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Abstract Nanobiotechnology, joined with green science, has incredible potential for the advance-

ment of novel and important products that benefit human health, climate, and industries. Green

chemistry of materials from synthesis to diverse biomedical applications is a talk of town in today’s

sustainable ideal world. Green synthesized nickel ferrites nanoparticles via biogenic lime peel

extract (LPE) are investigated with precision and complete trail has been reported as multiple effi-

cacies. The fcc crystal structure with the crystallite size (31 nm) were accessed by the XRD, magnetic

properties using VSM, and FTIR for the functional group analysis of NiFe2O4 nanoparticles

mediated by Lime peel extract (NiFe2O4@LPE NPs). From TEM and SEM analysis the average
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diameter of the NPs was observed in the range of 31–35 nm. In 3D view, the surface morphology

was analyzed by the AFM. NiFe2O4@LPE NPs were used to assess cytotoxicity and cellular mor-

phological alterations in In Vitro cervical cancerous cells (HeLa). Nanosized NiFe2O4@LPE

accompanied the considerable NPs topology induced dose dependent MMP in HeLa cells unlike

the previous interpretation of controlled metabolism anticancer activity for HeLa cancerous cells.

Therefore, it is referred by oxidative stress and reduction phenomena for anticancer effects and

inactivation of carcinogen. Moreover, Antioxidant DPPH radical scavenging method and antibac-

terial Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus activity

were observed in the synthesized nickel ferrites NPs.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nanotechnology is an emerging yet novel field of exploration

in which particles that range in size from about 1–100 nm
are synthesized and assigned. To add, Nanotechnology is an
advance form of research area amalgamating different fields

like chemistry, photography, biology, medicine, and engineer-
ing in it [1–3]. As explained, Nano biotechnology is vast and an
evolving area where this multidisciplinary field allows the best
use of many biomedical applications such as green methodolo-

gies to make benefit out of the nanoparticles [4–11]. In the
recent past, there has been an enormous amount of work done
in this area of biosynthesis of metal nanostructures that served

a range of services, to put some as instance, bio imaging, anti-
cancer effects, water treatment or catalysis [12–14]. Among all
the range of the nanostructures that are biosynthesized, the

nanoparticles of nickel, copper, iron, cobalt, and manganese
are remarkable and distinguishing as these are highly promis-
ing substances are full of unique and enriched properties [15].

Nanoparticles with magnetic properties evolved the whole
diversity of research work because they are highly applicable
in various scientific advances including the biomedical field
as well. It is used in medicine at various steps such as drug

delivery, chemotherapy, phototherapy, and magnetic reso-
nance imaging as well as applying targeted therapeutics
[16,17]. When external magnetic field is provided to such cases,

such systems of NPs can be easily and more efficiently con-
trolled. The sensitivity of NPs can be enhanced which is
directly proportional to the surface to volume ratio of NPs

and hence can increase the colloidal stability and targeting of
magnetic ferrites nanostructure [18]. Among all the available
ferrites, Nickel ferrite (NiFe2O4) is the only ferrite with an

inverted spinel structure and is also known as a solid magnetic
material due to its high saturation magnetism and magneto
crystalline anisotropy. Due to its remarkably great anisotropy
with physical and chemical stability, it has been the most com-

monly and widely used ferrite in biomedical applications
[19,20].

Lime peel is important as its ethnopharmacology is diverse

including the antifungal, antibacterial, antioxidant, anticancer
and enormous radical scavenging affects. Lime peel when in
the form of extract contains flavonoids, Gallic acid and ter-

penoids all of which are known catalysts for speeding up redox
reactions. For the synthesis of NiFe2O4 nanostructures, there
have been many studies making use of chemical synthesis tech-
niques like as sol–gel, microwave, electrospinning, co-

precipitation, and combustion methods [21–23]. All the above
mentioned chemical methods are not devoid of having short-
comings, to name a few, such as requirement of expensive

equipment’s, significant energy consumption and depending
on chemical compounds which are known as notorious to
the environment and living beings on the Earth [24]. It is
hence, the need of the time, to explore and discover newer as

well as simpler techniques that are comparably, compatible
to environment, cheaper, non-toxic and more attainable for
the synthesis of such types of nanoparticles. Green synthesis

methods have several advantages over chemical synthesis
methods, including ease of access, a quick one-step process,
lower external energy consumption, low cost, quick synthesis

process, non-toxicity, and environmental friendly [22–25].
Another point to ponder that the solvents or agents that are
used in biomolecule-assisted process are nontoxic. These in
turn saves the environment from causing any damage to the

atmosphere [22–26]. Hence, the major purpose of this study
is to use lime peel extract in the synthesis of bio- and ecological
NiFe2O4 NPs and the method used is green synthesis. More-

over, biocompatible functionalities that are part of the lime
peel extract served as functional reducing and coating agent.
Also, this work observed the cytotoxicity of NiFe2O4@LPE

nanoparticles by noticing the reactive oxygen species and mito-
chondrial membrane potential activities. Moreover, such
NiFe2O4@LPE nanoparticles has come out causing the effec-

tive antibacterial response against different pathogens.
2. Experimental

2.1. Materials

Nickel nitrate Ni(NO3)2�6H2O (99.99%), ferric nitrate Fe
(NO3)2�9H2O (99.95%), ethanol (C2H5OH), 2,2-diphenyl-1-
picrylhydrazyl (DPPH), acetic acid (CH3COOH) and sodium
hydroxide (NaOH) were purchased from Sigma Aldrich.

Deionized and distilled water were also used in the experiment.

2.2. Lime peel extract preparation

The 50 g of the lime peel was first washed with running tap
water, then distilled water. The peel was chopped into the
small pieces and boiled in 300 ml distilled water for 30 min

on hotplate. The solution was filtered through filter paper
and the pale-yellow aqueous lime peel extract (LPE) was
stored in the freezer. This LPE was further used in the green
synthesis of the ferrites as the fuel instead of the chemicals.

http://creativecommons.org/licenses/by/4.0/
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2.3. Green synthesis of nickel ferrites

The nickel ferrites (NiFe2O4) NPs were green synthesized using
the sol–gel auto combustion route. In green synthesis, lime peel
extract was used as the ecofriendly fuel instead of chemicals.

The precursor salts, 3 g of Ni(NO3)2�6H2O and 20 g of Fe
(NO3)2�9H2O were separately dissolved in the 100 ml of dis-
tilled water under stirring. The prepared solutions mixed and
then kept further stirring for 1 h. For ecofriendly approach,

30 ml of the lime peel extract was added and initially maintain
the pH > 9 of the solution by using the 0.5 M solution of
NaOH. After that the mixture was positioned on hot plate at

100 �C and stirred continuously until the thick gel formed.
The obtained gel was further heated up to 150 �C temperature
in oven and the gel was dried and converted into the powdered

form. The obtained powder grinded, sintered at 700 �C for 2 h
to eliminate the impurities and finally obtained the
NiFe2O4@LPE nanoparticles.

2.4. Antioxidant activity

Antioxidant activity of NiFe2O4 @ LPE NPs was investigated
by 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging

assay as reported in previous studies [26,27]. The different con-
centrations (10 mg/ml, 20 mg/ml, 40 mg/ml, 60 mg/ml, 80 mg/ml
and 100 mg/ml) of NiFe2O4 @ LPE NPs were used for antiox-

idant study. 2 ml of each sample was added into the 1.5 ml of
the DPPH 100 mM in ethanol. Then, the absorbance of the
nanoparticles and DPPH mixture solution was noted down

at 517 nm by utilizing the UV–visible spectrometer.
The following relationship was used to calculate the antiox-

idant activity.

DPPHradicalscaveningactivityð%Þ ¼ Abs DPPHð Þ � AbsðSÞ
AðDPPHÞ

Here, Abs (DPPH) and Abs(S) is the absorbance of the

DPPH solution and samples NiFe2O4 @ LPE NPs mixture
with DPPH solution respectively.

2.5. Anticancer activity

2.5.1. Cell culturing and exposure with NiFe2O4 @ LPE NPs

During in the cell culture procedure, HeLa cells were cultured
in T75 flasks. Minimum Essential Medium (MEM) was mixed
with 2 ml glutamine, 10 ml fetal bovine serum after which 10%
Hanks salts were added [27]. Furthermore, the cells were cul-

tured for 24 h at 37 �C to ensure the proper substratum con-
nection. Cells were incubated to subculturing once or twice a
week. When these cells reached 75–85 percent confluence, tryp-

sin was used to collect them. The HeLa cells were cultured for
24 h on 96 well plates before being treated. NiFe2O4 @ LPE
Nanoparticles were dissolved and then placed in cell culture

medium to reach at desired ratio.

2.5.2. Measurement of in vitro cellular cytotoxicity, MTT assay

The human cervical cancer HeLa cells were implanted on a 96-

well culture plate and cultured inside the incubator at 37 �C in
the presence of 5% carbon dioxide CO2. They were incubated
for 24 h after being treated (with or without) with varying

quantities of NiFe2O4 @ LPE nanoparticles ranging from
10 to 125 lg/mL. Each well was exposed to the MTT assay,
and then 30 lL of MTT (20 mg/ml) were added and incubated
it for 5 h. The cells were distributed in 100 lL solvent of

dimethyl sulphoxide after the medium was removed. By using
microplate reader absorbance spectra of the synthesized mate-
rial was analyzed at the wavelength of 595 nm. Measurements

of cell viability were reported as a percentage of control values
as reported in previous studies [28–33].

2.5.3. Morphological cellular analysis

HeLa cells were plated in six-well plates with 1 � 104 cells per
well and then treated for 12 h to green produced NiFe2O4 @
LPE NPs at varied concentrations to perceive the malignant

cells shape. Inverted phase contrast microscopy at 20� magni-
fication was used to examine morphological changes caused by
NiFe2O4 @ LPE NPs in HeLa cells [28].

2.5.4. NiFe2O4@LPE in HeLa cells staining of Prussian blue

HeLa cells were first planted in a 35 mm plate and then incu-
bated for 24 h in different doses of NiFe2O4@LPE (25 lg/ml,

50 lg/ml, and 100 lg/ml). The cells were dyed with Prussian
blue as described in previous studies to observe the intracellu-
lar of NiFe2O4@LPE nanoparticles with a light microscope.

The cells were washed three times in PBS before being fixed
for 30 min in 4% paraformaldehyde. After fixation with PBS
and 15 min of staining with Perl’s Prussian blue 2% potassium
ferrocyanide (C6FeK4N6) in 6% aqueous hydrochloric acid

(HCl), the same washing procedure was repeated. The stained
cells were rinsed again in PBS before being counterstained with
nuclear fast red for 5 min. Finally, a light microscope was used

to examine the stained HeLa cells that had been treated with
NiFe2O4@LPE [34,35].

2.5.5. Mitochondrial membrane potential (MMP)

Mitochondrial membrane potential was evaluated by using the
procedure reported [36]. Briefly, HeLa cells 5 � 104 cells/well
were incubated for 12 h with different quantities of NiFe2-

O4@LPE (0, 25, 50 and 100 lg/ml). Rh-123 dye was utilized
to evaluate mitochondrial variation by using a fluorescence
microscope at 40� magnification for the morphological

changes [27].

2.6. Antibacterial activity by disk-diffusion method

Antibacterial activity of the NiFe2O4 @ LPE nanoparticles

were tested by following the disk-diffusion method. In disk-
diffusion method Muller-Hinton agar was used as the medium
by preparing the agar petri plate. 38 g of the agar powder was

diluted in 100 ml of distilled water and autoclaved at 121 �C
for 15 min. Afterward, it was well mixed and put into the petri
plates and placed at room temperature for cooling. For

antibacterial study of NiFe2O4 @ LPE NPs, the different con-
centrations 20 mg/ml, 50 mg/ml and 80 mg/ml were prepared
and cotton disk soaked in the saline solutions to prepare the

sample disk. The bacterial strains gram positive (i.e., S. aureus,
B. subtilis) and gram negative (i.e., E. coli, K. pneumonia) were
tested. Then, the strains were spread over the agar plates with
the help of cotton swab. The prepared NiFe2O4 @ LPE NPs

filter disk of different concentrations were pasted on the agar
plate gently and incubate them at 37 �C for 24 h. The bacteri-
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cidal potential of the NiFe2O4 @ LPE NPs have been found by
measuring the zone of inhibition.

2.7. Material characterizations

The phase formation and particle size of NiFe2O4 were inves-
tigated using an X-ray diffractometer CuKa radiations, PANa-

lytical X’Pert-PRO (Tokyo, Japan). Transmission electron
microscopy (TEM) (JEOL 2010, USA), operating voltage
100 kV and scanning electron microscope (SEM), Hitachi S-

4800 were used to examine the morphology of NiFe2O4 @
LPE NPs. Atomic force microscopy (AFM) image was also
obtained by silicon cantilevers in contact mode. Magnetic

characteristics were investigated by Vibrating sample magne-
tometer (VSM). The possible functional groups of NiFe2O4

@ LPE NPs were identified using Fourier-transform infrared
(FTIR) in the 400–4000 cm�1 range. The crystallite size of

green prepared NiFe2O4 NPs was estimated using Scherer’s
formula.

D ¼ Kk=bosh
2.8. Statistical analysis

The observed data were calculated as the mean standard devi-
ation for three different observations. The observed facts were

evaluated using the student’s t-test. The calculated p-value was
less than 0.05 was done via Excel software and determined as
statistically significant.

3. Results and discussion

3.1. Characterization’s analysis of NiFe2O4 @ LPE NPs

The XRD analysis of green produced NiFe2O4 @ LPE
nanoparticles indicated the crystalline face -centered cubic

(fcc) phase spinel structure. The mentioned structure is fol-
lowed with accurate JCPDS NO-54-0964. The observed peaks
are situated with 2h values at 30.2�, 35.8�, 37.4�, 43.3�, 53.7�,
57.3�, and 63.4� with associated plain indices (220), (311),
(222), (400), (422), (511) and (440) which is shown in
Fig. 1(a). The average crystallite size of prepared NPs was

determined using Scherer’s formula which came out to be
31 nm. The structure of the green synthesized NiFe2O4 @
LPE nanoparticles shows the nanosized particle dimension.

FTIR spectroscopy was done in nickel ferrites as shown in
Fig. 1(b) from 4000 to 400 cm�1 range for the existence of
chemical bonding. At 3348 cm�1 the stretching band confirms
the presence of O–H bonds that confirms the main contribu-

tion in the synthesis. The stretching at 2918 cm�1 and
2850 cm�1 are due to the presence of hydrogen bonding as a
component of lime peel extract [27]. Small aberrations in the

range 2362–2200 cm�1 reveals the N–H bonds which confirms
the presence of amine salts present in lime peel extract. On the
other hand, stretching of 1578 cm�1 confirms the presence of

C–C bonds and aberrations at 1414 cm�1 shows the C-H3

groups [35–40]. The stretching range within 650–430 cm�1

indicates the existence of nickel ferrites. The band at

650 cm�1 shows the tetrahedral structure of nickel ferrites
mediated by lime peel extract in this stretching range [36].
TEM was used to investigate the internal nanostructured
analysis of NiFe2O4, as shown in Fig. 2(a). Synthesized NiFe2-
O4 nanoparticles are continually sized, uniform, and randomly

distributed with grain size of 33–35 nm. A slight difference of
about 31–35 nm almost confirmed the size calculated from
XRD patterns using Debye Scherer’s formula. The obtained

SEM images of NiFe2O4@LPE NPs indicate the layered por-
ous structure of the synthesized nano-sized ferrites as shown
in Fig. 2(b). As a result, both SEM and TEM analysis indi-

cated that the prepared NiFe2O4@LPE having nanostructures
which supports each other.

The atomic force microscopy (AFM) technique using to
examine the surface texture of NiFe2O4 @ LPE nanoparticles,

which is significant for determining the roughness of the sur-
face of NiFe2O4@LPE nanoparticles for reducing ability and
formulation as a capping agent. The morphology and surface

texture of NiFe2O4 @ LPE nanoparticles as shown 2D & 3D
view in Fig. 2(c-d). Statistical analysis of surface morphology
was performed using Gwydion software which revealed the

average waviness (47 pm) and average surface roughness
(4.1 pm) because of green synthesis and it is negligible as com-
pared to the high roughness of simple NiFe2O4 NPs [36–39].

As a result, the surface image of NiFe2O4 NPs confirmed their
spherical shape which is further verified by SEM and TEM
images. The observed morphology of green synthesized nickel
ferrites could be useful in a variety of applications including

bio-medical devices, water purification, and antibacterial
agents [40–42].

The magnetic characteristics of the NiFe2O4 @ LPE

nanoparticles is revealed by thin S-shaped M-H loops. Mag-
netically soft ferrites have many applications in EMI suppres-
sion, radar cross section and micro-wave absorption. The

intrinsic magnetic properties of the given M-H loops i.e. satu-
ration magnetization, magnetic remanence and magnetic coer-
civity were measured as shown in the Fig. 3.

The intrinsic magnetic characteristics of NiFe2O4 @ LPE
NPs are influenced by the magnetic anisotropy field, grain size,
porosity, and sintering temperature. Such low magnetization
and magnetic remanence levels have been discovered [36,41].

Measured coercivity of the green synthesized nickel ferrite is
207.01 Oe. The number of pores has a direct relationship with
magnetic properties like remanence and coercivity. Coercivity

increases as the number of pores increase [42,43]. On the other
hand, the Hc values less than 500 Oe are considered extremely
helpful for high-frequency microwave applications. The aniso-

tropy constant (K) can be determined by using the measured
values of Ms and Hc by the formulas.

K ¼ MsxHc

0:96
ð1Þ
3.2. Antioxidant activity of NiFe2O4 @ LPE NPs

The DPPH radical scavenging assay technique was used to

assess the antioxidant activity of NiFe2O4@LPE NPs. Fig. 4
shows that NiFe2O4 nanoparticles have high antioxidant activ-
ity at various concentrations, but that the findings are inferior
to ascorbic acid at larger doses. According to another research,

it is revealed that copper ferrite (CuFe2O4) and zinc ferrite
(ZnFe2O4) demonstrated resilience-free radical scavenging
properties in comparison to ascorbic acid [36]. At the concen-



Fig. 1 (a) XRD pattern of green synthesized NiFe2O4 @ LPE NPs. (b) FTIR spectrum of NiFe2O4@LPE NPs which shows the presence

of primary constituents of nickel ferrites.

Fig. 2 Morphological profile of green synthesized NiFe2O4 @ LPE NPs (a) TEM image revealing internal structural morphology (b)

SEM showing surface morphology (c) 2D AFM image reveals the surface topography and (d) 3D view of NiFe2O4 @ LPE NPs.
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tration of 125 mg/ml ascorbic acid (58.13% ± 1.54%) was

assessed as a potent scavenging agent along with nanoparticles
of ZnFe2O4 (30.58%) and CuFe2O4 (28.67% ± 1.15%). The
concentration of nanoparticles was increased, which resulted

in an increase in antioxidant activity. Antioxidant activity is
always expressed as the movement of free electrons from the
oxygen atom of nanoparticles to free radicals located at the
nitrogen atom of DPPH molecules [44,45].

In our study, the presence of phenolic and flavonoid chem-
icals in lime peel extract (LPE), which eventually releases free-
radicals and is thus ascribed as DPPH scavengers, is one of the

most intriguing candidates for radical scavenging activity [46–
49]. Previous studies have proved that various metallic
nanoparticles have been found to exhibit antioxidant charac-

teristics for scavenging free radicals. A high surface to volume
ratio is also suggested to be one of the promising explanations
for antioxidant activity in certain nanoparticles [46–48]. These
findings could be supported by the relatively strong antioxi-

dant behavior of Co Fe2O4, Fe3O4, and NiO nanoparticles in
contrast to their bulk state [46,47,50,51]. The findings of this



Fig. 3 M vs H loops for synthesized NiFe2O4@LPE NPs with maximum H-field to be 8 KOe.
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study are positive in this regard, and they provide a starting

point for further research into NiFe2O4 as a potential antiox-
idant candidate.

3.3. Anticancer activity

The cytotoxicity of NiFe2O4 against HeLa cells, as well as the
possibility of spectacular cell death, were thoroughly exam-
ined. Gallic acid, ethyl gallate, ellagic acid, chebulinic acid,

and luteolin are the cytotoxic phenolic chemicals found in lime
peel extract [49]. Previous research has looked into the anti-
cancer properties of phenolic compounds in HeLa cancer cells

via regulating their metabolic processes. Oxidative reduction is
a potential phenomenon that allows phenolic compounds to
have anticancer effects, carcinogen inactivation, and metasta-

sis inhibition [45,47–49]. Therefore, the most effective tech-
nique for testing cytotoxicity against HeLa cancerous cells is
to use nickel ferrite nanoparticles in combination with lime

peel extract. Implementation of NiFe2O4@LPE to HeLa cells
resulted in loss of cell viability and proliferation. The MTT
assay was used to determine cellular viability at different
dosages of NiFe2O4@LPE NPs for 24 h. In Fig. 5 (a), cell via-

bility is reduced in the order of 91%, 77%, 68%, 59%, 46 and
Fig. 4 DPPH radical scavenging activity of ascorbic acid a
38% when HeLa cells were exposed to NiFe2O4 @ LPE NPs at

20, 40, 60, 80,100 and 120 mg/ml concentrations, respectively.
Also, indicated similar results were demonstrated by earlier

published studies, in which biosynthesized nanoparticles were

shown to have cytotoxicity potential [33,34,44]. Fig. 6 depicts
the morphological mutants of HeLA cells exposed for 24 h
to green synthesized NiFe2O4@LPE NPs at varying
concentrations.

As compared to control HeLa cells, the effect of NiFe2-
O4@LPE was detected as morphological changes at higher
concentrations. HeLa cells shrank and lost their usual shape

after being exposed to NiFe2O4@LPE NPs, as well as a loss
in cell adhesion capacity and density. Using plant-derived
metal oxide or magnetic ferrites NPs, previous research indi-

cated cellular morphological damage in a variety of cancerous
cell lines [33,34,44].

Fig. 7 shows Prussian blue-stained HeLa cells cultured in
the presence of green produced NiFe2O4. Fig. 7(a–d) shows

a photomicrograph of Prussian blue-stained HeLa cells show-
ing the buildup of NiFe2O4NPs on the cell surface. These
NiFe2O4@LPE demonstrate the progressive increase of accre-

tion for the doses of 25 lg/ml, 50 lg/ml and 100 lg/ml after an
incubation time of 12 h. Interestingly, these accumulation
nd NiFe2O4 nanoparticles mediated by lime peel extract.



Fig. 5 (a) Represent the cellular viability (%) of HeLa cells when treated with NiFe2O4@LPE NPs after 24 h, t-test (*p < 0.05) (b)

demonstrate the linear calibration plot of NiFe2O4@LPE NPs vs cell viability.

Fig. 6 The morphological variations of HeLa cells which caused by green synthesized NiFe2O4@LPE NPs at various doses (a) control

(b) 25 mg/ml (c) 50 mg/ml (d) 100 mg/ml.
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results show that NiFe2O4@LPE NPs were efficiently accumu-
lated in the cytoplasm of marked HeLa cells.

Numerous research has looked at the impact of reactive
oxygen species in causing cellular loss by damaging the
mitochondrial membrane [50–59]. It’s important to note that
the mitochondrial membrane potential of cancerous cells
reduces during apoptosis. As shown in Fig. 8, MMP level
was used as a biomarker for apoptosis in HeLa cancerous



Fig. 7 Photomicrographs of HeLa cells after 12 h by Prussian blue staining of when exposed with NiFe2O4@LPE NPs (a) control (b)

25 lg/ml (c) 50 lg/ml (d) 100 lg/ml.

Fig. 8 Illustrative morphological variations displaying NiFe2O4@LPE NPs induced MMP in HeLa cells in dose-dependent way a)

control (b) 25 lg/ml (c) 50 lg/ml (d) 100 lg/ml.
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cells after 12 h of exposure to NiFe2O4@LPE at different
doses ranging from 25 to 100 mg/ml. Using the Rh123
dye, a significant morphological difference in MMP level

in Hela cells is detected. These morphological impacts
revealed a dose-dependent increase of MMP levels in NiFe2-
O4@LPE compared to control, indicating a function for
ROS production as well as oxidative stress against HeLa

cells [37,38,45].

3.4. Antibacterial activity of NiFe2O4@LPE NPs

By using the disk-diffusion technique, NiFe2O4@-
LPE nanoparticles were exposed with 20 mg/ml, 50 mg/ml,
and 80 mg/ml correspondingly. The results of in vitro examina-
tions of NiFe2O4LPE revealed that as concentrations
increased, the antibacterial reaction increased. Conventional

antibacterial materials like antibiotic tetracycline
(C22H24N2O8) and dimethyl sulphur oxide (C2H6OS) were
used as a control. The antibiotic concentrations were main-
tained constant at 0.005 mg/mL, while the concentrations of

NiFe2O4@LPE NPs were 20 lg/ml, 50 lg/ml, and 80 lg/ml,
accordingly. Furthermore, lime peel extract contains flavo-
noids and therefore by increasing the concentrations of NiFe2-

O4@LPE NPs improves antibacterial activity enhances the
zone of inhibition against gram-positive and gram-negative
bacteria, as shown in Fig. 9(a).



Fig. 9 (a) Antibacterial activity of NiFe2O4@LPE NPs against different microbial strains at different concentrations with accordance to

positive and negative control. A). S. aureus B) klebsiella pneumonia C) bacillus subtilis D) E. coli. (b) Histogram represents the

comparison for zone of inhibition for increasing concentrations of nanoparticles.
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In comparison to other bacteria such as E. coli and S. aur-
eus, the zone of inhibition against B. subtilis and K. pneumo-
nia appears to be greater. Fig. 9(b) shows the superior

antibacterial activity against B. subtilis and K. pneumonia
when each value was tested three times and taken in tripli-
cates with standard deviation. These findings indicate that

NiFe2O4 can connect to the cell wall, causing cell rupture
by altering membrane permeability [38,60,61]. Manju et al.
also discovered the antibacterial activity of mixed copper-
nickel ferrites mediated by lime juice, which revealed a pow-

erful antibacterial agent against a variety of pathogenic
microorganisms [62].

4. Conclusion

The study has marked the protocol for facile green synthesis
of NiFe2O4 nanoparticles mediated through a biogenic

reducing agent of lime peel extract for the first time. The
synthesized NiFe2O4@LPE NPs have shown anticancer
potential against human cervical cancer (HeLa) cells as

revealed in the concentration-dependent cytotoxicity, ROS,
and MMP in HeLa cells. The morphology in AFM and
Nanosized vesicle in TEM results escorted the considerable

NPs topology induced dose-dependent MMP in HeLa cells.
Contrary to previous reports where anticancer activity
against HeLa cancerous cells discussed referring the con-
trolled metabolic activities. Our study revealed the underly-

ing oxidative stress and reduction phenomena for
anticancer effects and inactivation of carcinogen. The report
further established that synthesized NiFe2O4 NPs possess

effective antibacterial activity against Gram-positive and
Gram-negative bacteria. Hence, our findings highlighted
from synthesis to application that lime peel extract can be

used as reducing and stabilizing agent for Nanoscale synthe-
sis of NiFe2O4 which further offer noticeable potential as
antioxidant, anticancer, and antibacterial activities. Never-

theless, rapid communication of the present study can draw
the focus and attention of contemporary researchers to num-
ber of important biological applications in cancer therapy,
drug delivery, and magnetic resonance imaging (MRI) for

unprecedented results in coming years.
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