparticles have shown potential in bioseparation processes, aiding in the purification
and isolation of biomolecules and cells [35]. The integration of ferrite nanomaterials into biomedical
applications represents a burgeoning area of research with promising prospects for the development of
innovative diagnostic and therapeutic strategies.

In the literature, there are a lot of approaches for nano-size spinel ferrite fabrication techniques, such as sol—
gel combustion [36, 37], co-precipitation [38], microwave synthesis [39], auto-combustion [40], sol-gel [41]
and micro-emulsion [42], laser ablation [43], and sono-chemical method [44].

Cobalt ferrite is a fascinating class of materials that belongs to the family of ferrites, which has an inverse-
spinel crystal structure with Co”" ions in the octahedral sites, whereas Fe’ ions occupy octahedral and
tetrahedral sites [36, 37]. There is great potential in the field of CoFe,O4 nanoferrites in various applications such
as ferrofluid technology, cancer therapy, magnetic resonance imaging (MRI), and advanced microwave devices.
These materials are highly regarded for their exceptional mechanical stiffness, persistent chemical stability,
remarkable anisotropy (K, = 3 x 10’ J/m?, significant and impressive saturation magnetization and coercivity
values [45, 46]. The physical properties of these ferrites are highly dependent on a myriad of factors that include
the intricacies of manufacturing techniques, chemical compositions, sintering temperatures, and the complex
arrangement of cations within their crystal structure. In this regard, exploring the synthesis methods and
characterization techniques and further understanding the structure—property relationship of cobalt spinel
ferrite becomes crucial for optimizing its properties and expanding its applications. In many studies, doping and
substitution ions were added instead of Co- or Fe- ions to improve the properties of Co-spinels. Mai M El-Masry
etaldoped Cu and Zn into Co-spinel structure to improve its thermal, electrical, mechanical and magnetic
properties [47]. In another study, Cu was substituted for Co to examine the change in magnetic and elastic
properties [48]. Due to the Cu™? doping process, the optical energy gap of the nanoparticles exhibited a
remarkable range from 1.77 eV to 2.20 eV. This variance in the energy gap suggests that these nanoparticles have
considerable potential as candidates for water purification applications. In addition, it’s worth noting that the
saturation magnetization value experienced a significant increase, rising from an initial value of 79 emu g~ ' toa
higher and more favorable level of 106 emu g~ ' [49]. This increase in saturation magnetization underscores the
magnetic properties of the doped nanoparticles, further highlighting their suitability for a range of applications,
including but not limited to water treatment and magnetic separation processes [49]. Therefore, in the present
study, we aimed to modify the crystallite size of magnetic cobalt ferrite. Hence, nano-sized Sr*"-ion-substituted
Co-spinel ferrites, Co; _,Sr,Fe,O, wherex = 0.0, 0.25, 0.5, 0.75, 1.0 have been fabricated via spontaneous sol—
gel auto-combustion synthesis. We have, in detail, investigated the effect of Sr** inclusion for Co** with
anticipation of a significant improvement in the structural, optical, magnetic and blood compatibility
properties.

2. Experimental methods

Co;_,SrFe;,O4 withx = 0.0, 0.25, 0.5, 0.75 and 1.0 nanoparticles were synthesized via sol-gel auto-combustion
technique. In this method, iron(III) nitrate nonahydrate (Fe(NO3);.9H,0) was employed with a purity of
99.9%, along with cobalt(II) nitrate hexahydrate (Co(NO3),.6H,0) at max. 0.001% Ni. Additionally, strontium
(ID) nitrate (Sr(NO3),) was used with a purity of 99.995%, and citric acid (C¢HgO7 _ 99% purity) was included as
metal ion’s complexant as well as the fuel of auto-combustion. 25% ammonia solution NH,OH) was used to
adjust the pH value of the reaction media. Due to pH balance is important to provide a high surface area and
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reduce the particle size the low pH value resulting from the presence of citric acid in the reaction medium was
adjusted to pH = 7 using NH,OH in order to form citric acid/M* " ion complexes ([Sr3(CsH505),-H,O0],
[Co3(CcH505),-H,0], etc) with high efficiency [50-52]. The all chemicals were purchased from Merck. The
following chemical expression could be given for the synthesis of Co;_(SrFe,Oy;

9(1 — X) CO(NO3)26H20 + 9XSI’(NO3)2 + ISFC(NO3)39H20 + 26C6H807
— 9C0(]_x) SI'XF6204 + 156C02 + 45N2 + 320H20

The total ratio of Co(NO3),.6H,O, Sr(NOs3),, Fe(NO3)3.9H,0 and C;HgO-, were selected as 1:2:2,
respectively, and dissolved in 35 ml of distilled water with the aid of magnetic stirrer. Each sample solution was
left in the atmospheric conditions for half an hour to obtain a homogeneous mixture. Then, NH,OH was added
dropwise into the acidic solution to achieve pH = 7, and after adding ammonia to the homogeneous solution,
stirring proceeded for halfan hour. Afterwards, the mixing process was stopped, and the heater was adjusted to
300 °C. Finally, the solution was turned into the gel phase through the boiling process, and then the residual
gelous phase was dried, later, the powder materials in the vessel were ground in the agate mortar to eliminate the
agglomeration.

The structural analysis, including lattice parameters and crystal size of the nanoparticle material, was carried
out via the PANalytical X pert Powder” diffractometer with a CuKax (A = 1.5418 nm) radiation in the scanning
range of 260 = 10°—80° with 0.013 °/sec increments, at room temperature. The surface morphologies and the
phase composition of nanoparticles were investigated via the Zeiss EVO LS10 model scanning electron
microscope (SEM) apparatus with secondary electron mode. BET (Brunauer, Emmett and Teller) analyses were
applied to determine the surface areas. The degassing process was performed at 200 °C before each
measurement of BET. The phase analysis was done with an energy-dispersive x-ray spectroscope (EDS)
integrated into the SEM device. For the determination of the main spinel Co, _,SrFe,O, structure and the
presence of other covalent bonds, the Shimadzu IRSpirit model Fourier-transform infrared spectroscopy (FT-
IR) was used in the range of 4000-400 cm ', With the aid of the Lake Shore 7304 model VSM system, the
magnetic properties of nanoparticles were measured under 41 Tesla magnetic field at room temperature.

The hemolytic potential of Co; _SrFe,O4 nanoparticles against human erythrocyte cell membranes was
investigated through hemolytic activity tests. Trisodium citrate (Na;Ct-0.108 mM) was used to prevent the
coagulation of blood samples drawn from healthy volunteers of 35-40 age. Blood:Na;Ct ratio was adjusted as
(9:1). NasCt - blood mixtures were diluted with calcium and magnesium-free phosphate buffer solution (PBS)
and then centrifuged at 4000 rpm for 5 min to separate the erythrocytes from blood plasma. PBS was prepared
by the composition of NaCl (8 g/L), Na,HPO,.2H,0 (1.78 gL 1), K 'C 171 (0.2 g L"), and KH,PO,

(0.24 g L"), then autoclave-sterilised at 121 °Cat 1 atm for 15 min. The erythrocyte deposit was then diluted up
to 50 ml by adding PBS. Appropriate volumes of nanoparticle dispersions in PBS were mixed with 0.5 ml of RBC
stock solution. The final concentrations of nanoparticles were adjusted as0.5m g /m1, 1.0 mgml ™' and 3.0 mg
ml ™", Positive and negative control tests were conducted by using distilled water and PBS, respectively. In the
positive control test, it was accepted that complete hemolysis of erythrocytes occurred with the hypertonic effect
of distilled water (100%), while in the negative control test performed with PBS, it was accepted that the
hemolysis was 0% in the erythrocytes treated in the isotonic medium. Erythrocytes were then incubated in the
presence of nanoparticles at a physiological temperature (37 °C) for 3 h. Each test was repeated in duplicate, and
an average of two separate experiments were reported. After incubation, erythrocyte-nanoparticle dispersions
were centrifuged at 4000 rpm for 5 min. UV spectra for the supernatant of each sample were recorded to
quantify the degree of hemolysis indicating cell lysis. The degree of hemolysis for each nanoparticle sample was
calculated using the absorbance (ABS) value of the supernatant at 540 nm according to the expression given
below [53].

ABSsample - ABSnegative test

Degree of hemolysis =
ABSpositive test ABSnegative test

x 100 1)

3. Result and discussions

All structural, physical and biological findings of Co; _,Sr,Fe,O, with x = 0.0, 0.25,0.5,0.75 and 1.0
nanoparticles are in-depth, discussed and presented below.

3.1. Crystal structure properties

Figurel presents the XRD powder patterns of Co; ,Sr,Fe,O4 (x =0.0,0.25,0.5,0.75 and 1.0), nanoparticles
taken between 10°— 80° diffraction angles. All ratios of Sr- substituted cobalt ferrite exhibited the characteristic
spinel peaks belonging to the Fd3m space group cubic spinel structure, labelled as (111), (220), (311), (222),
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Figure 1. X-ray diffraction patterns of Co,_Sr,Fe,Oy ferrites and enlarged XRD patterns of (311) peak in the range of 34°-37°.

Table 1. Crystallographic and physical parameters of Co; _,Sr,Fe,0, ferrites.

d-spa- a, unit- Cell Volume

Samples cing (/i ) Strain () Crystal Size (Dyy.p), nm cell (fi ) (AD %) Rietveld Analysis Results

CoFe,04 Other Pha- X2
(%) ses (%)

CoFe,0Oy4 2.528 1.7 x 107 262 8.384 589.30 96 4 1.12

Cog.7551¢ 25 2.535 5.7 x 107* 159 8.406 593.97 92 8 1.35

Co00.5S5r0.5 2.528 0.00252 7.4 8.383 589.11 86 14 1.22

Co00.255r0.75 2.522 0.00141 18 8.363 584.90 72 28 1.16

SrFe, 04 2.521 0.01828 42 8.359 584.06 — 100 1.21

(400), (422), (511), (440), corresponding to JCPDF card No.: 98-019-5863 catalog number. A few secondary
peaks, namely Sr,Fe,0s, SryFesO1 3, and SryFe,O1;, were also observed and became more pronounced as each Sr
contribution increased [54, 55].

The Rietveld analysis results in table 1 illustrate a clear correlation between the increasing presence of
strontium and the higher proportions of strontium-containing phases within the samples. As the ratio of
strontium increases from CoFe,0, to SrFe,04, the percentage of strontium-containing phases gradually rises.
Initially, in Cog 7551 25Fe,O,, where strontium is present in a modest proportion, CoFe204 constitutes the
primary phase at 92%, while other phases account for 8%. However, as the strontium content increases, as
observed in Coy 5S¢ sFe,0,4 and Cog »551 75Fe,O4, the percentage of other phases notably escalates to 14% and
28%, respectively. This underscores the significant impact of strontium increment on the overall composition
and phase distribution in the analyzed samples. The reason why there are so many secondary phases is thought to
be due to the ionic instability of the element Sr

The cubic unit cell parameter a and the crystal size of nanoparticles are calculated using equation (2) and
equation (3), using XRD diffraction patterns results, respectively. Equation (3) is Williamson—Hall equation
[56-58], which is used to calculate crystalline size and average lattice strain.

G = dyg (0 + K2 + P)/2 @
W cos Op = 4¢ sin O + % (3

where W is the full-width half maximum of the XRD peaks, A is the wavelength of the used x-ray radiation
(Acu = 1.54056 A), O, is the Bragg angle, and D is the average crystallize size. The relationship between Wcosfp,
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and 4 sinfp, is described the strain € of each XRD plot of the materials. The strain is inferred from the slope of the
linear fitting data between Wcosfp and 4 sinfp, while the parameter D is determined from the Y-intercept (KA/
D). All calculated parameters of Co, _,Sr,Fe,O, nanoparticles are listed in table 1.

The table shows that the strongest maximum peak (311) is located at an angle 26 = 35.53° for pure cobalt
ferrite and is increased 20 = 35.63° with doping Sr The Sr substitution reveals the strongest peak angle of cobalt
spinel ferrite slightly shifted to the right of 0.10°. The cobalt ferrite sample’s intensity decreases with strontium
ions’ presence.

The base compound, CoFe,0,, exhibits a standard d-spacing of 2.528 A with minimal strain (1.7 x 107%). Its
crystal size is relatively large at 262 nm, suggesting well-developed crystallites. The introduction of strontium in
Cog.75510 25Fe,0, results in a slight increase in d-spacing (2.535 ;A) and strain (5.7 x 107, with a notable
decrease in crystal size (159 nm), possibly due to strontium ions substitution to CoFe, O, spinel structure. In
Cog 5519 sFe, 0,4, with an equal ratio of cobalt and strontium substitution, the d-spacing returns to its base value
(2.528 A), while strain slightly increases (0.00252), indicating moderate lattice distortion. However, the crystal
size significantly decreases to 7.44 nm, implying the presence of smaller crystallites. As the strontium ratio
increases in Cog 5551 75Fe,0y, the d-spacing decreases (2.522 A), and strain decreases (0.00141), while crystal
size increases of 18 nm. The absence of cobalt in SrFe, 0, alters the crystal structure, resulting in a higher strain of
0.01828 and a larger crystal size of 42 nm compared to cobalt-containing samples. Overall, these findings
indicate that strontium incorporation affects the lattice parameters, strain, and crystal size of the ferrite
compounds, influencing their magnetic properties and crystal structures. Higher strontium content tends to
reduce d-spacing and strain while impacting crystal size and unit-cell parameters, highlighting the complex
interplay between composition and structural properties in ferrite materials.

3.2. SEM analysis

The images obtained at high magnification (400kx) of Co; _,Sr Fe,O, (x=10.0,0.25,0.5,0.75 and 1.0)
nanoparticles using the back-scattering electrons mode of the SEM device were presented in figure 2. In the
figure, the decreasing in the particle size can be seen with the increase of Sr doping until x = 0.5. The particle size
images appearing in the figures were obtained by plotting the Gaussian function using the line intercept method
and listed in table 2. It can be concluded that the average particle sizes of nanoparticles increase until the addition
ofx = 0.5 Sr, and with the subsequent doping, starts to decrease. The reason can be interpreted as the formation
of new phases resulting from the different ionic structure of the Sr-element, which replaces the Co*"ion,
causing the formation of wide distribution particle size and a reduction in particle size.

The BET analysis results provided the specific surface area of different ferrite samples, with varying
compositions involving strontium ion substitution. Interestingly, as the strontium ratio increases in the
compositions from CoFe, O, to SrFe,O,, there seems to be a fluctuation in the specific surface area. Notably, the
CoFe,0, sample exhibits a relatively high specific surface area of 130 m?/g, followed by Coy, 7551, »5Fe,O4 and
C00.25S10.75Fe,0, with 126 m?/ gand 124 m?/ g, respectively. However, the sample with equal amounts of cobalt
and strontium, Coyg 5Sr sFe,O4, shows a decrease in specific surface area to 103 m?/ g. The sample with solely
strontium, SrFe,O,, displays the highest specific surface area of 141 m*/g.

Figure 3 presents the EDS analysis of nanoparticles. According to these results, it is obtained that all peaks are
relevant to the Co,_,SryFe,O, material, confirming the presence of Co, Sr, Fe and O without impurities.
According to the results of the analysis performed by using the entire area of the SEM image in the area spectrum
distribution graphs in figure 3, although different phases are formed in the composition, the EDS analyzes show
similarity with the composition formed within the error rates. When examining the EDS analyses of CoFe,0,
and SrFe,0, compositions without substitution ions, it can be observed that the CoFe,O, composition
theoretically consists of 27.18 wt.% O, 46.80 wt.% Fe, and 26.87 wt.% Co. The EDS analysis measured the wt.%
of O, Fe, and Co as 26.86%, 45.50%, and 26.00%, respectively. The SrFe,O, compound should contain 24.31 wt.
% O, 42.42 wt.% Fe, and 33.28 wt.% Sr according to theorical composition. EDS analysis determined the ratios
of these ions to be 26.27 wt.% O, 42.22 wt.% Fe, and 31.51 wt.% Sr

3.3.FT-IR analysis
FT-IR spectroscopy is a good technique and the essential way to characterize the bonds in a molecule. As a result
of the absorption of infrared radiation in the molecule, a series of vibrations in the molecular structure is created
that form the basis of the FT-IR spectrum. In a definite range of infrared radiation, when the bonds of the
molecule vibrate, the absorption process happens, and a peak arises, expressing the type, location and condition
of the bonds. In the AB,O, spinel structure, the typical characteristic tetrahedral A-O (v;) and the octahedral
B-O (v,) bonds vibrate between 500-600 cm ' and 400-500 cm ™' wavelengths, respectively. On the other hand,
the standard metal-oxygen bond vibrates at a high frequency between 400-600 cm ' wavelengths.

Asa result of the FT-IR spectrum, two peaks between 400-600 cm ™' wavelengths may normally be observed
pointing to the spinel structure. Figure 4 exhibits the infrared transmittance spectra of Sr-substituted Co-ferrite
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Figure 2. SEM micrographs and particle analysis of the Co; SryFe,O, nanoparticles for (a) x = 0.00, (b) x = 0.25, (c) x = 0.50, (d)
x=0.75,and (e) x = 1.0.

Table 2. Some physical parameters deduced FT-IR spectra and average particle size analysis from SEM micrographs.

Force Constant (Ko) (x 10> Force Constant (K,) (x 10> Average Particle
Samples voem™) v (cm™) N/m) N/m) Size (nm)
CoFe,0,4 426.1 598.7 1.1 3.13 31.6
C00.755%0.25F,0,4 423.6 600.4 1.16 3.35 34.4
Coy 551 5sFe, 0,4 426.5 599.1 1.24 3.53 54.4
C00.25510.75Fe,0,4 4242 600.6 1.3 3.74 36.4
SrFe, 0, 424.3 599.4 1.37 3.92 25.6

materials. In the figure, the vibrational frequencies of Sr-O or Co-O bonds (v;) and Fe-O bonds (v,) range lines
up from 600.6 to 598.7 cm !and from 423.6t0426.5cm ™ 1, respectively [59, 60].

In addition, with the increase in Sr doping, the presence of C-O and O-H bonds was determined at
approximately 880 and 1450 cm ' wavelengths, respectively [61, 62]. These bonds in the matrix can be thought

to be due to unburned citric acid residues since no heat treatment was applied to the materials after the sol-gel
auto-combustion reaction.

According to the Waldron method [63] given in equation (4),

107N
m

K= 7.62 x M; X vi x 4




0P Publishing Phys. Scr. 99 (2024) 065908 [ Erginetal

~ Element Weight% Atomic% Emor %

" Flement Weight% Atomic% Emor%

26386 5478 5380 OK 26.15 56.43 6.33

4550 2583 886 Fel. 4438 2744 898

26.00 19.39 1045 Col 2353 13.79 11.49

Theor. Theor. SiL 594 234 822
wt.% at% Theor. Theor.
27.18 57.14 wt.% at.%
46.8 2857 o 26.47 57.15
26.87 14.29 Fe 46.19 28.57
CoFe,0, . o
Co0.755r.25Fe204

&

1
Element Weight % Atomic % Ermor % Element Weight % Atomic % Error %

oK 2515 56.60 522 oK 2688 57.14 32
Fel. 45.30 2021 795 Fol. 4434 2729 691
Col. 1018 6.22 1251 Col. 862 503 16.66
s 19.40 797 622 siL 253 994 9.12
Theor. Theor. Theor. Theor.
wi.% at.% . wh.% at%
o 25.71 57.15 o 24.99 57.15
Fe 44.86 28.57 Fe 4361 28.57
Co 11.84 7.14 Co 575 357
sr 17.60 7.14 _Sr 2566 1071
Coo.508r0.50Fe204 C00.255r0.75Fe204

1
Element Weight % Atomic % Emor %
OK 2627 59.54 4.36
Fol 4222 2742 223
s 3151 1304 931

Theor. Theor.
wt.% at.%
- 24.31 57.15
42.42 28.57
33.28 14.29
SrFe.0,

Figure 3. EDX spectra and elemental weight and numerical content of the Co,_,Sr,Fe,O, nanoparticles for (a) x = 0.00, (b) x = 0.25,
(¢)x=0.50, (d)x=0.75,and x= 1.0.

Ko = 5.31 x My x v3 x 1077N/m

where M; and M, are the molecular weights of cations in A- and B-sites, respectively.

The estimated K, and K, values and frequency ranges are listed in table 2. As seen in the table, the force
constants of the octahedral and tetrahedral bond increase with the increase of Sr content in the spinel ferrite
system. It can be argued that substituting Sr* content in the tetrahedral site (A-site) successively transfers Co*",
which is responsible for increasing the force constants. In other words, due to the substitution of Sr?* ion, the
charge imbalance in the matrix system happens, and hence, Fe’* ions likely keep the oxygen ions, increasing the
octahedral force constant [64].

3.4. Blood compatibility tests

The synthesis of ferrite-based nano-sized materials has become a remarkable research area due to the various
potential applications of these materials. Nanoparticles with suitable mechanical and structural properties
should be evaluated in terms of their biological properties, and it should be investigated whether they can be
used in the medical field. Examining the hemolytic potential of a synthetic material is a practical and scientific
way of determining the potential biocompatibility properties of the material towards living systems. In a related
literature review, the in vivo biocompatibility of cobalt-doped Fe,O,4 nanoparticles was investigated. In the study
conducted on rabbits, CoFe,0O, synthesized by micro-emulsion method showed adverse effects on surgical sites
of the kidney, liver, muscles as well as blood count [65]. Another study evaluating the biological properties of
microwave-synthesized CoFe,O, nanoparticles showed the non-toxic nature of these nanoparticles and
recommended them to be used in biomedical applications [66]. Due to superparamagnetic properties, CoFe,0,
nanoparticles were offered as an alternative new material for magnetic hyperthermia applications and cancer
therapy [67]. The impressive physicochemical properties of nano-sized CoFe, Oy, such as stable structural and
mechanical properties under physiological conditions and colloidal dispersion, make CoFe,O,4 and its
derivatives remarkable regarding biological applications. Inconsistency between hemoglobin and Fe-based
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Figure 4. FT-IR spectra of Co;_,Sr,Fe,O, nanoparticles.

materials due to the presence of Fe in the structure could be prevented using ferrites, and better biological and
biochemical properties such as enhanced tissue perfusion and blood compatibility could be generated [68].

Itis known that nano-sized materials can change the erythrocyte morphology, disrupt the structural
integrity of the erythrocyte cell membrane, and eventually cause hemolysis. This situation, which creates an
inflammatory effect by suppressing the immune system and can cause autoimmune disorders and even cancer,
is one of the most basic and observable negative interactions between nano-sized materials and blood. In this
study, Co,_,SrFe,O, nanoparticles were investigated in terms of their hemolytic potential as an indicator of
blood compatibility. It has been observed that the peak intensities of the Soret band (416 nm) and Q bands (576
nm and 541 nm), which are the characteristic bands of the hemoglobin UV spectrum corresponding porphyrin
7—7* transitions and ferrous heme (Fe* ) in hemoglobin molecule respectively, increase with increasing
nanoparticle concentration [69, 70] as seen in figure 5. In other words, as expected, hemolysis rates for all
nanoparticles increased depending on the nanoparticle concentration as tabulated in table 3. Figure 6 shows the
degree of hemolysis in erythrocyte suspensions treated with PBS alone (control) and Co; SryFe,0,
nanoparticles with three different concentrations, and those were 0.5 mgml~ ', 1.0mgml ™', and 3.0 mgml .
All the hemolysis ratios at three different studied concentrations were less than 5%, which is the upper limit
value for materials for biomedical purposes [ISO 10993-4]. However, a fluctuation in hemolysis percentages
observed at equivalent concentrations of samples was also detected (table 3). This fluctuation in the results may
depend on the resulting phases rather than the chemical composition. As stated in part 3.1, not all of the Srions
added in place of Co settled in the CoFe, O, crystal structure and new phases were formed. Thus, the fluctuation
in hemolysis results can be attributed to the increasing ratio of different phases with increasing Sr content.

Although hemolysis rates below 5% were observed in all compositions, the highest percentage of hemolysis
among the samples examined was observed in the Cog 551, ;5Fe,0, at all three concentrations (0.5 mg ml™ !
1.0mgml ™', and 3.0 mgml ™). Cog ,55r 75Fe, 0, is also the composition in which other phases occur at the
highest rate (28%), according to Rietveld Analysis results. Another effective parameter on erythrocyte hemolysis
is the particle size of nano-sized materials. It has been stated that decreasing particle size may cause an increase in
hemolysis rates [71-73]. Based on this, when the Rietveld analysis results and average particle sizes (tables 1 and
2) are evaluated together, it has been observed that the compositional properties and low percentages of other
phases eliminate the hemolytic effect expected to arise from the slightly lower particle diameter (especially in the
compositions of CoFe, O, and Cog 7551 25Fe,0,).
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Figure 5. UV—vis spectra of erythrocyte suspensions treated with Co; SryFe,O4 nanoparticles with three different (0.5 mg ml-1, 1.0
mgml ™' and 3.0 mg ml ') concentrations.

Other factors in the increase of hemolysis rates are the oxidative effect of reactive oxygen species produced by
nanoparticles on the cell membrane and the physical interactions of nanoparticle-cell membranes. Erythrocyte
cell wall composition has an affinity toward metal-oxide nanoparticles [74]. Therefore, nanoparticles can change
the morphological structure of the cell membrane. Light microscope images of Cog »55r¢. 7sFe,O4 nanoparticles
(3.0 mgml ") presented explicit evidence of the effect of nanoparticles on the erythrocyte cell membrane. In
figure 7(a), different types of deformations on erythrocyte membranes, such as echinocytes and acanthocytes
with spicules on their surface, Heinz bodies, and eryptotic cells in the presence of 3.0 mgml ™" of
Cog 25510 75Fe,0,4 nanoparticles, were obvious. Variations in erythrocyte morphology mainly result from
oxidative stress. Under the influence of oxidative stress, the characteristic biconcave shape of erythrocytes is
distorted. Chemical interactions between heme unit and globin moieties of hemoglobin disrupt by ROS,
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Figure 6. Hemolysis degree of Co;_,Sr,Fe,0, nanoparticles at three different concentrations. Hemolysis percentages in distilled water

(positive control) and in PBS (negative control) are included.

Table 3. Degree of hemolysis in erythrocytes incubated in the presence of
3 different concentrations of Co,_SryFe,O, nanoparticles.

Degree of
Sample Concentration (mgml D) Hemolysis (%)
CoFe,0, 0.5 0.14
1.0 1.26
3.0 2.87
Co0y.7551).,5Fe;,04 0.5 0.00
1.0 1.33
3.0 2.01
C0y.50Srg.50F€;,04 0.5 0.29
1.0 1.36
3.0 2.48
Co0y.2551).75Fe;,04 0.5 0.72
1.0 1.98
3.0 3.74
SrFe,0, 0.5 0.36
1.0 2.55
3.0 2.69
Negative C. — 0.0
Positive C. — 100.0

resulting in the departure of globin units from hemoglobin. Aggregated globin fragments in the cell membrane
form Heinz bodies, which cause complete lysis of erythrocytes with the effect of progressive oxidative stress [75].
It has been reported that magnetic Fe;O, nanoparticles may lead to apoptosis of RBCs causing eryptosis and
hemolysis in the early and later phases [76]. The acanthocyte development-triggering effects of titanium dioxide,
silicon oxide, and iron oxide nanoparticles have also been emphasized by various literature studies [77-79]. Even
the nanoparticles with the highest percentage of hemolysis at 3.0 mg ml ™~ concentration among the samples
examined had hemolysis value lower than the acceptable upper limit of 5%, changes in the morphological
structure of some erythrocytes were observed under the light microscope (see figure 7). Various morphological
defects were detected in RBCs treated especially with Cog 55T, 75Fe,O,4 nanoparticles at 3.0 mgml ™', with a
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Figure 7. Light microscope image of (@) Cog 555t 75Fe,O, nanoparticles at 3.0 mg mL ™", (b) Cog 755t ,5Fe,O, nanoparticles at
0.5mgmL ™" and () Coy 55t 25Fe,04 nanoparticles at 3.0 mg mL ™' (160x magnification).

prevalence of acanthocytes. This finding shows that although the upper limit of hemolysis accepted by the
literature for materials to be used in the biological field is 5%, there are also some erythrocyte disorders that
should be considered before complete erythrocyte lysis. Therefore, it is important to carry out studies at the
cellular level in addition to instrumental analysis, especially in studies where the biocompatibility of nano-sized
materials is examined. Figures 7(b) and (c) present light microscopy images of erythrocytes incubated in the
presence of Coy 551 »5Fe,O4 nanoparticles at concentrations of 0.5 and 3.0 mg.ml, respectively. Although no
significant change was observed in erythrocyte morphology at 3.0mg.ml ™' concentration of Cog 75Srq 25Fe;O4,
which has a hemolysis degree of 2.1%, it was observed that erythrocytes had a wide range of distribution in
diameter. In contrast, many healthy erythrocytes with a biconcave shape and equivalent diameters were
observed at a concentration of Cog 755t 25Fe;04 0.5 mg.ml ™.

Among the samples examined in this study regarding blood compatibility, Cog 75Sr¢ »5Fe,04 nanoparticles
showed very low hemolysis rates at all three concentrations studied. According to the literature results, doping
Sr** ions into TiO, nanoparticles significantly improves biological properties such as blood compatibility and
cytocompatibility of endothelial cells [80]. It has also been stated that Sr can enhance the bioavailability of other
biological-purpose materials, such as scaffolds having porous surfaces for cell attachment and growth [81, 82].
In this study, it was concluded that the biological properties were improved as a result of a synergistic effect
between Sr and Co ions, which was evident at a critical concentration in Coy 7551 »5Fe,0,4 nanoparticles where
the Sr doping ratio was x = 0.25 [83].
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Figure 8. M—H curves measured at T = 300 K for Co; _,SryFe,O, nanoparticles.

Table 4. The different magnetic parameters obtained from M-H hysteresis curves of Co; _,SryFe,O4 nanoparticles.

Samples Hc(Oe) My (emu/g) M (emu/g) B constant (x10%) K., anisotropy constant (X 10%) (erg/g)
CoFe,0, 1447.8 36.8 58.8 —0.9855 1.122
C00.755r0.25F€,04 1618 314 53.1 —0.89 0.915
Coy.5S1rg sFe;, 0, 1858.4 26.5 43 —0.7166 0.597
Co0y.2551¢.75Fe,04 1608 18.6 31 —0.6815 0.495
SrFe,0, 546.4 7.6 14 +0.0208 0.039

3.5. Magnetic properties

The magnetic hysteresis loop results of Co;_Sr,Fe,O, withx=0.0,0.25,0.5,0.75 and 1.0 nanoparticles,
measured at room temperature and in the range of =1 T external magnetic field were exhibited in figure 8. From
the figure, it is seen that all samples have an S-shaped hysteresis curve. The magnetic quantities such as saturated
(Ms) magnetization, remanent magnetization (My) and coercivity field values were tabulated in table 4.
According to the table, My and Mg values systematically decreased with Sr-content increment. This decrease in
saturation and remanent magnetizations can be attributed to the cation distribution of the sample. This decrease
in remanent and saturation magnetizations can be identified by Sr-ions occupying the A-site (tetrahedral) or
B-site (octahedral). The redistribution of cations in octahedral and tetrahedral sites is related to the presence of
strains of force constants in metal bonds in octahedral or tetrahedral findings of FTIR spectra. It is also necessary
to emphasize here that the reduction in the Mg can be attributed to the strain-induced magnetization due to the
breaking of magnetic ion chains by substituting non-magnetic ions. This effect arises from the disruption of
magnetic ion chains resulting from the substitution of non-magnetic ions of Sr>*, in the crystal lattice. This
interference leads to a systematic decrease in the overall magnetic response, as evidenced by the decreasing Mg
values across the range of compositions studied.

In addition, the coercive field (H.) of the Co/Sr- spinel ferrite enhanced from 1447,8 to 1858.4 Oe with the
substitution of Sr-content up to x = 0.5, then it started to decrease with increasing Sr-content The initial increase
in H¢ can be attributed to a phenomenon known as domain wall pinning [84]. This phenomenon occurs at the
surface of the nanoparticles. In simpler terms, it becomes progressively more challenging for the magnetic
domains within the material to reorient themselves in response to an external magnetic field as Sr-content
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Figure 9. Plots of M versus 1/ H? obtained for Co, _,SryFe,O, nanoparticles at T = 300 K.

increases. This is due to the presence of Sr-ions, which exert an influence on the magnetic moments within the
samples, effectively ‘pinning’ or impeding the free movement of these magnetic domains. As a result, the
hysteresis curve, the plot of magnetization against the applied magnetic field, becomes broader and more
resistant to changes, as indicated by the rise in the coercive field. However, beyond a certain Sr-content
threshold, this trend reverses, and the coercive field begins to decrease once more. This could be attributed to
other competing factors coming into play, which may gradually weaken the domain wall pinning effect. These
factors could include changes in the crystal structure, alterations in the cation distribution, or other intricate
interactions within the material.

The field-dependent magnetisation in the region of saturation value is generally given by [85]

M = Ms[l - %] ®)
formula where Mj is the saturation magnetisation, 3 is a parameter relevant to the anisotropy of magneto-
crystalline, and H is the external applied field. If the M versus 1/H? graph is plotted as in figure 9, the saturation
magnetisation (Ms) and (5-value in the vicinity of room temperature are obtained by using fitting and the
interception of the y-axis, respectively.
The magnetic anisotropy (K,) constant can be conveniently deduced via the equation (6) [86];
15
K. = Mg —6 (6)
4
If the Bvalues are deduced from figure 9, the magnetic anisotropy (K, ) values for all samples are obtained. The
obtained data are tabulated in table 4.

4, Conclusion

In this study, the effect of Sr**-inclusions on the structural, physical, magnetical, morphological, Fourier
Transform Infrared Radiation (FT-IR) and blood compatibility properties of Co,Sr;_ Fe,O4 nanoparticles have
been extensively presented. From the XRD patterns, the characteristic spinel peaks related to the Fd3m space
group cubic spinel structure have been proved. It is also found that the diffraction angle, FWHM, d-spacing,
crystallite sizes, a-parameter and cell volume values slightly changed by increasing Sr-content. Moreover, the
main (311) peak has shifted towards higher angles with Sr-substitution. From SEM images, one can argue that
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the average particle sizes of nanoparticles enhance up to x = 0.5Sr and then diminish with the subsequent
doping. The magnetic results have shown that the saturation and remanent magnetization, the coercivity and the
anisotropy constant have been prominently affected by Sr** substitution. From the blood compatibility results,
it was concluded that the biological properties were improved due to a synergistic effect between Sr and Co ions,
which was evident at a critical concentration x = 0.25. The Sr substituted CoFe, O, nanoparticles were offered as
an alternative new material for magnetic hyperthermia applications and cancer therapy [61, 75, 87].

The current study establishes Sr-substituted CoFe,04 nanoparticles as promising materials for magnetic
hyperthermia applications and cancer therapy due to their tunable magnetic properties and improved blood
compatibility. Future research could focus on optimizing the Sr content for enhanced magnetic and biological
properties, exploring novel synthesis methods, and investigating the in vivo efficacy and safety of these
nanoparticles for clinical applications. Additionally, further studies could explore the potential mechanisms
underlying the observed improvements in blood compatibility and explore other biomedical applications
beyond cancer therapy.
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