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KEYWORDS Abstract Ferromagnetic and superparamagnetic oxide nanoparticles are of particular attention
Sol-gel; because of their possible use in various fields ranging from bio-nanotechnology to spintronics.
Iron oxide; Detailed magnetic, dielectric and impedance investigations are crucial for the above-mentioned
pH; applications. This study deals with the exploration of various iron oxide phases under as-
Magnetic; synthesized conditions by sol-gel method. pH of the sols is varied in the range of 1 to 11. X-ray
Antioxidant; diffraction (XRD) analysis indicate amorphous behavior for nanoparticles synthesized using pH
Hemolysis 1 and 3. Nanoparticles synthesized using pH 2 and 4-6 exhibit hematite phase of iron oxide.

Whereas structural transition to maghemite phase is observed for pH 7-8. Nanoparticles synthe-
sized using high pH values, i.e. 9-11, exhibit structural transition towards magnetite phase of iron
oxide. Hematite nanoparticles exhibit superparamagnetic and ferromagnetic hysteresis curves with
saturation magnetization of ~ 24 emu/g and ~ 13-17 emu/g at pH 2 and pH 4-6, respectively.
Maghemite nanoparticles exhibit superparamagnetic (pH 7) and ferromagnetic (pH 8) response
with saturation magnetization of ~ 69 and ~ 42 emu/g, respectively. Fe;O4 nanoparticles exhibit
superparamagnetic (pH 9-10) and ferromagnetic (pH 11) behavior with saturation magnetization
of ~ 88, 87 and 52 emu/g, respectively. High grain boundary resistance contributed towards high
dielectric constant of ~ 99, 109 and 154 (log /' = 5.0) at pH 2, 7 and 9. Detailed impedance values
indicate dominant role of grain boundaries in the conductivity of iron oxide nanoparticles. Super-
paramagnetic iron oxide (pH 9) exhibits strong antioxidant activity along with a very weak hemo-
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Iytic response. The findings of cell lysis reveal that synthesized nanoparticles have a potential to
combat dangerous cancer cells. Drug efficacy results show that after 120 min the encapsulation effi-
cacy reaches a peak of ~ 83 % using curcumin, a naturally existing drug. In vivo biodistribution of
nanoparticles was studied in Rabbit model. Synthesized nanoparticles are labelled using
Technetium-99 m. Whereas, labeling efficacy and stability was examined using = nstant thin layer
chromatography (ITLC) process. In vitro and in vivo results suggest potential anti-cancer applica-
tions of as-synthesized superparamagnetic nanoparticles.
© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the recent research age, synthesis of nanoparticles (NPs) is attract-
ing the attention of scientific community owing to enormous applica-
tions in science and technology. Small size along with large surface
area make them excellent choice in enhancing structural, magnetic,
dielectric and electrical properties (Sundar et al., 2020; Saira et al.,
2014; Dadfar et al., 2020). Ability to tune magnetic and dielectric prop-
erties makes nanoparticles useful for applications ranging from
biomedical field to electronic and spintronic applications.

Magnetic nanoparticles (MNPs) belong to a class of high-tech
materials that have a potential to be used in variety of applications
such as actuator, sensor, molecular imaging and drug delivery. Coating
of magnetic nanoparticles with suitable bio-compatible material is
essential for the therapeutic and drug release purposes. However, cyto-
toxic effects of core materials cannot be ignored. Researchers have
been trying to not only control/tune the properties of nanomaterials
but at the same time they are exploring methods / materials to mini-
mize the toxic effects of synthesized material (Xu et al., 2021).

Amongst various materials of interest, iron oxide due to its differ-
ent phases with amazing properties has attracted world’s attention.
Magnetic iron oxide NPs can be used in a variety of applications in
bio-related fields such as hyperthermia cancer treatments, drug deliv-
ery, target cells etc. (Dadfar et al., 2020; Lee et al., 2020;
Vangijzegem et al., 2019; Yusefi et al., 2020; Mirza et al., 2020). More-
over, iron oxide nanoparticles, as a carrier or antioxidant, were found
to be effective for enhancement in antioxidant studies (Khalil et al.,
2020). Basically, reactive oxygen species (ROS) may react and result
in damage to cell membranes, proteins, organs, DNA, lipids etc.,
resulting in apoptosis, mutations. As a result, antioxidants have gained
much attention because of their ability to minimize ROS stress in
inflammatory cells and may be a key factor in the treatment of inflam-
matory diseases (Amani et al., 2017; Wu et al., 2018; Moghadam et al.,
2022; Rad et al., 2021; Marjani et al., 2022; Feizabadi et al., 2021;
Sadeghzadeh et al., 2020; Dareini et al., 2020; Movahed et al., 2011;
Chamani and Moosavi-Movahedi, 2006). Furthermore, interaction
of NPs with blood constituents wants particular consideration. There-
fore, finding the blood compatibility of NPs is important for its use in
applications where nanoparticles are going to be delivered. However,
NPs injected into blood may cause bad effects such as clotting of blood
and hemolysis. Hemolysis is breakdown of Red Blood Cells (RBC) due
to the cell membrane’ deformation. Electrostatic interactions between
NPs and positively charged RBC membranes via their negatively
charged surface can result in hemolysis (Yildirim et al., 2013).

Magnetically, magnetite (Fe30,4), hematite (a-Fe,O3), and maghe-
mite (y-Fe,05) are those phases of iron oxide that are of utmost impor-
tance (Riaz et al., 2013; Riaz et al., 2014; Riaz et al., 2014; Akbar et al.,
2014; Akbar et al., 2014; Akbar et al., 2019). Maghemite and magnetite
have cubic crystallographic structure and possess ferrimagnetic behav-
ior (T.= ~ 863-945 K and ~ 850 K respectively) (Riaz et al., 2014;
Akbar et al., 2014; Akbar et al., 2019). In magnetite, octahedral and
tetrahedral sites are taken by Fe?. Fe’* ions can take position on
octahedral sites (Riaz et al., 2014; Akbar et al., 2014). In crystal struc-
ture of maghemite, only Fe*" ions are present, and vacancies are cre-
ated by the absence of Fe’' ions. Hematite has different crystal

structure i.e. hexagonal. Oxygen anions are arranged in hcp pattern,
whereas iron cations are spread on the octahedral sites (Akbar et al.,
2014; Riaz et al., 2014). Hematite is antiferromagnetic in nature, but
it shows a transition to ferromagnetic above Morin temperature
(~260 K) (Akbar et al., 2014; Han et al., 2020).

Physical and chemical properties of different phases of nanoparti-
cles depend upon their morphology, structure, distribution and synthe-
sis route (Bhavani et al., 2017). These parameters play a critical role
towards the efficient clinical diagnostics and treatment. Thus, bio
active nanoparticles designed carefully may have a significant effect
on not only the early diagnosis but also on the effective treatment of
various fatal diseases especially cancer. These targets can only be
achieved by controlling the physical as well as the chemical properties
of nanoparticles including, shape, size, hydrophobicity, agglomeration
etc. (Xu et al., 2021; Kumar et al., 2018; Sivakumar et al., 2018; Reddy
et al., 2020).

To date, several chemical based methods including wet chemical
reduction (Chaki et al., 2015), hydrothermal (Ghosh et al., 2020), co-
precipitation pyrolysis (Mirza et al., 2015), sol-gel (Zeb et al., 2017),
etc., have been employed for preparing iron oxide nanoparticles. Fur-
thermore, the phase, shape, and dimensions of nanoparticles are
strongly influenced by changes in pH, temperature, ionic strength, agi-
tation, surfactants, and the salts used during chemical synthesis (ni-
trates, sulphates, and chlorides) (Blanco-Andujar et al., 2012). The
ionic strength and acidity of the precipitation agent are main factors
on which the mean size of magnetic nanoparticles depends. Narrow
particle size distribution and small particle size can be attained under
elevated ionic strength (Sharma, 2017). The size of the ferric (Fe* ")
and ferrous (Fe*>") precursor ions and the ionic strength affect the
mean size of the magnetite nanoparticles. The mean size decreases as
the anion size of the precursor salt increases. Besides, the higher the
ionic strength, the smaller is the particle size (Hussain, 2021;
Hosseinzadeh et al., 2019; Moosavi-Movahedi et al., 2004; Chamani
et al., 2005; Maheri et al., 2022).

However, all of the synthesis methods, reported so far, have used
high temperature pre / post treatments along with use of complex
reagents (Chaki et al., 2015; Ghosh et al., 2020; Mirza et al., 2015;
Zeb et al., 2017). Sol-gel synthesis was performed for the present work
to prepare iron oxide nanoparticles. In this technique, sol, i.e. colloidal
suspension, is obtained by the hydroxylation and condensation of pre-
cursors. A gel is obtained by condensation and polymerization process
(Owens et al., 2016). This technique has i) good control of synthesis
process, ii) high temperatures are not required to get the stable phase
and iii) molecular level mixing of precursors in liquid results in homo-
geneous product under optimized conditions (Mohapatra and Anand,
2010). pH of the solution, during sol-gel synthesis, is a crucial param-
eter that directly influences the properties of nanostructures
(Ramaprasad et al., 2018). Morphology of nanoparticles is strongly
dependent on H" and OH  ions in the sol that controls polymerization
in metal and oxygen bonding (Mohapatra and Anand, 2010). The
degree of agglomeration of nanoparticles is highly dependent on pH
variation (Meng et al., 2016).

Zhou et al. (Zhou et al., 2001) studied pH range of 8.5-13.5 and
obtained magnetite phase at pH 13.5, while mixed phases of FeOOH
and magnetite were obtained at pH 8.5 and 10.5. Abedini et al.
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(Abedini et al., 2014) studied the effect of pH 5, 12 and 14 for gamma
radiolytic synthesized iron oxide nanoparticles. Acidic pH resulted in
the creation of various complexes with multiphase magnetic properties.
pH 12 resulted in formation of superparamagnetic phase and pH 14
showed tendency towards formation of paramagnetic iron (III) oxy-
hydroxide. Yusoff et al. (Yusoff et al., 2017) studied pH from 11.33
to 12.25 using co-precipitation method for magnetite nanoparticles.
They obtained small sized magnetite nanoparticles for pH 11.33 to
12.15 while large grain size was obtained for >12.15. Faiyas et al.
(Faiyas et al., 2010) studied pH 6, 9 and 11 for iron oxide nanoparti-
cles. They obtained &-Fe,O5 phase for pH 6 and 9 and magnetite phase
for pH 11. Mitra et al. (Mitra et al., 2007) studied pH of 13.0, 13.7 and
14.2 and obtained hematite phase with weak ferromagnetic behavior.
Zhou et al. (Zhou et al., 2012) obtained hematite with pH 10.01 and
magnetite phase with pH 12.95. Thus, as per literature, the extensive
study of pH, i.e. covering the whole pH spectrum, and effect of
changes in pH on dielectric and impedance properties of magnetic iron
oxide nanoparticles is hard to find in literature.

Present research work was designed to check the in vitro and in vivo
bio activity, including biocompatibility and biodistribution, of iron
oxide nanoparticles. In-vivo activity was performed using rabbit model
by injecting labelled nanoparticles in bloodstream. Effect of varying
synthesis conditions is corelated with the changes observed in physical
as well as bio-activity of nanoparticles.

2. Experimental details

2.1. Chemicals required

Iron nitrate nanohydrate (Fe(NOj3);-9H,0), ammonia (NH;3-
‘H,0) and ethylene glycol (C,HgO;,) were purchased from
Sigma Aldrich.

2.2. Synthesis of iron oxide nanoparticles

For the synthesis of iron oxide nanoparticles, Fe(NO3);-9H,0
was selected as precursor. 10 mL of deionized water (DI) was
dissolved in 2 g of iron nitrate with stirring for 10 min. Reddish
orange solution was obtained by the addition of ethylene gly-
col (C,HgO,, 30 mL) to above solution. DI water and C,H¢O,
ratio was kept at 1:3. Iron oxide sol was attained by heating
the resultant reddish orange solution on hot plate at 80C for
6 h. This heating changes the color of sol to reddish black. Iron
oxide sol was then heated at 100C to obtain nanoparticles. pH
of iron oxide sol was the variable parameter. pH variation was
done by ammonia (NH;3-H»O). Schematic protocol for pH var-
ied iron oxide nanoparticles is presented in Fig. 1.

2.3. Drug loading

An ethanol solution of curcumin (200 pug/mL at pH 7) was pre-
pared to examine the drug (curcumin) loading efficiency of
iron oxide nanoparticles. The solution was then added to the
optimized sample of iron oxide, and the mixture was agitated
in the absence of light for 2 h at room temperature (+25 °C).
After stirring, drug-loaded nanoparticles were obtained using
centrifugation. The nanoparticles were then washed with etha-
nol three or four times to remove the unbound substance i.e.
curcumin. Following washing, curcumin-loaded iron oxide
nanoparticles were produced by a 5-hour post-heat treatment

at 50 °C. The efficacy of drug loading encapsulation using iron
oxide nanoparticles was determined spectrophotometrically by
measuring absorbance at 420 nm using Eq. (1) (Gooneh-
Farahani et al., 2020).

Encapsulation efficacy (%) = ((T. —S.)/T.) = 100 (1)

Where T, and S, are used to determine total curcumin and
curcumin in the supernatant, respectively.

2.4. Solubility and stability of curcumin-loaded nanoparticles

Equal amounts of bare curcumin and iron oxide nanoparticles
loaded with curcumin were dissolved into 0.01 M phosphate
buffered saline, having pH 7.4, to check the aqueous solubility
of drug loaded nanoparticles. Furthermore, high performance
liquid chromatography (HPLC) method was utilized to check
the stability of bare curcumin as well as curcumin-loaded
nanoparticles in PBS solution (0.01 M with pH of 7.4)
(Mohanty and Sahoo, 2010). A fixed concentration ~ 40 pg/
mL (stock solution of 10 mL) for both bare curcumin and
curcumin-loaded nanoparticles was prepared using PBS solu-
tion and then these working solutions were further incubated
at 37 °C in a shaker having 150 rpm for a time period of
6 h. At various time intervals, equal amount, i.e. 100 pL, of
solution was removed form bare and iron oxide loaded cur-
cumin to check the stability in PBS by using HPLC method.

2.5. Cell viability assay

The cytotoxic effect of iron oxide NPs was tested on cancer cell
lines HCT-116. The cytotoxicity of as-synthesized nanoparti-
cles was evaluated against these cell lines. Cancer cell lines
(HCT-116) were cultured in 96 well plate in DMEM (Dul-
becco’s Modified Eagle’s Medium) supplemented with antibi-
otics (penicillin) and 10 % heat-inactivated FBS (fetal bovine
serum). The culture was further incubated at 37 °C in the pres-
ence of 5 % CO, vapour. To assess the effect of nanoparticles
on the viability of HCT-116 cells, these cultured cells were
exposed to various nanoparticle concentrations (Ali et al.,
2018). The MTT (3- (4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl
tetrazolium bromide) test was performed to determine viability
of the optimized sample. In this experiment, cells were culti-
vated for 24 h at 37 °C before being exposed to nanoparticles.
Following a 24-hour incubation period, various nanoparticle
concentrations were introduced to the well plates at 37 °C in
the presence of 5 % CO, and 95 % air. The experiment was
carried out three times, with untreated cells (HCT-116) serving
as a positive control. Under the same circumstances, MTT was
applied to the microplates and was incubated for 4 h. The
media was then expelled using a micro pipit. To dissolve the
formazan crystals formed by MTT, dimethyl sulfoxide
(DMSO) was added to the plates, which was vigorously agi-
tated. A microplate reader was used to detect absorbance at
570 nm. The method was used to calculate the percentage of
cell inhibition using equation (2) (Hayashi et al., 2012).

Cell inhibition (%) = ((1 — 4,)/A4,) * 100 (2)

A, represents absorbance of the sample, whereas A, repre-
sents the absorbance of the control, i.e. untreated cancer cells.
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2.6. Preparation of **"'T.- iron oxide nanoparticles

Technetium-99 m (a diagnostic radionuclide) was eluted from
PAKGEN *’Mo/?*™Tc generator, which is a locally fabricated
fission-based generator. All chemicals used in this research
work were of analytical grade. Animal experiments were per-
formed after getting approval from the Animal Ethical Com-
mittee of the Institute. 50-200 ug of the iron oxide NPs were
used for radiolabeling with *™Tc, while 5-20 pg of SnCly-2H,-
O was used as a reducing agent. The pH of the reaction mix-
ture was varied between 3 and 7 using 0.1 M NaOH or
0.1 M HCIl. Maximum radiolabeling yield was attained by add-
ing 200 pg of nanoparticles in 200 pL of water, in the presence
of 20 pg of reducing agent at pH 3. To perform radiolabeling,
approximately 173 MBq of *™TcOj in saline was added into
the reaction mixture vial and the whole formulation was incu-
bated for 30 min at room temperature, i.e. 25 + 2 °C.

2.7. Radiolabeling conditions

Formulation of *™Tc- iron oxide nanoparticles is based on
several parameters, e.g. the labelling efficacy, radiochemical
purity and stability at room temperature. All these parame-
ters were evaluated by using Whatman grade 3 chromato-
graphic paper as the stationary phase and acetone as
mobile phase. In this system, the free **™TcO; moved along
with the solvent front (Rf = 1) and the radio-conjugate
remained at the origin. The estimation of colloid content
was done by passing the radiotracer through 0.22 um filter.
Afterwards, the filtrate along with filter was measured for
radioactivity in dose calibrator. The radioactivity measure-
ment data did not prove presence of any colloid content in
the final composition.

\ | Iron Oxide

/ Nanoparticles

Schematic for sol-gel synthesis of iron oxide nanoparticles.

2.8. Quality control of **"'T.- iron oxide nanoparticles

Ascending chromatography was used to assess the content of
radiochemical yield of *™Tc-iron oxide nanoparticles. For this
purpose, Whatman grade 3 chromatographic paper was used
as the stationary phase and acetone as a mobile phase. In this
chromatographic set-up, the amount of free *™TcO; moved
with solvent front and the radiolabeled iron oxide nanoparti-
cles remained settled at the origin. In order to evaluate the dis-
tribution of radiolabeled and free °°™TcO; on the
chromatographic strip, the strip was cut into 1 cm segments
and counted in a gamma-counter (SCALER TIMER ST7).
The stability of *™Tc- iron oxide nanoparticles was studied
for 24 h at room temperature.

2.9. Evaluation of stability of **"T.- iron oxide nanoparticles

After attaining optimization of the radiolabeling conditions,
the stability of the radiolabeled complex (*™Tc- iron oxide
nanoparticles) was evaluated at room temperature by ascend-
ing chromatography till 24 h, at discrete intervals of time,
i.e. 2 h, 4 h and 24 h. The quality control was carried out at
each incubation time by keeping all of the above-mentioned
parameters fixed.

2.10. Lipophilicity analysis of **"'T. — Iron oxide nanoparticles
and protein binding

In order to assess the lipophilicity behavior of the radio-
complex, the partition coefficient “p” between organic and
aqueous layers was measured. As an experimental procedure,
100 pL of the radiolabeled complex was mixed with 200 pL
of phosphate buffer at varying pH values, e.g. 6.6, 7.0 and
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7.6 in separate vials. After this, 200 pL of n-octanol was added
in each vial. All three vials were well shaken and kept undis-
turbed so that both layers could be separated. The two layers
were separated after about 10-15 min, and the radioactivity
was measured in a well-shaped gamma counter (Sanaullah
et al., 2021).

The protein binding study was assessed by using human
blood plasma as an in vitro procedure. For this purpose,
3 mL of blood plasma was mixed with 1 mL of radiolabeled
complex. The resultant formulation was incubated at 37 °C
for one hour. After completing incubation, the separation of
serum and blood cells was done by centrifuging the mixture
at 3000 rpm for 10 min, followed by mixing the supernatant
with an equal volume of trichloroacetic acid and centrifuging
again at 3000 rpm for 10 min. The residue and supernatant
were then separated, and amount of radioactivity was counted
in both layers in a well-shaped gamma counter. Each experi-
ment was performed in triplicate.

2.11. Stability of **"T- iron oxide nanoparticles in human
serum

Fresh human blood samples of a healthy volunteer without
any specific pathologies were preserved in vacutainer tubes
coated with EDTA so that coagulation could be prevented.
In order to evaluate the stability in normal human serum, dilu-
tion was prepared using 0.8 mL of serum added in 175 pL of
9mTe Jabeled iron oxide -nanoparticles. The resultant radio-
mixture was incubated at 37 °C. Samples were withdrawn dur-
ing incubation at various discrete time intervals up to 24 h and
the radiolabeling efficacy was determined by paper chromatog-
raphy. Any reduction in the labeling yield was considered to be
due to degradation of the radiolabeled complex (Imran et al.,
2021).

2.12. Scintigraphy with *™'T, — Iron oxide nanoparticles on
gamma camera in rabbit

In order to evaluate the feasibility of novel nano-radio conju-
gate as a radiopharmaceutical drug, we injected it intra-
venously (in rear ear vein) in rabbit animal models and
developed the images using a single-headed gamma camera.
Camera was interfaced with high resolution parallel-hole colli-
mator and further connected to an online computer (contain-
ing a Macintosh operating system 7.5 coupled to an ICON™
Workstation).

The animal model used for in-vivo experiments was rabbit.
Healthy local Lahore breed rabbits (aged 12-16 weak;
900 = 50 g) were used. Rabbits were kept in animal house
of INMOL according to their natural habitat. They have cre-
ated their own homes by tunneling into the ground called war-
rens. Since rabbits are herbivores and eat a diet of grass and
leafy weeds, so free access to natural food and drinking water
was provided to them. The number of experiments performed
was 3, and the number of rabbits used per each time point was
also 3. After required biodistribution tests rabbits were send
back to their house (in INMOL) and were observed periodi-
cally for any physical change. Even after a time of 1 year, rab-
bits were found healthy.

As an experimental procedure, the animal was fixed on a
flat, hard surface in such a position that both hind legs were

spread out and fixed with surgical tape. No euthanasia or ani-
mal sacrifice was involved in this study. The general anesthesia
was induced by intra-muscularly injecting 2 mL Diazepam into
the left thigh. The radioactive drug to be tested, e.g. 173 MBq
(in 400 pL) of *™Tc- iron oxide nanoparticles was injected
through an intravenous route into marginal ear vein of the ani-
mal. To study the biodistribution of tracer in animal, images
were acquired for 10 min in dynamic view followed by static
images at 15 min, 1 h, 2 h, 4 h and 24 h post injection.

2.13. Statistical analysis

Data is plotted as mean = SD, for n = 3, and analyzed by
one-way and two-way ANOVA to detect the significant effects
of the variables and judged at a significance threshold level of
P < 0.05. One-way and two-way analyses of variance (ANO-
VAs) were performed to detect significant effects of the vari-
ables. Values of p < 0.05 were considered as significant
differences while p < 0.005 value was considered as highly sig-
nificant difference. P > 0.05 is considered as not significant
difference.

2.14. Characterizations

Structural investigation was obtained using X-ray Diffrac-
tometer (XRD) using CuK, radiations (A = 1.5405 A).
XRD analysis was performed for 26'=15-8(0. Magnetic investi-
gation was completed at room temperature for applied field
varying from —150000¢ to + 150000e¢ using 7407 Vibrating
Sample Magnetometer by LakeShore. Impedance investiga-
tion was performed using 6500B Precision Impedance Ana-
lyzer by Wayne Kerr under parallel plate arrangement. The
frequency of applied electric field was varied in the range of
log /= 1.3 to 7.3. Contribution of grains and grain boundaries
towards the dielectric and conduction process was evaluated in
detail using Zview software. Presently, Zview fitting of Cole-
Cole plots is done with different electrical components to
obtain the separate effect of grain and grain boundaries. The
best fitted results were obtained using three elements-based cir-
cuit, i.e. a low resistance to represent grains attached in series
with parallel group of a high resistance and a capacitor that
was used to represent grain boundaries. Surface morphology
of nanoparticles was studied using scanning electron micro-
scope (SEM). DPPH (2, 2, diphenyl-1-picryl hydrazyl) assay
was used for evaluating antioxidant nature of iron oxide
nanoparticles. Whereas absorption intensity was measured
using Shimadzu UV-1800 UV-visible spectrophotometer.
Hemolytic activity was performed on healthy human blood.
Biodistribution of nanoparticles in animal (rabbit) was exam-
ined using single-headed Siemens integrated ORBITER
gamma camera.

3. Results and discussion

3.1. Structural analysis

XRD results of as-synthesized iron oxide nanoparticles with
varying pH of sols from pH 1 to pH 11 are depicted in
Fig. 2. Nanoparticles synthesized using pH 1 and pH 3 show
amorphous behavior while rest of the nanoparticles show crys-
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Fig. 2 XRD patterns for iron oxide nanoparticles synthesized with different pH values.

talline nature. Sol-gel process is based on solvolysis of iron
nitrate in the solution. It is followed by the hydrolysis reaction
that leads to initially the formation of iron hydroxide. In the
next step polymerization process takes place that leads to
bridging of Fe*™, Fe>* and O ions. It can be predicted that
concentration of OH™ at low pH values is not sufficient to trig-
ger the growth of iron oxide phase because of the deficiency of
Fe**—OH™ groups. As pH increases concentration of hydroxyl
ions in the sol increases that acts as the first step for crystalliza-
tion and phase formation of nanoparticles (Riaz and Naseem,
2015). At pH 2 hematite (a-Fe,O3) phase of iron oxide was
observed. All the planes of (012), (104), (110), (024), (300)
and (217) are well matched with the JCPDS card no. 87—
1165 exhibiting hematite phase. The broad peak corresponding
to plane (012) indicates small size of crystallites. These small
crystallites further undergo a recrystallization process at pH
3 resulting in amorphous nature of nanoparticles. Further
increase in the pH to 4 resulted in growth of the crystallites
of hematite resulting in relatively sharper diffraction peaks.
From pH 4 to 6 the growth of these crystallites takes place
resulting in increased crystallinity of nanoparticles as specified
by increased intensity of plane (012) in XRD peaks. At pH 7
increased number of hydroxyl ions results in phase transition
from hematite (a-Fe,O3) to maghemite (y-Fe,O3). All the
planes of (111), (210), (221), (311), (320), (321), (400),

(330), (422), (510), (511), (521), (440), (442) and (622)
are well matched with the JCPDS card no. 39-1346 exhibiting
maghemite phase of iron oxide nanoparticles. This phase evo-
lution process is associated with breaking of larger crystallites
to smaller crystallites resulting in broad diffraction peak as can
be seen in Fig. 2 (c). These crystallites then further colligate
resulting in growth and strengthening of y-Fe,O; phase at
pH 8. The structural changeover from maghemite (y-Fe,O3)
to magnetite (Fe3O4) was observed with further increase in
pH values up to 9 and 10 as can be seen in Fig. 2 (d). All
the planes of (111), (311), (400), (331), (422), (511) and
(440) are well matched with the JCPDS card no. 72-2303. This
phase conversion is associated with breaking of larger crystal-
lites to smaller crystallites. Higher pH of 11 resulted in growth
of these crystallites along with phase stability and strengthen-
ing of magnetite (Fe;0O,4) phase. It is important to point here,
according to the best of author’s information, that such tran-
sitions among different phases of iron oxide, under as-
synthesized conditions, is one of its kind studies.

Use of de-ionized water during synthesis, as explained in
experimental details, results in increased dissociation of pre-
cursor in water to produce Fe* " and OH™ increasing the num-
ber of building material required for growth and phase
formation of iron oxide (Eq. (3)). Ethylene glycol acts as mild
reducing agent (Egs. 4-5) (Kozakova et al., 2015). In this case,
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ethylene glycol undergoes dehydration process and results in
formation of acetaldehyde that results in reduction of Fe®™
cations. Also, the water produced in this process (Eq. (4))
increases dissociation of the precursor. When ammonia was
mixed in the sol for changing the pH to different levels, it dis-
sociates according to reaction represented in Eq. (4) (Hu et al.,
2009), thus increased number of hydroxyl ions are in the sol.
Hydroxyl ions produced, as per Egs. 5-8, react with Fe®™
and Fe?" ions to form hydroxides of iron as represented by
Egs. (9) and (10). At lower values of pH, because of low con-
centration of hydroxyl ions, probability of formation of Fe
(OH); is high that further results in development of Fe,O;
phase (Eq. (10)). While at higher values of pH because of
abundance of hydroxyl ions, Fe(OH), also increases in the

sol whose reaction with Fe(OH); results in development of
Fe;0,4 phase.

Fe(NO;); + 3H,0 — Fe** +30H™ + 3HNO; (3)
2C,Hs0, 2 2C,H,0 + 2H,0 (4)
2C,H,0 + 2Fe™ 2 CyHgO, + 2Fe™ +2H" (5)
NH3.H,O — NH} + OH™ (6)
Fe*™ +30H = Fe(OH), (7)
Fe*™ +20H = Fe(OH), (8)
2Fe(OH), e Fe,0; + 3H,0 (9)
2Fe(OH), + Fe(OH), & Fe;04 + 4H,0 (10)

Variation in crystallite size (t) (Eq. (11)) (Cullity, 1956) and
associated dislocation density (8) (Eq. (12)) (Was, 2016) for
iron oxide nanoparticles, with full width at half maximum
(B) determined from XRD patterns in Fig. 2, is shown in
Fig. 3. Size and phase of the chemically synthesized nanopar-
ticles is strongly influenced by the presence of OH and H™
ions in solution that stimulates the polymerization behavior
of metal and oxygen bonds (Chand, 2019). Changes in ratio

of OH and H" ions lead to changes in hydrolysis and conden-
sation rates in the sol influencing not only the crystallite/grain
size of nanoparticles but also in obtaining different phases as
observed in Fig. 2. The two important processes involved in
particle formation are nucleation and aggregation. In the first
stage several crystallites of small size are formed when the pro-
cess of nucleation starts. In the second step these small crystal-
lites then aggregate to form larger particles. So basically, when
rate of aggregation is fast as compared to nucleation rate lar-
ger crystallites are formed. When rate of nucleation is higher
than rate of aggregation, small crystallites are formed. Rate
of nucleation and rate of aggregation are affected by several
factors including concentration and interaction among anions
and cations, phase composition etc. At high pH, in alkaline
medium, a supersaturated network is formed due to higher
OH'™ concentration. This will result in slowing down of nucle-
ation rate and thus must result in formation of larger crystal-
lites (Huang et al., 2016; Kumar and Bhowmik, 2014;
Sanaullah et al., 2021). But it can be observed in Fig. 3 that
there are some abnormalities in the trend of crystallite size
and dislocation density. These abnormalities are due to transi-
tion from one phase to another indicating a restructuring pro-
cess. At pH 1-6, crystallite size increase from ~ 6 to 12 nm
along with decrease in dislocation density. At neutral pH (7),
there is an abrupt drop in “t” from ~ 12 to 5 nm due to cre-
ation of iron oxide maghemite phase. “t” then increases to
15.5 nm as the pH of sol increases to 8 for maghemite iron
oxide nanoparticles. Further, there is increase in crystallite size
from ~ 4-17 nm by increase in pH from 9 to 11.

0.94

= 11
Bcost (11)
1

3.2. Surface morphology analysis

Fig. 4 shows SEM images of magnetite NPs synthesized using
sol-gel with pH 9, 10 and 11, respectively. All micrographs
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(a) Crystallite size and (b) dislocation density plotted with variation in pH for iron oxide NPs.
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Fig. 4 SEM for iron oxide nanoparticles synthesized with (a) pH 9 (b) pH 10 (c) pH 11.

show uniform distribution along with well-defined grain
boundaries in magnetite NPs (Fig. 4).

3.3. Room temperature magnetic analysis

Magnetic characteristics (M—H loops) of iron oxide nanopar-
ticles, under as synthesized conditions, are shown in Fig. 5.
M—H loop tells about saturation magnetization, remnant
magnetization and coercivity. Saturation magnetization shows
alignment of magnetic spins in the sample (Salem et al., 2019).
para-ferro mixed behavior is observed at pH 1, while shift to
superparamagnetic behavior is observed with the increase,
i.e. pH 2. Such superparamagnetic response is indicative of
the presence of smaller crystallite / domain size. Ultrasmall
size, absence of multiple domains and positive response to
magnetic field make these nanoparticles single super spin par-
ticles with high value of susceptibility (Wahajuddin, 2012).
While shift from superparamagnetic to soft ferromagnetic
behavior is observed with the increase of pH to 3. This behav-
ior persisted till pH 6. While again a shift was observed with
further increase of pH to 7. This shift is due to crystallographic
change from hematite to maghemite phase. As pH was
increased to 8, superparamagnetic nature of nanoparticles
changes to ferromagnetic nature. This transition is due to coa-
lescence of crystallites as observed in Fig. 3. For pH 9 and 10,
magnetic transformation from ferromagnetic to superparam-

agnetic iron oxide nanoparticles is noticed owing to phase con-
version to magnetite along with reduced crystallite size (Figs. 2
and 3). As discussed earlier for Fig. 2, with increase in pH of
the sol to 9 and 10, number of Fe(OH), increases thus proba-
bility that vacancies on the maghemite crystal structure are
filled increases. This vacancy filling leads to alteration from
maghemite to magnetite phase with reduced crystallite size.
Maximum saturation magnetization values are obtained for
pH 9 and 10. Langevin function fit to the M—H plots of the
samples prepared with pH 2, 7, 9 and 10 is shown in Fig. 6.
As pH increases to 11, there is increase in OH™ ions concentra-
tion in the sol (strong basic) that results in coalescence of
nanoparticles resulting in transition from superparamagnetic
to ferromagnetic behavior. Inflection point in M—H loops of
samples synthesized under various pH conditions shows the
alignment of spins for different values of applied magnetic
field. Further, they also contribute to the magnetocrystalline
anisotropy as discussed in Fig. 7.

The variation of saturation magnetization (M) and coer-
civity (Hc) as a function of pH is shown in Fig. 7 (a & b).
No saturation in magnetization was observed at pH 1. While
M; of 24.1 emu/g with value of coercivity <200e is observed
at pH 2. Restructuring of iron oxide phase at pH 3 (as
observed in Fig. 2) leads to un-saturated M—H plot. For pH
4-6, an increase in Mg from 13.3 to 17.3 emu/g was observed
because of the increased crystallite size (Fig. 3). As pH of
the sol was increased to neutral level, i.e. 7, not only an
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Fig. 5 M—H loops of iron oxide synthesized with different pH values.

increase in M; to 69.1 emu/g was observed but conversion to
superparamagnetic behavior was also observed. High values
of M, ie. 88.3 and 87.1 emu/g are observed at pH 9 and
pH 10. As the diameter of nanoparticles is reduced beyond
a certain limit the particles behave as single domain particles
as depicted in Fig. 7(c). Fig. 7(c) shows coercivity plotted for
changes in crystallite representing different domain regions.
The high magnetization in these particles can be understood
by considering double sphere model where the inner sphere
acts like bulk because of the bound atoms and the outer
sphere acts like nanomaterials where dangling bonds dictate
the properties.The outer sphere comprises of uncompensated
spins present at the surface and these uncompensated spins
interact ferromagnetically. The magnetization associated with
these surface spins can arbitrarily change their direction
under thermal fluctuations exhibiting larger magnetization
under the applied magnetic field. As these surface spins are
surrounded by ferromagnetic surface spins of other nanopar-
ticles so the magnetic constrictions on the orientation are not
strong. Dominant spin contributions of surface atoms can be
considered when particles/crystallite size is reduced to a cer-
tain value (Manukyan et al., 2014). A comparison of magne-

tization of various iron oxide phases prepared in this work
with literature is given in Table 1. Table 1 shows that Mg
of present work is higher as compared to various literature
values.

For polycrystalline materials, magnetocrystalline aniso-
tropy is an important physiognomy for the material to be con-
sidered for magnetic applications. Magnetocrystalline
anisotropy (Ke¢r) is the phenomenon where the magnetic aniso-
tropy energy, i.e. the internal energy of the system, changes
with changes in direction of magnetization. This energy is
strongly dependent on crystal system of the specimen
(Suganuma, 2018). Saturated M—H loops of Fig. 5 were used
to find out the magnetocrystalline anisotropy. Fig. 5 shows
that change in magnetization at higher field strengths
(>100000¢) is very small. “Law of Approach to Saturation
Magnetization” (Eq. (11)) (Cullity and Graham, 2011; Ziese
and Thornton, 2007) represents the connection between
applied field and magnetization at high field strengths. In
Eq. (13) forced magnetization (xH) is insignificant below Curie
temperature. “a” and “‘b” are the constants demonstrating the
impact of microstress and magnetocrystalline anisotropy to
magnetization, respectively.
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Constant “b” is crystalline structure dependent and for
cubic (magnetite and maghemite) and hexagonal (hematite)
crystal systems the relation between “b” and magnetocrys-
talline anisotropy (Keg) is represented by Egs. (14) and (15)
(Ziese and Thornton, 2007), respectively.

2
105M>

4K>
eff
_ 15
S (15)

Slope of magnetization vs 1/H? gives values of “b” and K
can be found using Eqgs. (14) and (15). Values of My are found
using extrapolation of magnetization vs 1/H> curves when (1/
H? - 0) as seen in Fig. 8. Moreover, straight line curves
(Fig. 8) shows that microstress part can be disregarded.
Fig. 9(a) shows plot of K¢ with variation in pH for the mag-
netically saturated samples. Vital cause for origination of K
is due to spin—orbit coupling in crystal lattice (Kumar and

Iron oxide nanoparticles have many applications in
biomedical field including MRI (magnetic resonance imaging)
(Dadfar et al., 2020), bio sensing (Lee et al., 2020), drug deliv-
ery and bio-imaging (Mirza et al., 2020) and many more
(Wahajuddin, 2012; Bakhtiary et al., 2016). Origin of super-
paramagnetism is size reduction of magnetic materials to single
domain. Superparamagnetic nanoparticles become magnetized
on the application of magnetic field but don’t hold any magne-
tization when externally applied magnetic field is removed. So,
we can switch their magnetization, i.e. ON or OFF
(Wahajuddin, 2012; Bakhtiary et al., 2016). For biomedical
applications, it is required that superparamagnetic nanoparti-
cles must have ultra-small dimensions and high saturation
magnetization. These nanoparticles can be bound to drugs
and an externally applied magnetic field can provide them to
detect the tumor or towards any organ to be treated
(Laurent et al., 2008). In absence of magnetic field, these
nanoparticles do not agglomerate as a result of absence of
coercivity and remnant magnetization. Thus, may lead to the
reduced probability of blood vessels and capillaries’ blockage.
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3.4. Dielectric and impedance analysis

3.4.1. Dielectric constant

Dielectric properties play important role in short ranged elec-
trical conduction of material. Dipoles can be created as a result
of piling of charged carriers under the effect of applied electric
field. Dielectric constant (¢) for a specimen with area A and
thickness d for an applied field with frequency f is presented
in Eq. (16) (Macdonald and Barsoukov, 2005).

F_Caf
T e,A

(16)

Plots for dielectric constant with changes in frequency are
presented in Figs. 10 and 11. It is observed that dielectric con-
stant for pH 2-11 exhibits dispersion that is dominant at low
frequencies and this dielectric dispersion decreases as electric
field frequency increases. Such trends of dielectric constant
are explained by “Maxwell Wagner Theory”. This theory

(a) Saturation magnetization, (b) coercivity plotted for changes in pH, (c) Coercivity plotted for changes in crystallite representing

states that there are dipoles present in the dielectric medium.
Some time is required by these dipoles to align in a certain
direction when field is applied. At lower frequencies the dipoles
get enough time for their alignment in field direction. At higher
frequencies because of high field reversal rate the dipoles are
not able to align according to field direction resulting in
reduced polarization. Moreover, a dielectric material com-
prises of grains & grain boundaries. Grains possess conduction
in contrast with grain boundaries. Grains play an active role at
higher frequency and grain boundaries play their role at lower
frequency. So, because of active part of grain & grain bound-
aries with different conductivities at different frequencies, nor-
mal dispersion behavior is observed (Imran et al., 2018;
Sanaullah et al., 2020). Despite the normal dispersion behavior
for pH 2-11, at pH 1 it was observed that value of dielectric
constant again increases at high frequency (log f > 6.5). Nor-
mally at very high frequencies, electron hopping probability
between lattice ions lag the applied electric field frequency
and hereafter decrease in dielectric value is common in this
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Table 1 Variation in My of as-synthesized iron oxide NPs with literature (FM = ferromagnetic, SPM = superparamagnetic).

pH Magnetic Phase M; (emu/g) Literature
behavior Method Phase Calcination / Magnetic M,
annealing behavior (emu/
temperature 2)
1 Weak FM  —— Unsaturated Template assisted combustion method a-Fe,O; 1000 K SPM 21
(Manukyan et al., 2014)
2 SPM o-Fe, O3 24.1 Hydrothermal (Ghosh et al., 2020) Fe;0,4 — SFM 81.5
3 Weak FM Unsaturated Hydrothermal method (Cursaru et al., o-Fe,0O; — Weak FM 30
2020) +Fe;04
4 FM a-Fe,O5 133 Sol-gel (Zeb et al., 2017) v-Fe,0;  250C SPM 80
5 16.2 Carbon templatedSolution combustion v-Fe,0; —— Near SPM  26.2
(Ianos et al., 2018)
Co-precipitation pyrolsis (Mirza et al., v-Fe,0; 275C Ferri-Mag  50.4
2015)
6 17.7 Hydrothermal (Lei et al., 2017) Fe;04 — FM 87.48
7 SPM v-Fe, O3 69.1
8 FM 42.6 Precipitation method (Lassoued et al., a-Fe,0O3  700C FM 6.42
9 SPM Fe;04 88.3 2018)
10 SPM 87.1 Hydrothermal method (Trpkov et al., a-Fe,0O3 — Weak FM  0.592
11 FM 52.8 2018)
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Fig. 8 Law of approach to saturation applied to various samples of iron oxide.

regime of frequency. However, the anomalous dielectric
response observed at pH 1 indicates that at high frequencies,
electronic polarization and electron hopping between different
sites increases that gives rise to increase in dielectric values.
Moreover, inherent defects in nanomaterials like vacancies
and interfaces tend to trap charged particles which in turn
are released at higher frequencies, increasing the dielectric val-
ues (Shah et al., 2018; Khan et al., 2020). Transitions of dielec-

tric constant with changes in pH show that relatively low
values of dielectric constant 73.83 and 54.5 (log f = 5.0) are
observed for pH 1 and 3, respectively. This relatively low
dielectric constant is due to amorphous behavior (Fig. 2).
Based on the analysis carried out by Saravanan et al.
(Saravanan et al., 2009) amorphous nature of the materials
gives rise to low polarizing ability as compared to that of the
polycrystalline  materials.  Superparamagnetic  hematite
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Fig. 10  Dielectric constant for various iron oxide phases plotted for changes in log f.

nanoparticles synthesized at pH 2 depicted dielectric constant
of 99.49 (log f = 5.0). Dielectric constant of ferromagnetic
hematite nanoparticles at pH 4-6 increases from ~ 71 to 97

(log f = 5.0). Dielectric constant of 109.87 and 80.48 at log

f = 5.0 was observed for maghemite synthesized with pH 7

and pH 8 , respectively. Moreover, for magnetite phase at

(a) Magnetocrystalline anisotropy plotted for variation in pH and (b) Coercivity plotted for changes in domain size representing
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pH 9 increase in dielectric constant to 154.12 (log f = 5.0) was
observed that decreased to 96.81 (log f = 5.0) at pH 11.
Despite the resemblance in crystal structure of magnetite and
maghemite, magnetite nanoparticles offer high polarization
capabilities because of the presence of Fe?>* ions (Ziese and
Thornton, 2007; Cuenca et al., 2016). In addition, it can be
observed from Fig. 10 that comparatively high dielectric con-
stants are observed for superparamagnetic nanoparticles of
hematite (pH 2), maghemite (pH 7) and magnetite (pH 9,
10). As size of nanoparticles is reduced to superparamagnetic
regime, grain boundaries effect increases which is the reason
for relatively high dielectric values. This effect will be discussed
in detail later. Comparison of dielectric constant for various
iron oxide phases obtained with changes in pH under as-
synthesized conditions with literature are tabulated in Table 2.

3.4.2. Tangent loss

Tangent loss for various iron oxide phases is obtained using
Eq. (17) (Macdonald and Barsoukov, 2005) and can be seen
in Fig. 12.

tand

" 2nfee,p (17
where p is resistivity.

The two main loss mechanisms in dielectric material
include: 1) Resistive loss: At low frequencies dipoles have high
enough energy to align according to the direction of applied
field resulting in high losses. According to resistive loss mech-
anism space charges that are mobile in the dielectric medium
require energy and the limiting factor for mobility of these
charge carriers is the skin effect which is high in high frequency
region. At higher fields the electron exchange between different
ions is not synchronized and charges follow the field flow in
almost parallel manner minimizing the losses. This trend is fol-
lowed by nanoparticles prepared using pH 1-3. 2) Relaxation
losses: This type of losses in dielectric material arise when nat-
ural frequency of jumping electrons between different sites

become equal to applied field (Yousuf et al., 2019; Manohar
et al., 2019). This results in resonance phenomena where the
ions oscillate with maximum energy resulting in relaxation
peak (maximum tangent loss) at a particular frequency as
observed for nanoparticles synthesized with pH 4-11. The
relaxation time is given by wt = 1 (Macdonald and
Barsoukov, 2005) and is listed in Table 3.

3.4.3. Conductivity

Conductivity of iron oxide phases was calculated using Eq.
(18) (Macdonald and Barsoukov, 2005) and is plotted in
Fig. 13. Conductivity spectrum in Fig. 13 (a) is divided into
two parts. First part is where conductivity shows constant
trend. This part is frequency independent and represents the
dc like conductivity. Second part is frequency dependent part
that shows dispersion and contributes towards ac conductivity
of iron oxide nanoparticles. A general observation is that con-
ductivity of charge carriers increases slowly by increase in fre-
quency of applied field due to increased migration of electrons
with increasing frequency (Khan et al., 2020; Yousuf et al.,
2019; Manohar et al., 2019). Ac conductivity in iron oxide
nanoparticles depends upon hopping of Fe** and Fe** ions.
Changes in conductivity of iron oxide nanoparticles is consis-
tent with changes in dielectric properties (Fig. 11) and also
with changes in phases observed in Fig. 2.

o = 2mfee,tand (18)

3.4.4. Complex impedance

Complex impedance (Z*) was calculated using Eq. (19)
(Macdonald and Barsoukov, 2005; Imran et al., 2018),
whereas, real (Z’) and imaginary (Z”’) impedances were calcu-
lated using Egs. (20) and (21) (Macdonald and Barsoukov,
2005; Imran et al., 2018).

Z =7 7" (19)
Z' = Zcos0 (20)
Z'1 = Zsin0 (21)

Fig. 14 (a, b) shows formation of two frequency dependent
regions in real and imaginary impedance. Low frequency
region shows a slight decrease in Z’, whereas, high frequency
region shows monotonic decrease in Z’ that becomes constant
at relatively higher frequency values. This result is in agree-
ment with the conductivity response presented in Fig. 13(a)
that showed increased conductivity values at high frequencies
(Aliet al., 2018; Panda et al., 2014; Basha et al., 2022). Various
relaxation peaks were observed in Z” as shown in Fig. 14(b).
These relaxation peaks provide significant information about
the grains and interface effects in polycrystalline materials
(Ali et al., 2018; Panda et al., 2014). For pH 1 and 3 the relax-
ation peaks occur in low frequency region, and both have
amorphous nature and are weak ferromagnetic in nature.
Relaxation peaks of various samples were observed at different
frequency values. These peaks describe the effect of grains and
grain boundaries. Detailed effect of grains and grain bound-
aries was evaluated using Cole-Cole plots (Fig. 14(c)). Cole-
Cole plots, plotted between Z’ and Z”, usually shows three
semicircles, i.e. (i) high frequency semi-circle, (i) mid fre-
quency semi-circle and (iii) low frequency semi-circle. These
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Table 2 Comparison of dielectric constant of as-synthesized iron oxide NPs with literature.

pH Phase Dielectric constant Literature
log f Method Phase Dielectric constant
3.0 4.0 5.0 6.0
1 ——  119.70 87.5 73.83 68.1 Co-precipitation method (Kumar et al., Fe;04 61.94
2018)
2 o- 2173.6 257.4 99.49 78.3  Co-precipitation method (Azab and El- Fe;04 ~70
Fe,03 Menyawy, 2019) Co doped Fe;0,  ~140
3 62.1 57.1 5451 53.5 Sol-gel (Kumar et al., 2019) a-Fe,O3 45.02 at f = 100 kHz at
(T = 380 K)
10 % Zn doped o- 48.42 at /' = 100 kHz at
Fe,04 (T = 380 K)
4 ol- 1157 845 71.7 66.5 Sol-gel (Kumar et al., 2018) a-Fe,O3 66.9 at f = 0.1 MHz
Fe,04 (T = 100 K)
5 164.6 854 77.28 752  Co-precipitation (Manikandan et al., 2020) Fe,O3 ~230
Nd doped Fe,O;  ~130
6 5552 1282 97.40 93.3 Wet ChemicalRoute v-Fe, O3 ~50 at log f = 3.0
7 v- 1817.7 268.8 109.8 87.1 (Alietal, 2015)
8 Fe,O; 188.5 979 80.48 69.4 Combustion method (Hiremath and v-Fe 04 25-30 at f = 10 kHz
9 Fe;O, 748.8 2433 154.1 128.4 Venkataraman, 2003)
10 712.6  231.6 148.7 124.0 Co-precipitation pyrolysis (Mirza et al., v-Fe,0; ~28 at f = 4x10° Hz
11 470.3 152.8 96.81 80.7 2015)
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Fig. 12

three semi-circles show the effect of resistances coming from
grain, grain boundaries and their interface (Macdonald and
Barsoukov, 2005; Khan et al., 2020). Fig. 14 (c) shows forma-
tion of single semicircle as a result of very high grain boundary
resistance as compared to grains. Zview fitting of these Cole-
Cole plots was done with different electrical components to
obtain the effect of grain and grain boundaries. The best-fit
results were obtained using three elements-based circuit i.e. a
low resistance to represent grains attached in series with paral-
lel group of a high resistance and a capacitor to represent grain
boundaries. Results of the fitting are summarized in Table 4.
Comparison of Table 4, Fig. 11 and Fig. 13 (b) shows that con-
ductivity of iron oxide nanoparticles is affected by variations
in grain boundary resistance.

Tangent loss for various iron oxide phases with changes in (a) log f'(c) pH.

3.4.5. Complex modulus

Complex modulus spectroscopy is used to consider and discuss
the relaxation mechanisms (Thakur et al., 2015; Behera et al.,
2008). Modulus is represented using Eqgs. 22-25 (Imran et al.,
2018).

M =M + M (22)
Where,
M = wC,Z" (23)
M' = wC,7 (24)
0 A
c, =% (25)

t



16

H.N Khan et al.

Table 3 Relaxation frequency fi.x and relaxation time .

pH Relaxation frequency fi.x (kHz) Relaxation time t (usec)
1 _ _

2 _ _

3 _ _

4 4.073803 39.05551
5 1.071519 148.4849
6 0.30903 514.8519
7 0.20893 761.5217
8 0.870964 182.6763
9 0.20893 761.5217
10 0.229087 694.516
11 0.245471 648.1601

Fig. 15 (a, b) presents plots for real (M’) and imaginary
(M”) moduli. M’ (Fig. 15(a)) exhibits minimum values for all
pH at log /' < 3.5. However, with increase in frequency (log
f > 3.5) M’ increases asymptotically attaining a maximum
value. This change in behavior is associated with short range
mobility of space charge carriers. M” (Fig. 15(b)) shows relax-
ation peak at a particular frequency. Below this relaxation
peak charge carriers exhibit long-range motion whereas, above
this confinement of charge carriers to potential wells takes
place. Thus, presence of relaxation peak in M”” exhibits transi-
tion from long range to short range mobility of space charge
carriers. Therefore, in such type of materials the conduction
mechanism is associated with hopping process (Sahu and
Behera, 2018). Impedance information was also plotted using
modulus formalism. Complex impedance plots in Fig. 14(c)
are useful for evaluate the effect of high resistances, whereas
plots of complex modulus (Fig. 15(c)) present the capacitances
nature of the material.

3.5. Antioxidant activity

Various metabolic progressions and stresses propagate in
humans due to body environment, and in return various reac-
tive species are generated. Reactive oxygen species, i.e. ROS,

are one of the main free radicals. Increase in the reactive oxy-
gen species may lead to destruction in the structure of biomo-
lecules that leads to the cell death. Further, the destruction in
the biomolecules can lead to increased oxidative stress and can
be a cause of various health diseases including cardiovascular
disease, cancer, etc. (Grune et al., 2001; Noguchi and Niki,
2000). Antioxidant properties have gained so much attention
due to their vital role in inhibition of harmful effects of reac-
tive oxidative stress. For the verification of capability of as
synthesized iron oxide nanoparticles against ROS level, DPPH
(2, 2-diphenyl-1-picrylhydrazyl) radical scavenging method
was utilized. Variety of samples with concentration of
250 pg/mL were prepared in the laboratory while optimized
sample (i.e. iron oxide synthesized using pH 9) was used to pre-
pare concentrations such as 50, 100, 150, 200, 250 pg/mL
(Fig. 16). Sample prepared with pH 9 was preferred because
of the superparamagnetic nature and high saturation magneti-
zation. For the preparation of 1 mM stock solution of DPPH,
methanol was used as solvent. Working solutions, with differ-
ent concentrations, were incubated under dark conditions at
37 °C temperature (French et al., 1994; Batool et al., 2020).
De-colorization (as shown in inset of Fig. 16 (b)) of DPPH
was observed from intense purple color that indicates the
strong antioxidant activity of prepared samples. To measure
the absorbance of the prepared samples, UV-visible spec-
trophotometer was used. Decrease in value of absorbance
was observed which indicates that scavenging activity of the
prepared samples is increased. For comparison of ROS per-
centage inhibition values (ROS %), ascorbic acid (+ive con-
trol) was used. ROS % of prepared samples were obtained
by using DPPH assay according to Eq. (20).

ROS % = (1—(A4,/ 4y)) x 100 (26)

In Eq. (26), A, is used for absorbance value of DPPH while
A. denotes absorbance value of prepared samples. In Fig. 16,
comparison of antioxidant activity between iron oxide at var-
ious pH with positive control at 250 pg/mL and comparison of
antioxidant activity between iron oxide at pH 9 with positive
control at various concentrations, respectively, are shown.
Maximum antioxidants scavenge value at pH 9 was found to
be ~ 72 %.
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Fig. 13  Conductivity of iron oxide phases plotted for changes in (a) log f (b) pH.
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Table 4 Results of Zview fitting for Fig. 13(c).

0.0 0.1 0.2

L] v T T T T v
03 04 05 06 0.7
Z' (M)

(a) Real impedance (b) imaginary impedance for various iron oxide phases.

pH Grain resistance Grain boundary resistance

Grain boundary Capacitance

Relaxation frequency Relaxation time

©@ MQ) (PF) (kHz) (nsec)
1 31.33 0.14 13924.93 0.081 1958.03
2 18.99 0.52 169.04 1.79 88.47
3 25.03 0.17 12682.72 0.075 2098.07
4 21.83 0.027 21.09 281.84 0.56
5 28.73 0.11 16.45 85.11 1.87
6 31.42 0.36 19.64 22.38 7.11
7 42.61 0.60 9.12 28.84 5.52
8 114.69 0.16 3.36 281.83 0.56
9 150.74 0.71 3.79 58.88 2.70
10 160.43 0.66 5.09 46.77 3.40
11 273.49 0.47 8.15 41.68 3.81

3.6. Hemolysis activity

Hemolysis activity describes the denaturation of blood cells by
physiochemical interaction of the cell with nanoparticles. The
hemolytic response of optimized iron oxide sample was used
to determine the destruction rate of membrane of red blood
cells (RBC) which can lead towards the hemoglobin release
into the plasma. Fresh human blood samples of a healthy vol-
unteer without any specific pathologies were preserved in

Vacutainer tubes coated with EDTA so that coagulation could
be prevented. Further, the tubes containing blood samples
were centrifuged at 2000 rpm for 20 min. After centrifuging,
two distinct regions were observed, i.e. upper yellowish region
containing plasma and lower layer of hematocrit RBC. Plasma
was discarded according to safety rules and RBC was further
washed three to four times with phosphate buffer saline
(PBS) with pH 7.4 and again centrifuge was performed. After-
wards washed RBC were re-suspended with 20 mL of PBS (to
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Fig. 15 (a) Real and (b) imaginary part of Modulus as function of frequency (c) complex modulus plots for iron oxide phases at various
pH values.
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Fig. 16 (a) Comparison study of antioxidant activity between iron oxide nanoparticles at various pH and positive control at 250 pg/mL

(b) Comparison study of antioxidant activity between iron oxide at pH 9 and positive control at various concentrations; inset showing de-
colorization of DPPH. Values represent the mean + SD for n = 3, and data were analyzed with one-way and two-way ANOVA at a
significance level of 0.05. Obtained value for significant figure is <0.05 (p < 0.05), obtained results are significantly different.
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fill original level of plasma) to get PBS treated RBS as a —ive
control (Rajapriya et al., 2020). RBC were treated with equal
volume of optimized nanoparticles at various concentrations,
i.e. 25 pg/mL to 125 pg/mL (with interval of 25 pug/mL). Then
incubation at room temperature (25 °C) for time interval of
30 min was done. The + ive control, using doxorubicin
(10 mg) into the PBS treated RBC, was prepared and incu-
bated for 30 min at room temperature; samples were then cen-
trifuged at 5000 rpm for 15 min. Absorbance readings were
checked for all the final products. Hemolysis (% lysis) was
examined by considering the recorded absorbance values
according to Eq. (27) (Singh et al., 2020; Kirienko et al., 2019).

% lysis = [(A;— Ao) / (Ay — Ap)]x100 (27)

Here A, Ao, A+ represent absorbance of RBC treated with
nanoparticles, absorbance of —ive control and + ive control,
respectively.

Obtained results (Fig. 17) shows that all nanoparticles
showed hemolysis activity in a concentration dependent man-
ner. With increased concentration of nanoparticles, i.e. 125 ug/
mL maximum of hemolysis was observed and found to be ~ 5.
9 %. While for lower concentrations, <5 % of hemolysis was
observed, as reported previously, that is safe to be used
(Vinotha et al., 2019; Abinaya et al., 2018). Lower concentra-
tions of nanoparticles were found to be harmless and biocom-
patible according to percentage of hemolysis activity.
Optimized sample (pH 9) was further used for hemolytic activ-
ity with variation in concentration at different time intervals
(Fig. 17(c)). Low hemolytic activity was observed under all
varied concentration conditions for the samples synthesized
using pH 9. Thus, optimized samples can be good to be used
as anticancer agent.

3.7. Dispersion in simulated body fluid

The colloidal stability and biodegradability of optimized sam-
ple were investigated using simulated body fluid (SBF). Com-
pressed discs of nanoparticles were immersed in SBF over 1, 2,
4, 8, 13, 20, and 26 weeks. Before the experiment, the com-
pacted disk’s area (mm?), diameter (mm), and thickness
(mm) were determined. The biodegradability of the optimized
sample was investigated. Eq. (28) was used to calculate the vol-
ume of simulated body fluid (Ochsner and Altenbach, 2013).
S(L

i=1 (28)

Where v denotes the volume of SBF (mL) and S, denotes
the disk’s surface area (mm?). Samples were dipped into the
SBF before being heated at 36 °C, i.e. normal human temper-
ature. After dipping for the appropriate amount of time, sam-
ples were removed and cleaned with de-ionized (DI) water.
After washing, the samples were placed in a desiccator to
dry without being heated. Eq. (29) was used to determine the
possible weight reduction (%) (Ochsner and Altenbach, 2013).

W1 — w2
w1
Where w; represents the weight of the disc before soaking

and w, represents the weight of the disc after soaking.
Fig. 18 depicts the weight decrease values.

Weightloss(%) = x 100 (29)

3.8. Drug efficacy

Curcumin, naturally existing drug, has demonstrated potential
anticancer activity in numerous models which can be further
utilized in cancer therapy (Aggarwal et al., 2003; Mukerjee
and Vishwanatha, 2009). An ethanol solution of curcumin
was prepared to examine the drug (curcumin) loading effi-
ciency of iron oxide nanoparticles. The encapsulation efficacy
of iron oxide nanoparticles revealed that optimized nanoparti-
cles were quickly absorbed in the first half hour, followed by
progressive encapsulation (Fig. 19). The encapsulation efficacy
was judged to be ~ 83 % after a 120-minute period. The inter-
action of positively charged hydrogen ions (found in curcumin)
with negatively charged iron and oxygen ions might explain
the rapid encapsulation (present in the as synthesized
nanoparticles).

To figure out the solubility of curcumin loaded nanoparti-
cles, 0.01 M PBS solution was used. It was observed that cur-
cumin loaded iron oxide nanoparticles dissolved well in
aqueous medium. While bare curcumin was poorly dissolved
in PBS with undissolved flakes of curcumin compounds visible
in the solution. As one of the major problems of anticancer
drug delivery vehicles is biodegradation and instability in phys-
iological pH (Das et al., 2009; Shaikh et al., 2009). To compare
the biodegradation and instability of bare curcumin with our
nanoparticles, incubation with PBS solution was performed
and HPLC method was utilized to estimate their concentration
at various time intervals. From Fig. 20, it is observed that bare
curcumin rapidly degrades itself under wet conditions
i.e. ~ 6 % of bare curcumin remained undamaged after incu-
bation for time interval of 6 h. Whereas, under same condi-
tions, drug loaded nanoparticles remained stable i.e.
~ 87 %. It is to be noted that iron oxide nanoparticles pre-
pared using pH 9 were helpful to increase the stability as well
as solubility of curcumin in PBS by providing protection
against biotransformation as well as hydrolysis.

3.9. MTT assay

To assess the viability of optimized samples, the MTT test was
employed. Fig. 21 indicates that customized nanoparticles
have a proclivity to decrease the cell viability (%) of cancer cell
lines (HCT-116). As the concentration of optimized sample
(i.e. synthesized at pH 9) of as synthesized nanoparticles was
increased, the percentage of cell viability dropped progres-
sively. The concentration of exposed nanoparticles in this
study varied from 5 to 25 pg/mL, with a 5 pg/mL difference.
The results show that raising the concentration resulted in a
reduction in cell viability. Malignant cells showed around
17.3 % viability after 24 h of treatment with nanoparticles at
a dose of 25 pg/mL. This decrease can be ascribed to the
nanoparticle’s smaller crystallite size, which is important in
determining the amount of toxicity for exposed cells
(Golestanzadeh et al., 2017). The cell viability (Fig. 21) indi-
cates that the iron oxide NPs produced by this method are haz-
ardous to HCT-116 cell lines. It should be mentioned that iron
oxide nanoparticles are highly hazardous to cancer cell lines
and have the potential to be used in the creation of anticancer
drugs. The findings imply that cell death is triggered by a loss
of membrane integrity in the cell lines.
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Fig. 17 Hemolysis activity of (a) positive and negative control, (b) untreated RBC and samples at different pH at various concentrations
(c) untreated RBC and iron oxide NPs at pH 9 at various concentrations. Thus, optimized samples can be good to be used as anticancer
agent. Values represent the mean + SD of three replicates, and data were analyzed with one-way and two-way ANOVA at a significance
level of 0.05. For figure (a), significance figure is p > 0.05 i.e. results are not significant, for figure (b), significance value is p < < 0.005),
therefore, we reject the null hypothesis and accept the alternative hypothesis that not all the population means are equal. For figure (c)
values with dissimilar superscript are highly significantly different (**P < 0.005). Values with the same superscript letter are significantly

different (*P < 0.05).

3.10. In-vivo biodistribution of nanoparticles

3.10.1. Effect of amount of reducing agent

Correlation between the amounts of reducing agent and radi-
olabeling efficacy were studied before the injection of nanopar-
ticles and the obtained data is shown in Fig. 22. The
radiolabeling efficacy was tested by varying amount of the
reducing agent, e.g., SnCl,-2H,0, from 5 pg to 20 pg. Maxi-
mum radiolabeling efficacy was achieved by 20 ug of SnCl,-
2H,O as a reducing agent. The relation was further
investigated by performing experiments at lower amounts of
reducing agent, e.g. 10 ug and 15 pg.

3.10.2. Effect of pH

The value of pH is a major factor affecting the radiolabeling
efficacy (data shown in Fig. 23). Iron oxide nanoparticles were
labeled with *™Tc at various pH values (3—7). Since the nor-
mal physiological pH of human body is ranging from 4.5 to
7.5 so in the present study a limited pH window, e.g., (3-7),
was utilized rather than using the full pH range, e.g. from
(1-14). In all these formulations, 20 pg of SnCl,-2H,O was
used as reducing agent. At pH 3 (the actual pH of the reaction
mixture), the labeling efficacy was excellent, e.g. 94 %, that
gradually decreased by increasing the pH value beyond 3. At
pH 5, labeling efficacy was 83 % that further dropped to
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Fig. 18 Biodegradation test for optimized sample of iron oxide.
Values represent the mean + SD for n = 3, and data were
analyzed with one-way and two-way ANOVA at a significance
level of 0.05. Different symbols per column indicate significant
difference among treatments. Values with dissimilar superscript
are significantly different (*P < 0.05). Values with the same
superscript letter are not significantly different (**P > 0.05).
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Fig. 19 Time dependent drug encapsulation efficiency of as
synthesized nanoparticles. values represent the mean + SD for
n = 3, and data were analyzed with one-way and two-way
ANOVA at a significance level of 0.05. Significance value is

p < 0.05, which shows that obtained results are significantly
different.

69 % at pH 7. So, pH 3 was selected as optimum pH for all
further radiolabeling formulations.

3.10.3. Stability of **"Tec-iron oxide nanoparticles at room
temperature

The stability of *™Tc-iron oxide nanoparticles reflecting the
rate of complexation between nanoparticles and the radiome-
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Fig. 20  Stability of bare and nanoparticles loaded curcumin in
0.01 M PBS solution after incubation at 37 °C. Values represent
the mean + SD for n = 3, and data were analyzed with one-way
and two-way ANOVA at a significance level of 0.05. For Bare
Curcumin, significant value is p < 0.005 i.e. results are highly
significant, for Loaded NP’s p value is p < 0.05 showing that
results are significantly different.
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Fig. 21  Cell viability capability of iron oxide nanoparticles using
various concentrations. Values represent the mean + SD for
n = 3, and data were analyzed with one-way and two-way
ANOVA at a significance level of 0.05. Significance value is less
than p < 0.05, which shows that obtained results are significantly
different.

tal was assessed at room temperature by paper chromatogra-
phy using acetone as a mobile phase; data is shown in
Fig. 24. It is observed that the radiolabeling efficacy decreased
by increasing the incubation time, e.g. it was just 95 % after
30 min of incubation which gradually decreased to 94 % at
2 h and remained stable up to 24 h.
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Fig. 22  Effect of amount of SnCl, on labelling efficacy. Values Fig. 24  Stability of the radioligand at room temperature. Values

represent the mean £ SD for n = 3, and data were analyzed with
one-way and two-way ANOVA at a significance level of 0.05.
Significance value after 30 min, 2 h and 4 h are <0.05 (p < 0.05),
which shows that obtained results are significantly different.

1004 . Effect of pH
$ 804
»
o
i 60
£ 60-
®
o
=
= 404
(]
2
L
20 4
0 v — T
2 3 4 5 6 7 8
pH

Fig. 23 Effect of pH Labeling Yield. Values represent the
mean + SD for n = 3, and data were analyzed with one-way and
two-way ANOVA at a significance level of 0.05. Obtained values
showed that obtained results are significantly different (p < 0.05).

3.10.4. Stability **"Tc-iron oxide nanoparticles in human blood
serum

Similarly, the stability of **™Tc-iron oxide nanoparticles was
also tested in human serum; data is shown in Fig. 25. The
labeled nanoparticles were found stable up to 96 % for
30 min of incubation but the radiolabeling efficacy dropped
to 95 % at 2 h of incubation that remained constant up to
24 h of incubation. Furthermore, the lipophilicity data showed
that labeled entity was lipophilic in nature.

represent the mean + SD for n=3, and data were analyzed with
one-way and two-way ANOVA at a significance level of 0.05. No
significant differences were observed between any conditions i.e. P
> 0.05.
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Fig. 25 Stability of the radioligand in human serum at room

temperature. Values represent the mean + SD for n = 3, and data
were analyzed with one-way and two-way ANOVA at a signifi-
cance level of 0.05. Obtained value for significant figure is <0.05
(p < 0.05), obtained results are significantly different.

3.10.5. Effect of amount of ligand on radiolabeling efficacy

The amount of ligand was also changed as shown in Fig. 26 to
see its effect on radiolabeling efficacy. It was observed that
radiolabeling yield is highly dependent on the amount of
ligand, e.g. by using low amount of ligand (at 50 pg), the radi-
olabeling yield was very low. The radiocomplex was incubated
at room temperature and after 1 h incubation time, the radio-
labeling yield reached to 80 % which was retained even after
incubation time of 4 h. The experiment was repeated by using
100 pg, 150 pg and 200 pg of ligand, respectively, by keeping
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Fig. 26  Effect of amount of ligand on radiolabeling yield at
room temperature. Values represent the mean = SD for n = 3,
and data were analyzed with one-way and two-way ANOVA at a
significance level of 0.05. Obtained value for significant figure
are<0.05 (p < 0.05) showing these results are significantly
different.

constant all remaining parameters and conditions. The radio-
labeling data indicate that at 200 pug of ligand, the maximum
radiolabeling yield was obtained which abruptly dropped to
87 % at 150 pg of ligand. These findings clearly indicate that
amount of ligand plays a basic role in radiolabeling yield.

3.10.6. Lipophilicity and protein binding

Results of lipophilicity analysis showed that the radiolabeled
nanoparticles are lipophilic in nature. Furthermore, the
nanoparticle-based radio-conjugates bind to a variety of pro-
tein molecules present in blood plasma leading to a reduced
amount of drug in blood. The amount of free or unbound drug
may cause severe side-effects or pharmacological activities in
the human body. The data from present study indicate that
86.3 + 2.8 % of *™Tc-iron oxide nanoconjugate exhibited
binding with proteins in blood, which is significantly high to
show strong binding with proteins. Obviously, the mean
remaining fraction (100 % — 86.3 % = 13.7 %) did not show
any binding to the proteins in blood. The formula to evaluate
the partition coefficient is shown below:

Log p Value = Log (86.3/13.7) = 0.79

Partition co-efficient study reflected that the complex is
lipophilic in nature because of high Log p value, i.e. 0.79.

3.10.7. Biodistribution of **"Tc-iron oxide nanoparticles in
rabbit

Keeping in view these promising in vitro observations, the
potential of *™Tc-iron oxide nanoparticles was tested in an
in vivo mode by injecting it intravenously in a rabbit animal
model and developed its scintigraphy profile on a Gamma
Camera. After injecting radiopharmaceutical to rabbit, imag-
ing was studied in dynamic mode up to 10 min. Static images
at 15 min, 1 h, 2 h, 4 h and 24 h (p.i.), were performed to

A) B) Q) D) E)
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Fig. 27  Static whole-body images of rabbit showing the biodis-
tribution of 9mTc-iron nanoparticles at various time intervals of
post injection (in anterior view projections), A) 15 min B) 1 h, C)
2h,D)4h, and E) 24 h.
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Fig. 28 Uptake of Radio-nanoconjugate in various organs of
rabbit at 15 min post injection. Values represent the mean + SD
for n = 3, and data were analyzed with one-way and two-way
ANOVA at a significance level of 0.05. Obtained value for
significant figure is>0.05 (p > 0.05), obtained results are not
significantly different.

clearly assess the retention of radiotracer in the animal; data
is shown in Fig. 27. Furthermore, to assess any abnormality,
the rabbits were kept in strict observation till 72 h after the
study.

The scintigraphy data shown in Fig. 27 indicate that the
radiotracer (after injection) was firstly taken up by heart fol-
lowed by liver which is cleared slowly, and activity is washed
through kidneys and finally accumulated in bladder where a
progressive increase in activity level is observed with passage
of time. It might be due to the fact that *™Tc-iron oxide
nanoparticles exhibit rapid and specific binding to cells in the
bladder indicating a possibility of its clinical application in
diagnosis of bladder malignancies.

Furthermore, the uptake of *™Tc-iron oxide nanoparticles
in different organs of animal at 15 min post injection static
study is shown in Fig. 28. These findings indicate that initially,
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Fig. 29 Uptake of Radio-nanoconjugate in various organs of
rabbit at discrete time points. Values represent the mean + SD for
n = 3, and data were analyzed with one-way and two-way
ANOVA at a significance level of 0.05. Obtained value for
significant figure is>0.05 (p > 0.05), obtained results are not
significantly different.

there is maximum uptake in heart and liver with poor retention
in these organs, thus showing a rapid excretion through kid-
neys into bladder.

Above scintigraphy data clearly indicate that prominent
uptake was observed in various body organs, e.g. heart, liver,
kidney and bladder, thus supporting the hypothesis that the
uptake of a radio-nanoconjugate depends on various factors,
e.g. the nature of the complex, pH value, blood flow and
plasma concentration etc. The accumulation of the radio-
nanoconjugate in these organs of interest indicates a rapid
binding of the radiotracer to some specific cells in these body
organs exhibiting the possibility of its further investigation to
be developed as a feasible nano-radiolabeled diagnostic agent.
It was further observed that the most probable route of excre-
tion of radiotracer and its metabolites was through renal path-
way which is a normal physiological phenomenon for the
excretion of majority of drugs. So, it is another advantage of
the novel radiotracer under investigation. These findings are
further supported by measuring uptake of radiotracer in vari-
ous organs of rabbit at discrete time intervals of 15 min, 1 h,
2 h, 4 h, and 24 h (data shown in Fig. 29).

4. Conclusions

Iron oxide nanoparticles were prepared by sol-gel method by varying
pH of iron oxide sol. Hematite, maghemite and magnetite phases of
iron oxide were observed by XRD in the pH ranges of 1-6, 7-8 and
9-11, respectively. In addition to structural transitions, magnetic tran-
sitions were also observed. Detailed structural and magnetic analysis
proved that superparamagnetic iron oxide nanoparticles showed
reduced particle size and enhanced magnetization properties.
Nanoparticles synthesized using pH 2, 7, 9 and 10 exhibited superpara-
magnetic behavior while 4-6, 8 and 11 resulted in ferromagnetic behav-
ior. Detailed dielectric analysis, including impedance spectroscopy,
showed iron oxide nanoparticles prepared at pH 2, 7 and 9 exhibited
excellent dielectric properties because of grain size effect. Superparam-
agnetic iron oxide nanoparticles showed potential scavenge activity

(i.e. ~ 72 %) of ROS. Optimized iron oxide nanoparticles showed very
fragile hemolytic action and thus found to be biocompatible and can
effectively be used for anti-cancer applications. While these nanoparti-
cles showed enhanced impact on cancerous cell lines and showed via-
bility up to ~ 17.3 %. Optimized nanoparticles showed ~ 83 % drug
efficacy for naturally existing drug (curcumin). Biodistribution was
studied using CT scan of animal (rabbit) that was observed for numer-
ous times after injecting nanoparticles into the vein of rabbit. Quality
of survival of rabbit, after injecting nanoparticles, was examined with
passage of time. It was observed that optimized nanoparticles were
potential candidates for therapeutic and drug delivery purposes.
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