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Abstract

Zinc Ferrite Nanoparticles were synthesized using the eco-friendly green synthesis protocol. Gongronema Latifolium
(GL) leaf extract as a potential reducing and capping agent to influence the properties of ZFNPs for effective hyperthermia
application is emplaced in this work. Characterizations techniques such as X-rays diffractometer (XRD), scanning electron
microscope (SEM), Fourier transforms infrared (FTIR) spectroscopy, UV—visible spectroscopy and vibrating sample mag-
netometer were used to determine the properties of the samples. The SEM showed spherical morphology of the samples,
XRD spectra revealed the crystallinity with a maximum crystallite size of 30.6 nm, the absorbance surface plasmon resonance
peak from the UV result falls within the visible range. The FTIR result showed the various functional group responsible for
the reduction of the sample. The VSM confirmed the superparamagnetic nature of the sample. The saturation magnetization
increases as the concentration of GL increases. The hyperthermia application properties investigated revealed good specific
loss power, which decreases from 207.8 to 105.3 W/g as the concentration of GL increases. Notably, the synthesized nano-
particles have the potential for hyperthermia application in cancer therapy.

Keywords Zinc ferrite - Hyperthermia - Superparamagnetic - Gongronema Latifolium - Biomaterials

1 Introduction

Magnetic ferrites have found applications in varying fields,
including biomedicine, geology, industries and material
physics [1-8]. Magnetic spinel ferrites (MSF) with the
basic formula, AB,0,, where A are cations of the valency
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of 1,2,3 or 4—(such as Mn, Zn, Ni, Mg and Co) and B the
Fe ion, and they occupy the octahedral and tetrahedral sites,
respectively [9—13]. The unusualness of magnetic ferrite is
in the magnetic properties that result from the migration of
cations between the A and B sites when the temperatures
are increased, whereas, at temperatures below the Neel tem-
perature of ~ 10 K, it exhibits antiferromagnetism [14—18].
Among the numerous MSF, zinc ferrite (ZnFe,O,) nanopar-
ticles have been researched extensively due to their potency
in various fields such as in industries, agriculture and bio-
medicine such as magnetic resonance imaging (MRI) con-
trast improvement, tissue repair, antimicrobial, anticancer,
magnetic hyperthermia and targeted drug delivery [19].
Among these applications, hyperthermia has emerged as
a promising treatment method for cancer therapy. In hyper-
thermia applications, tumorous cells are led to apoptosis and
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necrosis due to the temperature rise of the NPs in the range
of 41 to 47 °C, owing to lower ability to resist heat than
normal healthy cells [20, 21]. For magnetic hyperthermia, an
external Radiofrequency (RF) magnetic field is introduced to
increase the energy states of the nanoparticles (NPs), which
is then transferred to the tumor tissue [22]. Over the years,
scientists have used varying experimental techniques and
compared different nanoparticles using different thermal
thresholds and capping agents to work on hyperthermia.

Research carried out by numerous researchers has shown
that the synthesis methods of ferrite nanoparticles play a
considerable role in the properties, such as structural, chemi-
cal stability, optical & magnetic properties. These methods
have been classified as the Bottom-up approach, also known
as the building up approach. It involves using substances
less complex than the nanoparticles to get the NPs, and
the Top-down approach, where nanoparticles are obtained
from the disintegration of large molecules [23, 24]. Among
the bottom-up methods such as ultrasound irradiation [25],
sonochemical approach [26], hydrothermal approach [27],
solvothermal method [28], microwave-assisted [29, 30], sol
gel [31], Microemulsion [32], Electrochemical method [33,
34], co-precipitation process [35], citrate gel process [36]
and biological method [37, 38]. The biological synthesis
method, which involves the use of biological reducing and
stabilizing agents such as plant extracts, bacteria, fungi, fruit
extracts and natural biopolymer, is preferred because it is
safer, simpler, environmentally friendly, inexpensive, non-
toxic, biocompatible, and does not require high pressures,
energy and temperatures [37—41].

Gongronema latifolium is a tropical rainforest plant that
belongs to the family Asclepiadaceae with hypoglycaemic,
hypolipidaemic, anti-inflammatory and antioxidative effects
sequel to their phytochemicals (PTC) [42]. Phytochemical
(PTC) analysis performed on GL by Chinedu and Friday in
2015 showed the alkaloids, flavonoids, lignans, terpenes,
carotenoids and saponin [43]. PTCs are the chemical com-
ponents that occur naturally and are found in edible fruits
and vegetable plants with discrete bio-activities toward ani-
mals biochemistry and metabolism substances. These PTC
enhanced the reducing and capping potency of the samples.

Herein ZFNPs were synthesized by a green synthesis
method using GL extract as a potential reducing and cap-
ping agent to enhance their biocompatibility for the stability
of the particles for the first time. Various characterization
techniques were used to examine the properties of the mate-
rials. It's noteworthy that the GL introduced enhanced the
properties of the sample and made it suitable for moderate
hyperthermia applications.

@ Springer

2 Materials and experimentation
2.1 Materials

Analytical grades of iron nitrate and zinc nitrate, a Sigma
Andrich product procured commercially, were used with-
out further purification. Fresh Gongronema latifolium (Gl)
leaves were sourced locally and were used as a potential
reducing and capping agent. Digital pH meter was used to
determine the pH of the sample, and distilled water was used
for all the synthesis procedures.

2.2 Preparation and production of GL extract

The GL leaves were separated from their stalk and washed
thoroughly with distilled water to get rid of dust particles.
They were then dried at room temperature for 5 days and
ground into powder in an electric mill (Master Chef Electric
Blender with Mill). 30 g of the pulverized leaves were mixed
with 300 ml of water differently and boiled for 40 min. The
extract was then sieved and filtrated with Whatman filter
paper. The aqueous extract obtained was stored in a refrig-
erator at 4 °C.

2.3 Green synthesis of zinc ferrite nanoparticles

8.08 g of iron nitrate and 1.49 g of zinc nitrate—our pre-
cursors—were dissolved in 100 and 50 ml of distilled water,
respectively, and stirred for 1 h each. These solutions were
mixed and stirred on a magnetic stirrer for another 1 h to mix
appropriately, and an orange-colored solution was obtained,
which had a pH of 4.7. Repeating this procedure two more
times gave us three similar solutions in three beakers. 20 ml
and 30 ml of GL extract were added gently to the last two
solutions, respectively, to form GL-ZFNPs nanoparticles.
All three solutions were then dried for 4 h in an oven at a
temperature of 60 °C to obtain dried, orange-colored nan-
oparticles for the uncapped zinc ferrite solution and light
brown nanoparticles from the zinc ferrite solution capped
with 20 ml and 30 ml extract. The three nanoparticles
obtained were then annealed at a temperature of 500 °C for
1 h after which they were packaged for characterization with
a label of ZFNPs, GL,, ZFNPs and GL;,_ZFNPs.

2.4 Characterization techniques

Powder X-ray diffractograms — which give us the structure of
the synthesized ZnFeO, nanoparticle — were obtained in the
20 range of 20-80° at room temperature. X-ray Diffraction
(XRD) spectra were obtained using Shimadzu diffract meter
model XRD 6000. Using Vibrating Sample Magnetometer
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(VSM) at room temperature with a maximum applied field
of 10kOe, magnetic properties such as saturation magnetiza-
tion, magneton number were measured. To reveal the size and
formation of the morphology of the samples, we performed
Scanning electron microscopy (SEM) using Nova Nano SEM
450 (FEI company). Fourier Transform Infrared (FTIR) Spec-
troscopy and UV-Visible Spectra were done on the samples
using the Shimadzu diffract meter model XRD 6000 to iden-
tify the chemical bonds in the molecules of the samples by
producing an infrared absorption spectrum and to measure
the attenuation of a beam of light after it passed through the
samples, respectively.

2.5 Hyperthermia application studies

To determine the heating ability of our synthesized nano-
particles, we employed the COMDEL CL-5000, USA RF
generator, which uses an alternating magnetic field (AMF)
of amplitude 145 Oe at the frequency of 425 kHz and the
room temperature of 20 °C using Eq. 1. The results from this
setup gave us the temperature—time plots, which translates to
the potency of our synthesized nanoparticles for hyperthermia
application.
AT 'V

SLP =C—
Ar Myerrite (1)

where C is the sample-specific heat capacity, 4185 J/Kg °C,
AT . .

5 s the slope of temperature—time plot measured very close
to the origin, V is the sample volume dispersed in 1 ml of
distilled water, and my,,;. 1S the mass of the ferrites in the
nanoparticle.

3 Results and discussion

3.1 Structural study of ZFNPs and GL-ZFNPs

The powder X-ray diffraction (XRD) was employed to study
the structural properties of the sample. The spectral images as
shown in Fig. 1 revealed prominent peaks observed at 20 with
values 28.1°, 40.3°, 49.9°, 58.5°, 62.5° assigned to the plane
(220), (311), (400), (422), (5110) and (440). The synthesized
ZFNPs were observed to possess a crystalline structure with
JCPD No. 82-1049 [44]. Using Scherer’s formula given by
Eq. 2, the crystallites sizes were obtained as 24.7, 24.1 and
30.6 nm for samples (a), (b) and (c), respectively, as presented
in Table 1.

kA
- pcosd @)

where D is the average crystallite particle size, K is the
shape factor equal to 0.9, A is the X-ray wavelength, f is the
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Fig.1 XRD pattern of a ZENPs b GL,,- ZENPs ¢ GLy,- ZFNPs

Full Width at Half Maximum (FWHM), and 6 is the Bragg
angle [45].

The micro-strain (w) of the formulated sample was deter-
mined using Eq. 3 from the XRD plane of (400) broaden-
ing. The evaluated micro-strain was in line with the crystal-
lite size. This variation observed in the micro-strain shows
strain-induced structural changes in the formulated sample.

Cosé
w=ﬂjs 3)

The samples' lattice spacing (d) was determined using the
Bragg equation (Eq. 4). Also, the lattice parameters were
determined using Eq. 5. The lattice space and the parameter
were observed to increase from sample a to sample b and
later decreased in sample c. the observed variation agrees
with the crystallite size. A similar trend was also observed
by Aisida et al. [8] with PEG_Ni_ZnONPs [46].

y)
"~ 2sind @

3

1 4(/h*>+hk+kK I

3.2 Morphological study of ZFNPs and GL-ZFNPs

To analyze the morphology of the synthesized samples,
a scanning electron microscope (SEM) was employed.
Figure 2 shows the SEM images of the samples (a), (b)
and c. It can be seen that the sample showed spherical
morphology. The degree of resolution increases as the
capping agent increases, and the particle is well defined,
as seen in the ring of Fig. 2c. As shown in the inset of
Fig. 2a—c, the grain size was determined using imageJ

@ Springer
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Table 1 Crystallite size, particle

¢ ; . Samples D(nm) Xc E, (V) d(nm) a (nm) 11
size and the magnetic properties g
of the samples ZFNPs 247 17.4+16 2.23 0.2232 1.0309 0.10049
GL,,_ZFNPs 24.1 19.3+17 2.31 0.2237 1.0332 0.10720
GL;,_ZFNPs 30.6 21.8+10 2.65 0.2232 1.0332 0.10049

D Crystallite size; M, Saturation magnetization, M, Remanence, H_ Coercivity, EgEnergy bandgap and
Xc=Grain size

cpsieV

cps/eV

cpseV

Fig.2 SEM and EDX images of a ZFNPs b GL,,- ZFNPs ¢ GL;,- ZFNPs

software, and the estimated grain size is between 17 and
21 nm. The grain size was observed to increase gradually
as the dopant concentration increased. All the elements in
the compound and the extract are presented by the energy
dispersive X-rays diffraction (EDXD), as seen in the right

@ Springer
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) 52.57
Na 32 EEJ
Mg 0.93
a 035
3 0.87
Ca 0.66
Fe 2.9
n

842

{

Element Atomic %

5 0 22.65
1 Mg 107 [fd
] a 05
4 K 0.92
Ca 0.75
Fe
Zn

section of Fig. 2. Peaks of Fe, Zn, O and C showed on the
EDX spectra confirmed their presence in the samples, with
Fe having the most prominent peak followed by Zn. The
elements Mg, K and Ca are introduced from the content
of the extract.
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3.3 Optical properties of ZFNPs and GL-ZFNPs

UV-visible spectroscopy technique was employed to deter-
mine the optical properties of the synthesized nanoparticles.
Figure 3i shows the absorption spectra of the prepared sam-
ples. The notable peaks at 375, 374 and 373 nm for sample a,
b and c, respectively, were observed to fall within the visible
range 350-450 nm and therefore confirms the formation of
ZFNPs as noted by Almessiere [47]. Figure 3ii shows the
direct estimated energy bandgap (E,) of the samples using
the Kubelka—Munk (KM) and Tauc plot equations as pre-
sented in Eqgs. 6 and 7.

(1-R)

FR) = % = (6)

(ahv)’ = A(hv — E,,) (7

where F(R) represents the Kubelka—Munk function; a =
absorption, and R represent the reflectance. We observed an
increase in E, to the increase in the dopant concentration.
The observed increase was relative to the grain size, as pre-
sented in Table 1. Studies have confirmed that various fac-
tors such as dopant concentrations, annealing, particle size
and some impurities can influence the values of Eg [48-50].

3.4 FTIR properties of ZFNPs and GL-ZFNPs

The FTIR spectra show the functional group in GL respon-
sible for the reduction and functionalization of the sample
in the absorption bands between 4000-500 cm™', as shown
in Fig. 4. There appears to be a shift in the peak's wave-
length due to doping; hence our dopant serves as a poten-
tial reducing agent. The peak of the samples in the range
of 3300-3500 cm™! corresponds to the hydroxyl (~OH)
stretching of water molecules. The peak around 1030 cm™!

0.8 — :
(i) —(@——(b)—(c)|

0.7 -
=
c
S 0.6 -
8 373 nm
[
< 0.5
)
= 044
7]
% - 374 nm

376 nm

R —

0.2 -

0.1 T T T

300 400 500 600 700

Wavelegth (nm)

100

—

-]
o
1
-
.

8

Transmittance %
3
4

Transmittance %

40 = %
88
- FeO|
. (a) (b)——(c)

20 b 1600 1400 1200 1000 800

Wavenumber (cm'1)
[
oL (a) (b) (c)

35.00 30.00 25.00 2000 15.00 10.00
Wavenumber (cm'1)

Fig.4 FTIR spectra of a ZFNPs b GL,,- ZFNPs (c) GL;,- ZFNPs

corresponds to amine (C—N) Stretching. A characteristic
peak at about 570 cm™! is attributed to the formation of
FeO [38, 51].

3.5 Magnetic properties of ZFNPs and GL-ZFNPs

The magnetic properties of the samples were analyzed using
a vibrating sample magnetometer (VSM). The plot of the
magnetic field against magnetization is presented in Fig. 5.
The hysteresis loop shape shows that the samples moved
from ferromagnetic to superparamagnetic characteristics
as the concentration of the dopant increased. This agrees
with state-of-the-art results showing the effect of the dopant
on the magnetic properties [11, 52, 53]. Magnetic param-
eters of the samples such as saturation magnetization (M,),
remanence magnetization (M,) and coercivity (H;) were
obtained as presented in Table 2. The samples' remanence

1.0
(i) a
—Db
0.8 4 a=223eV (o}
b=2.31eV
c=2.65eV
0.6 -
0.4 -
0.2 -
0.0 T T T
1.5 2.0 E(eV) 2.5 3.0

Fig.3 ( i) UV-visible spectra (ii) Energy bandgap of a ZFNPs b GL,,- ZFNPs ¢ GL;,- ZFNPs samples
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Fig.5 The VSM analysis of a ZFENPs b GL,,- ZFNPs ¢ GL;,- ZFNPs

magnetization was approximately zero for sample c, show-
ing superparamagnetic behavior. The saturation magnetiza-
tion was observed to increase with the capping agent. The
observed increase in the saturation magnetization agrees
with Aisida et al., 2019 considering the effect of PVA, PVP
and PEG on the magnetic properties of Zinc ferrite [54]. The
magnetic properties can also be influenced by the crystal-
lite size of the sample and the doping agent [37, 55]. The
formulated sample showed lower Ms than the bulk values of

93.9 emu/g described by Kombaiah et al. [56]. The observed
increase in the saturation magnetization that we adduced to
the cation inversion distribution among the A-B interstitial
sites [57, 58].

3.6 Hyperthermia heating measurement

The temperature—time curves of the three (3) samples in the
presence of an applied magnetic field of strength 145 Oe
at the room temperature of 20 °C are presented in Fig. 6.
From the figure, the heating ability of the samples as well
as their Specific Loss Power (SLP) were deduced as shown
in Table 2. It can be clearly seen that the concentration of
the encapsulating material affected the heating ability of
the nanoparticle immensely. The heating temperature of the
uncapped ZF particle reduced from 46.99 to 40.81 °C when
capped with the highest concentration of the extract. The
best suitable therapeutic temperature range for the necrosis
of tumorous cells is 40-48 °C [37]; thus, GL,,-ZFNP is
best suited for hyperthermia application. Aisida et al. [8],
in their work, observed that polymers such as Polyethylene
glycol (PEG) help to reduce the heating temperature to the
therapeutic temperature range [8].

The SLP, a determinant of the induction heating ability
of the magnetic nanoparticle, was calculated using Eq. 1.
The SLP value of the ZFNPs calculated to be 207.8 W/g,

Table 2 Heating ability and

Samples M, (emu/g) M, (emw/g) MJ/M, H,(Oe) AT/At(C/s) SLP(W/g) AT(C) T
SLP values of our samples

ZFNPs 0.0101 0.00028 0.0277 193.79  0.4569 207.8 26.99 46.99

GL,,_ZFNPs 0.0115 0.0042 0.0365 184.67 0.3134 142.6 25.05 45.05

GL;, ZFNPs  0.0242 0.001 0.0413 155.04 0.2315 105.3 20.81 40.81

Total temperature (7) =room temp. (20 ‘C)+ AT ( C)

m
30+ 1 (b)
2 -
25 =
120 4
O 201 =
o £ 1604
F 5. r
< T a
10 1
_ —o— (a) 130
4 Mass = 20 mg
& —o— (b J
B= 145 Oe o b
(c) 100 <
0 & L] L] L] . - .
o _ 200 2300 IF GL_NZF GL_MZF
Time (Sec.) MNP

Fig.6 a The temperature—time plot obtained after the application of 145 Oe magnetic field and b The quantitative comparison of the SLP (W/g)

for ZF, GL,)-ZF and GL;,-ZF
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was higher than that for the samples capped with GL. The
estimated SLP for GL,,-ZF and GL,,-ZF was 142.6 W/g
and 105.3 W/g, respectively. Hence, the SLP is observed to
decrease significantly with the capping agent. Jadhav, et al.
[59], who synthesized gadolinium-substituted manganese
zinc ferrite nanoparticles G-MZF, observed decreasing val-
ues of SLP with an increase in the gadolinium content [59].
SLP results differ from author to author depending on their
techniques for estimating SLP and other characteristics such
as the frequency, magnetic field strength and ferrite materi-
als' concentration [37].

4 Conclusion

Zinc Ferrite Nanoparticles (ZFNPs) were synthesized using
the eco-friendly green synthesis protocol. In this work,
Gongronema Latifolium extract was used as a potential
reducing and capping agent with potential influence on the
effectiveness of hyperthermia ability on the sample. Char-
acterizations such as XRD, SEM, EDX and VSM showed
that the produced NPs possessed properties that made them
suitable for hyperthermia application. The SEM showed
spherical morphology of the samples, XRD spectra analy-
sis revealed the maximum crystallite size of 30.6 nm for
GL;,-ZF. The VSM confirmed the superparamagnetic nature
of GL;)-ZF. The introduction and the subsequent increase
of the concentration of GL extract led to the reduction of
the heating temperature within the therapeutic range, with
GL,,-ZF showing the best heating ability. Further investi-
gations for the hyperthermia application were carried out
on the formulated samples by estimating their specific loss
power (SLP). The SLP values were observed to decrease
from 207.8 to 105.3 W/g. Notably, the synthesized nano-
particles have the potential for hyperthermia application in
cancer therapy.
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