
Physica B 666 (2023) 415114

Available online 5 July 2023
0921-4526/© 2023 Elsevier B.V. All rights reserved.

Synthesis and investigation of toxicity and photothermal effect of 
NiFe2O4@Cu core-shell nanoparticles 

Nasim Yousefpour Novini a, Kazem Jamshidi-Galeh b, S.H. Reza Shojaei a,c,*, Tavakkol Tohidi d, 
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A B S T R A C T   

In this study, NiFe2O4 and NiFe2O4@Cu nanoparticles (NPs) were synthesized based on the co-precipitation 
method. The formation of cubic NiFe2O4 and NiFe2O4@Cu NPs was confirmed by the Bragg reflections in 
XRD analysis. The SEM images showed the distribution of the irregularly shaped agglomeration of NiFe2O4 and 
NiFe2O4@Cu NPs. The size distributions of the NiFe2O4@Cu samples with two different core shell thicknesses 
were mostly about 10.39 and 13.31 nm. The superparamagnetic nature of the synthesized NPs was verified by 
VSM at room temperature, and the NPs’ saturation magnetization was found to be 37.04 emu/g, which was 
reduced after shielding the core. Furthermore, to investigate the cancer cell viability and cytotoxicity of the NPs 
on MCF7 breast cancer cells, different concentrations of NPs were examined. The response of the NiFe2O4@Cu 
NPs to the laser light irradiations indicated that these NPs can potentially be used for biomedical applications 
such as photothermal treatment.   

1. Introduction 

Depending on the structure and function of NPs, they can be syn
thesized in different forms, including simple, core-shell, and composite 
structures. By definition, core-shell NPs are made of inner material 
(core) and outer material (shell) [1,2]. In core-shell NPs, the core is 
mostly protected by the shell from unwanted reactions, e.g., oxidation, 
so the core is more stable when there is a shell. Depending on applica
tion, the core and shell of core-shell NPs can be selected from a variety of 
existing elements or composites comprising organic-organic, organ
ic-inorganic, inorganic-organic, and inorganic-inorganic materials. 
Among the listed interactions, the first one (inorganic-inorganic) is 
frequently used [1]. Besides, different parameters, such as size, shape, 
and synthesis procedure, can highly affect the individual properties of 
these types of materials. Core-shell NPs have been extensively studied in 
different disciplines including biology and biomedicine [3]. The mag
netic NPs that have been studied so far owe their irregular properties to 
nano dimensions, which are smaller than the corresponding critical 
diameter. The critical diameter varies in different magnetic materials 

[4]. For example, the critical diameters of NiFe2O4 have been reported 
to be 10–25 nm [5]. One of the most important features of finite size is 
superparamagnetism [6], which is characterized by zero magnetic re
sidual, zero coercivity, high susceptibility, and high saturation [7]. In 
such a system, the magnetic moment is parallel to the easy axes of the 
superparamagnetic materials, and the anisotropic energy is zero. 
Moreover, due to the lack of the domain wall and energy exchange, the 
total energy is minimal, and only the magnetostatic energy is valid [8]. 
These fantastic exceptional properties of these materials make them 
promising for biomedical uses, especially in photothermal (also known 
as hyperthermia), drug delivery, and Magnetic Resonance Imaging 
(MRI) [9,10]. Considering the possibility of killing or blocking the su
perficial and deep-seated [11] cancerous cells based on a hyperthermia 
treatment that uses magnetic NPs, this technique has widely attracted 
the attention of researchers [12,13]. 

NiFe2O4 superparamagnetic NPs (SPNPs) absorb light in a wider 
range: from the visible to the NIR part of the electromagnetic spectrum. 
The energy absorption of NiFe2O4 NPs in the NIR region can be exploited 
to convert electromagnetic energy to heat. on the other hand, small 
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SPNPs exhibit greater cellular internalization and deeper penetration 
into multicellular spheroids, enabling a higher efficacy of photothermal 
ablation under in-vitro conditions. Interestingly, larger SPNPs show 
greater accumulation in tumors, which increases their ability in efficient 
tumor growth inhibition [14]. 

Photothermal is a more precise and less invasive treatment than 
magnetic hyperthermia. The reason for this precision lies in some 
characteristics of the laser source used in this method. The power 
tunability to control the temperature of the cell [15], easy operation, 
and the capability of being locally focused on a specific region of the 
target are some of the advantages of photothermal. Moreover, those 
patients who have limitations to use MRI scan, will not be able to use 
magnetic hyperthermia for cancer treatment. For example, those pa
tients with implanted devices sensitive to magnetic fields (e.g., pace
makers) cannot be treated by the external magnetic field. High-intensity 
magnetic fields might bring other potential risks to these patients [13]. 
Despite far fewer side effects of photothermal compared to other treat
ments (e.g., chemo, radiotherapy, and magnetic hyperthermia), a com
bination of photothermal and chemo or radiotherapy is employed to 
have better treatment results [9,16]. 

The heat generated by the photothermal NPs under laser irradiation 
is fully transferred to the cancer cells, so the potential damage to the 
surrounding healthy cells and tissues is remarkably reduced [12,17]. 
The best temperature ranges to kill cancerous cells and to keep healthy 
tissues is between 40 and 46◦ Celsius [9], while in temperatures above 
47, it is highly possible that healthy cells lose their functionality through 
protein degradation and DNA damage [18]. 

Due to their chemical stability, low cost and affordability of reagents, 
and simple synthesis procedure [19,20], materials with the general 
formula, MFe2O4 (M = Zn, Ni, …), known as ferrites, are the best can
didates for photothermal hyperthermia [21]. Among ferrites, NiFe2O4, 
which has been categorized as a soft ferrite [22], is highly preferred 
because the temperature of the target can effectively be controlled. 
Moreover, NiFe2O4 has high Curie temperature, environmental stability, 
and high electrical resistivity [23,24]. Ideal photothermal agents not 
only absorb energy in the near-infrared (NIR) range but also have a high 
photothermal conversion efficiency [13]. 

The heating capability of magnetic NPs including magnetite (Fe3O4) 
and maghemite (γ-Fe2O3) NPs has been investigated by several research 
groups. Due to their biocompatibility, these materials seem to be very 
promising candidates for biomedical applications. However, a very 
limited number of studies have focused on other types of ferrites [12]. 

The copper (Cu) existing in biomaterials appears in two major forms, 
i.e., ionic and metallic. Both types exhibit unique conductance and 
antibacterial characteristics [25]. Up to now, copper has been exten
sively studied in treatments and copper-based anticancer approaches. 
Moreover, due to the high heating photothermal efficiency of copper 
oxide NPs, this material is a potential candidate for theragnostic ap
proaches [26,27]. 

In 2020, Diana Saikova reported a successful core-shell particle 
synthesis using a thick gold shell and a magnetic NiFe2O4 core for ap
plications in cell isolation, MRI, targeted drug delivery, and hyperther
mia. The results showed that NiFe2O4@Au has a magnetic response 
similar to standard superparamagnetic NPs and is consistent with the 
magnetic behavior of NiFe2O4 NPs without the gold shell. It was also 
pointed out that this approach can be generalized to other iron oxides 
and metal ferrites [28]. In 2020, Changyuk Ko investigated the photo
thermal and magnetic hyperthermia properties of Fe@Fe3O4 NPs under 
an infrared laser at 808 nm and a magnetic field at 150 kHz in a wide 
range of magnetic field strengths (140–180 Oe). The Fe@Fe3O4 NPs 
showed a photothermal effect above 20 ◦C after 5 min at 1 W of NIR 
irradiation and a constant temperature rise rate during 5 cycles. Addi
tionally, their results showed that the Fe@Fe3O4 NPs can be used in 
biomedical applications [29]. 

In 2021, Xuan Gao showed that Cu1⋅2O NPs have a significant po
tential for photothermal due to their high NIR absorption and good 

biocompatibility. Moreover, these NPs with satisfactory T1 relaxation 
coefficient (r1) can be effectively used as unique MRI contrast agents and 
have shown excellent response for MRI applications [27]. 

In this work, NiFe2O4 and NiFe2O4@Cu NPs are prepared by the 
simple and low-cost method of co-precipitation. The optical, morpho
logical, and structural properties of the NPs are investigated. The in
fluence of the shell layer thickness and different concentrations of the 
NiFe2O4@Cu NPs on the photothermal characteristics are studied. Be
sides, the cytotoxicity of the NiFe2O4@Cu NPs is reported. Although 
NiFe2O4 NPs were investigated in magnetic targeting and imaging pro
cess but, to the best of the authors’ knowledge, the photothermal effect 
of NiFe2O4 NPs was not studied so far. However, NiFe2O4 NPs, on their 
own are photothermal agents but to improve their photothermal func
tionality, they have been coated by copper which is considered as a good 
absorbent in UV-NIR region. 

2. Experimental details 

The grade of all chemicals was analytical (Sigma-Aldrich). These 
chemicals were not further purified and used as received. 

2.1. Synthesis of NiFe2O4NPs 

This study used the co-precipitation method for the synthesis of the 
NiFe2O4 NPs. Nickel nitrate and iron nitrate were used as the source 
materials. First, 10 mL of Ni(NO3)2 (0.4 mol/L) was added to 10 mL of Fe 
(NO3)3 (0.8 mol/L) to prepare a mixture. Then, 0.5 mL of TA (0.1 mol/L, 
tartaric acid) and 0.0728 g of CTAB (cetrimonium bromide) were added 
to the solution as stabilizer and surfactant, respectively. After that, 1 
mol/L of NaOH was added dropwise to the solution until the solution PH 
reached 10. Meanwhile, the mixture was stirred via a magnetic stirrer, 
which was set to 1000 rpm for 2 h at 40 ◦C. A product in brown color was 
collected by using an external magnet for excess surfactant (spurious 
phases) removal, and the precipitate was centrifuged three times for 
about 15 min (Fig. 1). Finally, the product was washed with distilled 
water (to reach neutral pH) and dried for 2 h in the air at 80 ◦C. To 
improve the crystalline conditions of the samples, they were put in a 
muffle furnace at 580 ◦C for 3.5 h. The NiFe2O4 NPs were precursor 
materials. 

2.2. Copper shell formation 

The preparation process of the NiFe2O4@Cu NPs is illustrated in 
Fig. 2. The Cu shell deposition onto the NiFe2O4 surface was controlled 
or directed via the chemical reduction of the mercaptoacetic acid (MAA) 
in the suspension of the NiFe2O4 NPs. Then, 50 μL MAA was added to 25 
mg NiFe2O4 NPs in water solution (20 mL) under shaking for 12 h. Next, 
the MAA-functionalized NiFe2O4 NPs were collected with a magnet 
followed by twice washing with distilled water and ethanol. The MAA- 
functionalized NiFe2O4 NPs were interspersed in 30 mg Cu(CH3COO)2 
and 0.2 M NaBH4 of ethanol solution (20 mL). The process of deposition 
was carried out for 45 min at 30 ◦C with continuous stirring at 800 rpm. 
The magnetic nanoparticles (MNPs) were centrifuged and washed with 
distilled water two times (Fig. 2). In the end, these MNPs were inter
spersed in ethanol for further investigations. The copper deposition 
procedure was repeated twice under the same settings. From now on, 
NiFe2O4@Cu(1) and NiFe2O4@Cu(2) are referred to as single and dou
ble coating NPs, respectively. 

2.3. Characterization 

The crystal structure of the materials was analyzed by a Panalytical 
diffractometer (1.5406 A, Cu K-alpha, made by X’Pert Pro, Netherlands). 
An FE-SEM (Tescan, MIRA3 FEG) was used to examine the NPs 
morphology. Photothermal evaluation of solutions was performed in the 
NIR range using an 808 nm laser (FAP diode laser). TEM images were 
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obtained using an HR-TEM (TEC9G20 USA-FEI) at 200 kV accelerating 
voltage. Magnetic measurements were performed at room temperature 
using a VSM (MDK, Magnetism Daneshpozheh Kashan Company) with a 
maximum magnetic field of 15 kOe. The photoluminescence (PL) 
characteristics were measured by an FP-6200-type spectrofluorometer 
(JASCO Corporation, Tokyo, Japan). To study the photoluminescence of 
the MNPs, 15 mg of the samples was dispersed in 10 mL of ethanol. 

3. Results and discussion 

3.1. XRD results 

The XRD spectra of NiFe2O4, NiFe2O4@Cu(1) and NiFe2O4@Cu(2) 
are shown in Fig. 3. The XRD patterns of the samples show well-defined 
and broad peaks, indicating the fine grain size and crystalline nature of 
the synthesized materials (Fig. 3). The 2θ values of peaks at 30.5◦, 
35.88◦, 37.02, 43.51◦, 54.07◦, 57.64◦, 63.16◦, and 72.01◦, correspond, 
respectively, to the (220), (311), (222), (400), (422), (511), (440) and 
(620) planes of the cubic phase of NiFe2O4 (JCPDS files no. 03–0875). 
The characterized peaks appear at 43.51◦,50.5◦, and 75.01◦, which can 
be attributed, respectively, to the (111), (200), and (220) planes of Cu 
(JCPDS files no. 969012044). The preferred growth orientation for all 
samples is (311), but the intensity of the (311) peak decreases with the 
increase in the shell layer thickness. Furthermore, the crystallite size of 
the NPs increases after single and double coating [28–30]. 

There are many methods for calculating the crystallite size of NPs, 

such as the Debye-Scherrer and Williamson-Hall methods. In the 
Scherrer method, the crystallite size is estimated using the maximum 
intensity of the diffraction peak in the XRD pattern, and this method 
assumes that the broadening of the diffraction peak is due to the crys
tallite size. However, the Williamson-Hall method presumes that the 

Fig. 1. Functionalization of the NiFe2O4 NPs.  

Fig. 2. Synthesis route of NiFe2O4@Cu NPs.  

Fig. 3. XRD patterns of NiFe2O4, NiFe2O4@Cu(1), and NiFe2O4@Cu(2)  
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width and intensity of Bragg peaks are related to both crystallite size and 
lattice defects. The lattice defects, which can be caused by lattice 
displacement, the presence of impurities and lattice dislocation, put 
stress and strain on the crystal lattice. 

Now, the crystallite size can be obtained by Debye–Scherrer equation 
(Eq. 1): 

D=
0.9λ

β cos θ
(1) 

Furthermore, the strain values and crystallite size of the samples are 
calculated using the Williamson-Hall equation (Eq. 2): 

β Cos(θ) = ε × 4 sin(θ) +
kλ
D

(2)  

where β, ε, λ, θ, and D are the full width at half maximum of the peak (in 
radians), the value of strain, the wavelength (1.5406 Å), the diffraction 
angle, and the crystallite size, respectively. 

A plot is drawn in Fig. 4 with 4sinθ along the x-axis and βcosθ along 
the y-axis for the NPs. From the linear fit to the data, the crystallite size 
was estimated from the y-intercept, and the strain ε, from the slope of 
the fit. Table 1 shows the average crystallite sizes of NiFe2O4, 
NiFe2O4@Cu(1), and NiFe2O4@Cu(1), which were estimated to be 
respectively 9.4, 10.97, and 13.05 nm, in the Scherrer method. At the 
same time, the average crystallite sizes were 13.16, 14.33, and 15.23 nm 
based on the Williamson-Hall method. The results clearly show the 
difference between these two methods, which is due to considering the 
strain in the crystal structure [31]. 

3.2. FE-SEM and EDX patterns 

For morphological characteristics of the NPs (Fig. 4a–c), an FE-SEM 
was used. Insets of Fig. 5a-c shows the particle size distributions of the 
samples obtained by the ImageJ software. As shown, the FE-SEM of the 
spherical grains of NiFe2O4, NiFe2O4@Cu(1), and NiFe2O4@Cu(2) have 
average crystallite sizes of 14.03, 15.20, and 16.31 nm, respectively. It is 
worth mentioning that the average crystallite sizes estimated by FE-SEM 
are significantly larger than those obtained in the XRD analysis. This is 
because many crystals are identified as secondary particles instead of 
single crystals [32]. 

The elemental compositions of the samples were analyzed by EDX. 
Fig. 5d indicates the presence of Ni, Fe, and O in all samples, which 
proves the formation of NiFe2O4. Further, the EDX results of 
NiFe2O4@Cu(1) and NiFe2O4@Cu(2) show the presence of Cu. All these 

Fig. 4. Particle size distribution of a) NiFe2O4, b) NiFe2O4@Cu(1), and c) NiFe2O4@Cu(2) according to the Williamson-Hall method.  

Table 1 
Crystallite size and strain of the NPs based on the co-precipitation method.  

Sample Williamson-Hall method Average crystallite size by 
Scherer method (nm) 

Strain Average crystallite 
size (nm) 

NiFe2O4 0.0036 13.16 9.4 
NiFe2O4@Cu 

(1) 
0.0003 14.33 10.97 

NiFe2O4@Cu 
(2) 

0.00004 15.23 13.05  
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Fig. 5. (a–c) FE-SEM images of NiFe2O4, NiFe2O4@Cu(1), and NiFe2O4@Cu(2), respectively (Inset: particle size distributions); (d) EDX of samples and (e) Elemental 
mapping micrograph of NiFe2O4@Cu(1) 
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findings clearly show the successful production of core-shell material 
without any impurities [33,34]. The EDX elemental mapping of the 
NiFe2O4@Cu(1) is presented in Fig. 5e. The EDX analysis of 
NiFe2O4@Cu(1) confirms the presence of the Ni, Fe, O, Cu, C and S 
signals, which indicate the purity of the samples. A similar distribution 
of the elements can confirm the successful formation of the 
NiFe2O4@Cu. Moreover, analyses were done at different points on 
compositions, and no significant changes were found from point to 
point. This confirms that the implemented synthesis method is effective 
for the preparation of the core-shell NPs with homogeneous composi
tions. Also, there is no accumulation of elements because in chemical 
synthesis methods (bottom-up production methods), materials are 
mixed at the molecular level [35]. 

3.3. TEM studies 

Morphological studies, i.e., particle size distribution, particle shape, 
SAED pattern, and HR-TEM image of the synthesized NiFe2O4@Cu(1) 

and NiFe2O4@Cu(2) NPs are shown in Fig. 6(a–d). According to the TEM 
patterns (insets of Fig. 6a and b), the final NiFe2O4@Cu magnetic NPs 
are composed of a Cu shell and a NiFe2O4 core, indicating core-shell NP 
formation. The HR-TEM images indicate a quasi-spherical structure for 
some of the particles and irregular shapes for others (Fig. 6a and b). It is 
evident that the irregular shapes of the particles are due to the 
agglomeration of the particles, which may be related to the magnetic 
nature of the two components (Fe and Ni) that form the core, prepara
tion method, and NPs surface properties [35]. Furthermore, the shell 
thickness of the prepared NiFe2O4@Cu increases gradually with 
increasing Cu coating number. The average shell thickness is 2.16 nm for 
NiFe2O4@Cu(1) and 4.45 nm for NiFe2O4@Cu(2), suggesting that by 
varying the coating number, the thickness of the Cu shell can be adjusted 
(insets of Fig. 6a and b) [36]. These images indicate that the 
NiFe2O4@Cu NPs obtained by this method are uniform in both crystal
lite size and morphology. The ImageJ software was used for grain size 
analysis and the size distributions as presented in Fig. 6a and b. The 
average crystallite sizes of NiFe2O4@Cu(1) and NiFe2O4@Cu(2) were 

Fig. 6. (a) TEM images and particle size distributions of NiFe2O4@Cu(1) and (b) NiFe2O4@Cu(2); (c) SAED pattern and (d) HR-TEM images of NiFe2O4@Cu(1)  
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estimated to be 10.39 nm and 13.31 nm, respectively, which are in good 
agreement with those of the XRD analysis. 

The SAED of the NiFe2O4@Cu(1) is shown in Fig. 6c. The appearance 
of the well-defined diffraction rings are related to the (220), (311), 
(400), (511), and (440) planes for NiFe2O4, and the (111), (200), and 
(220) planes for Cu. These results are in good agreement with the results 
of the structural investigations carried out by the XRD technique dis
cussed earlier [31,37]. In addition, the SAED pattern shows the bright 
rings increased in diameter, indicating the crystalline nature of the 
sample. 

An HR-TEM image of the NiFe2O4@Cu(1) is shown in Fig. 6d, which 
reveals lattice fringes of the (311) and (111) planes with the lattice 
spacings of 0.25 nm and 0.20 nm for NiFe2O4 and Cu, respectively [17, 
38,39]. The presence of lattice fringes indicates that the NiFe2O4@Cu 
nanoparticle is fully crystalline. 

3.4. VSM studies 

The magnetic properties, which are related to NPs size, can be 
evaluated by VSM. Fig. 7 shows the magnetic response of the NiFe2O4, 
NiFe2O4@Cu(1) and NiFe2O4@Cu(2) NPs in the presence of external 
fields in the range from − 15 to 15 kOe. It is clearly seen that the hys
teresis and coercive fields tend to zero and vanish, so the super
paramagnetic properties are confirmed. This phenomenon is often 
observed when the size of magnetic particles decreases to the critical 
diameter [40]. According to the results in Table 2, the saturation 
magnetization of the NiFe2O4 NPs is equal to 37.04 emu/g; however, 
due to the broken exchange interactions in the surface layers and the 
local chemical disorder of NPs, this value is less than the value reported 
for the bulk [41]. Likewise, the values related to the saturation mag
netizations of the single and double coatings are obtained to be about 
23.86 and 17.68 emu/g, respectively. The saturation magnetization is 
reduced with coating due to two reasons. The first one is the weight 
contribution of the non-magnetic copper material, and the second one 
can be explained by the dead layer theory. In this theory, the magnetic 
materials are assumed to be protected by a non-magnetic layer, while 
the surface spins are disordered [26,42–44]. The magnetic moment (ηB)

of the NiFe2O4 NPs is calculated using equation (3) [33,45]: 

ηB =
Ms × Mw

5585
(3)  

where 5585, Ms, and Mw are the magnetic factor, saturation magneti
zation, and molecular weight, respectively. Now, according to the value 
of saturation magnetization of the NiFe2O4 NPs, we obtain a magnetic 

moment of 1.52 for these NPs. 

3.5. Optical studies 

Absorption spectra are useful parameters for investigating the optical 
properties of various materials. Fig. 8 shows the optical absorption of the 
prepared NiFe2O4, NiFe2O4@Cu(1), and NiFe2O4@Cu(2) NPs in the 
wavelength range of 200–1200 nm. In the absorption spectra of the 

Fig. 7. VSM results of NiFe2O4, NiFe2O4@Cu(1) and NiFe2O4@Cu(2)  

Table 2 
Saturation magnetization (Ms) of NiFe2O4, NiFe2O4@Cu(1), and NiFe2O4@Cu 
(2)  

Sample NiFe2O4 NiFe2O4@Cu(1) NiFe2O4@Cu(2) 

Ms (emu/g) 37.04 23.86 17.68  

Fig. 8. (a) UV–Vis spectra and (b) PL spectra of NiFe2O4, NiFe2O4@Cu(1), and 
NiFe2O4@Cu(2) 
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samples, there is a continuous widespread absorption that is gradually 
reduced as the wavelength increases. Also, with increasing Cu shell 
thickness, the absorption increases. This may be due to the increasing NP 
particle size. Moreover, in the visible region (about 500 nm) the copper 
has absorption peak. As we know, the nickel ferrite also has absorption 
peak about 500 nm. So, the overlap take place, and these peaks cannot 
be identified individually. In addition, there is a peak in IR region (about 
900 nm), which represents Cu absorption [46,47]. 

Fig. 8b shows the photoluminescence (PL) spectrum at room tem
perature and under excitation at 380 nm for the synthesized samples. 
The emission peaks are located in the visible region between 406 and 
650 nm for the synthesized samples. The PL emission peaks are observed 
at 406, 426, 520, and 663 nm for the NiFe2O4 NPs. The PL peaks for 
NiFe2O4@Cu(1) are detected at 411, 431, and 540 nm, and a shoulder is 
observed at 665 nm. The NiFe2O4@Cu(2) sample has two sharp emission 
peaks at 416 and 535 nm as well as two shoulders at 475 and 665 nm. 
For NiFe2O4@Cu(1,2) samples, the PL intensity decreases, and the 
emission peaks shift to higher wavelengths. Furthermore, in the pres
ence of the Cu shell, PL quenching occurs as a result of efficient transport 
of photogenerated electrons from NiFe2O4 to Cu shell [48]. 

The electronic configurations of Ni2+ ion with 3F ground state and 
Fe3+ ion with 6S ground state are 3d8 and 3d5, respectively. The emission 
peaks at around 406, 411, and 416 nm can be due to the near band edge 
transition of free electrons and the high density of oxygen vacancies 
[49]. The emission peaks that appear at 426, 431, and 475 nm of the PL 
spectrum can be attributed to the 3A2(3F) → 3T1(3P) and 3A2(3F) → 
1T2(1D) transitions of Ni+2 in octahedral sites. The bands located at 520, 
535, and 540 nm (widespread emission peaks centered in the green 
region) can be ascribed to the transition 3d5 → 3 d4 4s of Fe+3 ions. In 
this case, an electron is excited to the conduction band formed pre
dominantly by the 4s orbital of Fe+3 from the localized 3 d5 state of Fe+3. 
However, the bands located at 663 and 665 nm are attributed to Fe3+ in 
the tetrahedral sites [50]. 

3.6. Photothermal effect studies 

To measure the thermal characteristics of the prepared NPs under 

NIR laser irradiation, different concentrations (1–5 mg) of NPs are 
dispersed in 1 mL of water and transferred to an optical cuvette. Then, 
samples at each NP concentration are irradiated by a NIR laser with 
power values of 1 W, 1.5 W, and 2 W at 808 nm. The temperature 
variation of the solution is determined using an optical thermometer 
with measurements recorded every 30 s. Fig. 9 shows a setup for 
measuring photothermal effect performance. Three important parame
ters such as concentration of the solution, laser power, and irradiation 
time are adjusted during the test and the relationships between these 
parameters are investigated. 

From the results in Fig. 10a & b, the solution temperature can be 
exactly controlled from 23.5 to 47.5 ◦C related to NiFe2O4, 
NiFe2O4@Cu, and different concentrations of NiFe2O4@Cu(2) NPs. It 
can be observed that the photothermal effect is adjustable for these NPs. 
The temperature variation of the dispersion corresponding to 5 mg 
concentration of the NPs is recorded as a function of time at different 
laser powers to further investigate the photothermal performance of the 
NPs (Fig. 10c & d). It should be noted that these measurements were 
made until the system reached a stable state. At the beginning of tem
perature variations, since the temperature increases linearly propor
tional to the irradiation time, it can be concluded that the emitted laser 
beam is absorbed to some extent regardless of its intensity. It has even 
been reported that this phenomenon results from the heat exchange 
between the surroundings and the solution [26]. The recorded temper
ature variations increase with the increase in the copper shell thickness, 
so this can be attributed to the wide absorption of copper in the NIR 
region (808 nm) [27]. In addition, these temperature variations increase 
with the increase in NiFe2O4@Cu(2) concentration as a result of the 
presence of a large number of NPs in the aqueous suspension. The 
temperature of the sample increases due to the increased solution con
centration, laser power, and irradiation time. In the meantime, we use 
the following simple formulas to calculate heat generation and heat 
conversion efficiency. 

C=WwCw +
∑

WiCi (4)  

Heat generation=C⋅ΔT (5) 

Fig. 9. Set-up for measuring photothermal effect performance.  
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Efficiency=
C⋅ΔT

Irradiated energy
(6)  

where Ww, Wi, C, and T are the mass fraction of water, mass fraction of 
solute, heat capacitance of the solution [50] (4.15–4.17 J/g.K), and 
temperature in degrees Celsius, respectively. During the initial phase of 
heating (where heat dissipation can be neglected), the irradiant energy 
can be written as I0⋅(1− 10− A) Δt, where I0 (W) is the incident laser 
power, A is the absorbance of the sample at the irradiation wavelength 
that the 10− A becomes negligible at high concentration [13,51]. 

Therefore, the photothermal conversion efficiency reaches 16.2%– 
27.6% according to the concentration of the solution [13,27,28,52]. We 
performed a cycle test for 2 mg/mL NiFe2O4@Cu(2) under 1 W and 
found that the same photothermal performance was achieved during 
four cycles. Moreover, according to Fig. 10e, the core is not oxidized 
because the coating acts as a protector. 

3.7. MTT test 

The toxicity of NiFe2O4@Cu(1,2) was examined on MCF7 lung can
cer cells. For this purpose, 15 × 103 cells were cultured in each well of a 
96-well plate and treated with different concentrations of the compound 
(1–6 mg/mL). This colorimetric assay was used to determine the cell 
viability and cytotoxicity within 24 h. Fig. 11 shows the MTT test results 
of NiFe2O4@Cu(1) and NiFe2O4@Cu(2). The cancer cell viability for 1 

mg/mL concentration of the NiFe2O4@Cu(1) NPs suspension is about 
88.6%. It should also be noted that the cancer cell viabilities slowly 
decrease with increasing concentration of the NiFe2O4@Cu(1) and 

Fig. 10. Photothermal effect characteristics of the NPs, a/b) (1–5 mg/mL) concentrations, c/d) laser power, and e) cycle test for 2 mg/mL NiFe2O4@Cu(2)  

Fig. 11. Cell viability results under different concentrations of NPs over 24 h.  
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NiFe2O4@Cu(2) NPs. In other words, even when the concentration of 
the NiFe2O4@Cu(1) and NiFe2O4@Cu(2) NPs is 5 mg/mL, the viabilities 
of cancer cells are still about 82.8% and 81.4%, respectively. Therefore, 
the increase in dose and thickness of the copper causes a gradual 
decrease in cell viability [53]. In general, the low toxicity of these 
nanoparticles indicates that these nanoparticles can be used in 
biomedicine [52]. 

4. Conclusions 

In this work, NiFe2O4 was successfully integrated with copper to 
prepare core-shell NiFe2O4@Cu NPs using the co-precipitation method. 
The obtained XRD patterns confirmed the formation of cubic single- 
phase NPs with average crystallite sizes in the range of 13.16–15.23 
nm based on the Williamson method. Moreover, the TEM and SEM im
ages indicated quasi-spherical crystals in the samples and the formation 
of core-shell structures. The PL spectrum of the NiFe2O4@Cu samples 
exhibited not only less PL intensity but also a shift to higher wave
lengths. Since the particle size of the nanomaterials was reduced to less 
than 25 nm, superparamagnetic properties, low cytotoxicity, and a 
highly efficient thermal effect were observed. Additionally, these NPs 
can convert light energy into heat because they show absorption in both 
the visible and NIR regions. Our results showed that a high concentra
tion of NPs in an aqueous suspension and high-power laser irradiation 
improve the photothermal effect. Therefore, the photothermal conver
sion efficiency reached 27.6%. Besides the heating effects, these NPs 
have more advantages such as low cost and simple synthesis. Conse
quently, the synthesized NiFe2O4@Cu NPs are an ideal candidate for use 
in hyperthermia applications. 
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