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Background: The constant rise of microbial biofilm formation and drug resistance to 
existing antimicrobial drugs poses a significant threat to community health around the 
world because it reduces the efficacy and efficiency of treatments, increasing morbidity, 
mortality, and health-care expenditures. As a result, there is an urgent need to develop novel 
antimicrobial agents that inhibit microbial biofilm formation.
Methods: The [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4(x≤0.04) (Ni-Cu-Zn) nano spinel ferrites 
(NSFs) have been synthesized by the sol–gel auto-combustion process and were character-
ized by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive 
x-ray (EDX) and transmission electron microscopy (TEM). The antimicrobial, antibiofilm 
and antiproliferative activities of Ni-Cu-Zn NSFs were also examined.
Results: The XRD pattern confirms the secondary phase DyFeO3 and Fe2O3 for substi-
tuted Dy3+ samples, and the crystallite size ranged from 10 to 19 nm. TEM analysis of 
NSFs revealed that the particles were cube-shaped and 15nm in size. NSFs exhibited 
significant antimicrobial, antibiofilm and antiproliferative activity. At concentration of 
1 mg/mL, it was found that the NSFs (ie, x=0.0, x=0.01, x=0.02, x=0.03 and x=0.04) 
inhibit biofilm formation by 27.6, 26.2, 58.5, 33.3 and 25% for methicillin-resistant 
Staphylococcus aureus (MRSA) and 47.5, 43.5, 48.6, 58.3 and 26.6% for Candida albi-
cans, respectively. SEM images demonstrate that treating MRSA and C. albicans biofilms 
with NSFs significantly reduces cell adhesion, colonization and destruction of biofilm 
architecture and extracellular polymeric substances matrices. Additionally, SEM and 
TEM examination revealed that NSFs extensively damaged the cell walls and membranes 
of MRSA and C. albicans. Huge ultrastructural alteration such as deformation, disintegra-
tion and separation of cell wall and membrane from the cells was observed, indicating 
significant loss of membrane integrity, which eventually led to cell death. Furthermore, it 
was observed that NSF inhibited the cancer cell growth and proliferation of HCT-116 in 
a dose-dependent manner.
Conclusion: The current study demonstrated that the synthesized Ni-Cu-Zn NSFs could be used 
to develop potential antimicrobial surface coatings agents for a varieties of biomedical-related 
materials and devices in order to prevent the biofilms formation and their colonization. 
Furthermore, the enhanced antiproliferative properties of manufactured SNFs suggest a wide 
range of biomedical applications.
Keywords: biomedical application, nano spinel ferrites, MRSA, Candida albicans, biofilm, 
ultrastructural alteration
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Introduction
The study and application of nanomaterials has grown in 
recent years because a nano-sized object exhibits different 
properties of its bulk materials due to changes in its surface- 
volume ratio. In many biochemical reactions and a number of 
applications in different industries, most nanomaterials have 
shown excellent quantum confinement with unique catalysis 
properties to improve the technique for electronic, environ-
mental, and biomedical purposes.1,2 The primary application 
areas for new spinel ferrite include diverse manufacturing 
applications such as data storage, radar absorption, telecom-
munications, negligible eddy current loss, microwaves, per-
manent magnets, sensors, ferrofluids, hydrogen processing, 
alcoholic decomposition, oxidizing dehydrogenation, elec-
trocatalytic operation, and corrosion resistance.3–5 

A significant trend in Ni-Cu spinal behaviour has recently 
been demonstrated in soft ferromagnetic ceramic materials, 
which have found widespread use in various applications, 
including touch, home appliances, computers, inductors, 
transformers, recording heads, hyperthermia systems, cancer 
cell therapy, magnetic resonance imaging (MRI), multilayer 
chip inductor (MLCI) and more applications.6–8 Recently, 
the potential biomedical applications of spinel ferrites nano-
materials have gained much attention, due to their cost-effec-
tiveness, easy availability, extraordinary stability, and 
biocompatibility.9–14 The advantages of metal and metal 
oxide nanoparticles in biomedical applications have already 
been reported against a wide range of life-threatening drug- 
resistant bacteria and cancerous cells.3,10,11,15 Naskar et al16 

recently showed that an Ag-ZnO nanocomposite conjugated 
with erythromycin antibiotics has excellent antibacterial 
activity against MRSA clinical isolates, as well as good 
biocompatibility and high cell viability in HEK293 cells. 
Another study found that when MDR S. aureus is exposed 
to near-infrared light, Au–ZnO coupled with black phos-
phorus suppresses its growth.17 Cho et al18 reported the 
antibacterial activity of nickel doped zinc oxide conjugated 
black phosphorus nanocomposite and its synergistic activity 
with polymyxin B against polymyxin-resistant E. coli carry-
ing colistin resistance gene mcr-1 and found that the nano-
composite was biocompatible with HEK293 cells and 
polymyxin B. Several studies have been conducted in-depth 
to explore the unusual characteristics of Ni-Cu ferrites and it 
was concluded that these characteristics are due to favoured 
distributions of Fe3+ and Fe2+ cations into the tetrahedral and 
octahedral sub-lattice sites in the crystal structure.19,20 Spinel 
ferrite nanoparticles can be synthesized using various 

techniques, including co-precipitation, citrate-assisted auto- 
combustion, hydrothermal, reverse micelle, microwave 
synthesis, sol–gel and ultrasonication. A considerable num-
ber of scientific studies have been performed on metal sub-
stituted spinel ferrite nanoparticles. Nickel-copper-zinc 
ferrites, synthesized through the various methods, has 
MLCI applications.7,21 Copper and cobalt ferrite nanoparti-
cles have been shown to have antibacterial and antifungal 
action against Gram-negative E. coli, Gram-positive 
S. aureus, and C. albicans in some experiments.9–11 There 
is a scarcity of literature on the antibacterial and anticandidal 
activity of metal-substituted NSFs and, most importantly, no 
study has been reported on antibiofilm potential and electron 
microscopic ultrastructural alteration caused by metal-sub-
stituted NSFs in bacteria and Candida. In this perception, the 
objective of present work was (i) synthesis of 
[Ni0.4Cu0.2Zn0.4] (Fe2-xDyx)O4 (x ≤ 0.04) NSFs by sol–gel 
approach, (ii) Characterization of their structural, morpholo-
gical, and optical properties by XRD, SEM, TEM and EDX, 
(iii) investigation of antibacterial and anticandidal activity of 
synthesized NSFs against methicillin-resistant 
Staphylococcus aureus (MRSA) and Candida albicans, (iv) 
investigation of antibiofilm activity of synthesized NSFs 
against MRSA and C. albicans, (v) investigation of effects 
of NSF on biofilm structure of MRSA and C. albicans as 
examined by SEM, and (vi) investigation of ultrastructural 
alteration caused by NSFs on MRSA and C. albicans by 
SEM and TEM.

Materials and Methods
Synthesis and Characterization of 
[Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x ≤ 0.04) 
Nano Spinel Ferrites (Ni-Cu-Zn NSFs)
The [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x ≤ 0.04) NSFs prepared 
by citrate sol–gel auto-combustion technique. The metal 
salts; NiCl2•6H2O (p.a., ≥98%, Sigma Aldrich), Zn 
(NO3)2•6H2O (p.a., 98%, Sigma Aldrich, Cu 
(NO3)2•2•5H2O (p.a., 98%, Sigma Aldrich), (Fe 
(NO3)3•9H2O (p.a., ≥98%, Sigma Aldrich), Dy 
(NO3)3•xH2O (p.a., 99.9%, Sigma Aldrich), and citric acid 
(C6H8O7) (p.a., ≥99.5%, Sigma Aldrich) were thawed in 
distilled water and stirred continually at 95°C for 45 min to 
form a homogeneous mixture. The pH of the resulting mix-
ture was kept at 7 by adding ammonia solution; then, the hot 
plate was adjusted at 115°C for 1 hour, then 375°C with 
constant stirring until the solution became gel and burnt to 
obtain the Ni-Cu-Zn NSFs powder.
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The crystalline of synthesized NSFs was identified 
with X-ray powder pattern Rigaku Benchtop Miniflex 
(Cu Kα radiation at room temperature, 2θ = 20°–70°). 
The microstructure was portrayed by SEM, TEM and 
EDX (FEI Titan ST with EDX).

Antibacterial, Anticandidal and 
Anti-Biofilm Studies of Ni-Cu-Zn NSFs
Strains
C. albicans and methicillin-resistant S. aureus (MRSA) 
were used to investigate the anticandidal, antibacterial, 
and antibiofilm activity of Ni-Cu-Zn NSFs.

Antibacterial Activity by Determining Minimum 
Inhibitory Concentration (MIC) and Minimum 
Bactericidal Concentration (MBC)
MIC 
The two-fold serial dilution technique described by Ansari 
et al22 was used to determine the MIC and MBC values of 
NSFs against MRSA. In brief, 1×107 CFU/mL bacterial 
culture were treated with NSFs (x=0.0, 0.01, 0.02, 0.03, 
and 0.04) at concentrations ranging from 1 to 32 mg/mL, 
and then the treated and untreated samples were incubated 
for 24 h at 37°C. The MIC was established as the lowest 
concentration of antimicrobial drugs that prevented obser-
vable bacterial growth.22

MBC 
After MIC assessment, MBC was determined by spreading 
100 µL aliquots from culture wells when no apparent 
growth was detected on MHA plates and the plates were 
subsequently incubated for 24 h at 37°C. The lowest con-
centration of NSFs that kills 100% of the population of the 
tested organism was considered as MBC value.22

Evaluation of the Anti-Candida Activity of 
NSFs by Colony-Forming Unit (CFU)
As-synthesized Ni-Cu-Zn NSFs were used for assessment 
of antifungal activity against C. albicans, an opportunistic 
yeast. The freshly grown culture of yeast cells in SDB was 
obtained by washing with PBS, and cell density was 
adjusted to 0.5 McFarland before performing the antifun-
gal test.

Colony-forming units (CFU) were determined by add-
ing 2 mg/mL of synthesized Ni-Cu-Zn NSFs to tubes 
containing 0.5 mL of 0.6 McFarland Candida cells. 
Prior to treatment, the NSFs were sonicated for 20 min 
to obtain a homogeneous nanomaterial solution. The 

NSFs treated and untreated (control) C. albicans were 
incubated for 28 h at 28 ± 2°C at 150 rpm in a rotary 
shaker incubator. The number of viable cells was deter-
mined by counting CFU to assess the antifungal activity 
of the NSFs. After incubation, the treated and untreated 
sample was serially diluted, and subsequently, 100 µL 
was plated on SDA plates and further incubated for 28– 
32 h at 28 ± 2°C. After that, colonies were counted, and 
the formula calculated the percent survival rate (SR%) of 
C. albicans, SR% = (A/B) × 100 (where A= number of 
CFU of the treated sample; B: number of CFU of 
untreated control sample).

Effect of Ni-Cu-Zn NSFs on MRSA and 
C. albicans Biofilm
The biofilm inhibition of MRSA and C. albicans after 
treatment with Ni-Cu-Zn NSFs was investigated by crystal 
violet assay.22 In brief, freshly grown cultures of MRSA 
and C. albicans treated with varying concentrations of Ni- 
Cu-Zn NSFs in 96 microtiter plates were incubated at 
37°C and 28°C for 24 h, respectively. The MRSA and 
C. albicans without any Ni-Cu-Zn NSFs treatments were 
taken as control. Following the incubation period, all con-
tents were decanted from wells, washed with PBS, and 
stained with crystal violet (0.1% w/v) for 30 minutes, 
washed again with PBS, and then air dried. The stained 
biofilm was solubilized with ethyl alcohol (95%) and 
optical density was measured at 595 nm.23 The percentage 
of biofilm inhibition was estimated using the equation 
below:

%Biofilminhibition ¼
ODofcontrol � ODoftestedsamplesð Þ

= ODofcontrolð Þ

� �

x100 

Visualization of Biofilm Architecture 
by SEM
The effect of Ni-Cu-Zn NSFs on MRSA and C. albicans 
biofilm structure was further examined by SEM as 
described in our previous work.22 Briefly, 100 µL of 
MRSA and C. albicans cultures were inoculated on glass 
coverslips in the absence and presence of Ni-Cu-Zn NSFs 
for 24 h at the recommended temperature. The glass cover-
slips were then removed, washed with PBS, fixed with 
glutaraldehyde (2.5% v/v), washed with PBS again, dehy-
drated with a series of ethyl alcohol, and finally air-dried. 
After that, the samples were coated with gold and then 
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finally, the images of treated and untreated biofilm struc-
ture of MRSA and C. albicans were collected by using 
SEM.22

Mechanism of Interaction of NSFs with 
Bacterial and Candida Cells
Visualization of Effects of NSFs on the Morphology of 
MRSA and C. albicans: SEM Study
SEM investigated the topological alteration in MRSA and 
C. albicans after treatment with Ni-Cu-Zn NSFs. MRSA 
and Candida cells (106 CFU/mL) were treated with 0.5 and 
1 mg/mL of NSFs for 18 h at 37°C and 28°C, respectively. 
After incubation, the treated and untreated samples were 
centrifuged at 12,000 rpm for 10 min, and collected pellets 
were washed twice with PBS. After washing, all the sam-
ples were fixed with primary fixative (2.5% glutaralde-
hyde) followed by secondary fixative (1% osmium 
tetroxide). After fixation, dehydration was carried out 
with 30%, 50%, 70%, 80%, 90%, and 100% of ethyl 
alcohol. After that, the samples were fixed on the alumi-
num stubs and left for complete drying, and then the 
samples were coated with gold and finally, the effects of 
NSFs on the morphology of MRSA and C. albicans were 
observed under a scanning electron microscope at an 
accelerating voltage of 20 kV.24

Ultrastructural Alteration in Bacteria and Candida 
Cells Caused by NSFs: TEM Analysis
The ultrastructural alteration in MRSA and Candida after 
treatment with Ni-Cu-Zn NSFs was further investigated by 
TEM. To examine the interaction of NSFs with MRSA and 
C. albicans, the cells were grown in TSB and SDB at 37°C 
and 28 ± 2°C overnight. The freshly grown cultures were 
pelleted by centrifugation. The MRSA and C. albicans 
cells (106 CFU/mL) were then treated with NSFs and 
then further incubated at a similar condition, as mentioned 
above, in a shaker incubator at 150 rpm. The MRSA and 
C. albicans without any NSFs treatment were taken as 
control. After incubation, the treated and untreated sam-
ples were washed twice; pellets were collected and fixed 
with primary fixative (2.5% glutaraldehyde) followed by 
secondary fixative (1% osmium tetroxide) and dehydration 
process.25 After that, the samples were embedded in resin 
overnight for polymerization. Then, ultra-thin sections 
were made using a microtome diamond knife, then stained 
with uranyl acetate followed by counterstained lead citrate 
(4%) and then mounted on carbon-coated copper grids. 

Finally, the ultrastructural alteration caused by NSFs in 
MRSA and C. albicans cells was recorded by TEM, 
Technai, FEI, USA.25

Cytotoxic Activity
In this study, human colorectal carcinoma (HCT-116) was 
used to investigate the cytotoxic effects of NSFs on their 
viability and proliferation. The cells were cultured and 
maintained in the DMEM media supplemented with 
L-glutamine (5%), penicillin (1%), streptomycin (1%), 
FBS (10%), and selenium chloride (1%) and were grown 
at 37°C under 5% CO2 atmosphere. The cell viability 
activity and alteration in DNA of HCT-116 cell line after 
treatment with NSFs was examined by MTT and DAPI 
staining assay, respectively, according to previous report.26 

Briefly, the cells were treated with varying concentrations 
of NSFs (X=0.02 and x=0.03) in a 96 well culture plates. 
As a control group, cells were cultured without NSFs. 
After 48 h of incubation, 10 µL of MTT (5 mg/mL) 
solution was added into each well and plates were then 
further incubated in a CO2 incubator for 4 h. After that, the 
MTT solution was replaced with DMSO (1%), and the 96- 
well plate was then examined under an ELISA plate reader 
at a wavelength of 570 nm. The data are presented as mean 
(±) standard deviation (SD) obtained from triplicates.

Further, the DAPI staining assay was used to examine 
the changes in the DNA of cancer cells after treatment 
with NSFs using protocol described by Alahmari et al.27 

Briefly, the HCT-116 cells were divided into two groups, 
the control group ie, without NSFs and the experimental 
group ie, treated with 35 µg/mL of NSFs (x=0.02 and 
x=0.03). Post 48 h treatment, both groups were exposed 
to ice-cold paraformaldehyde (4%) and then with Triton 
X-100 in PBS. After that, cells were stained with DAPI (1 
μg/mL) for 5 min at 37°C in the dark, and excess dye was 
removed by washing with PBS. Changes in DNA of HCT- 
116 cells were examined by using a confocal scanning 
microscope (Zeiss, Germany).

Results and Discussion
Characterization of Ni-Cu-Zn NSFs
The XRD patterns of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x ≤ 
0.4) NSFs are shown in Figure 1. The pure phases of Ni- 
Cu-Zn spinel ferrites were observed from the XRD pat-
terns peaks for all ratios without any impurity. Besides, the 
most intense peak (311) stayed in the same position when 
increasing the Dy content because the cubic shape of the 
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spinel lattice was retained. The cell constant, an average of 
crystal size (DXRD) and goodness of refinement resulted 
from Rietveld refinement with FullProf software are pro-
vided in Table 1. The refinement revealed that the cell 
constant (a) was growing with increasing the amount of 
Dy as attributable to the expansion in spinel crystal. The 
DXRD was determined by Scherer’s equation, which shows 
that the crystallite size was between 10 and 19 nm.

Figure 2 depicts SEM images of Ni-Cu-Zn NSFs that were 
roughly conglomerated and spherical in shape. The EDX 
spectrum confirmed the presence of Ni, Cu, Zn, Fe, Dy and 
O (Figure 3). TEM images of Ni-Cu-Zn NSFs are shown in the 
figure showed that the particles were cube-shaped and exhib-
ited aggregation because of their magnetic nature. The size 
dispersal was found between 15 nm (Figure 4). The particle 
size estimation results were well-agreed with the crystallite 
sizes revealed by XRD refinements (Table 1).

Antibacterial Activity by Determining 
MIC and MBC
In the present study, the antibacterial activity of 
[Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x=0, 0.01, 0.02, 0.03 and 
0.04) NSFs was evaluated against gram-positive MRSA 
using the microbroth dilution method by determining their 
MICs and MBCs.28 The MICs/MBCs values of sample 
x=0, 0.01, 0.02, 0.03 and 0.04 NSFs against MRSA were 
found in the range of 4/16, 8/24, 2/8, 4/16 and 8/24 mg/ 
mL, respectively (Figure 5). MIC and MBC results 
showed that sample x=0.02 showed the highest bacterio-
static and bactericidal activities. In a previous study, it has 
been reported that chromium-substituted spinel copper 
ferrite [(CuCrxFe2−xO4 (0.0 ≤ x ≤ 1.0)] NPs inhibit the 
growth of E. coli similarly, and they reported MIC and 
MBC values in the range of 2.5 to >16 mg/mL and 5 to 
>32mg/ mL, respectively.10 Another study29 reported that 
metal-substituted cobalt ferrite NPs at 5000 ppm inhibits 
the growth of both gram-negative (E. coli) and gram- 
positive (S. aureus) bacterial strains.

Evaluation of the Anticandidal Activity of 
NSFs by Colony-Forming Unit (CFU)
The anticandidal activity of of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx) 
O4 (x=0, 0.01, 0.02, 0.03 and 0.04) NSFs was investigated 
using the standard colony count method by calculating the 
percentage survival rate of C. albicans cells after treatment 
with 2 mg/mL of x=0, 0.01, 0.02, 0.03 and 0.04 NSFs. It 
was found that the viable cell count of treated C. albicans 
was significantly less than that of untreated control cells 
(Figure 6). All five ratios exhibit a pronounced effect on 
the survival of C. albicans, and the survival rate was 23.3, 
25, 30.9, 17.7 and 76.5% for ratios x=0, 0.01, 0.02, 0.03 
and 0.04 NSFs, respectively (Figure 7). It has been found 
that in comparison to other samples, the ration x= 0.03 
displays higher activity, whilst x=0.04 indicates the least 
activity. Our results are in good agreement with the 

Figure 1 XRD pattern of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x ≤ 0.4) NSFs.

Table 1 Dy Content, Refined Structural Parameters for 
[Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x ≤ 0.4) NSFs

x a (Å) V (Å)3 DXRD (nm) ±0.05

0.00 8.392(5) 591.13 17.19
0.01 8.393(4) 591.32 15.51

0.02 8.397(1) 592.09 13.54

0.03 8.402(9) 593.31 12.01
0.04 8.408(2) 594.43 10.77
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study,11 where they reported that neodymium (Nd)-substi-
tuted cobalt ferrites NPs inhibit the growth of C. albicans 
in a similar pattern. This is the first report of Dy-substi-
tuted nickel-copper-zinc nano spinel ferrites with broad- 
spectrum antimicrobial activity against gram-positive 

methicillin-resistant S. aureus and the yeast C. albicans. 
Our study found that, as the dopant content, ie, Dy 
increases from 0.0 to 0.03, the anticandidal activity of 
NSFs was also increased, which is in agreement with the 
previous study.11

Figure 2 SEM micrograph of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x ≤ 0.4) NSFs.
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Effect of Ni-Cu-Zn NSFs on MRSA and 
C. albicans Biofilms
In the present study, the effects of Ni-Cu-Zn NSFs on the 
biofilm-forming abilities of MRSA and C. albicans were 
assessed by a quantitative 96-well microtiter polystyrene 
plate assay. It was found that 1 mg/mL of Ni-Cu-Zn NSFs 
ie, x=0.0, x=0.01, x=0.02, x=0.03 and x=0.04 inhibit biofilm 
formation by 27.6%, 26.2%, 58.5%, 33.3% and 25% for 
MRSA and 47.5%, 43.5%, 48.6%, 58.3% and 26.6% for 
C. albicans, respectively (Figure 8).

Further, to visualize the effect of Ni-Cu-Zn NSFs on 
biofilm of MRSA and C. albicans formed on glass surface 
was examined by SEM (Figures 9 and 10). It was found that 
the untreated (control) glass coverslips support the adher-
ence, colonization and aggregation of large numbers of 
MRSA cells (Figure 9A). However, MRSA biofilm treated 
with Ni-Cu-Zn NSFs display significantly reduced the adher-
ence and colonization of cells and scattered cells with loss of 
cell wall and membrane was also seen (Figure 9B), indicating 
the brutal damage of biofilm architecture and EPS matrix.

The biofilm of untreated (control) C. albicans grown on 
glass coverslips showed a characteristic intense network of 
hyphae and highly aggregated cells (Figure 10A). After 
treatment with Ni-Cu-Zn NSFs, reduced biofilm formation 

was seen which was primarily comprised of scattered indivi-
dual cells (Figure 10B). It was also observed that the treated 
biofilm of C. albicans had almost no true hyphae and the 
number of cells was significantly reduced (Figure 10B).

Topological Changes Caused by NSFs on 
MRSA and Candida Cells: SEM Analysis
The effects of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x≤0.04) 
NSFs on the topological and morphological structure of 
MRSA and C. albicans were also studied by SEM. The 
untreated control MRSA cells were intact, regular, nor-
mal, and spherical, with a smooth cell surface 
(Figure 11A). However, MRSA cells treated with 
x=0.02 NSFs showed that the cells were severely 
damaged, and the number of cells was also signifi-
cantly reduced. The cell surface was irregular, rough, 
distorted, and non-intact with the deformed cell mem-
brane and cell wall, indicating loss of integrity of the 
membrane that ultimately causes cell death 
(Figure 11B). Similarly, in C. albicans, the untreated 
cells were normal, intact and oval with a smooth cell 
wall and membrane (Figure 12A). However, the 
C. albicans cells treated with x=0.02 NSFs showed 
significant cell damage, and the cell surface was 

Figure 3 EDX of SEM micrograph of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x=0.4) NSFs.
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rough and irregular. Most importantly, the number of 
C. albicans cells dramatically decreased, and the 
severely damaged cells were no longer intact, which 

may ultimately cause cell death (Figure 12B). Our 
results are in good agreement with the study of 
Ansari et al10 and Rehman et al.11

Figure 4 TEM micrograph of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x ≤ 0.4) NSFs.
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Ultrastructural Alteration Caused by 
NSFs on MRSA and Candida Cells: TEM 
Analysis
Furthermore, the effects of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 

(x≤0.04) NSFs on the ultrastructure of MRSA and 

C. albicans cells were investigated by TEM analysis. 
The untreated MRSA cell showed standard cell features, 
eg, regular, smooth and intact and well-preserved cell wall 

and membrane (Figure 13A). However, substantial ultra-

structural alteration such as brutal damage of cell wall and 

Figure 5 Nutrient agar plates showing MBC (mg/mL) values of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x ≤ 0.4) NSFs against MRSA. Panels (A–E) represent samples with x=0.0, 
x=0.01, x=0.02, x=0.03, and x=0.04, respectively. The concentrations of NSFs are represented by the numbers 1, 2, 3, 4, and 5, which are 16, 8, 4, 2, and 1 mg/mL, 
respectively.
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membrane was seen in MRSA cells treated with NSFs. It 

was also observed that the treated cells were abnormal, 

irregular and severely broken down into fragments. Apart 

from cell wall damage, apparent separation and 

disintegration of cell wall and membrane from the cell 

was also seen (Figure 13). TEM analysis also shows the 

adsorption, internalization and penetration of NSFs inside 

the cells causes rupturing of the cell membrane. 

Figure 6 SDA culture plates showing the CFU of C. albicans treated with 1 mg/mL of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x ≤ 0.04) NSFs. (A) Untreated cells, (B) x=0.0, (C) 
x=0.01, (D) x=0.02, (E) x=0.03 and (F) x=0.04.
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Figure 7 Survival rate (%) of C. albicans treated with 1 mg/mL of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x ≤ 0.04) NSFs.

Figure 8 Effect of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x ≤ 0.04) NSFs on biofilm forming abilities of MRSA and C. albicans biofilm at 1 mg/mL.
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Furthermore, large clear hollows were also seen in the 

cytoplasm that causes leakage of cytoplasmic content 

from a cell that may lead to the destabilization of the 

cell wall and membrane integrity that finally led to the 

cell death (Figure 13B and C). The TEM images of 

untreated C. albicans cells shows that the yeast cells 

were typically oval with a regular, smooth and intact cell 

wall and membrane (Figure 14A and B). However, 

C. albicans cell treated with NSFs were in an abnormal 

condition with irregular fragments appearing on the cell 

surfaces (Figure 14C and D), and the cell was severely 

damaged, showing deformation, distortion and separation 

of cell wall and membrane, indicating a significant loss of 

membrane integrity that may lead to cell death 

(Figure 14C and D).
The exact antimicrobial activity and mode of action of 

spinel ferrite nanoparticles are still not understood. However, 
there are some studies where it has been reported that the 
antimicrobial activity of spinel NPs was due to the adsorption 
and penetration of spinel ferrite NPs by bacteria and yeast cells 
that leads to disorganization of cell membrane and wall, 

Figure 9 Microscopic analysis of biofilm inhibition. SEM micrographs of biofilm 
formed by MRSA grown in absence (A) and presence of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx) 
O4 (x = 0.02) NSFs (B).

Figure 10 Microscopic analysis of biofilm inhibition. SEM micrographs of biofilm 
formed by C. albicans grown in absence (A) and presence of [Ni0.4Cu0.2Zn0.4] 
(Fe2-xDyx)O4 (x = 0.03) NSFs (B).
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followed by the leakage of various cytoplasmic content might 
be a possible mode of action.10,11,30 In the present study, TEM 
images clearly show that NSFs get attached to bacteria and 
yeast’s cell surface and subsequently damage the cytoplasmic 
membrane, possibly due to interaction between nanoparticles 
and cell membrane.30,31 Further, the attachment of NPs also 
causes the depolarization of the cell wall, which alters the 
negative charge of the cell surface to become more 
permeable.11,32,33 The generation of reactive oxygen species 
(ROS) by nanoparticles might be another possible 

antimicrobial mechanism mode. Another report by Simon- 
Deckers et al34 reported that ROS generation by NPS might 
prevent the DNA replication that may lead to cell death. In the 
present study, we assumed that NSFs might generate ROS that 
electrostatically interact with cell walls and cause damage to 
bacteria and yeast cells. Sanpo also reported that the generation 
of ROS from spinel metal substituted cobalt ferrite nanoparti-
cles has more potential to enter the cell wall and inhibit E. coli 
and S. aureus.28 In another study, it was proposed that ROS 
generated from the NPs surface interacts with the cell mem-
brane that may damage the membrane due to increased cell 
permeability and leakage of the intracellular materials.35,36 

From SEM and TEM analysis, we suggested that disruption, 
disorganization and disintegration of the cell membrane by 
NPs might be the primary cause of cell death. Furthermore, 
the intracellular leakage of cytoplasmic content due to the loss 
of membrane integrity may cause the detachment of cell mem-
brane that eventually leads to the complete lysis of MRSA and 
yeast cells as supported by TEM micrographs (Figures 13 
and 14).

Cytotoxic Activity
Based on our antibacterial and antifungal activity of NSF, we 
investigated the cytotoxic effects of NSFs (x=0.02 and x=0.03) 
on HCT-116 cells using the MTT cell viability assay. The cell 
viability assay revealed a significant decrease in cell viability 
following NSFs (x=0.02 and x=0.03) treatment. It was 
observed that NSF (x=0.02 and x=0.03) inhibited cancer cell 
growth and proliferation in a dose-dependent manner 
(Figure 15). The cell viability was 92.23±0.64%, 24.58 
±1.88%, 21.77±2.69% and 16.83±1.59% when HCT-116 
cells were treated with NSF (x=0.02) at concentrations of 2, 
5, 15 and 45 µg/mL, respectively; whereas when treated with 
NSF (x=0.03) at similar concentrations, the cell viability was 
96±2%, 80.65±3.58%, 40.62±1.1% and 32.11±1.53%, respec-
tively (Figure 15). Furthermore, the IC50 values for NSF 
(x=0.02) and (x=0.03) were examined as 5 and 15 µg/mL, 
respectively. The current study’s findings are consistent with 
a previously published report.26,27

Observation of Disintegration of Cancer 
DNA
The treatment of HCT-116 cells with NSFs (x=0.02 and 
x=0.03) caused a significant decrease in the number of 
colon cancer cells as compared to control cells 

Figure 11 Interaction between [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x = 0.02) NSFs and 
MRSA cells. (A) Represent SEM images of MRSA cells in the absence of NSFs. 
Whereas, (B) demonstrate cellular damage in MRSA cells in the presence of 
[Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x = 0.02) NSFs.
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Figure 12 Interaction between [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x = 0.02) NSFs and C. albicans cells. (A) Represent SEM images of C. albicans cells in the absence of NSFs. 
Whereas, (B) demonstrate cellular damage in C. albicans cells in presence of [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x = 0.03) NSFs.
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(Figure 16B and C). The reduction in cancer cells is due to 
cell death, which is probably due to programmed cell 
death or apoptosis. In NSFs-treated cells, DAPI staining 
revealed apoptotic morphological alterations, including 
nuclear condensation and cell structure destruction. In 
contrast, the control cells did not show any inhibitory 
action and cells remained intact, and retained their normal 
anatomical and morphological structure (Figure 16A). The 
findings of the current study are in line with those of the 
previous investigation.26,28,37

Conclusion
In summary, [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4(x≤0.04) nano spi-
nel ferrites with increased antibacterial, antifungal, antibiofilm 
and anticancer activity against Gram-positive bacteria MRSA, 
yeast C. albicans and colon cancer cells has been investigated. 

Both bacteria and yeast, as well as cancer cells, are inhibited by 
the NSF. In addition to their profound antimicrobial studies, the 
NSF demonstrated a strong ability to prevent MRSA and 
C. albicans biofilm formation and disruption of biofilm matrix. 
The TEM analysis of bacteria and Candida reveals large ultra-
structural changes as well as severe damage to cell wall and 
membrane, indicating a significant loss of membrane integrity, 
which ultimately results in cell death. The findings indicate that 
the NSF holds significant therapeutic promise in the treatment 
of bacterial and fungal biofilm infections, particularly those 
caused by medical devices. The quality and properties of NSF 
can be improved and enhanced by coating or functionalizing 
their surface with non-toxic chemicals, which could present 
a promising opportunity for future generations to solve medical 
and environmental problems. Furthermore, it has been sug-
gested that incorporating NSF into novel materials or devices 

Figure 13 TEM images of the control and treated MRSA cells. The control cells were normal, and their cell membrane was normal, regular and intact (A). The cells treated 
with [Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x = 0.02) NSFs were abnormal, irregular and they lost their cell integrity as the cell membrane and cell wall was severely damaged that 
shows internalization of NSFs (B and C).
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Figure 14 TEM images of the control and treated C. albicans cells. The control cells were normal, and their membrane was intact (A and B). The cells treated with 
[Ni0.4Cu0.2Zn0.4](Fe2-xDyx)O4 (x = 0.03) NSFs were abnormal, and they lost their cell integrity as the cell membrane was severely damaged that shows internalization of 
NSFs (C and D). The yellow arrows show the cells or the parts of the cells that were zoomed in the next images.

Figure 15 Dose-dependent cytotoxic activity of NSFs (x=0.02 and x=0.03) toward HCT-116 cells estimated by MTT assay. Asterisks indicate significant differences between 
the viability of cells. 
Notes: (*p < 0.05; **p < 0.01).
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could provide additional promising features for disease detec-
tion, identification, and treatment. Furthermore, while the 
application of NSF in several biomedical fields appears to be 
important, the risk and in vivo toxicity of NSF should be 
carefully evaluated and explored in detail prior to commercia-
lization or widespread use. Therefore, the necessary measure-
ments should be conducted in order to reduce the unforeseen 
outcomes in a variety of biomedical applications.
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