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Abstract

In this study, CuFe,0, nanoparticles (NPs) have been successfully synthesized via the co-precipitation method. Based on
chemical composition and considering biological properties of CuFe,O, ferrites nanoparticles, the structural, magnetic,
photocatalytic and biocompatibility properties were investigated. X-ray diffraction analysis (XRD), scanning electron micro-
scope (SEM), and UV-vis diffuse reflectance (DRS) spectrum techniques have been employed to analyze the structural and
morphological properties of nanoparticles. By using the XRD results, it was found that the NPs have a cubic structure with
a space group Fd3m. From UV-visible measurement, the direct and indirect gap energies of the Cu-ferrite NPs samples
were obtained as 3.24 and 2.6 eV, respectively. Photocatalytic activity tests have showed that CuFe,O, nanoparticles could
degrade 55.4% of total organic dye after 1440 min of the model dye. Characteristics of the absorbance spectra obtained from
hemolysis tests also revealed the possible interactions of copper and thiol (-SH) groups. Moreover, the observation of the
formation of a characteristic black precipitate in hemolytic activity tests was interpreted as clear evidence for the formation
of heme—iron complexes. The M-H loop shows a S-shaped pointing to the soft ferromagnetic behavior with the coercivity

field (H,) value of 1412 Oe, saturation magnetization (Ms) value of 14.06 emu/gr.
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1 Introduction

The synthesis and the investigations of magnetic nano parti-
cles have been playing an important role in several applica-
tion areas, such as catalyst, semiconductors, sensors, nan-
odevices, microwave devices, MR imaging, high-density
magnetic storage, and controlled drug delivery, biomedi-
cal, and pigment applications [1-14]. Among the magnetic
nano-sized materials, in addition to iron oxide, other iron-
containing materials also possess the magnetic properties
required for biomedical applications. Ferrites are materials
that are extremely valuable and suitable for other application
areas such as MRI and magnetic hyperthermia thanks to the
control of their physicochemical properties using an external
magnetic field [15, 16].

The nanoparticles (NPs) planned to be used for such
applications are desired to exhibit low toxicity, have high
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structural stability, and have pronounced super-paramagnetic
properties at room temperature (RT). For example, it has
been emphasized in some studies that NPs displaying super-
paramagnetic properties are biocompatible against eryth-
rocytes [2, 3], and various cells with cancer (for example
breast and lungs) [5] even without using immune-specific
coatings.

Among the magnetic nanoparticles, the spinel ferrites
(SFs) are shown by the chemical formula of MFe,O, where
M refers to a divalent cation such as Co, Cu, Fe, Mn, or Ni.
Among SFs, especially cobalt ferrite (CoFe,0O,) and cop-
per ferrite (CuFe,0,) is the focus of attention in physical,
chemical, and medical aspects due to their high coerciv-
ity, significant mechanical and chemical stability, and high
magneto-crystalline anisotropy [17-19]. According to the
preparation technique and sintering temperature, CuFe,O, is
constituted in two crystal structures namely cubic spinel and
tetragonal form. General producing techniques of nanopar-
ticles are known as hydrothermal [20], sonochemical [21],
citrate—nitrate [22, 23], sol—gel [24], co-precipitation [25,
26], and solid-state [27] ones. Recently, CuFe,O, structural
materials having different morphologies have been studied
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and reported. These are nanoparticles [24], nanospheres
[28], nanofibers [29], nanotubes [30], nanorings [30],
nanorods [31], and honeycomb structures [32]. Up to now,
CuFe,0, spinel is widely used in different fields including
heterogeneous catalysis [15, 16], photocatalysis [15], pho-
tocatalytic H, evolution activity [33], energy storage [20],
anode material for batteries [24], high-density magnetic
storage, for high-performance spintronic devices [34, 35].
Additionally, its usage is further extended to photocatalytic
degradation of methylene blue [20], photocatalytic efficiency
of in the decolorization of methylene blu [19], biomedicine
and drug delivery [36], magnetic resonance imaging [37],
magnetic separation of cancer cells, and antibacterial activi-
ties [38].

Although copper is an essential micronutrient also the
co-factor of several enzymes involved in human metabolism,
it shows toxic effects at elevated concentrations. This study
also identifies the potential effectiveness of CuFe,O, NPs in
degradation reactions of organic molecules by photodegra-
dation. For this purpose, photocatalytic activity of CuFe,0O,
NPs towards crystal violet (CV) was studied. There are vari-
ous studies which have been focused on catalytic properties
of nano-structured metal oxide catalysts [11-14]. Nonethe-
less, the catalytic properties of pure CuFe,O, NPs have not
been investigated in previously reported studies.

Moreover, synthetic materials affect the morphology and
physiology of blood cells and may change blood parameters.
In medical research and diagnosis, as precursor symptoms,
changes in blood parameters that indicate pathology are fol-
lowed. Destruction of cell membrane and lysis of red blood
cells which is defined as hemolysis is an undesirable result
of nanoparticle-blood interactions. Reactive oxygen species
(ROS) produced by the NPs can cause the immune system
to be suppressed, causing various autoimmune disorders
or infections. ROS are also recognized as responsible for
the occurrence of various types of cancer. NPs may cause
tissue inflammation and altered cellular functions through
oxidation, leading to abnormal cell function or even cell
necrosis. However, ferrites exhibit structural stability under
physiological conditions and have adjustable superpara-
magnetic behavior [39] making these nano-sized particles a
tough competitor over traditional iron oxide such as Fe;0,
and Fe,0;. The incompatibility of traditional iron oxides
against erythrocytes due to the iron in their structure can be
prevented by ferrites that provide better hemocompatibility.

In order to fabricate the spinel ferrites, several produc-
tion techniques like sol—gel, ball milling, hydrothermal,
thermal decomposition, solvothermal, and co-precipitation,
[40—44] have been used. For nanoparticles synthesis, gen-
erally among these techniques, the co-precipitation one is
preferred for its simplicity, being fast and economical. In
addition, by altering the precursors and environmental con-
ditions, the physical and chemical properties of precipitated

nanoparticles can be managed. So, high purity nanoparticles
suitable for magnetic characterization can be fabricated via
controlling the preconditions. Spinel ferrites were consid-
ered as high-potential materials especially for bioimag-
ing applications [18, 19]. Nevertheless, the mutual effect
between nano particle ferrites and blood modules are still
an unknown issue. Therefore, in this study, I have deeply
focused to report the synthesis and material properties of
CuFe,0, nanoparticles and to investigate their photocata-
lytic and biocompatibility as well as having non-hemolytic
nature which have not adequately been reported by using
crystal violet (CV).

2 Experimental Procedures
2.1 Nanoparticle Synthesis

The co-precipitation method was used to prepare CuFe,O,
NPs. To fabricate nanocrystalline Cu-NPs, iron(IIl) nitrate
nonahydrate (FeN;04.9H,0), and copper (II) nitrate hexahy-
drate (Cu(NOy),.6H,0) which are of analytical graded Alfa
Aesar, were preferred. In the experimental procedure the
weights of FeN;04.9H,0; Cu(NO;),.6H,0 chemicals were
stated in accordance of the stoichiometry between ferrite and
nitrates. First, the mixture of 0.2 molar FeN;04.9H,0 and
0.1 molar of Cu(NO;),.6H,0 was dissolved in deionizing
water of 100 mL. Then, approximately 30 puL of oleic acid
was dropped into the solution as an active agent (surfactant).
For homogeneous and uniform temperature distribution, the
solutions were mixed in an ultrasonic homogenizer (Ban-
daline Sonopuls model) at a fix temperature of 80 °C in
the water for 2 h in a continuous mode. Then, in order to
reach to 9 of pH value, the NaOH solution was added by
slow degrees in 1-h time. Finally, the remaining precipitates
were centrifuged in distilled water with the aid of the NUVE
NF400 model five times at 5000 rpm for 10 min. Finally, in
order to obtain nanoparticles of CuFe,0,, all precipitates
were desiccated at 80 °C under vacuum for 8 h and calci-
nated at a temperature value of 500 °C under air condition
for 2 h, respectively. The diagrammatic flow chart of syn-
thesis process has presented in Fig. 1.

2.2 Structural, Optical, and Magnetic Analysis

XRD measurements using a PANalytical X’pert Powder3
model X-ray diffractometer device with CuKa (A=1.5418)
radiation at RT in the scan range of 26 =10°-70° with a scan
speed of 3°/min and a step increment of 0.02° were carried
out to characterize the structure of the CuFe,0, ferrite NPs.
A scanning electron microscope (SEM) of the Zeiss EVO
MA model was used for analyzing the surface and morpho-
logical structure. To measure the optical properties of the
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Fig.1 The diagrammatic flow chart of synthesis process

CuFe,0, NPs, a UV-Spectrometer (2600 Shimadzu mark)
with an integrating sphere in 300-—-1000-nm wavelength
range was used. A Lake Shore model 7304 vibrating sample
magnetometer operating within the 15-300 K temperature
range was used to do magnetic hysteresis experiments.

2.3 Photocatalytic Activity Measurements

Photodegradation of crystal violet (CV) under 254-nm
irradiation was carried out to evaluate the photocatalytic
properties of Cu ferrite NPs. Nanoparticle dispersions and
CV solution were prepared in distilled water at 1.0 mg/ml
and 2.5x 107® M respectively. The following procedure
was applied to determine the photocatalytic performance
of CuFe,0, ferrites [45]. A homogeneous suspension was
prepared by dispersing the appropriate number of NPs in
the pre-prepared CV solution in the selected concentration.
Before irradiation, magnetic stirring was applied to the nan-
oparticle-CV dispersions in the dark for 30 min to create the
adsorption/desorption balance of the organic dye molecules
on the surface of the NPs. Once adsorption equilibrium was
established, I irradiated by continuously stirring aqueous
dispersions of NPs under 254-nm irradiation. 1.5-ml aliquots
were withdrawn at appropriate time intervals and centrifuga-
tion (4000 rpm for 3 min) was used to precipitate suspended
NPs. A spectrophotometer with a 591-nm wavelength in
connection with the absorption maxima of CV was selected
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to measure the absorption spectra of the supernatant. I used
distilled water as a reference.

2.4 Blood Compatibility Tests

I collected venous blood samples from healthy volunteer
to investigate CuFe,O, ferrites for their hemolytic activity.
I used an aqueous solution of 3.2% trisodium citrate as an
anticoagulant to avoid the coagulation of entire blood exam-
ples. Whole blood samples anticoagulated with trisodium
citrate (9:1) were diluted with calcium and magnesium-
free phosphate buffer solution (PBS-pH7.35) and centri-
fuged at 4000 rpm for 5 min. Then, the supernatant was
discharged, and I separated erythrocytes (red blood cells-
RBCs) from plasma and diluted them up to 50 ml with PBS.
Then, I added 0.8 ml of this RBC stock solution to 5.0 ml of
CuFe,0, nanoparticle suspensions with two different con-
centrations (1.0 mg/ml and 5.0 mg/ml). Distilled deionized
water (DDW) and phosphate buffer solution were used to
cause complete (100%) hemolysis (negative control) and 0%
hemolysis (positive control), respectively.

I incubated nanoparticle-RBC dispersions at physiological
temperature (37 °C) for 3 h under magnetic stirring. I tested
replicates of the sample and then I centrifuged dispersions
at 3000 rpm for 5 min. A UV-visible spectrophotometer to
indicate hemoglobin release into the medium following eryth-
rocytes lysis was used to record the absorbance of the super-
natant from 200 to 800 nm. I calculated percent hemolysis
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values using the absorbance value (ABS) of the supernatant
solution at 540 nm corresponding to the absorption maxima
of oxyhemoglobin via the below equation [46];

ABS — ABS,

test sample negative control

x 100
ey

% Hemolysis =
AB Spositive control — AB Snegative control

3 Results and Discussions
3.1 XRD analysis

The X-ray diffraction (XRD) measurements were employed to
obtain the crystallinity properties of CuFe,O, ferrite NPs. In
Fig. 2, All peaks illustrate almost the single phase of CuFe,0O,
spinel corresponding to JCPDS Card No: 98-003-7429. The
NPs have a cubic structure [10, 18] with a space group Fd3m
and few secondary phases (CuO and Fe,0;) having very low
intensities were observed. The unit cell parameter, a, was
calculated via Eq. 2 [47], by using the diffraction patterns
observed in XRD results.

1/2

oy = diyy (W + K + 1) 2)

By using the sharpest peak corresponding to (317) plane
in the XRD patterns, the crystallite size of CuFe,O, NPs was
calculated from the well-known Debye—Scherrer equation
given in Eq. 3 [47];

D =0.94/pcosOg 3)
* Fez20s
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Fig.2 XRD patterns of CuFe,O, ferrite NPs

where A is wavelength, f is the full width at half maximum
intensity related to sharpest peak j is the diffraction angle
of the peak. The maximum crystallite thickness, D, and the
unit cell parameter, a, values of CuFe,O, NPs for (311)
peaks are calculated as 38.04 nm and 8.45 A, respectively.
The obtained results are consistent with the literature [18,
24]

3.2 SEM Analysis

Scanning electron microscope was used to study the mor-
phology of CuFe,O, NPs as shown in Fig. 3. As can be seen
from Fig. 3a—d, the CuFe,O, NPs do not have a full shape
due to the agglomeration. With decreasing resolution, the
structure appears to be denser and more molten (Fig. 3c, d).
Figure 4 illustrates the basic composition of CuFe,O, NPs
obtained by the EDS analysis. All peaks in EDS analysis
indicate CuFe,O, NPs and no extra different disagreeable
elemental peak were observed.

3.3 Band Gap Calculation

I used UV-VIS diffuse reflectance measurements (DRS)
to get the reflectance spectra of the CuFe,O, NPs in the
range of 0-—700-nm wavelength. An absorption edge in
the vicinity of 370 nm appeared as illustrated in an inset in
Fig. 5a. The reflection ratio F(R) was calculated using the
Kubelka—Munk function [2]

(1-Ry?

R “

F(R) =

I used the following equation to calculate the optical band
gap E, for the photon energy (4v) and the absorption coef-
ficient («):

aho =k(ho — E,)'/" (5)

where k is an energy-independent constant. Since F' (Ra) is
proportional to @ and n is a constant that depends on the
bandgap type 1/2 and 2 for direct and indirect bandgaps,
respectively. Thus, Eq. (5) can be converted the following
equations:

(hv - Eg) for direct transitions
(ho — Eg) for indirect transitions

Figure 5 shows the direct and indirect bandgap energy
E, which were calculated by the linear approximation of the
slope of the graph of (F(R,) hv)? to the photon energy axis
where F(R) =0, namely, Egzhu. The direct and indirect
gap energies of the Cu-ferrite NPs samples were observed as
3.24 and 2.6 eV, respectively. The bandgap, E,, values were
influenced by few factors related to carrier concentrations,
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Fig.3 SEM images of CuFe,O, NPs for a 20-pm, b 10-pm, ¢ 5-pm, d 3-pum magnifications

o Element Weight % Atomic %
O 43.12 73.58
::t Fe 33.44 16.35
7.0k, Cu 23.44 10.07
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28K
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"0 067 134 201 2.68 3.35 402 469 5.36 6.03

Fig.4 EDS graph of CuFe,O, NPs
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lattice strain, crystal size, and the size effect of substituted
metals in Cu-spinel ferrite lattice.

3.4 Magnetic Behavior

The spinel ferrite CuFe,O, NPs play an important role
in materials science because of the following properties:
chemical stability, mechanical hardness, low bandgap
energy, visible light absorption capacity, and high saturation
magnetization (Ms) values. To determine the characteristic
magnetic nature of the Cu-Fe,O, NPs, the magnetization
versus magnetic field experiment have been performed at
room temperature in the range of +1 Tesla. The variation
of magnetization with respect to the applied magnetic field
has presented in Fig. 6. As can be seen in the figure, M-H
loop shows a S-shaped pointing to the soft ferromagnetic
behavior. The results consisting of coercivity field (H,) is
obtained to be 1412 Oe.

The field dependence of the magnetization (M) close to
the saturation value was calculated using the formula below
[48]:

B
M=MJl - ﬁ] (7

where the saturation magnetization is M, f is a param-
eter related to the magneto-crystalline anisotropy and the
applied magnetic field is H. Inset of Fig. 6 illustrates the
magnetization versus I/H°. I determined $ and M, values

of the CuFe,O, NPs from the slope of the linear fitting
and the interception with the y-axis, as 4.76 X 107 Oe? and
14.06 emu/g, respectively. Once I know the f value then the
magnetic anisotropy constant (K,) can be calculated using
the following equation [48]:

K,=M, 158 ®)
4
K value at room temperature is obtained as 1.9 x 103
erg/g. All magnetic quantities deduced in this study are
almost in agreement with the literature related to the Fe-
spinels [2, 45]. Thus, our CuFe,O, NPs can be used in both
industrial and biomedical fields.

3.5 Photocatalytic Properties

Oxidative stress leads to numerous pathologies such as
altered endothelial cell function leading to vascular dis-
orders, oxidative denaturation, hypertension, and also
hemolysis [49, 50]. Reactive oxygen species (ROS) are one
of the most important responsibilities of these pathologies
which can also be used to degrade organic polluting agents
like hydrocarbons, dyes, or pharmaceuticals in contami-
nated water [51-53]. In this study, CV, which is a com-
mon organic molecule in textile wastewater was used as
a model organic molecule to diagnose the photocatalytic
properties of CuFe,0, NPs [54]. CV was also chosen due
to its availability, low cost, high color intensity even at low

Fig.6 M-H curves measured
at T=300 K for CuFe,O, NPs. 15 4 14.01
Inset shows the plots of M ver-
sus 1/H? obtained in CuFe,0, at 4 135
T=300K 2
10 € 13.0
3
J=125
5 120 [ [ ]
—_ | ] u
O) J T T T T ~ W L
= 0 1 2 4 5 6 n
2 1/H2 (x10-8 0e2) u -
€ o -
) |
~ | | -
= - u
-5 [] (]
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-15
| ! | ! ! | ! I
-10000 -5000 0 5000 10000
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concentrations. Schematic representation of photocatalytic
activity was shown in Fig. 7.

Variations in the UV-visible spectrum of non-photo-
degraded CV in aqueous suspension of CuFe,0, and NPs
with the variation of time were shown in Fig. 8. As can
be seen from the figure, the absorption band intensity was
gradually reduced with increase of time from O to 420 min.
The intensity of the characteristic band at 591 nm weak-
ened after 420 min under the effect of 254-nm irradiation
indicating the degradation of CV by CuFe,O, NPs.

The degradation percentage of CV was calculated using
the equation given below.

\
\
J

Lo

) C,-C,
% degradation = [T] x 100 )
where C, and C, are is initial and at time # CV concentrations,
respectively.

Bhukal et al. [55] used the sol-gel auto-combustion
method to synthesize Co ¢Zn,, ,Cu,Fe, /O, NPs. The data
obtained from that study showed that as the Cu content of
the obtained NPs increased, catalytic activity also increased.
This was consistent with the results obtained from our study.

Although the band-gap value of CoFe,0, in the study of
Yalcin et al. [56] was lower than that of CuFe,0,, possible
structural defects such as trap states may cause CuFe,O, to
have higher photocatalytic activity. Another possible reason
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Fig.8 UV-vis spectra of CV 0,08
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may be the strong orientation ability of Cu?* ions in the
octahedral structure.

The mechanism for the degradation of CV in presence of
CuFe,0, NPs follows the below-mentioned reactions.

Step 1 — Excitation of valence band electrons: In this step,
valence band (vb) electrons are photo-excited by electro-
magnetic radiation possessing more energy comparison
to the bandgap of CuFe,O, NPs. Electrons migrate to
a blank conduction band (cb) leaving equal numbers of
holes in the valence band.

CuFe,0, + hv — CuFe,0,(e.,) + CuFe,0,(h',))  (10)

Step 2 — Formation of ROS such as HO" and O;*:
Migrated electrons to the surface of material reacts with
0,, H,0, or HO™ to produce ROS.

CuFe,0y(e,) + 0, — 05" (11)
CuFe,0,(h*)) + H,0 — H" + HO* (12)
CuFe,0,(h,) + HO~ — HO" (13)

Step 3 — Damping of the activity of O} and formation of
HO; radicals: During this step, other reactive intermedi-
ates such as hydrogen peroxide (H,0,) and hydroperoxyl
radicals (HO}) are formed.

H,0,+ 0" - HO* + HO™ + O, (15)

Step 4 — Degradation of organic molecules and closing
down the photocatalytic cycle: During this step, the pho-
tocatalytic cycle is closed. Cu" sites react with hydroxyl
jons and return to Cu?*. Simultaneously, photocatalytic
degradation of CV into less harmful molecules such as
H,0 and CO, occur.

0,*,HO*,HO; + CV — Degradation products of CV
a7
Photocatalytic properties of CuFe,O, NPs were investi-
gated using three different kinetic models namely zero-order,
first-order, and second-order, the equations describing each
kinetic model are given in Egs. 18-20 [57-60];

Zero—order : C,=—kt+C, (18)

First — order : In(C,) = —k;t +In(C,) (19)
A 1

Second — order : - = kot + - (20

1 o

where k, k|, and k, correspond to photocatalytic degradation
rate constants.

All variables used in the calculation of kinetic parameters
were determined using the calibration equation obtained

O, +H" - HO; H,0,+ 0
2 A T R 2 (14) from the CV calibration curve as seen in Fig. 9. Calculated
Fig.9 Calibration graphic of 0,50
Ccv
0,40 °
8030
=
s
2
H y=176397x + 0,0076
3 . R?=0,9998
< 0,20 o
0,10 e
o
0,00
0,0E+00 1,0E-06 2,0E-06 3,0E-06 4,0E-06 5,0E-06 6,0E-06
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rate constants from each kinetic model as well as the correla-
tion coefficient of each kinetic equation (R) were listed in
Table 1. Fitting the results of photocatalysis tests on ci ver-

sus t graph gave best consistency with the experimental data.
Low correlation coefficients obtained from C,-¢ and ln(C,)- t

Table 1 Kinetic parameters of three kinetic models applied to inter-
pret the CuFe,O,-triggered photodegradation of CV

graphics indicated the failure of zero-order and first-order
kinetic models. Moreover, among the applied mathematical
models, it was determined as the 2nd order kinetic model
that gave the most consistent result in terms of calculated
and theoretical CV concentrations (Table 1).

Second-order photodegradation kinetics of CV and extent
of the degradation of CV was given in Fig. 10a-b. The per-
centage of CV removed by CuFe,0, NPs reaches 55.4%
after 1440 min. Photocatalytic activity of CuFe,O, NPs can
be attributed to the possible structural defects or trap states

Kinetic Model ~ Parameters  Value Difference (%) and the strong orientation ability of Cu®" ions in the octa-
~ 9 P LOE" mol/L mi hedral structure [61]. Results represented the capability of
ero-order 02 ’ MmOYL min CuFe,04 NPs to degrade CV, under 254-nm irradiation.
R 0.9175
=7
) Cocatentaea  7-5B , M , 70.04 3.6 Blood Compatibility Tests
First-order k, 1.5E™ 1/min
R? 0.9650 . S o
c 166 M 6976 The main reason for the biological incompatibility between
ocaleulated ’ , ' red blood cells and iron-containing NPs is due to the high
Second-order k, 2755.6 L/mol min .. . . . . .
) activity of iron in chemical and biological processes. These
R 0.9920 . . . . .
c L3E-T M 4760 unwanted interactions can be avoided by using ferrites
o-caleulated : : for better hemocompatibility. In a related literature study,
Fig. 10 a Second order pho-
todegradation kinetics of CV 3,0E+06
and b extent of the degradation
of CV 2,5E+06
208406 | e
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magnetic CuFe,0, nanocrystals were used in the separation
of histidine-rich proteins such as hemoglobin. Researchers
focused on the selective binding capacity of hemoglobin by
CuFe,0, nanocrystals and reported 4475-mg hemoglobin
adsorption for each 1 g of CuFe,0, [62]. In another study,
polyacrylic acrylic acid-coated CuFe,O, NPs were used in
selective separation of hemoglobin [63]. Special proteins can
selectively be separated from blood to collect and analyze
some biological molecules such as DNA which are present
in blood in very low concentrations. These molecules are
not easy to detect because of several interferences between
abundant blood proteins such as hemoglobin. Chelating
properties arising from the presence of ions such as Cu*",
Co**, or Ni** cause gels, beads, or NPs to form covalent
interactions with histidine-rich proteins. Among these, NPs
have become very popular due to their surface properties,
stability, and magnetic properties.

Hemolytic activity tests are the most applicable and sci-
entifically accepted method that enables the determination
of the biocompatibility properties of a newly synthesized
material. In this study, I analyzed the hemolytic potentials
of copper ferrites using healthy human erythrocytes. Fig-
ure 11 exhibits the UV-vis spectra of erythrocyte suspen-
sions treated with PBS alone (control), CuFe,O, NPs with
two different (1.0 mg/ml and 5.0 mg/ml) concentrations.
In blood samples treated with copper-containing ferrites,
absorption peaks at 540 nm and 580 nm corresponding to
oxyhemoglobin [64] completely disappeared (marked with
arrows in Fig. 11).

Cu has a vital role by taking part in the structure of many
enzymes and it is necessary for the synthesis of biologi-
cal molecules like myelin, melanin, and hemoglobin [65].
Although being an essential micronutrient in metabolic pro-
cesses, excessive concentrations of Cu induce toxic effects
both in vivo and in vitro. Cu®** ions show selective affinity

towards the thiol group and tend to bond with —SH contain-
ing molecules like metallothioneins, glutathione, and hemo-
globin. Copper is also suspected to cause the oxidation of
cysteine to cystine [66, 67] and the formation of a copper-
dicysteine complex [(RS —)Cu?*(— SR)] [68].

As shown by Fig. 11, the spectrum of CuFe,O, NPs con-
sisted of a shoulder centered at 370 nm, and an absorbance
tail extending from 500 to 650 nm. These features are typical
of square planar Cu(Il) complexes with thiolate ligands [66].
The absorption peak at 415 nm got broader and showed a
blue shift to 370-nm region indicating the possible interac-
tion of copper and thiol (-SH) groups following the relevant
studies in the literature [69]. Moreover, in all test tubes, the
precipitate with a characteristic black color supplied obvious
proof to designate the formation of heme—iron complexes
[70]. MHD is mainly formed as a result of oxidation of Fe
in the hemoglobin structure to 3 + state under the effect of
oxidative stress. Based on this, it could be concluded that the
high amount of ROS observed in the photocatalytic activity
test results was also supported by the formation of MHb
observed in blood compatibility trials. As it is mentioned
in the introduction part, the copper is known as an essential
micronutrient. It is also the co-factor of several enzymes
involved in human metabolism, and presents toxic effects
at a high concentration value. ROS formed by copper fer-
rite NPs causes the oxidation of hemoglobin to methemo-
globin in the organism. Methemoglobin (MHDb) is formed
when the iron (Fe?") ions in heme oxidize to the ferric (Fe**)
state, and the oxygen-carrying capacity of the molecule to
tissues is significantly reduced. MHb can be generated by
daily environmental exposure, as well as by chlorides, phe-
nolic compounds, and various heavy metal ions [71-73]. In
a normally functioning metabolic process, methemoglobin
is re-converted to hemoglobin by being reduced by enzy-
matic reactions within cells. However, copper can disrupt

Fig. 11 UV-vis spectra of 0,20
erythrocyte suspensions treated
with PBS alone (negative Negative Control
control), CuFe,O4 NPs with two 0,16 - mle
different concentrations. Inset: - \ CuFe204 1mg/ml
Digital photographs of er){thro- — — CuFe204 5mg/ml
cyte-nanoparticle suspensions, a 2012 -
CuFe,0, (1 mg/ml), b CuFe,0, g
(5 mg/ml) 2
]
2
< 0,08 - /\r/ l l
0,04 - N e ————
\-—_..,/\./\ e R
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the functionality of those mechanisms by affecting the enzy-
matic activities [74].

Briefly, I observed copper-induced oxidation of heme
and formation of methemoglobin with increasing CuFe,0,
concentrations. In conclusion, these ferrites can be consid-
ered as appropriate materials for biomedical applications
such as magnetic hyperthermia due to their non-hemolytic
effects. Our future work is to locate reducing agents such as
curcumin, ascorbic acid, or glutathione to the nanoparticle
structure and to reduce MHDb to hemoglobin via non-enzy-
matic reactions directly.

4 Conclusion

The co-precipitation method using FeN;04.9H,0 and
Cu(NOs;),.6H,0 was used to synthesize CuFe,0, spinel fer-
rites. Produced CuFe,O, nanoparticles were almost chemi-
cally pure in terms of secondary phases and exhibited an
agglomerated structure. The Cu-ferrite NPs have a cubic
structure with a lattice parameter a =8.45 Aanda space
group Fd3m. The direct and indirect gap energies of the
Cu-ferrite NPs samples were deduced as 3.24 and 2.6 eV,
respectively. The magnetic hysteresis graph (M-H) presents
an S-shaped pointing to the soft ferromagnetic behavior with
the coercivity field (H,) value of 1412 Oe, saturation mag-
netization (Ms) value of 14.06 emu/gr. Besides the structural
characterizations, the hemolytic activity has been studied for
the synthesized CuFe,O, NPs. Characteristics of the absorb-
ance spectra obtained from hemolysis tests revealed the pos-
sible interactions of copper and thiol (—-SH) groups. Moreo-
ver, the observation of the formation of a characteristic black
precipitate in hemolytic activity tests was interpreted as clear
evidence for the formation of heme—iron complexes in both
CuFe,0, samples. Photocatalytic activity measurements
showed that, while CuFe,O, NPs could degrade 55.4% of
total CV after 1440 min. Both photocatalytic activity and
hemolytic potential test results provided supporting data
for ROS formation and the results agreed with each other.
Among three kinetic models, second-order model showing
the highest correlation coefficient was found as the most
suitable model to explain the experimental photodegrada-
tion data. Higher photocatalytic activity of CuFe,O, NPs
was attributed to the possible structural defects such as trap
states and the strong orientation ability of Cu* ions in the
octahedral structure.
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