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Abstract Nano-sized metal oxides with magnetic 
properties are a group of scientifically valuable mate-
rials whose application areas are increasingly diverse. 
This study investigates the structural, morphological, 
magnetic, photocatalytic, and hemolytic properties of 
 CoCuFe2O4 nanoparticles (NPs) synthesized by co-
precipitation method. Photocatalytic and biological 
properties of the samples were investigated by fol-
lowing crystal violet (CV) photocatalytic degradation 
reactions and hemolysis experiments, respectively. 
X-ray diffraction analysis (XRD) and scanning elec-
tron microscope (SEM) were used to analyze crys-
talline properties and morphological structure of 
nano-sized ferrites. Photocatalysis tests showed that 
 CoCuFe2O4 NPs degraded 64.9% of the total organic 
dye after 420-min exposure to 254  nm irradiation. 
Coercivity (Hc) and saturation magnetization (Ms) 
of  CoCuFe2O4 NPs were determined as 1000 Oe and 
15.44 emu/g, respectively. Hemolysis tests showed an 
average hemolysis ratio (AHR) of 12.4% for human 
erythrocytes subjected to 5.0  mg   mL−1  CoCuFe2O4 
concentration, while it was only 2.2% for those of 
exposed to 1.0 mg  mL−1  CoCuFe2O4. In addition, at 
both  CoCuFe2O4 concentrations, spectrophotometric 
evidence was found indicating hemoglobin oxidation 

under the effect of reactive oxygen species (ROS) 
formed on the nanoparticle surface.

Keywords Co-precipitation method · Fe2O4 · 
Hemolysis · Magnetic properties · Photodegradation

Introduction

Nano-metal oxides (NMOs) have received enormous 
attention due to their structural stability and high 
magnetic properties [1, 2] and regarded as valuable 
materials in medicinal area such as magnetic reso-
nance imaging and magnetic hyperthermia [3, 4]. 
They have a talent to form biological interactions 
at the cellular level, enabling targeted drug delivery 
applications and node detections in tumors [5, 6]. 
They also have well-characterized catalytic perfor-
mances towards the selective oxidation of carbon 
monoxide, decomposition of hydrogen peroxide, and 
degradation of synthetic colorants and have been 
extensively studied for both medicinal and environ-
mental applications [7, 8].

Among NMOs, iron-containing derivatives having 
spinel configuration have magneto-crystalline ani-
sotropy, high mechanical and chemical stability, and 
well-characterized magnetic properties [9–11]. Spinel 
ferrites have a general molecular formula of  MFe2O4 
and constituted by cubic structured unit cells. M rep-
resents a divalent metal cation such as  Mn2+,  Ba2+, 
 Ni2+,  Fe2+,  Cu2+,  Zn2+, or  Co2+. Face-centered cubic 
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lattice structure of spinel ferrites allows the forma-
tion of tetrahedral and octahedral coordination sites 
occupied by  M2+ and/or  Fe3+ ions. It is also possible 
to produce double ferrites having a general formula 
of M′1-xM″xFe2O4 by the isomorphic substitution of 
M. Spinel ferrites are very popular in scientific and 
technological area due to their adjustable physical, 
chemical, and physicochemical properties under the 
effect of external magnetic field and potential medi-
cal applications [12, 13]. Ferrites can exhibit high 
saturation magnetization depending on the parti-
cle size and morphological structure [14]. This fea-
ture allows to obtain ferrite-based materials that can 
respond quickly and efficiently to variable magnetic 
field applications. When evaluated in terms of pho-
todegradation applications, the presence of a second 
metal doped into the ferrite structure allows to obtain 
photocatalysts with narrower band gaps, and there-
fore, highly efficient reactions can be proceeded even 
under ultraviolet/visible light [15]. Among spinel fer-
rites, especially cobalt ferrite  (CoFe2O4) and copper 
ferrite  (CuFe2O4) are of great interest in physical, 
chemical, and medical aspects due to the ability to 
control of their physicochemical properties as well as 
perfect mechanical properties and chemical stability 
[16, 17].

The mechanical properties and chemical stabil-
ity of double ferrites and their superparamagnetic 
behavior that can vary depending on particle size [9] 
make these nano-sized materials tough competitors 
against traditional iron oxide structures such as mag-
netite  (Fe3O4) and hematite  (Fe2O3). Besides the abil-
ity of  Fe3O4 and  Fe2O3 to form reactive oxygen spe-
cies, the biocompatibility of these species can also be 
improved by double ferrites obtained by isomorphic 
replacement of a second element atom with Fe.

Having inferior toxicity, high bio/cell compat-
ibility, and showing high structural stability in physi-
ological conditions are the main characteristics 
of materials planned to be used for biological and 
medicinal purposes. For example, superparamagnetic 
 CoFe2O4 NPs proven as biocompatible were used in 
a controlled drug delivery system triggered by the 
application of an alternating magnetic field [18]. It 
was emphasized in another study that  CoFe2O4 NPs 
display biocompatibility against both erythrocytes 
and breast cancer cells even without the presence of 
an exterior immune-specific coating [19]. Moreo-
ver, negligible hemolysis ratios offer significant 

biocompatibility which is essential for in  vivo bio-
medical applications such as intravenous drug deliv-
ery, magnetic hyperthermia, and node tracer injec-
tions [20, 21].

Although being a heavy metal, Cu has a vital role 
in biological processes. In trace amounts, Cu is being 
required as co-factor of numerous enzymes involved 
in biological redox reactions [22]. Co is also vital as 
taking part in cyanocobalamin  (C63H88CoN14O14P) 
and methylcobalamin  (C63H91CoN13O14P) which 
are the most stable and biologically active forms of 
vitamin B12 [23]. On the other hand, elevated con-
centrations of both Co and Cu show toxic effects in 
biological systems. ROS produced by Co and Cu con-
taining NPs may cause high levels of oxidative stress 
on tissues leading to failure of cell functions, inflam-
matory reactions, and cardiovascular diseases as well 
as cancer. However, some literature studies highlight 
the potential of nanostructures containing Co and Cu, 
especially in medical and biomedical applications. 
For example, in the study of Sattarahmady et  al., 
dextrin-coated Co-Zn nano-ferrites  (Zn0.5Co0.5Fe2O4) 
synthesized by co-precipitation technique were 
declared as having potential in MRI [24]. Proper-
ties of porphyrins attached on cobalt oxide surfaces 
were also investigated in terms of metalation which is 
one of the important interactions between porphyrins 
and metal oxide surfaces, due to the effect of metal 
ion incorporated in the porphyrin ring on chemical, 
electrical, and optical characteristics [25]. In another 
study, the applicability of cobalt protoporphyrin-
loaded silica NPs in photoacoustic imaging by sub-
cutaneous and myocardial injection approaches was 
proposed [26]. Another study reports the synthesis 
of ultrasmall CuO (Us-CuO) NPs showing enzyme-
mimicking properties and broad-spectrum ROS scav-
enging ability. Also, researchers emphasize the cell-
protective effects of Us-CuO NPs and their potential 
use in the treatment of ROS-related diseases [27].

Materials designed for medical purposes must 
be well-characterized in terms of their biocompat-
ibility. Hemolysis tests are one of the well-accepted 
scientific ways to establish the biocompatibility of 
a synthetic material [28, 29]. Magnetic NPs, espe-
cially ferrites, are being studied for their usability 
in biomedical applications such as controlled drug 
release, hyperthermia applications, selective protein 
adsorption, and magnetic resonance imaging (MRI) 
[30–33]. Biological incompatibility between blood 
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components (including RBCs) and iron-containing 
molecules arises from the oxidizing properties of 
hypervalent iron towards organic molecules [34]. 
A study conducted by Xiong et  al. emphasized the 
enhanced reduction ability of Fe/Cu bimetallic par-
ticles and broadened reduction efficiency in the pH 
range of 3.0–9.0 in respect to pure Fe [35]. Reactivity 
of  Fe3+ in biological systems can be adjusted by the 
incorporation of ferrite structures. Undesirable inter-
actions between synthetic materials and blood com-
ponents caused by the presence of Co and Cu ions in 
the structure of synthetic materials can be reduced or 
prevented by using ferrites. Ferrite structures show 
higher biocompatibility compared to conventional 
iron oxides. The synthesis of ferrites at nanoscale 
provides high photocatalytic, electrical, and mag-
netic properties in addition to biocompatibility. Thus, 
in this study,  CoCuFe2O4 NPs were synthesized and 
investigated in terms of their material properties as 
well as biological potential. The aim of this study is 
to provide data about the advantages that  CoCuFe2O4 
NPs can provide in medical and biomedical fields.

Especially in the last few decades, design of new 
materials especially in the nanometer scale has become 
a very popular research area. Designing new materi-
als with unique and/or improved properties for various 
application areas such as electronics, sensors, medi-
cine, and biotechnology makes this area of research 
much more valuable. Up to date, many studies have 
been conducted on nano-sized metal oxides which were 
focused mainly on the material properties rather than 
the potential for use in medical area. Literature research 
shows that  MFe2O4 and M′1-xM″xFe2O4 nanomaterials 
have a high potential especially in terms of biomedical 
applications [36–38]. However, there are only limited 
number of studies presented to the literature regarding 
the properties of  CoCuFe2O4, and these studies have 
focused mainly on the synthesis conditions and cata-
lytic properties of these NPs [39, 40]. Very few stud-
ies have been conducted on the biological properties of 
 CoCuFe2O4 NPs. Thus, in order to prove the accuracy 
of the predictions on the potential of  CoCuFe2O4 NPs, 
the interactions between the ferrite structures synthe-
sized in this study and blood components were inves-
tigated by hemolysis tests. This study also reports the 
synthesis and material properties of  CoCuFe2O4 NPs 
as well as the photocatalytic properties of  CoCuFe2O4 
NPs which have not been reported adequately.

Experimental part

Nanoparticle synthesis

Synthesis procedure of  CoCuFe2O4 nano-ferrites by 
co-precipitation method was summarized in Fig.  1. 
Iron(III) nitrate nonahydrate (Fe(NO3)3.9H2O, ≥ 99.95%, 
Sigma Aldrich), cobalt(II) nitrate hexahydrate 
(Co(NO3)2.6H2O, ≥ 99.0%, Sigma Aldrich), and cop-
per nitrate trihydrate (Cu(NO3)2.3H2O, ≥ 99.0%, Sigma 
Aldrich) were used in the synthesis. In a typical experi-
mental procedure to synthesize  CoCuFe2O4 nano-fer-
rites, a 100-mL aqueous solution of Fe(NO3)3.9H2O, 
Co(NO3)2.6H2O, and Cu(NO3)2.3H2O was prepared with 
0.2 M, 0.05 M, and 0.05 M concentrations, respectively. 
All reagents used in the nanoparticle synthesis were of 
analytical grade (Alfa Aesar). In nanoparticle syntheses, 
30 µL of oleic acid was added to the reaction medium as 
the surfactant to prevent aggregation of NPs. Reaction 
mixture was continuously sonicated using an ultrasonic 
bath (Bandelin RK103H) for 2 h at 80 °C. Next, the pH 
of the reaction mixture was adjusted to pH 9 with NaOH 
added dropwise to form fine particles of solid hydrox-
ides of metals (Eq. 1). Simultaneously, the mixture was 
maintained in ultrasonic bath for an additional 1  h to 
allow the transformation of metal hydroxides to metal 
oxides (Eq.  2). Next, distilled water was added to the 
precipitate and centrifuged (NUVE NF400) at 5000 rpm 
for 10  min. This purification process was repeated five 
times to remove the unreacted hydrates, unwanted impu-
rities, and excess surfactant from the obtained product. 
 CoCuFe2O4 NPs were than dried at 80 °C under vacuum 
for 8 h.  CoCuFe2O4 NPs were calcined at 500 °C for 2 h 
at atmospheric conditions. As confirmed by XRD analy-
sis, the final product obtained was NPs of cobalt–copper 
ferrite  (CoCuFe2O4) with spinel structure:

Structural analysis

The crystal properties of the  CoCuFe2O4 NPs were 
characterized by XRD measurements using fully 
computerized X-ray diffractometer (PANalytical 
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X’pert Powder 3) with CuKα (λ = 1.5418  Å) radia-
tion. Characterizations were performed at room tem-
perature and patterns were recorded with a scanning 
speed of 3 (o)/min in the range of 2θ = 10° − 90° and 
a step size of 0.02°. The morphological character-
istics of the  CoCuFe2O4 NPs were investigated by 
using SEM (Zeiss EVO MA). Before SEM analysis, 
 CoCuFe2O4  NPs were  coated  with gold–palladium 
under argon atmosphere to make the surface electri-
cally conductive. Shape, surface morphology, length, 
and diameter of NPs were examined by SEM micro-
graphs with different magnifications. Optical prop-
erties of the  CoCuFe2O4 NPs were characterized by 
using a UV-Spectrometer (Shimadzu 2600) between 
300 and 1000  nm. Magnetic characteristics were 
investigated through a vibrating sample magnetom-
eter (Lake Shore 7304), operating in the temperature 
range of 15 K to 300 K.

Photocatalytic performance of CoCuFe2O4 NPs

Photocatalytic degradation experiments of crystal violet 
(CV) in the presence of  CoCuFe2O4 NPs were evalu-
ated using an aqueous dispersion of NPs (1.0 mg  mL−1) 
depending on the varying photodegradation time. CV 
solution with a concentration of 2.5 ×  10−6 M was used 
in photocatalysis tests. In order to ensure that the CV 
reaches the equilibrium adsorption/desorption condition 

on the nanoparticle surfaces, magnetic stirring was 
applied continuously in the dark for 1 h before photo-
catalysis. Thereafter, aqueous dispersions of NPs in CV 
solution were exposed to 254 nm irradiation in cylindri-
cal open top Pyrex reactors. The irradiation was carried 
out using a couple of UV lamps (45 W each) which was 
placed vertically on the reaction vessels at a distance 
of 40 cm. During the photodegradation process, 1.5 ml 
samples of CV dispersions were withdrawn at appro-
priate time intervals and subsequently centrifuged at 
4000  rpm for 3 min to settle the NPs down. Superna-
tants were analyzed for undegraded CV content using 
Shimadzu UV mini 1240 UV–Vis spectrophotometer at 
λmax = 591 nm. Distilled water was used as a reference.

Blood compatibility tests

Susceptibility of erythrocytes (red blood cells, 
RBCs) to hemolysis in the presence of  CoCuFe2O4 
NPs was investigated. Venous blood samples were 
drawn from healthy adult volunteers (35–38 age 
female) and anticoagulated with the aqueous solu-
tion of 3.2% trisodium citrate. Blood:trisodium cit-
rate ratio was 9:1. Blood:anticoagulant mixture was 
diluted with phosphate buffer solution (pH 7.35) 
and centrifuged at 5000 rpm for 3 min to precipitate 
the red blood cells (RBCs). After discharging the 
supernatant, RBCs were diluted with PBS. Solutions 

Fig. 1  Schematic illustration of the synthesis of  CoCuFe2O4 nano-ferrites by co-precipitation method
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of RBC’s were prepared freshly and kept at room 
temperature during the tests. 1.0  ml of RBC stock 
solution was added to 5.0  ml of  CoCuFe2O4 nano-
particle suspensions prepared at concentrations of 
1.0 mg  mL−1 and 5.0 mg  mL−1. The prepared sam-
ples were incubated at 37  °C, which is the physi-
ological temperature, for 3  h. NP erythrocyte sus-
pensions were kept in the dark during the incubation 
period in order to avoid the effect of ROS that can 
be formed by the nanoparticles under the influence 
of ambient light. Each test was repeated twice, and 
the hemolysis percentages were averaged. After the 
incubation period, dispersions were centrifuged at 
4000  rpm for 5  min, and absorbance of the super-
natant was measured between 400 and 700 nm using 
a UV–Vis spectrophotometer. Absorption spectra 
were interpreted to detect the possible presence of 
hemoglobin (Hb) released into the environment fol-
lowing the lysis of RBCs.

The hemolysis ratio of each sample was calculated 
using the absorbance values at 540 nm corresponding 
to the absorption maxima of oxyhemoglobin (OxHb) 
in accordance with the following equation [41]:

Test results of RBCs in PBS alone were used as 
negative control (NC), whereas the results of RBCs 
in pure water was used as positive control (PC). 
AT refers for the absorbance value of test sample 
at 540  nm. Erythrocyte-CoCuFe2O4 interactions, 
 CoCuFe2O4-induced erythrocyte deformations, and 
overall erythrocyte morphology before and after 
incubation with  CoCuFe2O4 NPs were examined 
using a Nikon Eclipse E100 optical microscope.

Results and discussions

In this study,  CoCuFe2O4 NPs were synthesized by co-
precipitation which is a convenient method for the synthe-
sis of NMOs. In this method, simple precursor solutions 
are used to synthesize NMOs with desired properties. 
Moreover, the co-precipitation method allows a rapid, 
simple, low-cost synthesis route to easily control the prop-
erties of the final product. In the following section, the 

(3)%Hemolysis =
AT − ANC

APC − ANC

× 100

structural, morphological, magnetic, photocatalytic, and 
biological properties of  CoFe2O4 NPs synthesized by the 
co-precipitation method in this study are reported.

XRD analysis

Characteristic powder XRD pattern confirmed the 
crystal structure of  CoCuFe2O4 NPs (Fig.  2). More-
over, the formation of cubic structured spinel lat-
tice was approved by all diffraction peaks for the 
 CoCuFe2O4. No additional reflections were detected 
for the secondary phases in the XRD diffraction pat-
terns corresponding to the oxides. In addition, it 
was determined that  CoCuFe2O4 NPs belong to the 
Fd-3 m space group (PDF Card No.: 98–019-1044). 
The lattice parameter, a, was calculated using Eq. 4:

The crystallite size (D) of the  CoCuFe2O4 NPs was 
calculated by Debye–Scherrer expression (Eq. 5) con-
sidering the full width at half maximum (FWHM) of 
the most intense peak (113):

In Eq. 5, λ, β, and θB are the X-ray wavelength of 
CuKα, the FWHM of the diffraction peak (113), and 
the Bragg diffraction angle, respectively. The calcu-
lated values of D and a, for  CoCuFe2O4 NPs, were 
given in Table 1.

SEM analysis

The surface morphology of  CoCuFe2O4 NPs syn-
thesized by the co-precipitation method was inves-
tigated using scanning electron microscopy–energy 
dispersive spectroscopy (SEM–EDS) at an accel-
erating voltage of 30  kV. SEM images showed that 
 CoCuFe2O4 NPs were not monodispersed in terms 
of size and shape and highly agglomerated (Fig.  3). 
SEM images showed that  CoCuFe2O4 NPs were 
agglomerated as reported in previous studies [42, 43].

The chemical composition of  CoCuFe2O4 NPs 
was given by the EDS spectrum reported in Fig.  4. 
The information obtained from the EDS spectrum 
was used in the identification of the presence of 
Co, Cu, and Fe in ferrite structure as well as for the 

(4)aexp = dhkl(h
2 + k2 + l2) 1∕

2

(5)D = 0.9�∕�cos�B
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confirmation of the successful result of Co and Cu 
co-doping into the  Fe2O4 structure (Fig. 4).

Band gap calculation

The reflectance spectra of the  CoCuFe2O4 NPs were 
obtained by UV–Vis diffuse reflectance measurements 
in 300–1000 nm wavelength range. Figure 5 inset graph 
shows the absorption edge which is close to 378 nm. The 
reflectance F(R) is proportional to the absorption coeffi-
cient (α). It was calculated by using the Kubelka–Munk 
function [44]:

The optical band gap Eg for the photon energy ( hυ ) 
and the absorption coefficient (α) was calculated by 
using the following equation:

(6)F(R) =
(1 − R)2

2R

(7)�hυ = k(hυ − Eg)
1∕n

In Eq.  (7), k and Eg are the energy-independent 
constant and the optical band gap, respectively. F

(

R�

)

 
is proportional to α and, n was taken 1/2 and 2 for 
direct and indirect band gaps, respectively. Since n is 
taken to be 1/2 for directly allowed transitions, Eq. (7) 
becomes

In other words, 
(

F
(

R�

)

hυ
)2

= k2
(

hυ − Eg

)

 . The 
slope of the graphs of 

(

F
(

R�

)

hυ
)2 was approximated 

by using a linear fit.
The direct band gap energy Eg was calculated 

by the linear approximation of the slope of the 
graph of (F(Rα) hυ)2 to the photon energy where 
F(Rα) = 0, namely, Eg = hυ. The extrapolation 
of linear fit onto photon energy axis gives the 
Eg value. Direct and indirect band gap energies 
of CoCu-ferrite NPs were found as 1.93  eV and 
0.6  eV, respectively. Band gap energy depends 
on carrier concentration, crystallite size, lattice 
strain, grain size, and the size effect of the dopant 
metal atoms in CoCu-ferrite lattice. In the study 
of Chavan and Naik [45],  Ni1−xMgxFe2O4 (x = 0.0, 
0.1, 0.2, 0.3, 0.4, and 0.5) NPs were synthesized 
by auto-combustion method, and band gap values 
of samples were found between 2.84 and 2.94 eV. 
In another study conducted by Khan et al. [46], the 
band gap value of bismuth ferrite  (BiFeO3) NPs 
was calculated as 2.84 eV. Siva et al. [47] studied 

(8)F
(

R�

)

hυ = k(hυ − Eg)
2

Fig. 2  X-ray diffraction 
patterns of  CoCuFe2O4 
nanoparticles

Table 1  Calculated values of the crystallite size (D) and lat-
tice parameter (a) of  CoCuFe2O4 nanoparticles

Sample Crystallite size
D (nm)

Lattice parameter
a (Å)

CoCuFe2O4 40.537 8.41

J Nanopart Res (2022) 24:271271 Page 6 of 17



1 3
Vol.: (0123456789)

Fig. 3  SEM images of  CoCuFe2O4 nanoparticles for 5 KX, 10 KX, 20 KX, and 40 KX magnifications in a, b, c, and d, respectively

Fig. 4  EDS spectrum of 
 CoCuFe2O4 nanoparticles
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the material properties of  CoCuFe2O4 NPs synthe-
sized by hydrothermal method. In that study where 
the optical band gap was determined by Tauc 
equation, direct and indirect band gap values were 
calculated as 2.74 eV and 1.83 eV for  CoCuFe2O4 
NPs. Hammad et  al. [48] explored the decreas-
ing trend in band gap values of  Cu1-xCoxFe2O4 
(x = 0.2, 0.4, 0.6, 0.8, and 1.0) NPs (from 3.65 to 
3.20 eV) with increasing content of  Co2+. Thus, in 
the current study, the calculated band gap values 
for  CoCuFe2O4 NPs were found to have improved 
compared to literature studies.

Magnetic behavior

The magnetic nature of the  CoCuFe2O4 NPs was 
characterized by using a vibrating magnetometer. 
Magnetic measurements were conducted in the range 
of ± 1 T at room temperature. From the obtained data, 
the graph of magnetization dependent on magnetic 
field is shown in Fig.  6. The magnetic properties 
(coercivity (Hc) and saturation magnetization (Ms)) 
of  CoCuFe2O4 spinel ferrites can be seen in Table 2 
and Fig. 6. Moreover, it can be seen in Fig. 6 that the 
magnetization curve exhibits a narrow hysteresis.

The field dependence of the magnetization (M) 
close to the saturation value was calculated by using 
the formula below [49]:

Fig. 5  The plot of 
(

F
(

R�

)

hν
)2 as a func-

tion of photon energy (hν) 
and the linear fit for the 
 CoCuFe2O4 nanoparti-
cles. Inset: the depend-
ence of R in the range of 
300 nm < λ ≤ 480 nm

Fig. 6  M versus H plots measured for  CoCuFe2O4 nanoparti-
cles at room temperature

Table 2  Coercivity field, magnetic saturation, and param-
eter related to the magneto-crystalline anisotropy values of 
 CoCuFe2O4 nanoparticles at room temperature

Sample Hc
(Oe)

Ms
(emu/g)

β

CoCuFe2O4 1000 15.44  − 0.443

J Nanopart Res (2022) 24:271271 Page 8 of 17
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where H is the applied magnetic field, β is a parameter 
related to the magneto-crystalline anisotropy, and Ms is 
the saturation magnetization. Calculated values (Ms, Hc, 
and β) for the  CoCuF2O4 NPs are depicted in Table 2.

The plots of magnetization as a function of 1/H2 
and linear fit for the  CoCuFe2O4 NPs was depicted in 
Fig. 7. β and Ms values was found by the linear fitting 
of the slope of the graph as shown in Fig. 7 and tabu-
lated in Table 2. In this study, Ms, Hc, and β values 
obtained for  CoCuFe2O4 NPs were found to be com-
patible with the studies in the literature [44, 49].

Photocatalytic properties

Although oxidative stress has adverse effects on vari-
ous biological systems, ROS produced by metal oxide 
particles can also be used to remove various pollut-
ants such as paint, antibiotics, and biological wastes 
from the environment by photocatalytic degradation.

The photocatalytic properties of  CoCuFe2O4 NPs 
were investigated by UV − Vis spectroscopy in the 
wavelength range of 400–700 nm. Absorbance values 
at 591  nm corresponding to the absorption maxima 
of CV were recorded at special time intervals and 
used to calculate the concentration of undegraded 

(9)M = Ms[1 −
�

H2
]

(remaining) CV in the solution. Time-dependent vari-
ation of the UV–Vis spectra lines of the non-photode-
graded CV in an aqueous suspension of  CoCuFe2O4 
NPs shows the decrease of the characteristic band 
intensity at 591 nm over the range of 0–7 h (Fig. 8). 
This change under the effect of 254  nm irradiation 
indicates that the CV has been successfully photode-
graded by  CoCuFe2O4 NPs.

The decolorization percentages of CV solutions were 
calculated using the equation given as follows [50]:

where Co and Ct define for the initial CV concentration 
and the concentration of CV at time t, respectively.

It was observed that  CoCuFe2O4 NPs were able 
to degrade 64.9% of total CV at the end of 420 min. 
The mechanism for the degradation of CV in the 
presence of  CoCuFe2O4 NPs follows the below men-
tioned route. Irradiation of  CoCuFe2O4 NPs causes 
excitation and shift of electrons from valence band 
(VB) to the conduction band (CB) and electron–hole 
pairs (e− − h+) form (Eq. 11). Holes ( h+ ) react with 
water molecules and form HO∗ , while electrons in 
conduction band ( e− ) combines with  O2 to produce 
O−∗

2
 (Eq. 12–14). Formation of other reactive inter-

mediates such as hydroperoxyl radical ( HO∗
2
) and 

(10)

Percentage of decolorization = [
Co − Ct

Co

] × 100

Fig. 7  Plots of Ms versus 1/
H2 obtained in  CoCuFe2O4 
samples at T = 300 K
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H
2
O

2
 is then followed (Eq. 15–16) [51]. HO∗ , HO∗

2
 , 

and O−∗
2

 radicals are strong oxidizing agents towards 
CV and other organic molecules and lead to their 
degradation into non-toxic molecules such as CO

2
 

and H
2
O (Eq. 17). Schematic illustration of the pho-

tocatalytic effect of  CoCuFe2O4 and photodegrada-
tion mechanism of CV were given in Fig. 9:

(11)
CoCuFe

2
O

4
+ h� → CoCuFe

2
O

4
(e−) + CuFe

2
O

4
(h+)

To investigate the kinetics of photodegrada-
tion reactions, three different kinetic models were 
applied; those were zero order, first order, and 
second order [52–54]. Equations describing these 
kinetic models, rate constants (k, k1, and k2) and 
correlation coefficients (R2) were listed in Table 3. 
In each equation, C and Co represent the concen-
tration of CV after a certain irradiation time (t) and 
initial concentration of CV at t = 0, respectively.

Among the three kinetic models tested, 
the kinetic expression that most successfully 
described the photodegradation reaction of CV by 
 CoCuFe2O4 NPs was the zero-order kinetic model 
having the highest correlation coefficient (R2) 
0.9932.  CoCuFe2O4 NPs exhibited UV-irradiated 
photocatalytic activity which strongly depend on 
the formation of HO∗ radicals which are generated 
through the transition of photo-excited electrons 
from valence band to conduction band.

Blood compatibility tests

NPs can affect physical appearance and chemi-
cal parameters of various cells including the eryth-
rocytes. Alterations in the morphology of eryth-
rocytes change the elastic properties of cells and 
damage the rheological properties and respiratory 
functions [55, 56]. Cellular response in the pres-
ence of a synthetic material is an important subject 
of interest. Since the erythrocyte membrane is based 
on a similar principle of molecular organization with 
the cell membranes of other tissues which make up 
the biological system, possible responses of other 
membrane systems can be predicted by examining 

(12)e− + O
2
→ O−∗

2

(13)h+ + H
2
O → H+ + HO−

(14)h+ + HO−
→ HO∗

(15)O−∗

2
+ H+

→ HO∗

2
→→ H

2
O

2
+ O

2

(16)H
2
O

2
+ O−∗

2
→ HO∗ + HO− + O

2

(17)
O−∗

2
,HO∗ + CV → Degradation products of CV

Fig. 8  a UV–Vis spectra of CV as a function of time in the 
presence of  CoCuFe2O4 under 254-nm irradiation, b plot for 
the zero-order degradation kinetics, and c degradation percent-
ages varying with time
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nanoparticle-induced erythrocyte cell disruptions 
and making reasonable corrections for different cell 
types. In this study, hemolytic activity tests were per-
formed to examine the effects of  CoCuFe2O4 NPs on 
RBCs. In Fig.  10a  and b, aggregation of cell mem-
branes of completely lysed erythrocytes incubated 
in pure water (due to high osmolarity) and healthy 
normal erythrocyte cells having a highly specific 
biconcave shape and a pallor area in the center is 
shown, respectively. Oxidative stress-induced eryth-
rocyte deformations generated by  CoCuFe2O4 NPs 
with 1.0  mg   mL−1 and 5.0  mg   mL−1 are shown in 
Fig.  10c  and d, respectively. While lots of healthy 
normal RBCs are counted in 1.0 mg  mL−1 treatment, 
RBCs treated with 5.0  mg   mL−1  CoCuFe2O4 have 
different types of deformations (schistocytes, sphero-
cytes, Heinz bodies). Heinz bodies and an increased 
degree of variation in cell morphology (poikilocyto-
sis) [57] was clearly visible in Fig. 10d. When cells 
are exposed to oxidative stress, ROS start attacking 
the bonds between heme unit and globin moieties in 
the hemoglobin molecule. Globin units leave from the 
hemoglobin complex, form little aggregates, and stick 
to the inside of the RBC membrane. These inclu-
sions composed of oxidized denatured hemoglobin 

are called Heinz bodies [58] (Fig.  10d). Heinz bod-
ies form mainly during intense oxidative stress and 
hemolysis occurs after appearing inclusions in the 
erythrocytes [59]. In 1.0 mg  mL−1  CoCuFe2O4 appli-
cation, a fragmented RBC (schistocyte) was observed 
as evidence for erythrocyte lysis; nevertheless, the 
degree of hemolysis was below the acceptable level 
of 5%. On the contrary, at 1.0 mg  mL−1  CoCuFe2O4 
application (Fig. 10d), lots of deformed cells (poikil-
ocytosis) including Heinz bodies and spherocytes 
were detected. Spherocytes which are observed in 
all hemolytic anemias are considered as evidence of 
extravascular factor-mediated hemolysis that forces 
the blood cell to have spherical shape [28, 60, 61].

As shown in Fig.  11, the supernatant of the 
1.0  mg   mL−1  CoCuFe2O4 application was colorless 
and transparent, demonstrating the negligible hemoly-
sis ratio. However, at 5.0 mg  mL−1  CoCuFe2O4 appli-
cation, supernatant phase showed a bright red color, 
indicating the presence of an obvious hemolysis 
phenomena. While the AHR for human erythrocytes 
subjected to 5.0 mg  mL−1  CoCuFe2O4 concentration 
was 12.4%, it was only 2.2% for those of exposed to 
1.0 mg   mL−1  CoCuFe2O4 which was lower than the 
allowed limit that is 5% [51, 62].

Fig. 9  Schematic illustration of the photodegradation mechanism of CV in the presence of  CoCuFe2O4

Table 3  Degradation 
kinetics of CV in the 
presence of  CoCuFe2O4 
nanoparticles

Kinetic model Mathematical expression Rate constant R2

Zero order C = −kt + Co 4.0E−9 mol.L−1.min−1 0.9932
First order ln

(

Co

C

)

= k
1
t 2.3E−3  min−1 0.9894

Second order 1

C
=

1

Co

+ k
2
t 2.0E−2 L.mol−1.min−1 0.9538
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The porphyrin ring system consists of four 
highly conjugated pyrrole rings linked by methane 
bridges. The heme moiety in Hb is the Fe(II) com-
plex of protoporphyrin ( Hb

(

Fe2+
)

 ), which carries 
a methyl group and a vinyl or propionic acid unit 

in each pyrrole ring. ROS produced on the surface 
of  CoCuFe2O4 NPs would be responsible from the 
oxidation of hem iron into Fe(III) and the forma-
tion of methemoglobin (MHb). In MHb having 
the ferric state iron, the oxygen binding capacity 

Fig. 10  Optical microscope 
images of RBCs (80 × mag-
nification) in a positive 
control, b negative control, 
c 1.0 mg  mL−1  CoCuFe2O4 
and d 5.0 mg mL.−1 
 CoCuFe2O4

Fig. 11  UV–Vis spectra 
of erythrocyte suspen-
sions treated with PBS 
alone (negative control) 
and  CoCuFe2O4 nanopar-
ticles with 1.0 mg  mL−1 
and 5.0 mg  mL−1 con-
centrations (after incuba-
tion and centrifugation). 
Insets: UV–Vis spectra of 
erythrocyte suspension in 
positive control test and 
after centrifugation digital 
photos of  CoCuFe2O4 sam-
ples in 1.0 mg  mL−1 (left) 
and 5.0 mg  mL−1 (right) 
concentrations
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of the molecule is significantly reduced. MHb 
((Hb

(

Fe3+
)

OH) in Eq.  18 can also be formed in a 
small amount under the influence of various sub-
stances such as heavy metal ions or phenolics that 
are exposed in daily life [63, 64]. In a healthy meta-
bolic process, it is reduced by intracellular enzy-
matic reactions and converted back to Hb having a 
 Fe2+ carrying ferroprotoporphyrin system [65]. MHb 
reduction systems, in which NADH cytochrome b5 
reductase and glutathione are primarily effective 
(Eq. 19–20), prevent MHb from exceeding 1% of the 
total Hb concentration [66]. Glutathione is an anti-
oxidant which protects cells from the toxic effects of 
oxidants such as free radicals, peroxides, and heavy 
metals. Glutathione is found in erythrocytes and 
protects the cell from oxidative stress with the effect 
of enzymes such as superoxide dismutase and glu-
tathione peroxidase [67]:

Another possible  CoCuFe2O4–blood interaction 
may be the interaction of Co–Cu and  Fe2+ in proto-
porphyrin ring system. Selective separation of some 
specific molecules is difficult due to interferences 
created by protein-based molecules which are abun-
dant in blood. Chelating species such as Cu and Co 
in the structure of nano-sized materials make them 
suitable for being used in selective separation.  Cu2+, 
 Co2+,  Ni2+, or  Fe2+ containing NPs form covalent 
interactions and chelates especially with histidine-
rich proteins. In a related literature study conducted 
by Thomas et  al. [68], it was emphasized that fer-
rite-based NPs can be used in the chemical recogni-
tion of some molecules and in the selective separa-
tion and fractionation of blood proteins. In the study 
of Guo et al. [69], sol–gel-synthesized  CuFe2O4 NPs 
were investigated for their chelating properties and 
photoactivities towards methylene blue. In another 
study, solvothermally synthesized  CuFe2O4 parti-
cles were investigated for their performances to be 
used in the selective separation of hemoglobin- and 
histidine-bearing proteins [70]. Superparamagnetic 
 CoFe2O4 NPs synthesized by seed-mediated growth 

(18)Hb
(

Fe2+
)

+ ROS → Hb
(

Fe3+
)

OH

(19)Hb
(

Fe3+
)

OH
Glutathione

�������������⃗ Hb
(

Fe2+
)

(20)Hb
(

Fe3+
)

OH
NADHcytochromeb

5
reductase

������������������������������������⃗ Hb
(

Fe2+
)

method were also investigated for selective separa-
tion, enrichment, and characterization of phospho-
proteins [71].

In this study, although the  CoCuFe2O4 NPs 
seem to have good biocompatibility especially at 
1.0 mg  mL−1 concentration just by considering the 
hemolysis rates, when the full spectrum is exam-
ined, changes indicative of the potential interac-
tions of the samples with blood components are 
striking. One of the most probable interactions of 
 CoCuFe2O4 NPs and blood components is the oxi-
dation of hem units as a direct result of ROS pro-
duction by NPs. The decrease in intensity in the Q 
band at 1.0 mg  mL−1 nanoparticle concentration is 
an indicator showing the presence of  Fe3+ in the 
ferroprotoporphyrin system and proving the forma-
tion of MHb. At the same time, the characteristic 
change in the oxyhemoglobin Q bands is found as 
another evidence confirming MHb formation [72]. 
The UV spectrum of 1.0  mg   mL−1  CoCuFe2O4 
nanoparticle concentration also shows a significant 
blue shift and decrease in intensity in the Soret 
band, which are indicative of the oxidation of Hb 
to MHb because of oxidative stress created by ROS 
in erythrocytes (Fig. 11).

At 5.0  mg   mL−1  CoCuFe2O4 NP concentration, 
the main and dominant interaction is between NPs 
and the erythrocyte cell wall. Erythrocyte mem-
brane is a composite structure, primarily com-
posed of a phospholipid bilayer bearing almost 
the same concentrations of both lipid and protein 
moieties [73, 74]. NPs inactivate proteins in the 
erythrocyte membrane, causing cell death. NPs 
form R–S–(Cu)2+–S–R complexes by interacting 
with proteins in the membrane structure, espe-
cially those carrying sulfhydryl (-SH) groups such 
as cysteine. These interactions reduce erythro-
cyte membrane permeability and ultimately result 
in lysis of the erythrocyte cell wall [75, 76]. In 
Fig.  11, along with the characteristic red color of 
hemoglobin leaking out of the cell as a result of 
lysis of the erythrocyte cell wall, a small amount of 
blue shift in the Soret band was also observed as an 
indicator of MHb formation. One of the main rea-
sons for the deterioration of erythrocyte cell integ-
rity is the destruction of the erythrocyte membrane 
by ROS such as superoxide and hydroxyl radicals. 
Thus, hemolysis at 5.0 mg   mL−1  CoCuFe2O4 nan-
oparticle concentration can be attributed to the 
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comparatively high amount of ROS formed by 
 CoCuFe2O4 NPs, which is also consistent with the 
results of photodegradation experiments.

Conclusion

CoCuFe2O4 spinel ferrites were synthesized by the 
co-precipitation method using Fe(NO3)3.9H2O, 
Co(NO3)2.6H2O, and Cu(NO3)2.3H2O. NPs have a 
high crystalline quality; no secondary crystalline 
phases in addition to the cubic structured spinel lat-
tice were observed and exhibited an agglomerated 
structure. SEM images showed the agglomerated 
morphology of  CoCuFe2O4 NPs. UV–Vis diffuse 
reflectance spectra was interpreted, and direct and 
indirect band gap energies were determined as 
1.93 eV and 0.6 eV, respectively. Photocatalytic prop-
erties of  CoCuFe2O4 NPs were attributed to the for-
mation of ROS such as  HO* and  O2

–* triggered by 
the photo-excitation of electrons from valence band 
to conduction band. The decomposition of CV under 
the influence of ROS formed on the nanoparticle sur-
face was determined as 64.9%. Three different kinetic 
models were tested to explain the CV photodegrada-
tion kinetics. Among them, it was concluded that the 
zero-order kinetics (R2 = 0.9932) was the best fitted 
model for the CV photodegradation reaction. Blood 
compatibility tests showed that  CoCuFe2O4 did not 
cause hemolysis at 1  mg   mL−1 concentration; how-
ever, a blue shift in the Soret band with a decrease in 
intensity and the disappearance of the Q bands dem-
onstrated the formation of MHb. It was concluded 
that erythrocyte lysis at 5.0  mg   mL−1 concentration 
was caused by high amount of ROS produced by NPs, 
which also caused oxidation of heme units on the 
porphyrin ring. Microscopic images of erythrocytes 
showed spherocytes, schistocytes, and Heinz bodies 
at a concentration of 5.0 mg   mL−1 NPs, while large 
number of healthy cells was detected at 1.0 mg  mL−1. 
Photocatalytic activity test results and RBC deforma-
tions were evaluated together, and it was concluded 
that NPs showed cytotoxic effects, especially at high 
concentrations, associated with ROS. It is hoped that 
the findings from this study will be developed with 
subsequent research and modifications, thus leading 
to the development of nanomaterials with better bio-
compatibility and adapted structural properties.
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ing the findings of this study are available within the article.
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