7))
@
O
3
2
<
=
<

Core-shell Fe;0,@Zn0O nanoparticles for

magnetic hyperthermia and bio-imaging
applications

Cite as: AIP Advances 11, 025207 (2021); https://doi.org/10.1063/9.0000135
Submitted: 27 October 2020 « Accepted: 05 January 2021 « Published Online: 02 February 2021

Jagriti Gupta, ) p. A. Hassan and K. C. Barick

COLLECTIONS
Paper published as part of the special topic on 65th Annual Conference on Magnetism and Magnetic Materials

O & & ®

OpenaCCl View Online Fxport Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Synthesis and characterization of Fez04-TiO3 core-shell nanoparticles
Journal of Applied Physics 116, 114312 (2014); https://doi.org/10.1063/1.4896070

XRD characterization of Fe304-ZnO nanocomposite material by the hydrothermal method
AIP Conference Proceedings 2221, 110008 (2020); https://doi.org/10.1063/5.0003210

A comprehensive review of ZnO materials and devices
Journal of Applied Physics 98, 041301 (2005); https://doi.org/10.1063/1.1992666

AIP Advances

Mathematical Physics Collection

READ NOW

AIP Advances 11, 025207 (2021); https://doi.org/10.1063/9.0000135 1, 025207

© 2021 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1857063&setID=378289&channelID=0&CID=683467&banID=520740869&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=b199dc9a1699d095151e69aa161c89367dfa542f&location=
https://doi.org/10.1063/9.0000135
https://doi.org/10.1063/9.0000135
https://aip.scitation.org/author/Gupta%2C+Jagriti
http://orcid.org/0000-0001-7137-4788
https://aip.scitation.org/author/Hassan%2C+P+A
https://aip.scitation.org/author/Barick%2C+K+C
/topic/special-collections/mmm2021?SeriesKey=adv
https://doi.org/10.1063/9.0000135
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/9.0000135
http://crossmark.crossref.org/dialog/?doi=10.1063%2F9.0000135&domain=aip.scitation.org&date_stamp=2021-02-02
https://aip.scitation.org/doi/10.1063/1.4896070
https://doi.org/10.1063/1.4896070
https://aip.scitation.org/doi/10.1063/5.0003210
https://doi.org/10.1063/5.0003210
https://aip.scitation.org/doi/10.1063/1.1992666
https://doi.org/10.1063/1.1992666

AIP Advances ARTICLE

scitation.org/journal/adv

Core-shell Fe;0,@ZnO nanoparticles
for magnetic hyperthermia
and bio-imaging applications

Cite as: AIP Advances 11, 025207 (2021); doi: 10.1063/9.0000135
Presented: 4 November 2020 « Submitted: 27 October 2020 -
Accepted: 5 January 2021 « Published Online: 2 February 2021

CrossMark

Jagriti Gupta,”? P. A. Hassan,'” "/ and K. C. Barick'**

AFFILIATIONS

Chemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400 085, India
2Homi Bhabha National Institute, Anushaktinagar, Mumbai 400 094, India

Note: This paper was presented at the 65th Annual Conference on Magnetism and Magnetic Materials.
@ Authors to whom correspondence should be addressed: jagritigupta@iitb.ac.in and kcbarick@barc.gov.in. Tel.: +91 22 2559
0284. Fax: +9122 2550 5151

ABSTRACT

Combining two materials having different functional properties has become a current research area for biomedical applications. The progress
of nanoplatforms brings new non-invasive imaging and therapeutic tools for cancer treatment. Here, multifunctional magnetic Fe;04,@ZnO
core-shell nanoparticles (Fe3O4@ZnO CSNPs) have been developed by using a soft-chemical approach. Fe;O4@ZnO CSNPs is well charac-
terized by X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), physical properties
measurement system (PPMS), and photoluminescence spectroscopy. XRD and XPS analyses confirm the presence of both Fe3O4 and ZnO
phases. TEM micrograph reveals that Fe30,@ZnO CSNPs are spherical in shape and an average size of 10 nm. Fe30,@ZnO CSNPs conserve
the intrinsic superparamagnetic behavior of its constituent Fe3O4 with a magnetization value of ~ 31.2 emu/g. These CSNPs exhibit good
heating efficacy under the applied AC magnetic field (ACMF). Further, they show a significant reduction in viability of human cervical cancer
cells (HeLa) under ACMF and good fluoresecent based cellular imaging capability. Therefore, these results suggested that the multifunctional
Fe304@Zn0O CSNPs could be used as a promising material for image-guided magnetic hyperthermia.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000135

I. INTRODUCTION specific absorption rate (SAR) which depends on various factors like

shape, size, phase composition and magnetic properties of particles

Metal oxide nanoparticles (NPs) have received a great deal
of attention in biomedical field due to their unique physiochem-
ical properties.! * Among the others, Fe3O4 NPs are widely stud-
ied for magnetic hyperthermia, drug delivery, magnetic resonance
imaging and magnetic separation etc.’® The surface of Fe3O4 NPs
could be easily functionalized with various organic and inorganic
moieties which help in enhancing their properties.”®® Specifically
in magnetic hyperthermia, these NPs produce heat on exposure
of an alternating magnetic field (ACMF).**"!% It raises the tem-
perature of tumor to a therapeutic level (42-45 °C) and destroys
cancer cells.!'"'* Further, it provides a localized treatment for the
tumor without any significant damage to the surrounding healthy
tissue or cells. The heating efficiency of MNPs usually reported as

as well as their concentration, applied magnetic field strength and
frequency.'*'° Therefore, Fe3O4 NPs of diverse shapes, sizes and
magnetic properties are widely explored for magnetic hyperthermia
therapy.'*-1

ZnO is another important oxide having direct bandgap
(3.37eV) with large exciton binding energy (60 meV) at room
temperature. ZnO NPs have been widely demonstrated for var-
ious applications including photocatalysis, biosensor, bacterial
inhibitions, and drug delivery, etc.'”~>! Moreover, ZnO NPs have
extensively studied as an anticancer agent, photosensitizer,
and bioimaging probe due to its semiconducting character-
istics, photoluminescence properties, biocompatibility, and
eco-friendly nature.”>”* Therefore, great efforts were devoted
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towards the development of Fe304@ZnO core-shell nanoparticles
(Fe304@ZnO CSNPs) by combining Fe;O4 (core) and ZnO (shell).
The Fe;04@ZnO CSNPs have received significant attention in the
biomedical applications. Different approaches were proposed for the
synthesis of Fe304@ZnO CSNPs and widely explored for drug deliv-
ery, photocatalysis and magnetic separation etc.”** For instance,
Zhang et al. investigated the therapeutic effect of transferrin recep-
tor functionalized and DOX loaded Fe3;04@ZnO nanocomposites
against hepatocellular carcinoma. The enhanced chemotherapeutic
efficiency with excellent radiosensitizer properties of Fe;04@ZnO
nanocomposites was demonstrated under low dose X-ray
irradiation.”

In this work, we have reported the synthesis of multifunc-
tional Fe;04@ZnO CSNPs by two-step soft-chemical approaches.
In the first step, Fe3O4 core was synthesized and subsequently they
were used as seed for the growth of ZnO shell over it. The struc-
tural, magnetic and photoluminescence properties of Fe;04@ZnO
CSNPs were investigated. They possess room temperature super-
paramagnetic behaviour with defect related broad visible emission.
Specifically, these CSNPs exhibited significant reduction in viabil-
ity of human cervical cancer cells (HeLa) under ACMF and good
fluorescent based cellular imaging capability.

Il. MATERIALS AND METHODS

A. Synthesis of Fe;O, NPs

Fe;O4 NPs were prepared by hydrothermal approach using
ferric (III) acetylacetonate (Fe(acac)s) in triethylene glycol (TEG)
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solvent. In a typical process, 2 mmol Fe(acac)s in 50 ml TEG was
refluxed at 250 °C under nitrogen atmosphere in a 100 mL three-
neck round-bottomed flask (RBF) for 1 h in magnetic oil bath.
After completion of the reaction, the oil bath was cooled to room
temperature. These magnetic particles were obtained from the sol-
vent by using a permanent magnet and thoroughly rinsed with
ethanol.

B. Preparation of Fe;0,@ZnO CSNPs

Fe;04@Zn0O CSNPs were prepared by deposition of ZnO
on the surface of Fe;O4 NPs through subsequent hydrothermal
approach. The equaimolar (1:1) amount of the as-prepared Fe3Oy
NPs and zinc acetylacetonate dihydrate (Zn(acac),-2H,0) was dis-
persed in 50 mL TEG in 100 mL RBF for 30 min and refluxed at 250
°C under nitrogen atmosphere for 30 min. After 30 min, the RBF
was cooled down to room temperature. The obtained particles were
washed with ethanol several times through magnetic separation and
dried under vacuum oven for their structural, optical, fluorescene
and magnetic characterization.

1ll. RESULTS AND DISCUSSION
A. Structural and microstructural analysis

The phase and structural integrity of Fe3O, NPs and
Fe;04@Zn0O CSNPs were analyzed by XRD (Fig. 1a). XRD pattern
of Fe;O4 exhibits the cubic spinel magnetite phase with diffrac-
tion peaks at 30.20°, 35.59°, 43.22°, 54.04°, 57.25°, and 62.87°

FIG. 1. (a) XRD patterns of Fe304 NPs
and Fe;0,@ZnO CSNPs, (b-d) TEM
micrographs of Fe304@ZnO CSNPs
(inset of Fig. 1b shows its selected area
electron diffraction partten).
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corresponding to the (220), (311), (400), (422), (511), and (440)
planes, respectively. XRD pattern of Fe3O,@ZnO CSNPs also exhibit
all characteristic diffraction peaks of magnetite along with the
diffraction peaks at 31.76°, 34.42°, 36.08°, 47.53°, 56.76° and 62.80°
that can be indexed to (100), (002), (101), (102), (110) and (112)
planes of the hexagonal wurtzite phase of ZnO. This suggests the
successful formation ZnO shell without any change in phase of
Fe304 nanoparticle.

From TEM micrographs (Fig. 1b and 1¢), it has been found that
these nanoparticles are spherical in shape and average size of 10 nm.
The selected area electron diffraction partten (inset of Fig. 1b) shows
the reflections corresponding to both Fe3O4 and ZnO phase as well
as the high degree of crystallinity of sample. Here, we have used
two step process for the formation of Fe30,@ZnO CSNPs, where
growth of ZnO layer was carried out on the surface of Fe3O4 through
well-known seed-mediated approach.”” The formation of core-shell
nanoparticle is observed from the differences in contrast in typical
TEM micrograph of Fe;04@ZnO CSNPs shown in Fig lc, where
dark core can be ascribed to the FesO4 and lighter shell to the ZnO
layer. From high resolution TEM (HRTEM) image (Fig. 1d), the lat-
tice fringe of shells is measured to be ~0.25nm corresponding to
ZnO (002) plane. We could not able to see the lattice pattern of core
Fe304 possibly due to the presence of thick ZnO shell. However, the
dark core is clearly seen from HRTEM image. Similar, result was also
observed by Lu ef al. in Fe@Ag core-shell nanoparticle.”

B. X-ray photoelectron spectroscopy (XPS) analysis

XPS studies of Fe304@ZnO CSNPs was performed to confirm
the presence of Fe and Zn in the sample as a supporting to XRD

scitation.org/journal/adv

analysis. XPS spectrum (Fig. 2a) confirm the presence of Zn, Fe,
and O in Fe;04@ZnO CSNPs. The binding energy of Cls peak at
284.6eV was used as a standard for calibration. A weak singal is
observed in high resolution XPS spectrum of Fe 2p (Fig. 2b) as
it is present as a core material in Fe304@ZnO CSNPs. XPS spec-
trum of Fe 2p shows two peaks at 709.6 and 724.5 eV correspond-
ing to the Fe 2p3» and Fe 2py,, respectively. The appearance of
sharp and symmetric peaks of Zn 2ps; and Zn 2pi, at 1020.9
and 1044.1 eV, respectively (Fig. 2b) confirm the existence of Zn
in the CSNPs as Zn>*.3! XPS spectrum of O 1s (Fig 2d) could be
resolved into three peaks with binding energies of 529.1, 530.3, and
531.3 eV corresponding to the lattice oxygen, surface bound oxy-
gen, oxygen deficient region of ZnO and surface adsorbed oxygen
or water molecules, respectively.*”

C. Photoluminescence (PL) and magnetic properties

The room temperature PL and magnetic properties were stud-
ied to explore the potential applications of Fe3;O4@ZnO CSNPs in
bioimaging and hyperthermia therapy. PL spectrum (Aex = 325 nm)
of Fe30,@Zn0O CSNPs (Fig. 3a) exhibits a UV emission peak at
~383 nm and a broad visible emission peak from 400 to 700 nm. The
UV emission peak is generally ascribed to the band to band tran-
sition and the broad visible emission peak is associated with the
recombination of excitons with surface oxygen defects. The most
common surface defects reported in ZnO are oxygen vacancies and
the intensity in the green emission depends on the concentration
of the oxygen vacancies.'”'® The appearance of strong and broad
emission peak in the visible region suggests the presence of a higher
concentration of defects on Fe;O,@ZnO CSNPs. Moreover, this
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strong emission in the visible region makes these CSNPs promising
candidates for bioimaging.***!

From field-dependent magnetization plots (Fig. 3), it has
been observed that the magnetization response of both Fe3;O4
and Fe;04@Zn0O CSNPs is steep and almost linear at low fields
region (as the particles start to align with the applied magnetic
field), whereas the particles are almost aligned with the applied
magnetic field and the magnetization approaches saturation at
higher fields. The coercivity and remanence of Fe3O4 NPs were
found to be 15 Oe and 0.3 emu/g, while those of Fe30,@ZnO
CSNPs were 17.5 Oe and 0.8 emu/g, respecitvely. The appear-
ance of negligible coercivity and remanence suggests that these
samples possess superparamagnetic behaviour at room tempera-
ture. Further, the mximum magnetization value of Fe30,@ZnO
CSNPs (31.2 emu/g) was found to be slightly lower than that of
Fe;O4 NPs (35.8 emu/g) at 5T. From magnetization, it has been
found that the ZnO shell in Fe;0,@Zn0O CSNPs contributes to a
decrease in magnetization value of Fe3O4 of about 12%. Therefore,
the retention of good magnetic field responsivity of Fe30,@ZnO
CSNPs driven us to explore their heating efficacy for hyperthermia
application.

D. Magnetic heating efficacy

The heating efficacy of aqueous suspensions of Fe3;O4 and
Fe;04@Zn0O CSNPs (1 mg/mL of Fe) were performed by the time-
dependent calorimetric measurements under ACMF of 315 Oe and
frequency of 250 kHz (Fig. 4a). A gradual increase in temperature as
a function of time is observed for both Fe3O4 NPs and Fe30,@ZnO
CSNPs. The applied ACMF and frequency is capable to produce
adequate energy for increasing the temperature of 1 mg/mL of Fe
to the hyperthermia therapeutic regime. The SAR values of Fe3Oy4
NPs and Fe;04@Zn0O CSNPs were found to be 92.0 and 80.0 W/g,
respectively (inset of Fig. 4a). The heating efficacy of these super-
paramagnetic nanoparticles under ACMF can be attributed to the
Brownian and Néel relaxation loss processes.” Further, we have also
calculated the system-independent ILP as SAR values are depen-
dent on the applied field strength and frequency. The ILP values
of Fe304 NPs and Fe;0,@Zn0O CSNPs were found to be 0.58 and
0.49 nHm?/Kg, respectively. These ILP values are in the range of
those reported for commercial ferrofluids.’* Specifically, the pre-
pared Fe3;0,@ZnO CSNPs can be used as efficient heating source
for magnetic hyperthermia applications.

-20 0 20 40
Magnetic Field (kOe)

60

E. Cellular studies

The effect Fe304 NPs and Fe;04@ZnO CSNPs on viability of
HelLa cells was investigated by SRB assay (Fig. 52). After incubation
for 24 h, it was observed that Fe;O3 NPs do not show any signifi-
cant change in the viability of HeLa cells up to a concentration of
1 mg/mL (1000 pg/mL). However, Fe30,@ZnO CSNPs are not bio-
compatible with HeLa cells and has toxicity concerns. It exhibits
toxicity at higher concentrations (125 to 1000 pg/mL), which could
be associated with the presence of ZnO shell and its role in pro-
duction of reactive oxygen species (ROS).!” Having noted the good
heating efficiency of Fe304@ZnO CSNPs, we have also investigated
their hyperthermia effect on HeLa cells in presence and absence of
ACMF (Fig. 5b). It was observed that the control cells (untreated)
and cells treated with ACMF only did not show much change in the
percentage cell viability. However, Fe3;04@ZnO CSNPs under 5 min
exposure of ACMF showed about 50% reduction in cell viability for
1 mg/mLof Fe as compared to the ~25% decrease with particle only
under similar condition. Further, cell viability is reduced from 50
to 25% when treatment time was increased from 5 to 15 min. It is

45 -—O—Fe,0, NPs
42 | —~—Fe,0,@Zn0 CSNPs

Temperature
w
w

, Fe0,NPs

IF e'O‘@Z‘nﬂ CSN F:s
0 3 6 9 12 15 18 21 24
Time (min)

FIG. 4. Temperature vs. time plots of aqueous suspensions of Fe;O, and
Fe304@Zn0O CSNPs (1 mg/mL of Fe) under applied ACMF of 315 Oe and fre-
quency of 250 kHz (insect shows the SAR values of Fe304 NPs and Fe30,@Zn0O
CSNPs).
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FIG. 5. (a) Viabilities of HeLa cells in
presence of different concentrations of
Fe304 NPs and Fe;0,@ZnO CSNPs
after incubation at 37 °C for 24 h, and (b)
z viabilities of HeLa cells upon treated with
Fe304@Zn0O CSNPs (1 mg/mL of Fe) in
presence and absence of ACMF.

FIG. 6. Confocal microscopy (a) bright field, (b) green fluorescence and (c) red fluorescence images of Hela cells treated with Fe304@2ZnO CSNPs for 4 h under culture

conditions.

noteworthy to mention that the results of Fig. 5a and 5b should not
compare with each other as both the experiments were performed at
different conditions.

Furthermore, the cellular imaging of Fe30,@ZnO CSNPs was
investigated by confocal microscope using HeLa cells (Fig. 6a-6¢).
As shown in Fig. 6b and 6¢), a large number of Fe30,@ZnO CSNPs
(shown in green and red, due to braod emission from 400 to
700nm) were distributed in the cytoplasmic region after the ini-
tial incubation for 4 h. It has been observed that the Fe30,@ZnO
CSNPs are well distributed and accumulated in the cell cytoplasm
and nucleus. Specifically, the present study demonstrates the poten-
tial of Fe;04@ZnO CSNPs for hyperthermia therapy and cellular
imaging.

IV. CONCLUSION

We have successfully reported the synthesis of Fe3;0,@ZnO
CSNPs by the two step hydrothermal approach in triethylene glycol
solution. XRD and TEM analysis confirm the formation of inverse
spinal phase for FesO, and hexagonal wurtzite phase for ZnO
in spherical size. The PL spectrum of Fe304@ZnO CSNPs show
strong photoluminescence property which is very promising for
bioimaging application. Moreover, the magnetization and magnetic
heating efficacy studies showed that Fe304@ZnO CSNPs exhibit
a superparamagnetic behavior at room temperature and excellent

heating profile, respectively. Overall, the multifunctional
Fe;04@ZnO CSNPs have shown significant potential for their
use in magnetic hyperthermia and bio-imaging.

SUPPLEMENTARY MATERIAL

See supplementary material for the elaborate experimental pro-
cedure for cell viability, cellular imaging, magnetic hyperthermia
studies and material characraterization details.
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