J Nanopart Res (2021) 23: 47
https://doi.org/10.1007/s11051-021-05149-w

RESEARCH PAPER

®

Check for
updates

Biogenic synthesis enhanced structural, morphological,
magnetic and optical properties of zinc ferrite nanoparticles
for moderate hyperthermia applications

Samson O. Aisida
Ishaq Ahmad - Anwar Ul-Hamid - Ting-kai Zhao -
M. Maaza - Fabian 1. Ezema

+ Awais Ali - Oluwole E. Oyewande -

Received: 5 August 2020 / Accepted: 18 January 2021/Published online: 15 February 2021
© The Author(s), under exclusive licence to Springer Nature B.V. part of Springer Nature 2021

Abstract A biogenic protocol has been adopted for the
formulation of zinc ferrite nanoparticles (ZFNPs) using
an aqueous extract of Allium cepa (AC) as a reducing
agent for the optimization of its properties. The various
characterization results from XRD, SEM, DRS, Raman,
and VSM clearly showed that the formulated ZFNP was
a single phase with crystallite size in the range of 11—
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15 nm. A spherical morphology was observed for all the
samples with particle size in the range of 34-52 nm. All
the samples showed a superparamagnetic behavior with
reduced saturation magnetization. The ZFNPs prepared
were used for self-heating analysis in hyperthermia ap-
plications at 180 Oe applied field and 425 Hz. It produced
enough heating within the therapeutic temperature to
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attain the Curie temperature. The ZFNP formulated is
auspicious for hyperthermia applications with less side
effect owing to their biocompatibility, moderate Curie
temperature, and SAR value within the therapeutic range.
The formulated nanoparticles have further broadened the
horizon of hyperthermia therapeutic applications with an
innocuous protocol within 300 s.

Keywords Zinc ferrite - Nanoparticles - Hyperthermia -
Biogenic - Thermoablation - Cancer therapy

Highlights

* Biogenic protocol for AC-ZFNPs has been formu-
lated in this work.

*  Allium cepa serves as a potential reducing and sta-
bilizing agent.

* Single-phase cubic structure and spherical nanopar-
ticles were obtained.

* The AC-ZFNPs formed superparamagnetic nature
for all the samples.

* The properties of AC-ZFNPs are highly efficient for
thermoablation applications within 300 s.

Introduction

Ferrite materials have been investigated for wide biomed-
ical applications such as magnetic storage devices
(Mukherjee and Mitra 2015), targeted drug delivery
(Aisida et al. 2019a), magnetic fluid (Berkovsky et al.
1993), contrast enhancement in magnetic resonance im-
aging (Hoque et al. 2013), hyperthermia (Sharifi et al.
2012; Hoque et al. 2016), photocatalyst in semiconductors
(Jia et al. 2011), photochemical devices (Lu and Li 1992;
Lv et al. 2010), tissue imaging and antibacterial agents
(Aisida et al. 2019f; Aisida et al. 2019d; Aisida et al.
2019b; Aisida et al. 2019¢; Madubuonu et al. 2019), and
photoelectrochemical cells (McDonald and Choi 2011).
All these applications are due to their properties compared
to their bulk compeers (Kombaiah et al. 2017a). Among
the metal ferrite nanoparticles, spinel ferrite with a general
formula X?>T Y3702, where X** signifies the divalent
metal (e.g., Zn, Co) with tetrahedral cation site and rt
stands for Fe showing the octahedral cation sites while the
O* shows the anion site has been distinct for these
applications. Spinel ferrites are sub-divided into inverse,
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normal, and mixed spinel as a result of the occupancy of
the cations in interstitial sites (Brabers 1995).

Among the normal spinel ferrite, zinc ferrite nanopar-
ticles (ZFNPs) have been used widely for various bio-
medical applications owing to its biocompatibility (Okoro
et al. 2019). The physical properties of ferrite nanoparti-
cles can be modified through the synthesis protocols and
the surface functionalization used. Various synthesis pro-
tocols have been used to modify the general properties
ZFNPs. The adopted protocol plays some viable roles in
the properties of the formulated ZFNPs (Fernandes et al.
2017). The common methods often used by researchers
are chemical co-precipitation (Laurent et al. 2008),
microemulsion (Grasset et al. 2002), hydrothermal
(Lucas et al. 2011), thermal decomposition (Okoroh
et al. 2019), sol-gel (Katerina et al. 2015), and bio-based
(Aisida et al. 2019a; Aisida et al. 2019f; Aisida et al.
2019d; Aisida et al. 2019b; Aisida et al. 2019c;
Madubuonu et al. 2019; Aisida et al. 2019¢) etcetera.

For ZFNPs to function optimally, it requires a reason-
able particle size and biocompatible surface
functionalization (Javed et al. 2020a; Javed et al. 2016;
Ahmad et al. 2019; Javed et al. 2020b). For the formu-
lated nanoparticles to attain its optimal functionality, a
biogenic protocol with a biogenic surfactant was adopted
in this work. The protocol involves the use of an aqueous
extract of Allium cepa (AC) as a potential reducing as
well as a capping agent (Nile and Park 2013; Heikal et al.
2020). This is due to the inherent phytochemicals (PTC)
bloated in AC. Allium cepa has been widely used as a
flavoring vegetable owing to its intrinsically rich in PTC,
such as flavonoid (with about 16 types, particularly quer-
cetin), resin, alkaloid, and terpenes. All these enhanced its
bioactive potency (Nile and Park 2013).

Thermoablation via nanotherapy is a propitious bio-
medical application of magnetic nanoparticles chiefly for
cancer therapy (Giustini et al. 2010; Shete et al. 2014).
This method is highly preferable owing to its double
operation as thermal ablation against cancerous cells with-
in the therapeutic ambit (4045 °C) and also as an adjuvant
with other potent therapies like chemotherapy and radia-
tion therapy to enhance their potency at the targeted site
(Van et al. 2004). The rationale behind magnetic nanopar-
ticle (MNP)-based thermoablation for nanotherapy in-
volves the use of magnetic nanomaterials under the influ-
ence of an alternating magnetic field (AFM) and the
heterogeneous nature of tumor tissues (Otte 1988). The
enhancement of thermoablation for nanotherapy is broadly
dependent on the alternative magnetic field (AMF)
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amplitude, the magnetic properties, the frequency, the
shape, and the size of the particles (Zhang et al. 2008).

In this work, we have prepared ZFNPs functionalized
with various concentrations of AC (20%, 40 %
and 60%) by the biogenic method to enhance its bio-
compatibility. This method uses cost-effective, eco-
friendly, and innocuous AC as a potential reducing
agent to enhance the stability of the formulated colloidal
solution for the first time. To our knowledge, the eval-
uation of the effects of AC on the properties of ZFNPs
and its thermoablation evaluation has not been reported
in the literature. Hence, the microstructural properties of
the colloidal AC-ZFNPs were affirmed by SEM, TEM,
and XRD. The optical properties were evaluated by UV-
Vis DRS and Raman spectral analyses; the magnetic
properties were analyzed by VSM. The properties of
ZFNPs were greatly enhanced by the concentration of
AC. Also, the highest temperature and the specific ab-
sorption rate (SAR) for thermoablation were influenced
by the concentration of AC. It is noteworthy that the
influence of AC reduces the heating rate from 49 to 34
within 300 s to obtain the highest temperature within the
therapeutic range. Hence, the properties of AC-ZnFNPs
obtained are auspicious for thermoablation applications.

Materials and experimentation
Materials

Sigma-Aldrich products of zinc nitrate hexahydrate
(Zn(NO3),*6H,0) and iron (III) nitrate nonahydrate
(Fe(NO3)3°9H,0) precursors were procured commercial-
ly in Pakistan in their analytical grade. Allium cepa (AC)
was obtained from a local market and used as a potential
reducing agent. Distilled water (DW) was used for all
solution preparations and washing of the glassware.

Allium cepa preparation

The obtained Allium cepa bulb was washed with DW
twice to enhance its neatness. The first two layers were
exfoliated and the bulb is cut into small pieces using a
sterilized knife. Ten-gram portion of the pieces were lig-
uefied in 100 mL DW and boil for 80 °C under magnetic
stirrer at 500 rpm for 1 h followed by filtration using a fine
pore sieve and mill pore filter paper. The obtained solvent
was stored in a refrigerator at 4 °C for biosynthesis.

AC-ZFNP biogenic preparation

The nominal compositions of ZFNPs and AC-ZFNPs
(20%, 40 % and 60%) have been formulated using the
biogenic method. The stoichiometric ratio of the precur-
sors was dispersed in 100 mL of DW and stirred at
800 rpm for 1 h to attain a homogeneous solution. Unto
the homogeneous sol formed, 20% aqueous extract of
AC was added dropwise under 800 rpm constant stirring
at 70 °C for 2 h to form a brown gel. A color change was
gradually observed after the introduction of AC. This is
an indication of the formulation of AC-ZFNPs colloid.
The formulated gel was transferred into the muffle fur-
nace oven to complete the drying at 70 °C for 6 h. The
obtained nanoparticles were collected and pulverized
with agate mortar and pestle to form fine powders
followed by calcination at 900 °C for 3 h in a hot air
vacuum tube furnace. These procedures were repeated
stepwise for the preparation of other samples with 40%
and 60% AC. The formulated ZFNPs and AC-ZFNPs
were characterized using different techniques.

PTC analysis

The PTC analysis of total flavonoid properties (TFP)
and total alkaloid properties (TAP) inherent in AC was
assessed following the previous procedures by Javed
et al. (Javed et al. 2017), with little modifications. The
TAP was determined using Folin-Ciocalteu reagent.
Twenty microliters from 4 mg/mL of the formulated
sample was homogenized in 90 uL of Folin-Ciocalteu
and then incubated at room temperature for 5 min for
good diffusion. After incubation, 90 uL of Na,CO; was
introduced into the solution, followed by 80-min incu-
bation at room temperature to neutralize the reaction.
The procedures were run in triplicate using gallic acid as
a control. The absorbance was read at 630 nm and TAP
was quantified as pg equivalent of gallic acid. The TFP
was analyzed using the aluminum chloride colorimetric
method. Two hundred fifty microliters of the test sample
in the mixture was dispersed in 75 uL NaNO, (5%w/v)
solution in a test tube, 10 uL of 10% aluminum chloride
and potassium acetate (1.0 M). The solution was made
of with distilled water followed by incubation at room
temperature for 30 min. Quercetin (QE) was used as the
control and the absorbance was recorded at 630 nm. The
obtained results were expressed as Quercetin equivalent

in pgQE/mg.
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Cytotoxicity assay of AC-ZFNPs

The in vitro toxicity test of AC-ZFNPs was determined
following the procedures of Andrej et al. (Andrej et al.
2014), with some modifications. The hemolytic assay was
performed using the following chemicals: Triton X-100,
phosphate buffer saline (PBS), and EDTA. Fifty microli-
ters DMSO serves as the negative control, while 0.5%
triton X-100 serves as the positive control. Human eryth-
rocytes were obtained from fresh human blood and 1 mL
of blood was centrifuged for 5 min at 14,000 rpm to
obtain erythrocytes. To the clean erythrocyte solution,
phosphate buffer saline (PBS) was added in ratio 1:1 in
a tube and centrifuged at 2000 rpm for 10 min to wash the
solution. The process was repeated three times. Pellet of
200 uL was removed after the last wash in a falcon tube
containing 4800 pL of PBS to prepare 4% erythrocyte cell
suspension according to the requirement of the samples
and was ready for further use. After that, the formulated
nanoparticles with different concentrations, i.e., 20 pL,
15 uL, 10 puL, and 5 pL from 4 mg/mL, were placed in
Eppendorf tubes by addition of 180 uL, 185 pL, 190 uL,
and 195 uL to make the final concentration of 200 pL and
incubated for 1 h at 37 °C. The tubes were centrifuged for
10 min at 2500 rpm from which 100 pL of the supernatant
was transferred to 96-well plates. The absorbance of the
solution was taken at 540-nm wavelength on the micro-
plate reader (ELx 800 BioTek). The optical density (OD)
of the formulated AC-ZFNP positive and negative control
samples were evaluated at 540 nm (Manjul and Geeta
n.d.; Kapusetti et al. 2012). The generally acceptable
tolerable limit of hemolysis for biomedical applications
must be <5% (Autian 1975).

Characterization techniques of AC-ZFNPs

The phase analysis of AC-ZFNPs was determined using
powder X-ray diffraction (XRD) spectroscopy, a
Shimadzu LabX 6100 diffractometer using Cu-ko radi-
ation with a wavelength of 1.5418 A. The thermogravi-
metric analysis (TGA) was performed using the DTG-
60H (Shimadzu) thermal analyzer in the temperature
range of 49-995 °C at the heating rate of 20 °C per
min. Under nitrogen atmosphere. The optical properties
of the samples were determined using Uv-visible diffuse
reflectance spectra (Uv-DRS) Cary100 Uv-visible spec-
trophotometer. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) were used
to determine the morphological analyses of the samples.
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Raman analyses were conducted with the DV420 OE
model at a frequency of 1470 Hz. The magnetic prop-
erties were conducted using a vibrating sample magne-
tometer (VSM) Quantum design Versa lab Measure-
ment system with a superconducting magnet and the
applied field in the range of +20 KOe. The heating
ability was conducted using an alternating magnetic
field (AMF) of amplitudes 180 Oe at a frequency of
425 kHz (COMDEL CLF-5000, USA RF generator).

Results and discussion
Structural analyses of ZFNPs and AC-ZFNPs

The structural analyses of ZFNPs and AC-ZFNPs were
determined using powder X-ray diffraction spectroscopy
(as shown in Fig. 1). The various diffraction peak intensi-
ties become sharper and devoid of impurities as the con-
centration of AC increases showing the polycrystalline
characteristics cubic structure. The obtained 26 values
and their corresponding crystallographic planes of 18.2°
(111), 29.9° (220), 35.2° (311), 36.8° (222), 42.8° (400),
53.1° (422), 56.6° (511), 62.1° (440), 70.5° (620), 73.5°
(533), 74.5° (622), and 78.4° (444) are well indexed with
the JCPD file no. 894926 (Yang et al. 2013). The crys-
tallite size (D) as presented in Table 1 was determined
using the Debye-Scherer’s equation (Eq. 1) for all the
planes with a value of 33.4, 40.6, 46.6, and 54.4 nm for
a, b, ¢, and d samples, respectively. The value of D shows
the nanosize range of the colloidal samples. This is ob-
served to be consistent with the particle size obtained by
SEM analyses. The AC concentration influenced the col-
loidal formation by increasing the crystallite size (as
shown in Fig. 2a). Also, the microstrain () of the formu-
lated AC-ZFNPs (Mocherla et al. 2014) was evaluated
using Eq. 2. From the XRD (311) plane broadening, the
microstrain was found to decrease as the crystallite size
increases. The observed systematic decrease in the
microstrain with a corresponding decrease in 26 values
shows strain-induced structural changes in AC-ZFNPs as
the AC concentration increases (as shown in Fig. 2d).
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Fig. 1 XRD spectra analyses of
(a) ZFNPs and (b—d) AC-ZFNPs
at 20%, 40%, and 60% AC
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where D is the average crystallite size (nm), A is the X-
ray wavelength (A =0.15406 nm), R is the full width at
half maximum (FWHM) intensity measured in radians,
is the microstrain, and 6 is the Bragg diffraction angle of
the plane (Cullity 1978).

Morphological analyses of ZFNPs and AC-ZFNPs

A SEM micrograph was used to analyze the mor-
phology of ZFNPs and AC-ZFNPs formulated. The
SEM micrograph, as presented in Fig. 3, shows
spherical morphology for all the samples. The cor-
responding particle size distribution histogram ana-
lyzed by Imagel software, as presented in Fig. 3a—d
inset, gives an average particle size in the range of
12-30 nm. The particle size is AC concentration-
dependent (as shown in Table 1). This may be
adduced to the ionic distribution of AC in the

samples, which enhances the growth rates of the
formulated crystals. The decrease in particle size
has been observed to invariably lead to a decrease
in the surface to volume ratio of the obtained nano-
particles. The obtained morphologies were further
examined with transmission electron microscopy
(TEM). Figure 3 e and the magnification in the inset
showed the spherical nature of the formulated
ZFNPs. The elemental composition determined by
SAED, as shown in Fig. 3f, confirmed the crystal-
line nature of the sample. The observed rings were
attributed to the diffraction plane from (220), (311),
(400), (422), (511), and (440), respectively. The
EDX analysis of the formulated nanoparticles, as
shown in Fig. 3g, gives an evidence of the sample’s
purity and the presence of the constituent elements
almost in their stoichiometry ratio for all the con-
centrations with Fe and Zn showing the strongest

Table 1 The crystallite size, particle size, and bandgap of ZFNPs and AC-ZFNPs

Sample 20 (° D (nm Xc (nm E, (eV 107
p FWHM () ©) (nm) (nm) o (eV) (10°7)
ZFNPs 0.279354 353 334 34 +£129 1.67 93
ZFNPs+20% AC 0.231848 353 40.6 35+173 1.92 8.0
ZFNPs+40% AC 0.202198 353 46.6 43 £29.9 1.93 7.5
ZFNPs+60% AC 0.17068 353 54.4 52 +£304 1.94 7.0

@ Springer
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Fig. 2 (a) Particle size, (b) bandgap and particle size, and (¢) FWHM and (d) microstrain against AC%

peaks at 6.4 keV and 1.2 keV respectively along
with other minor elements N and O.

Optical properties of ZFNPs and AC-ZFNPs

Uv-visible diffused reflectance spectroscopy (DRS)
was used to analyze the optical properties of ZFNPs
and AC-ZFNPs as presented in Fig. 4(i). The inset
in Fig. 4(i) shows the color change during absorp-
tion between the oxidizing and reducing agents for
the formulation of AC-ZFNPs. The bandgap of the
samples, as presented in Table 1, was determined
by converting the reflectance using the Kubelka-
Munk (KM) relation theory and Tauc plot as shown
in Eq. 3.

FR)="= (3)

The energy bandgap for the direct transition (n=2)
using the Tauc plot (Eq. 4) as shown in Fig. 4(ii) of the

@ Springer

samples is obtained via extrapolating the slope [F(R).
hv]" = 0.
(hv)* = A(hv-Ey) (4)

The bandgaps of the samples are obtained by (1/v)*
vs. hv plot from the Tauc’s relation (Eq. 4) (Khan et al.
2013; Sagar et al. 2012). It is obvious that the bandgap is
AC concentration-dependent (as shown in Fig. 2a).
Studies showed that the energy bandgap of nanoparticle
materials is majorly influenced by impurities from sur-
factants, calcination effect, method of preparation, and
the crystallite size (Tatarchuk et al. 2018; Beltran et al.
2015). The increase in the energy band gap is in agree-
ment with the state-of-the-art report (Sagar et al. 2012).

Raman analyses of ZFNPs and AC-ZFNPs

The Raman spectra analysis of ZFNPs and AC-ZFNPs
presented in Fig. 5 are within the range of 200—
1500 cm™'. The optical phonon distribution in Raman
spectra as predicted by group theory analyses is given
by 5Tlu+ Alg+ Eg+ 3T2g, where the 5T1u modes are
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infrared (IR) active while (Alg+ Eg+ 3T2g) modes are
Raman active modes assigned to the A-site, B-site, and
O ions in the ZnFe,0, spinel structures (Chandramohan
et al. 2011). From the formulated samples, four major
spectra were observed. The spectra around 230-240,
290-360, 430-360, and 590-710 cm”! ranges are
assigned to the T2g (3), E,, T2g (2), and Alg modes,

respectively. The T2g modes are as a result of the
asymmetric stretching of the oxygen anion in line to
the tetrahedral and octahedral cations, while the Alg
and Eg modes are ascribed to the symmetric stretching
and bending of the oxygen anions, respectively (Yu
et al. 2002). The mode at Alg is ascribed to the
stretching vibration of Fe-O and X-O (divalent metals)

@ Springer
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Fig.4 (i) UV-DRS reflectance spectra, the inset shows the color change for the formulation of AC-ZFNP (i) bandgap of (a) ZFNPs and (b—

d) AC-ZFNPs at 20%, 40%, and 60% AC, respectively

in the tetrahedral sites. The other lower Raman modes
are assigned to T2g (2), E,, and T2g (3) modes showing
the vibration of the spinel structure (Chandramohan
etal. 2011; Yuetal. 2002). The intensity of the vibration
modes slightly shifted to the lower wavelength as the
concentration of AC increases. This is also observed by
Raghvendra et al., using honey-mediated Co Fe,O4
annealed at a different temperature (Raghvendra et al.
2017).

Magnetic properties of ZFNPs and AC-ZFNPs

The magnetization (M) versus the magnetic field
(H) of ZFNPs and AC-ZFNPs conducted at T by
VSM are presented in Fig. 6(i). The hysteresis
loop shows the magnetic properties of the samples
under the influence of AC concentration. The inset
in Fig. 6(i) shows the magnification of the M-H
loop for easy identification of the properties. All
the samples exhibited superparamagnetism, i.e., the
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formation of (M-H) loop in which the magnetiza-
tion passes through the origin. As the AC %
increases, the saturation magnetization (M) in-
creases respectively with approximately zero coer-
civity (H.), that is, the measure of the applied
field in the reverse direction assigned to force the
remanent magnetization (M,) back to zero (as pre-
sented in Table 2 and Fig. 6(ii)). The decrease in
My is owing to the cation site distribution in the
spinel ferrite structure caused by AC, which is in
agreement with the previous results recorded by
Unchista et al., on Col—xNixFe,O,4 using Aloe
vera extract (Unchista et al. 2016).

The Bohr magneton (n3) of the magnetic moment
and the anisotropy constant (K) were obtained using
Eqgs. 5 and 6, respectively (Nikam et al. 2015;
Kambale et al. 2009). The influence of AC concentra-
tion curiously changed the value K of the formulated
samples as observed from the H,. values (as presented in
Table 2).
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Fig.5 Raman spectra analyses of
(a) ZFNPs and (b—d) AC-ZFNPs
at 20%, 40%, and 60% AC
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precursor (mole/g), saturation magnetization, Avogadro’s
number (N, = 6.02 x 10% mol ), the magnetic moment of
electron (1z=9.27 x 10 2*Am?), anisotropy constant, and
coercivity, respectively. The decrease in M,, K, and ng, as
shown in Table 2, may be adduced to the concentration of
AC in the composited samples. The observed decrease in
M, was due to the substitution of AC in the sample, which
indirectly alters the magnetic moment. This is because the
distribution of cation inversion among the A-B interstitial

—9—(c)
75 —— (b)
50 —p—(a)

M (emulg)

Bl 0 1
Applied field (kOe)

2

-10

0
B (kOe)

10

20

0.60
0.45
To.30
0.15
008

3.6

M,

24
1.2

0.0
70

o 60
50

40

0 5 10 15 20 25 30 35 40 45 50 55 60 65

AC %

Fig. 6 (i) Hysteresis of (a) ZFNPs and (b—d) AC-ZFNPs at 20%, 40%, and 60% AC. (ii) My, M,, and H, against AC
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Table 2 Parameters of the magnetic properties and SAR values of ZFNPs and AC-ZFNPs

Sample M (emu/g) M, (emu/g) H.(Oe) M,/M, ng(ug) K(erg/g) Massconc. Initial slope (®C/s)  SAR (W/g)
(mg/mL)

ZF+0% 67.67 0.74 0.08 0.012 372 5.64 17 1.0618 39.74

ZF+20%  61.32 0.74 0.08 0.012 338 5.11 17 0.8725 32.60

ZF+40% 5023 441 0.51 0495 277 26.7 17 0.7000 26.24

ZF+60%  35.63 0.75 0.32 0.476 1.97 11.9 17 0.5060 18.96

sites is stronger than A-A and B-B interactions, according to
the Neel model (Patrick 1988). The anisotropy equation
(Eq. 5) is effective for non-interacting particles with uniaxial
anisotropy in their random distribution. The remanence ratio
of M,/M is a special parameter that defines the characteristic
of magnetic materials with information about the reorienta-
tion of the magnetic directions to the nearby axis after the
removal of the magnetic field (Gore et al. 2015). The M,/M;
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of our samples is between 0.012 and 0.476; these values
signifying uniaxial anisotropy dominated behavior of the
formulated samples compared to ~ 0.83 expected value for
cubic anisotropy exhibited by bulk zinc ferrite (Bedanta and
Kleemann 2009; Muscas et al. 2015). The value of D also
plays some momentous role in the decrease of M after the
addition of AC compared to the bulk value 93.9 emw/g
reason attributed to the surface defect and the cation distri-
bution (Kombaiah et al. 2017a).

Self-heating analyses of ZFNPs and AC-ZFNPs

Self-heating analyses of ZFNPs and AC-ZFNPs dis-
persed in de-ionized water have been recorded using
Magnetherm Nanotherics (MN) with an alternating
magnetic field (AMF) of 180 Oe at a frequency of
425 kHz for all the samples as shown in Fig. 7a. Sev-
enteen milligrams of each concentration of the formu-
lated nanoparticles was dispersed in 1 mL of DW and
sonicated for 10 min and the temperature (7) against
time (f) was recorded using Eq. 7. The self-heating of
the formulated samples was evaluated using the specific
absorbance rate (SAR) analyses (as described in Eq. 8).

T = AT +RT (7)

AT M,
SAR (AC-ZFNPs) = C - — . —=£
( s) AL M,

(8)

where RT is the room temperature, = 20 °C, C is the
specific heat capacity of the sample, M, is the mass of
the sample, M,,, the total mass of the compound, and %
(heating rate).

The self-ablation at room temperature (= 20 °C) of
the formulated samples, as shown in Fig. 7a, gives a
sharp curve of increase in temperature with time to attain
the highest temperature for the therapeutic range (40—
48 °C) (Monrudee et al. 2011). The heating rate de-
creases as the percentage concentration of AC increases
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to attain the therapeutic range (as observed in Fig. 7a).
Hence, the ZF formulated at 60% of AC falls within the
therapeutic range. Study shows that parameters like a
magnetic field and the frequency also define the heating
temperature of hyperthermia (Appa et al. 2019). The
sharp curve observed in the formulated samples is syn-
onymous with the results of other researchers with fer-
rite materials. The heat losses are owing basically to
Brownian (single domain) and Neel/Brownian (multi-
domain) (Dong-Hyun et al. 2008; Deatsch and Evans
2014). The efficiency of the tumoricidal of the formu-
lated nanoparticles was further studied through the spe-
cific absorption rate (SAR) evaluated using Eq. 8 which
determines the amount of heat generated by the MNPs
with respect to the AC concentration as shown in Fig.
7b. The SAR value decreases as the concentration of AC
increases as presented in Fig. 7b and Table 2. The
maximum temperature value with the SAR also de-
creases and are all within the range of 38-48 °C. The
sample with 60% AC has proved to be more effective
and most appropriate for hyperthermia treatment with
10.96 W/g SAR value and high-temperature rate within
300 s.

The SAR value of the formulated samples is in
agreement and better at 60% AC than Kombaiah et al.
result of 14.63 with CuFe,04 at 331 kHz and 17 mT
prepared by conventional combustion method
(Kombaiah et al. 2017b). Studies showed that the SAR
values obtained by different researchers depend on a
different parameter such as measurement of SAR, sam-
ple volume, the frequency used, the applied magnetic
field, and also, the shape of the container.

Conclusion

Biogenic synthesis protocol for ZFNPs and AC-ZFNPs
has been successfully obtained using AC as a biological
reducing and capping agent for moderate hypertermia
property optimization. The XRD analysis of the formu-
lated samples exhibited cubic phase structure. The TEM
results showed spherical particles of the samples with an
average particle size in the range of 34-52 nm. The
optical properties through the DRS analysis gave the
energy bandgap between 1.67 and 1.94 eV. The obtain-
ed energy bandgap increased with the concentration of
AC. Also, the Raman analysis revealed the optical pho-
non distribution with Raman mode in the range of 200—
800 cm '. The VSM analysis revealed the

superparamagnetic nature of the samples with a de-
crease in the M, as the % AC concentration increases.
The self-heating of the formulated samples generate
enough heating within the therapeutic temperature range
33-49 °C within 300 s to attain the highest temperature.
This makes it a better candidate for magnetic hyperther-
mia applications. An increase in the concentration of AC
atom reduces the heating temperature from 49 to 33 °C,
to fall within the therapeutic range. Optimized proper-
ties of the formulated samples were obtained by the AC
concentrations which are propitious for hyperthermia
application with moderate SAR values within the ther-
apeutic range. The obtained sample is projected for
further in vivo and in vitro application in the future with
thorough cytotoxicity assay.
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The main claim of the paper

Biogenic synthesis protocol for ZFNPs and AC-ZFNPs has
been successfully obtained using AC as a biological reducing and
capping agent for moderate hyperthermia property optimization.
Optimized properties of the formulated samples were obtained by
the AC concentrations which are propitious for hyperthermia
application with moderate SAR values within the therapeutic
range. The ZFNPs formulated are auspicious for hyperthermia
applications with less side effect owing to their biocompatibility
and moderate SAR value within the therapeutic range. The formu-
lated nanoparticles have further broadened the horizon of moder-
ate hyperthermia therapeutic applications with an innocuous pro-
tocol within 300 s.

Novelty

In this work, we have prepared ZFNPs functionalized with
various concentrations of AC ( 20%,40%, and 60%) by the
biogenic method to enhance its biocompatibility. This method
uses cost-effective, eco-friendly, and innocuous AC as a potential
reducing agent to enhance the stability of the formulated colloidal
solution for the first time. To our knowledge, the evaluation of the
effects of AC on the properties of ZFNPs and its thermoablation
evaluation has not been reported in the literature. Hence, the
microstructural properties of the colloidal AC-ZFNPs were af-
firmed by SEM, TEM, and XRD. The optical properties were
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evaluated by UV-Vis DRS and Raman spectral analyses; the
magnetic properties were analyzed by VSM. The properties of
ZFNPs were greatly enhanced by the concentration of AC. Also,
the highest temperature and the specific absorption rate (SAR) for
thermoablation were influenced by the concentration of AC. It is
noteworthy that the influence of AC reduces the heating rate from
49 to 34 within 300 s to obtain the highest temperature within the
therapeutic range. Hence, the properties of AC-ZnFNPs obtained
are auspicious for thermoablation applications.
Why it is relevant

This research is relevant to alleviate the side effect of many
cancer therapies such as chemotherapy and radiotherapy.

How the results advance the field

The self-heating of the formulated samples generates enough
heating within the therapeutic temperature range 33-49 °C within

@ Springer

300 s to attain the highest temperature. This makes it a better
candidate for magnetic hyperthermia applications. An increase in
the concentration of AC atom reduces the heating temperature
from 49 to 33 °C, to fall within the therapeutic range. Optimized
properties of the formulated samples were obtained by the AC
concentrations which are propitious for hyperthermia application
with moderate SAR values within the therapeutic range. The
obtained sample is projected for further in vivo and in vitro appli-
cation in the future with thorough cytotoxicity assay.
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