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Abstract
CuFe2O4,  ZnFe2O4, and  MnFe2O4 ferrite nanoparticles (NPs) have been synthesized through auto composition sol–gel 
method, and citric acid was used as the chelating agent. Phase analysis of nanoparticles confirmed the pure cubic spinel 
structure. The morphology and elemental composition verified the presence of all the elements in prepared samples and size 
distribution of NPs was estimated to be ~ 20–30 nm. Saturation magnetizations and magneton numbers were in the range 
of 53–67 emu/g and 2.29–3.12 nB, respectively.  MnFe2O4 NPs exhibited the strongest magnetization of all NPs. Highly 
significant antibacterial activity (22 mm zone of inhibition) of  CuFe2O4 NPs was observed against Gram negative bacteria, 
Escherichia coli. The broth microdilution assay result demonstrated the lower minimum inhibitory concentration and mini-
mum bactericidal concentration values for  CuFe2O4 as well as for  ZnFe2O4 and  MnFe2O4 NPs in combination. Furthermore, 
the in vitro cytotoxicity assay revealed that NPs were not toxic to HSF 1184 cell lines at 400 μg/ml concentration, hence the 
prepared NPs are safe, affordable, sustainable composite and can be used for potent antibacterial applications.
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Introduction

Ferrites, one of the most substantial magnetic materi-
als, consist of two inverse and normal spinel structures. 
Significant interest and several applications have been 
reported for mono-disperse magnetic ferrite NPs in dif-
ferent research areas such as ferrofluids [1], imaging 
and therapy techniques [2], magnetic resonance imaging 
(MRI) [3], drug delivery and targeting [4]. Superpara-
magnetic behavior of metal oxide spinel ferrite NPs is a 
unique characteristic and highly particle size dependent. 
Many investigations showed that at the size range of below 
30 nm which is known as single domain range [5–7], metal 
oxide NPs become superparamagnetic and can be used in 
biomedical applications [8].

In the cubic close-packed oxides of the crystal structure 
of ferrites, divalent and trivalent cations can occupy the 
octahedral and tetrahedral sites [9]. Different metal sub-
stitutions such as  Zn2+,  Ni2+,  Mn2+,  Cr2+ and  Cu2+ ions in 
the ferrite structures induce variations in the ferrite prop-
erties [10, 11]. For example, adding Ag NPs to  NiFe2O4 
induced changes in magnetic properties [12], or doping 
magnesia in nickel ferrite can give rise to an increase in 
the coercivity field (HC), and at the same time complex 
dielectric permittivity of samples was decreased [13]. It 
was proved that adding cobalt to  MgFe2O4 modifies the 
antibacterial activity of  MgFe2O4 NPs [14]. The recent 
research showed that Ti and Cu doped nickel ferrite NPs 
demonstrated enhanced antibacterial activity [15]. In gen-
eral,  XFe2O4 NPs (X = Cu, Zn and Mn) are well-known 
inverse spinel ferrites with  X2+ in B (octahedral) sites, 
where  Fe3+ ions are divided equally among A (tetrahe-
dral) and B (octahedral) sites [16]. Thereafter,  XFe2O4 
NPs (X = Cu, Zn and Mn) have attracted extensive atten-
tion due to their excellent phase stability, high magnetic 
permeability, high electrical conductivity, low eddy cur-
rent loss, bandgap (~ 1.9 eV), low cost of production and 
non-toxicity [17]. So, by using diamagnetic and paramag-
netic materials such as copper (Cu), zinc (Zn) and man-
ganese (Mn), the structure of ferrite NPs could be modi-
fied to soft ferrite types. Soft magnetic materials display 
desired electrical, magnetic and optical properties, such as 
high value of resistivity, permeability, permittivity, satura-
tion magnetization, low power losses and coercivity [18]. 
Therefore, above-mentioned features of this type of fer-
rites make them suitable for various applications [17, 19, 
20]. These NPs can be used and are proposed for applica-
tions in the fields of drug delivery, magnetic hyperthermia, 
sensing, magnetic resonance imaging (MRI), antibacterial 
applications, photocatalytic activity and dentistry [21–27].

The research on substitution metal ferrite NPs have 
been mostly focused on their magnetic and structural 

characteristics [28–30]. Before implementation for bio-
medical applications, prepared NPs need optimization and 
some modification to increase and modify their biocom-
patibility and antibacterial activity. For example, infec-
tious bacteria is the reason of dental caries, therefore it is 
important to control such diseases by using materials that 
have the killing or inactivation capability of the causa-
tive bacteria [25]. Also, the specific surface area in ferrite 
NPs is high which allows them to interact with the surface 
structures of bacteria. In addition, because they are fairly 
small in size, they can be uptaken by bacteria rapidly [31].

According to the chemical composition of an antibacte-
rial agent, they can be categorized into two types: inorganic 
and organic agents. However, the disadvantages of organic 
antibacterial agents such as low heat resistance, high decom-
posability and short life expectancy cause limitation in their 
applications [32]. As a result, inorganic antibacterial agents 
have received more recognition in the antibacterial prod-
uct market. Nano-inorganic metal oxides have potential to 
reduce bacterial contamination as they offer more advan-
tages compared to organic compounds [25, 33]. On the other 
hand, magnetic NPs are effective in fighting infectious dis-
eases as antibacterial agents which make them useful in wide 
range of applications such as food packaging and processing, 
textile industry, water and waste treatment and biomedical 
devices [34].

For example, bacterial microbes such as Escherichia 
coli (E. coli), Staphylococcus aureus (S. aureus) can be 
found in water and flood water, which are responsible for 
many skin diseases [35]. Recently, many research on spi-
nel nanoparticles has been explored for their capability as 
photo catalyst in waste water treatment as well as for anti-
bacterial activities to kill the bacteria strains which can 
cause infections of nail, skin and mucosal surfaces [35]. 
Hathout et al. showed that  CoFe2O4 NPs are a promising 
candidate as antibacterial agent against different strains 
of bacteria and anticancer agent for food sector and medi-
cal applications [36]. For the ferrite preparation, different 
synthesis methods were shown, for instance Maaz et al. 
synthesized superparamagnetic nanoparticles of nickel 
ferrite by co-precipitation route and reported the value for 
the single-domain limit (∼11 nm) that is in good agree-
ment with calculated (theoretical) value for Ni-ferrite NPs 
[37]. Cabuil et al. reported the hydrothermal synthesis 
of cobalt ferrite ferrofluid based on NPs with an average 
diameter in the order of 11.9 and 18.7 nm by varying 
temperature and incubation time [37]. Nanocrystalline 
Ni–Zn-ferrite NPs were synthesized at room temperature 
by high-energy ball milling elsewhere [38]. Pillai et al. 
used water-in-oil micro-emulsion to prepare the NPs with 
a diameter of 50 nm after heat treatment [39]. Between 
different types of wet chemical methods, sol gel technique 
is well known for producing high purity, homogenous 



Synthesis, Characterization and Potent Antibacterial Activity of Metal‑Substituted Spinel…

1 3

powders with nano-meter dimension at comparatively 
low temperatures [40]. Sol–gel auto combustion is quite 
simple and low cost and has both chemical and physical 
processes [41], therefore sol–gel method is the preferred 
main option for preparation of advanced spinel ferrite 
materials [42–45].

To the best of our knowledge, there are limited number 
of reports and comparison studies between different types 
of ferrites, and the efficiency of prepared ferrite NPs with 
sol–gel method are high for antibacterial applications, 
notably with no cytotoxic effect on human body. Current 
study concentrates on sol–gel preparation of metal substi-
tution on ferrite NPs  (XFe2O4 with X = Cu, Zn and Mn). 
Structural properties, size distribution and surface mor-
phology as well as magnetic and antibacterial properties 
of substituted ferrite NPs have been investigated. Gram 
negative (E. coli) and Gram positive (S. aureus) bacte-
ria strains were used for demonstration of antibacterial 
activity. Cell viability and morphology were examined by 
methyl-thiazolyl-tetrazolium (MTT) cytotoxicity assay and 
phase contrast inverted microscopy. The outcome of this 
study will be helpful in finding new compounds with high 
antibacterial efficiency for using in different biomedical 
applications. The prepared inorganic compounds presented 
enhanced antibacterial activity in low concentration, fur-
ther, some of them contain mineral elements which are 
essential to the human body [46–48].

Materials and Methods

Synthesis of Ferrite NPs

Metal nitrates; iron nitrate (Fe(NO3)3·9H2O), cop-
per nitrate (Cu(NO3)2·6H2O), manganese nitrate 
(Mn(NO3)2·4H2O) and zinc nitrate (Zn(NO3)2·6H2O) of 
analytical grade were purchased from Merck, and used as 
precursors to prepare the  CuFe2O4,  ZnFe2O4 and  MnFe2O4 
NPs with the molar ratios of 2:1. Briefly, the metal nitrates 
were dissolved in distilled water to obtain a clear solu-
tion. Then, required concentrations of each solution were 
added to the other one in the desired molar ratio, and an 
aqueous solution of citric acid was added to the prepared 
solution. The pH of the solution was adjusted to 7, by 
drop wise addition of 25% aqueous ammonia [49]. Solu-
tion was heated at 80 °C for 3 h to transform it into gel, 
followed by a self-propagating combustion until the gels 
were completely burned out to form fluffy loosen pow-
ders. To remove any remaining water, prepared powder 
was placed in an oven at 180˚C for overnight. To improve 
the crystallinity of the samples, prepared NPs were dried 
in an electrical vacuum furnace at 700 °C for 2 h [50].

Characterization of Ferrite NPs

The phase structure, elemental composition, particle size, 
morphology as well as magnetic properties of each syn-
thesized powder were characterized by different methods 
including X-Ray Diffraction (XRD, Rigaku D/Max IIIC, 
Cu-Kα radiation), Transmission Electron Microscopy 
(TEM, JEOL JEM-1400), Field Emission Scanning Electron 
Microscopy with Energy Dispersive X-Ray Spectroscopy 
(FESEM-EDX, JEOL-instrument JSM-6490A), Fourier 
Transform Infrared Spectrometer (FT-IR, Model 783 Perkin 
Elmer Spectrometer) and Vibrating Sample Magnetometry 
(VSM, Lake Shore 7303–9309).

Determination of Antibacterial Activity

The antibacterial activities of synthesized ferrite NPs 
 (CuFe2O4,  ZnFe2O4 and  MnFe2O4) were estimated by broth 
microdilution and Kirby-Bauer disk diffusion methods. 
Both Gram-positive (S. aureus) and Gram-negative (E. coli) 
bacteria were used as standard strains [51]. For evaluating 
the antibacterial activity of the NPs, all of the procedures 
were carried out according to the standards of the Clinical 
and Laboratory Standards Institute (CLSI) [52]. The total 
of 90 μL of serially diluted concentrations of synthesized 
 CuFe2O4,  ZnFe2O4 and  MnFe2O4 NPs (from 1000 to 10 μg/
ml) were added to each well of 96-well microtiter plates 
containing 10 μl of bacterial suspension (0.5 McFarland). 
Then, the microtiter plates were incubated at 3 °C for 24 h 
and subjected to evaluation of minimum inhibitory con-
centration (MIC) and minimum bactericidal concentration 
(MBC) [53]. Bacteria without nanoparticles were labelled 
as positive control. Later, the bacterial growth was measured 
by reading optical density at 600 nm by an ELISA micro-
titer plate reader (enzyme-linked immunosorbent assay). 
This procedure was performed in triplicates. Accordingly, 
the growth inhibition percentage (GI%) of the synthesized 
nanoparticles were calculated according to the following 
formula (Eq. 1) [54]:

Kirby–Bauer Disc Diffusion Method

Sterile cotton swab was used for swabbing the bacterial sus-
pension  (106 CFU/ml) on the Muller Hinton Agar (MHA) 
plates. Then, impregnated paper discs by NPs were placed 
on the MHA plates and incubated for 24 h at 37 °C [55]. 
Moreover, the disc with antibiotic streptomycin (Himedia, 
30 mg/disc) and a pieces of filter paper were used as positive 

(1)GI% =

OD at the presence of NPs

OD of positive control
× 100
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and negative controls, respectively. Later, the diameter of 
the zone of inhibition was measured and results were tabu-
lated for evaluation of antibacterial activity by using Hime-
dia zone scale [56]. To obtain the optimum results, all the 
experiments were carried out in triplicates.

The Cytotoxicity Effect

The MTT colorimetric assay was performed on human nor-
mal skin cell lines (HSF 1184) to evaluate the cytotoxicity of 
the synthesized nanoparticles [57]. In this technique, culture 
medium was studied as the negative control. The cells were 
maintained in advanced RPMI 1640 medium which con-
tained 10% heat-inactivated fetal bovine serum (FBS) and 
1% streptomycin-penicillin. Then, plates were incubated in 
a humidified atmosphere of 5%  CO2, 95% air at 37 °C. After 
that, 200 μl of cell suspension (5 ×  104 cell/well) was placed 
in each well of a sterile 96-well microplate and incubated at 
37 °C, 5%  CO2 and relative humidity of 98%. Then, 50 μl of 
different concentrations of  CuFe2O4,  ZnFe2O4 and  MnFe2O4 
NPs (0 to 1000 μg/ml) were replaced with previous media 
to the wells including cells. Next, 20 μl of MTT (thiazolyl 
blue tetrazolium bromide) dye (5 mg/ml in phosphate-buff-
ered saline) was added to each well and incubated for 4 h. 
Afterward, to dissolve the formazan crystals formed in living 
cells, 200 μl of dimethyl sulfoxide (DMSO) solution was 
added to each well. Finally, after 15 min, the absorption of 
solution was recorded at a wavelength of 570 nm using an 

ELISA microtiter plate reader (enzyme-linked immunosorb-
ent assay). This procedure was done in triplicates [58].

Results and Discussion

Physical Analysis

The XRD patterns of all the synthesized powders are shown 
in Fig. 1a. The peaks and the reflection planes are listed as 
follows: (2θ: 30.38°, 35.73°, 37.12°, 43.26°, 53.94°, 57.12° 
and 63.06°) and (220), (311), (222), (400), (422), (511) and 
(440). The diffraction peaks and their relative intensities 
are attributed to the cubic spinel structure, which confirms 
the synthesized powders with different compositions have 
monophasic nature [59]. In other words, the absence of any 
additional peaks associated to other second phases such as 
 Fe2O3, CuO, ZnO, and MnO indicates the successful sub-
stitution of Cu, Zn, and Mn ions in the synthesized spinel 
structure of ferrite powders where fd3m space group is 
formed (JCPDS 008-0234) [59–61]. Additionally, the vari-
ation of the lattice parameter in a metal-substituted ferrite 
NPs supports the incorporation of metal ions into the host 
ferrite lattice [7].

The value of the lattice parameter is attributed to the 
difference in the ionic radii between Fe and other metals. 
The value of the lattice parameters and crystal size of each 
sample were calculated by the formula reported in Refs. 

Fig. 1  a XRD spectra and b 
FT-IR patterns of  CuFe2O4, 
 ZnFe2O4 and  MnFe2O4 NPs 
sintered at 700 °C
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[7, 59, 62] and are provided in Table 1.  MnFe2O4 powder 
had the largest lattice parameter in comparison with others 
which can be explained by the partial replacement of Fe ions 
by Mn, Zn, and Cu ions where the Mn ion has the largest 
ionic radius among others  (Mn2+ = 0.91 Å,  Zn2+ = 0.82 Å, 
 Cu2+ = 0.73 Å and  Fe2+ = 0.61 Å) [63–65]. The average crys-
talline size calculated via the Deby-Sherrer formula [64] 
was ~ 25 nm for each sample.

Room temperature Fourier-transform infrared (FTIR) 
spectroscopy in the range of 200–1000  cm−1 demonstrated 
the formation of metal substituted ferrite NPs (Fig. 1b) 
[62, 65]. Appearing band at the higher wave number 
(ν1 = 585–595  cm−1) is assigned to the tetrahedral complexes 
 (Mtet ↔ O), while the band appearing at the lower wave 
number (ν2 = 390–400  cm−1) is assigned to the octahedral 
complexes  (Moct ↔ O). The octahedral cluster has a lower 
normal mode of vibration than the tetrahedral cluster [3]. It 
could be attributed to the shorter bond length of the tetrahe-
dral cluster and longer bond length of the octahedral clus-
ter [7]. FESEM micrographs of the synthesized  CuFe2O4, 
 ZnFe2O4, and  MnFe2O4 NPs show nearly spherical shape 
for all (Fig. 2i) [7]. The corresponding particle size distri-
bution for all powders indicates that the particle sizes were 
in the range of 20 to 30 nm (Fig. 2ii) [66]. The results of 
energy dispersive X-ray spectroscopy (EDX) analysis for all 
the samples are consistent with the expected results (i.e., the 
presence of Fe, Mn, Zn, Cu and O elements), and confirm 
the absence of impurities in the samples (Fig. 2iii) [7].

TEM was used to further characterize the size and mor-
phology of the synthesized NPs, and it was confirmed that 
all NPs had smooth surfaces with well dispersed particles, 
and the size range of the NPs were between 20 to 30 nm 
(Fig. 3). Most particles appeared spherical in shape; how-
ever, some elongated particles were also present. Some mod-
erately agglomerated particles as well as separated particles 
were observed in the samples. All the findings were in good 
agreement and consistent with the observations from XRD 
and FESEM images [62].

The room temperature magnetic hysteresis curves for pre-
pared NPs were measured under an applied external field of 
up to 15 kOe and at a temperature of 300 K (Fig. 4) [62]. The 
S like shape of loops, which do not have coercivity, assigns the 
leading magnetic phase as superparamagnetic for all samples 

at room temperature [67]. Although  CuFe2O4,  ZnFe2O4 and 
 MnFe2O4 are soft cubic ferrites, one can expect some magni-
tude of coercivity as reported elsewhere [68]. However, the 
observed superparamagnetic behavior revealed that the size 
range of synthesized particles (25–30 nm) is smaller than the 
critical size to observe a ferrimagnetic behavior [69]. Satura-
tion magnetization (MS) of each sample can be estimated by a 
method that is applied on hysteresis curves. Initially, MS versus 
1/H2 (H refers to applied magnetic field) graphs for the high 
magnetic field range of (10 kOe–15 kOe) were plotted. The 
linear fit to the plot intercepts the magnetization axis for zero 
magnitude of 1/H2 and gives an estimate value of MS.

The estimated magnetic parameters (Ms, Hc, Mr, and Mr/
Ms) belonging to all the samples are listed in Table 2 where 
the MS values were found to be between 53 and 76 emu/g, and 
Mr (remnant magnetization) values were between 0.66 and 
1.98 emu/g. These magnitudes are in good agreement with 
respect to reported data in the literature [70–72]. The S shape 
of the hysteresis loop for all samples with nanoparticle sizes 
less than 30 nm and small coercive fields in the present work 
(Hc ~ 0) prove the superparamagnetic behavior. The square-
ness ratio (Mr/Ms) in the present investigation remains below 
0.50 which reveals that the synthesized materials are in multi 
magnetic domain. It has been reported in the literature that a 
squareness ratio below 0.5 can be attributed to the formation 
of a multi domain structure, in which domain wall movement 
allows for an easier change in orientation with applied field, 
And the squareness ratio at or above 0.5 indicates the material 
is around the single magnetic domain size.

The magnetic moment or magneton number (nB) is another 
available magnetic parameter which could be evaluated by a 
well-known equation as given by (Eq. 2) [73]:

where MW is molecular weight and μB is Bohr magneton as 
unit of magneton number [73]. The magneton numbers for 
the synthesized  CuFe2O4,  ZnFe2O4 and  MnFe2O4 NPs were 
determined as 2.45 μB, 2.29 μB and 3.12 μB, respectively. It 
was already mentioned that the average particle sizes were 
very close for all types of NPs. Hence, the main contribution 
to the net magnetic moment and saturation magnetization 
can be expected from individual magnetic moments of the 
divalent ions in the chemical formula where  Mn2+ has 5 μB 
[74, 75] which has much higher moment than  Cu2+ (2.64 μB) 
[53] and  Zn2+ (0.68 μB) [76].

Antibacterial Properties

The antibacterial activity of nanoparticles against S. aureus 
and E. coli was studied using broth microdilution and disk 
diffusion methods. In the presence of NPs, growth of both 

(2)n
B
=

M
W
×M

S

5585
�
B

Table 1  Structural parameters calculated from X-ray diffraction stud-
ies for  XFe2O4 (X = Cu, Zn, Mn)

XFe2O4 
(X = Cu, Zn, 
Mn)

DXRD (nm) DFESEM (nm) Lattice constant (Å)

CuFe2O4 24.44 25–30 8.337 ± 0.08
ZnFe2O4 24.89 25–30 8.347 ± 0.08
MnFe2O4 24.98 25–30 8.361 ± 0.08
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Fig. 2  i FESEM images, ii Particle size distribution histograms and iii EDX spectrograph of  CuFe2O4,  ZnFe2O4 and  MnFe2O4 NPs

Fig. 3  Representative TEM images of  CuFe2O4,  ZnFe2O4 and  MnFe2O4 NPs



Synthesis, Characterization and Potent Antibacterial Activity of Metal‑Substituted Spinel…

1 3

bacteria was inhibited (Fig. 5). The bacterial growth inhibi-
tion gradually increased with increasing nanoparticle con-
centration. Moreover,  CuFe2O4 NPs showed better antibac-
terial activity against E. coli. at a concentration of 400 μg/
ml compared to other NPs. At this concentration,  CuFe2O4, 
 MnFe2O4 and  ZnFe2O4 NPs displayed 53%, 47.5%, and 45% 
of bacterial growth inhibition, respectively. Several studies 
reported copper to have high contact kill rates on bacterial 
cells, including E. coli, similarly, bacterial cells exposed to 
copper were killed because they accumulated copper ions 
and exhibited membrane and cell envelope damage when 
in contact with the metallic copper ions [77]. The MIC and 
MBC values of nanoparticles are given in Table 3.

Among NPs, the lowest MIC (400 μg/ml) and MBC 
(800 μg/ml) values were obtained for  CuFe2O4 NPs against 
E. coli. Besides, the highest value was achieved for  ZnFe2O4 
NPs against S. aureus. The results demonstrated stronger 
antibacterial activity of copper NPs than zinc NPs, that can 
be in correlation with a stronger affinity of  Cu2+ for bio-
molecules. This observation is in agreement with previous 
reports that compares antibacterial activity of various metals 
(copper and zinc) [78].

The viability of the bacteria was assessed by determining 
the clear zone of inhibition around the samples after 24 h 

incubation. The obtained results are provided in Table 4, and 
the corresponding images of inhibition zones and the sche-
matic diagrams of the antibacterial activity of the prepared 
NPs are shown in Fig. 6.

The disc diffusion results confirmed the MIC and MBC 
results. Higher antibacterial activity was observed at pres-
ence of  CuFe2O4,  ZnFe2O4 and  MnFe2O4 NPs against the E. 
coli with inhibition zones of 22, 20 and 19 mm, respectively, 
compared to  Fe2O4 that almost had no effect on both types 
of bacteria strains. The recorded antibacterial activity of the 
NPs is higher than that of the standard streptomycin which is 
the commonly used commercial antibacterial control agent. 
Obtaining an inhibition zone with a diameter of 22 mm indi-
cates a good antibacterial activity against the investigated 
bacteria [79]. Besides, the growth of S. aureus was inhibited 
by  CuFe2O4 NPs with a maximum inhibition zone of 18 mm. 
Similar antibacterial effect of NPs was reported elsewhere 
[79, 80].

Hashim et al. reported that the nanosized particles greatly 
influence the antibacterial activity, against various micro-
organisms [81]. The efficient antibacterial property of their 
prepared ferrite NPs was due to large surface area, which 
provided better contact with the microorganisms, and the 

Fig. 4  The room temperature M–H curves of of  CuFe2O4,  ZnFe2O4 
and  MnFe2O4 NPs

Table 2  Magnetic parameters (Ms, Hc, Mr, and Mr/Ms) values for 
different ferrite nanoparticles

Sample MS (emu/g) Mr (emu/g) Hc (Oe) Mr/Ms

MnFe2O4 67 0.66  ~ 0 0.0098
CuFe2O4 53 1.33  ~ 0 0.0250
ZnFe2O4 51 1.98  ~ 0 0.388 Fig. 5  Effect of different concentrations of  CuFe2O4,  ZnFe2O4 and 

 MnFe2O4 NPs on growth inhibition of Gram-positive (S. aureus) and 
Gram-negative (E. coli) bacteria
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antibacterial activity of metal oxide NPs was caused by gen-
eration of reactive oxygen species (ROS) and release of toxic 
metals from the core of NPs.

The bactericidal effect of NPs may be due to their small 
size, as Mehrabi et al. reported that decrease in the size of 
NPs and increase in surface to volume ratio increase the 
antibacterial activity of the nanomaterials [80]. According 
to Alsafari et al. [82], the inactivation of E. coli by zero-
valent iron NPs could be due to the penetration of the small 
particles (10–80 nm) into E. coli membranes, which causes 
oxidative stress and cell membrane disruption. The bacte-
ricidal mechanism of NPs is not fully elucidated, yet stud-
ies have advised that when E. coli was treated with NPs, 
changes in bacterial membrane morphology were reported 
[83]. As a consequence of present functional groups such as 

carboxyl, hydroxyl and phosphate on the surface of bacte-
rial cell walls, the overall charge of bacteria at biological 
pH value is negative. The electrostatic interaction between 
 (Cu2+,  Zn2+ and  Mn2+) ions and the functional groups of 
negatively charged cell membrane facilitates attachment 
of ions onto cell membranes and causes the inhibition of 
respiratory chain enzymes and eventually cell death [84]. 
Gram-negative bacteria contains lipopolysaccharides (LPS) 
in the cell membrane, besides there is only a thin peptidogly-
can layer between the cytoplasmic membrane and the outer 
membrane of their cell wall. These differences in structure, 
thickness and composition of cell can explain why Gram-
negative E. coli shows substantial inhibition [85]. Typical 
FESEM images indicate the morphology of the E. coli 
bacteria attached to the glass surface as well as the metal-
substituted ferrite NPs (Fig. 7). The compared antibacterial 
activity of NPs on micro-organisms based on FESEM micro-
graphs is found as  CuFe2O4 >  ZnFe2O4 >  MnFe2O4.

The highest antibacterial activity was observed for cop-
per substituted ferrite NPs, as copper results in significant 
growth inhibition of bacteria [7, 63]. It was reported that 
when  CuFe2O4 NPs interact with an aqueous phase,  Cu2+ 
ions are released [82]. The antibacterial mechanism of  Cu2+ 
ions has been attributed to the fact that ions are absorbed by 

Table 3  Minimum inhibitory 
concentration (MIC) and 
minimum bactericidal 
concentration (MBC) data of 
the NPs (in μg/ml) for Gram-
negative and Gram-positive 
bacteria

Bacterial strains CuFe2O4 NPs (μg/ml) ZnFe2O4 NPs (μg/ml) MnFe2O4 NPs (μg/
ml)

MIC MBC MIC MBC MIC MBC

S. aureus 600 900 700 1000 600 900
E. coli 400 800 500 900 500 900

Table 4  The antibacterial activity of ferrite and (Zn, Cu, and Mn) fer-
rite NPs against some pathogenic bacteria

Bacterial strains Zone of inhibition (mm)

Fe2O4 MnFe2O4 ZnFe2O4 CuFe2O4

E. coli 3.7 19 20 22
S. aureus  ~ 0 12.4 17 18

Fig. 6  a Zone of inhibition produced by  Fe2O4, b  CuFe2O4,  ZnFe2O4 and  MnFe2O4 NPs against both Gram-positive and Gram-negative bacterial 
strains. c Schematic diagram of antibacterial activity mechanism of the nanoparticles
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bacteria at higher concentrations. Copper ions are absorbed 
onto the bacterial cell surface, imparting damage to the 
cell membrane by solidifying protein structure or alter-
ing enzyme function. The mechanism of the antibacterial 
action of  Cu2+ ions involve the binding of  Cu2+ ions to the 
functional groups of proteins and enzymes, which causes 
inactivation and inhibition in cellular processes of bacteria. 
Copper ions have the ability to kill bacteria by generating 
reactive oxygen species (ROS) and destroying their cell 
walls and membranes. ROS can cause damage to proteins 
and DNA of bacteria [83].

The Cytotoxicity Effect

The MTT colorimetric assay was performed on human 
normal skin cell lines (HSF 1184) to evaluate the cytotoxic 
potential of the synthesized NPs. The percentage of cell via-
bility in the presence of different concentrations of  CuFe2O4, 
 ZnFe2O4 and  MnFe2O4 NPs was investigated. The results 
revealed that up to the tested concentrations of 400 μg/ml of 
NPs, no major difference in terms of cellular viability was 
detected in comparison with the control cells and percentage 
viability was in the range 98 to 100% (Fig. 8a). However, 
the higher cytotoxicity toward HSF 1184 cells was achieved 
for  CuFe2O4 NPs compared to other NPs. More than 60% 
of cell growth was prevented at a concentration of 1000 μg/
ml for  CuFe2O4 NPs, whereas only 59% and 43% of cell 
growth inhibition at the same concentration was observed 

for  MnFe2O4 and  ZnFe2O4 NPs, respectively. The higher 
cytotoxic effect of copper is due to its being a transition 
metal that increases the generation of reactive oxygen spe-
cies (ROS) which may disturb the integrity of the cell mem-
brane [86, 87]. The results of the percentage viability of HSF 
1184 cells indicated that increasing the concentration of NPs 
led to dose‐dependent rise in mitochondrial dysfunction. 
Mechanism of cytotoxicity can be explained by ions  (Cu2+, 
 Zn2+ and  Mn2+) of NPs entering into cells and leading to 
mitochondrial dysfunction, protein and DNA damage and 
finally apoptosis and inhibition of cell proliferation [88]. In 
order to study the morphological changes in the HSF 1184 
cells after treatment with various concentrations of differ-
ent NPs, an inverted microscope was used (Fig. 8b). The 
morphological changes such as rounding of cells, detach-
ment and cell lysis were clearly observed after treatment of 
cells at a concentration of 1000 μg/ml. Similar to the present 
findings, studies were also conducted by others to investigate 
the cytotoxic activity of nanoparticles, but unlike other NPs, 
 CuFe2O4 NPs had less toxicity on human cell lines while 
they had high toxicity effect on bacterial cells [88].

Conclusions

Metal-substituted ferrite NPs with sizes less than 30 
nm were prepared by using sol–gel method, and their 
cubic spinel structure was confirmed by XRD. Although 

Fig. 7  FESEM images of the 
untreated E. coli bacteria and 
treated with  CuFe2O4,  ZnFe2O4, 
and  MnFe2O4 NPs at MIC 
values (50% of bacterial growth 
was inhibited), where morpho-
logical deformities can be seen
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some elongated NPs were observed, they were mostly in 
spherical shape. Magnetic hysteresis loops revealed the 
superparamagnetic nature of all synthesized NPs at room 
temperature which is desired in biomedical applications. 
 MnFe2O4 NPs had almost 50% higher MS and nB com-
pared to  CuFe2O4 and  ZnFe2O4 NPs. Antibacterial activity 
against E. coli and S. aureus was significantly improved 
by metal (zinc, copper, and manganese) substitution, and 
copper spinel ferrite NPs showed the highest antibacterial 
activity among all prepared NPs. Transition metal-substi-
tuted ferrite NPs had greater antibacterial activity against 
E. coli than against S. aureus. The antibacterial function-
ality is associated with various mechanisms, including 
damaging the bacterial DNA, altering protein synthesis 
and membrane integrity. Our findings showed that zinc, 
copper, manganese ferrite NPs can be used in drug deliv-
ery systems and other biomedical applications due to their 
high biocompatibility and antibacterial activity.
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