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Magnetic nanoparticles (MNPs) have emerged as efficient materials for thermo-therapeutic modalities viz.
magnetic fluid hyperthermia (MFH) and photo-thermal therapy (PTT). Nevertheless, the quest to further
enhance the effectiveness of such materials is a major challenge to their successful endeavour. In the
present work, we have synthesised MnFe,04 nano-flowers utilising solvo-thermal method to be employed
as nano-heat generators during MFH and PTT. The material, in addition to effective heating under an al-
ternating magnetic field (AMF), demonstrated impressive heating ability under near infra-red (NIR) irra-

Keywords: . . . . . o .
M:gneti ¢ materials diation. Various techniques, such as, X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray
Nanoflower photo-electron spectroscopy (XPS) and Mdssbauer spectroscopy were used to study the structural features

and chemical composition of the sample. The photoluminescence spectroscopy (PLS) has further corro-
borated the efficient heating behaviour of the sample under NIR irradiation. The observed intrinsic loss
power value of 5.31 + 0.079 nH m? kg is significantly higher than the commercially available ferro-fluids
and comparable to previously reported values for iron oxide nano-flowers. A substantial SiHa cells death
during photo-thermal treatment was noticed at a concentration of 500 pg/mL of MnFe,04 nano-flowers
after exposure to 808 nm laser of 0.66 W cm™ power density for only 10 min. However, at the same
concentration of nanoflowers (i.e. 500 pg/mL) and exposure time (i.e. 10 min) during MHT with SiHa cells, a
significant decrease in cell viability was not observed.

Magnetic hyperthermia
Photothermia
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1. Introduction

Despite the various progress and introduction of cutting edge
technologies in medical sciences, cancer remained a global and
significant public health concern. More than 600,000 people, alone
in the United States, lose their battle against this deadly disease
every year [1]. Nevertheless, its increasing burden in a populous
country like India is a grim matter of concern and must be checked
in time [2].

The traditional treatment methods, such as chemotherapy and
radiotherapy, are less efficient and can cause severe collateral da-
mage to healthy body tissues deteriorating the condition of the
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patients [3,4]. Thus, effective treatment methodologies which se-
lectively kill cancer cells or tissues are in demand all the time in
global arena. Among several strategies, localised treatment have
emerged as one of the most promising methodology for cancer
therapy employing either magnetic nanoparticles (MNPs) in mag-
netic fluid hyperthermia (MFH) or photo-sensitive nanoparticles in
photo-thermal therapy (PTT) [5].

These localised treatment modalities depend on the capability of
nanoparticles (NPs) to emit heat, which is utilised in the destruction
of cancer cells, under the application of a distant energy source [5].
Iron oxide nanoparticles (IONPs) owing to their excellent bio-
compatibility are considered the most suitable candidate for MFH
[6,7] and render them as prospective material for several bio-ap-
plications including drug delivery [8], magnetic targeting [9], cell
separation [9], magnetic resonance imaging [10] and magnetic par-
ticle imaging [11]. Moreover, their unique magnetic property allows
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them to be remotely controlled and guided to a specific site (tumour
region) using a magnet to provide an on-demand toxic amount of
heat by applying a high frequency alternating magnetic field (AMF)
[12]. When triggered with an AMF, the heat is released due to hys-
teresis losses which arise from phase delay in magnetisation re-
sponse of the material to the applied AMF [13]. The heat released can
be improved by increasing the area under the A.C. hysteresis loop,
which depends on the saturation magnetisation and coercive field of
magnetic nanoparticles (MNPs) [13,14].

Usually, small super-paramagnetic IONPs were favoured for MFH
because of their non-interacting behaviour in the absence of any
magnetic field and longer life-time in blood circulation [15]. How-
ever, the super-paramagnetic IONPs are limited by relatively low
saturation magnetisation and coercive field values, restricting their
heating efficiency during the treatment [16]. It will thus necessitate
a large amount of materials, in case of super-paramagnetic IONPs, to
produce sufficient heat for the effective destruction of cancer cells.
However, to reduce the possible toxic effect associated with foreign
particles, the usage of a minimal amount of MNPs for MFH is highly
advantageous and demand of the time. It could be achieved using
magnetic materials with high intrinsic loss power (ILP, a parameter
which express the heating efficacy) value [17]. With high ILP values
materials, a low amount would be required to attain the therapeutic
temperature even at low field intensity and frequency. Moreover, it
could also aid in the likelihood of handling metastatic malignance
where the accumulation of MNPs is relatively low.

In the past few years various strategies, which aim at enhancing
the saturation magnetisation and anisotropy of the material have
been suggested to improve the heating behaviour. It includes mod-
ifying the size, shape, structure and chemical composition of the
IONPs [18-22]. One specific structure, magnetic nano-flowers
(MNFs) of iron oxide, is quite stirring as they have shown out-
standing heating performance during MFH [23,24]. In addition,
various other MNPs have been also evaluated and were found to
display effective heating during MFH [25]. MnFe,0,4 nanoparticles, in
particular, have displayed heating and biocompatibility in line with
IONPs [26]. We believe their heating performance could further be
increased with nano-flower morphology as witnessed for iron oxide
nano-flowers over iron oxide mono-core particles [27].

The co-operative magnetic interaction among the cores, which
physically adhere together to give rise a flower-like pattern, leads to
a modified magnetic state within the nano-flowers such as enhanced
saturation magnetisation (Ms) and initial susceptibility [25,28]. The
modified magnetic interactions in turn enhances the heating per-
formance during MFH [25-29]. MNFs also mitigate the limitation
associated with bigger mono-core particles, which often require
AMF of higher field intensity to overcome the anisotropy barrier for
effective heating [18]. A lower field intensity is highly desirable to
avoid the possibility of eddy current heating inside the body. With
the nano-flowers of comparable or even bigger size than the mono-
core particles, effective heating could be produce at a relatively
lower field intensity [29,30]. In addition to the exceptional con-
tribution of IONPs in localised cancer therapy via MHF, some recent
reports pointed out their potential application in PTT, which at-
tracted the significant interest of the research community [5,31].

The PTT is centred on nanoparticles' ability to translate the
electromagnetic radiation of near-infrared (NIR) wavelength to heat
for the destruction of cancer cells [5]. Various photo-sensitive nano-
materials, such as gold [32], carbon nanotubes [33]| and graphene
[34] have been studied to explore their ability to generate heat
during PTT. However, the clinical utilisation of these materials is
limited by their non-specific distribution in normal tissues de-
creasing the accumulation of the photo-thermal agents in tumour
sites and the potential in-vivo toxicity associated with non-biode-
gradable and bio-persistent behaviour [35,36]. Recently, IONPs have
demonstrated effective heating behaviour during PTT and that too at
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a much lower amount generally required during MFT [30,31,37].
Thus, biocompatible IONPs can substantiate as an effective photo-
thermal material mitigating the limitations mentioned above.
Moreover, a combined exposure of AMF and NIR irradiation can ef-
fectively enhance their heating output [31]. However, only a few
reports are available on the heating effect of IONPs under NIR irra-
diation, and much of them were evaluated at higher power density
than recommended for human use. A rigorous study is required to
realise a high-performance MNPs which can effectively release heat
under NIR irradiation of low power density, in addition to MFH.

The heating effect of IONPs under NIR irradiation is due to the
non-radiative recombination of the electron-hole pair during the
relaxation process, causing the generation of phonons [5]. This up-
surge the vibrational state of the system and hence a subsequent
temperature rise. Thus, introducing a more defect state in the ma-
terial might improve the heating by increasing non-radiative elec-
tron-hole recombination frequency [30,38]. In the current effort, we
have assessed the heating performance of manganese ferrite nano-
flowers (MF) by exposing them to AMF during MFH and NIR irra-
diation for PTT. We choose nano-flower structure not only for its
outstanding performance during MFH but also in PTT over single-
core particles [39,40]. To our knowledge MnFe,0,4 nano-flowers have
not been gauged for their performance in MFH or PTT to date. In the
present work, we have obtained highly-crystalline MF through sol-
vothermal reaction. The material, in addition to effective heating
under an alternating magnetic field (AMF), demonstrated impressive
heating ability under near infra-red (NIR) irradiation. We have sys-
tematically studied the sample's structural and magnetic properties
and strained to correlate them with their heating performance
during MFH and PTT.

The experimental details of this work is elaborated in
Supplementary information file with materials, synthesis, magnetic
ferro-fluid, instrumental related information and in-vitro studies
mentioned in ESI as information item S1-S5 respectively.

2. Results and discussion

The room temperature x-ray diffraction pattern obtained for MF
nano-flowers is shown in Fig. 1. The pattern suggests the formation
of single-phase material with the cubic crystal structure, Fd-3m
space group. The peaks were observed at 18.3°, 30.1°, 35.4°, 37.1°,
431°, 53.4°, 56.9°, 62.5°, 70.9° and 73.8°, corresponding to planes
(111), (220), (311), (222), (400), (422), (333), (440), (620) and (533)
and were assigned to the crystallographic planes of MnFe,04, using
reference JCPDS no. 74-2403. Further, we have refined the pattern

o  Yobs
Ycal

—— Yobs-Ycal
| Bragg position

Intensity (arb.)

20 30 40 50 60 70 80
2 0 (Degree)

Fig. 1. Rietveld refined XRD pattern of the prepared MF sample.
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Table 1
Parameters obtained from room temperature Mdssbauer spectrum of powder MF sample.
Site Hyperfine field (H¢), T + 0.01 Isomer shift (5) Quadruple splitting (A) mm/s + 0.02 Outer line width (") mm/s Relative area X2
mm/s + 0.01 (RA) + 0.03%
Sextet A 48.63 0.286 0.019 0.470 29.70
Sextet B1 46.53 0.328 -0.026 0.6598 37.96 1.208
Sextet B2 42.78 0.358 -0.039 1.104 3231

using FullProf software. For the refinement, we have used the initial
site occupancy values considering the structure (Mng406F€0.594)
[Mng s94Fe1.406]04, Which was derived from Mossbauer spectroscopy
(Table 1). The parameters defining the goodness of fit, i.e. Rwp, Re and
Chi?, were converged to 13.5, 13.2 and 1.04, respectively, after the
refinement. The lattice parameter (a = 8.40 A) obtained after Rietveld
refinement was lower than that of the bulk sample (a = 8.51 A),
which could be attributed to alternate cationic distribution leading
to a different degree of inversion from the bulk [41]. The approx-
imate crystallite size calculated using Scherer’s equation considering
(311) peak was ~ 22 nm, which was higher than that of obtained
from the refinement (~ 19 nm). Table S1 (supplementary file) lists all
the parameters obtained after the Rietveld refinement.

The bright-field TEM micrograph depicts a chain-like arrange-
ment for these nanoparticles (Fig. 2a). The inset of the figure cap-
tured at higher magnification clearly shows the formation of a
flower-like morphology. The smaller core were adhered together to
give the desired flower pattern. The average size of the flowers was
observed to be ~42 nm with a standard deviation of 5 nm. The SAED
pattern obtained was due to the planes of a spinel structure and
indicates the formation of a crystalline structure, supporting the X-
ray diffraction analysis.

The SEM-EDS spectrum confirmed the presence of Mn, Fe and O
elements with atomic percentage of ~13%, 24% and 63%, respec-
tively, in the sample. The SEM micrograph and the respective ele-
mental mapping, acquired from the Ka energy of Mn, Fe and O, of the
nano-flowers are represented in Fig. S1 (Supplementary file).
Thermo gravimetric analysis (TGA) was performed in 30 - 600 °C
temperature range to estimate the amount of adsorbed chemical
species on the nano-flowers obtained through solvothermal method
as describe in the experimental section (Information S2,
Supplementary file). The TGA curve (Fig. S2) mainly revealed a two
stage weight loss during the heating process. The first weight re-
duction, of ~3%, started just above the initial measurement

temperature to just above 200 °C. This reduction might be associated
with the evaporation of physically adsorbed water molecule and low
boiling solvent complexes attached to the surface of nano-flowers
[42,43]. Above this temperature a further weight reduction of ~ 4.5%
was noticed up to the measuring temperature of 600 °C. This could
be due to the decomposition of chemically adsorbed species (sol-
vent) and PVP [43]. Thus, overall a reduction of ~7.5% in weight was
witnessed by TGA experimentation. It can be kindly noted that the
decrease in weight observed by TGA has not been included in the
calculation of other material’s properties.

We have performed the XPS analysis of MF sample in order to
check the oxidation states of the elements present in the sample.
The high-resolution XPS scans of Fe 2p, Mn2p, Fe3p, O1s and C1s are
shown in Fig. 3 (a-e), respectively. The Fe 2p XPS spectrum was split
into Fe 2ps, and Fe 2p,;, orbitals having peaks at 711.20 and
724.56 eV, respectively, due to spin-orbit coupling. The spectrum
displayed the existence of a satellite peak around 719.25 eV which
was separated by 8.05 eV from the Fe 2ps3,, peak. These data suggest
that the Fe 2p spectrum was due to the Fe** ionic state [44,45]. The
oxidation state of Fe was also confirmed from the Fe 3p XPS spec-
trum. In a study, Yamashita et al. [44] had found the Fe 3p peak
position at 55.6 eV (S.D=0.04) and 53.7 eV (S.D =0.03) for Fe** and
Fe?* states respectively. In the Fe 3p spectrum obtained for the MF
sample, we observed a peak around 55.2 eV, which could be due to
the Fe*" ionic state. The absence of any peak around 53.7 eV in the
spectrum suggests that only Fe>* ions were present in the sample.
Further, the Fe 2p XPS spectrum was de-convoluted with the help of
five sub-peaks. The peaks at 710.9 (724.23) eV and 713.4 (726.5) eV
were assigned to Fe>* from octahedral (o) and tetrahedral (t) sub-
lattices respectively [46,47].

The Mn 2p XPS spectrum for the sample indicates the presence of
a multivalent ionic state for Mn. The peaks at 640.12 (652) eV, 641.4
(653.18) eV and 642.64 (654.4) eV were assigned to Mn?*, Mn®* and
Mn*" ionic states respectively [48,49]. The XPS spectrum for O 1s

P (111)

= (220)
SR (214)
- (440)

Fig. 2. (a) Bright-field TEM image (the insets show the size distribution profile and morphology at higher magnification) and (b) SAED pattern for MF sample.
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Fig. 3. High-resolution XPS spectra for (a) Fe 2p, (b) Mn 2p, (c) Fe 3p, (d) O 1s and (e) C 1s core-levels.

was de-convoluted with three peaks positioned at 529.75, 531.24,
and 533.35eV, which corresponded to metal ions oxygen bonds,
surface-adsorbed oxy-hydroxide and chemically adsorbed H,0 at the
surface, respectively [49].

The room temperature (RT, 300 K) Mossbauer spectrum obtained
for sample MF without the application of an external field is shown
in Fig. 4, and the corresponding parameters obtained after the least-
square fitting of the experimental data are given in Table 1. Inter-
estingly, we could observe a well resolved magnetically split ab-
sorption lines, which suggests that the particles were magnetically
ordered and a ferri-magnetic like behaviour existed for the sample at
RT [50]. The existence of only magnetically split lines in the spec-
trum also indicates that the blocking temperature of all the particles

1.00 |
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()
= |
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E o Exp. data 1
[}) v —— Fitted data \
oc ¢ —— Sextet A ;
Sextet B2
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-10 -5 0 5 10

Velocity (mm/s)

Fig. 4. Room temperature Mossbauer spectrum of powder MF sample.

was higher than 300K. The spectrum was well fitted with three
Zeeman sextets, one for tetrahedral (A) and two for octahedral (B)
sites [51]. The values of the isomer shift which were found between
0.2864 and 0.358 mm/s, suggest that all Fe ions were in Fe>* high
spin state [52], validating the findings of XPS spectroscopy. The
sextet-A showing smaller isomer shift represents Fe>* ions at A site,
and it also exhibited the highest hyperfine field. The other two
sextets, i.e. sextet B1 and B2 with relatively larger isomer shifts,
characterise Fe** ions at two different environments in B-site [51,53].

Fig. 5a and b show the hysteresis loop recorded up to + 50 kOe at
300K and a temperature-dependent magnetisation behaviour from
5K to 300K, measured under ZFC and FC conditions at a static
magnetic field of 250 Oe, respectively. As apparent from the room
temperature DC magnetometry M-H curve (Fig. 5a), an early sa-
turation in magnetisation was attained for these nano-flowers. The
saturation magnetisation (Ms) value was observed to ~ 75 emu/g for
MF, which was close to the bulk magnetisation value (~83 emu/g)
for MnFe,0,4 [41]. The high Ms value could be due to the reduced
surface disorder and an enhanced magnetic ordering within the
nano-flowers, a constructive aspect of such a structure. This could be
appreciated from the reported Ms values for single-core nano-
particles of comparable sizes, which were relatively lower than for
the present nano-flower [41,51]. The sample displayed a finite
coercive field (Hc) of ~150e and remanent magnetisation (M;) of
~3 emu/g as depicted from the inset of Fig. 5a.

The temperature-dependent magnetisation behaviour (5-300 K)
for MF in ZFC and FC condition with an applied field of 250 Oe dis-
played remarkable behaviour. The curves showed an irreversible
behaviour right from 300 K down to the lowest measurement tem-
perature of 5 K. The irreversibility, or in other words, the bifurcation
between the ZFC and FC curves was getting larger on decreasing the
temperature, which, directs to the presence of higher magnetic an-
isotropy field. The ZFC curve displayed a continuous increase in
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Fig. 5. (a) Room temperature magnetisation vs. field curve and (b) temperature dependent (5-300 K) magnetic behaviour (ZFC-FC) for powder MF sample.

magnetisation on increasing the experimental temperature from 5
to 300K. The absence of any peak in the ZFC magnetisation curve
indicates that the particles were essentially in the magnetically
blocked condition up to room temperature, supporting the findings
of Mossbauer spectroscopy [50]. The FC curve depicts a typical
characteristic of material with strong magnetic inter-particle or di-
pole-dipole interaction [30,50]. This interaction may be the reason
for the chain-like assembly observed in bright-field TEM micro-
graph. Such an interaction, depending on the characteristics of an
individual particle and the AMF parameters, can either enhance or
impair the MHT performance [54,55]. In clusters of nano-flowers,
the existence of supraferromagnetic interaction enhances the
heating performance during MHT [56].

The aqueous ferro-fluid showed good stability as observed from
the zeta potential (¢) measurement. The mean ¢ values were quan-
tified as 1333 +0.25, -196+0.58, -3143+0.95 and
-36.67 £ 0.61 at 2, 4, 6 and 8 pH values, respectively (Fig. S3b). The
dynamic light scattering plot (Fig. S3a) depicted a uni-modal dis-
tribution of hydrodynamic size (Dy,) for the MF particles dispersed in
the aqueous ferrofluids. The mean Dy value was observed to be
81 * 1.06, which was higher than the particle’s size observed in TEM
as expected, as the former display the hydrodynamic radius value.

Fig. 6a shows the increase in temperature of aqueous ferro-fluids of
concentration 2 mg/mL after exposing them to AMF of different field
intensities and frequencies. The temperature elevation curves were
plotted by taking the average of three readings. As can be observed
from the graph, the ferro-fluid displayed a continuous increase in
temperature but with dissimilar rates at different applied AMFs. For
example, it took an average time of ~465s to reach the therapeutic
temperature (~42 °C) when exposed to an AMF of amplitude 110 Oe
and frequency 466 kHz while the same has been achieved in only
~175s at 170 Oe and 330 kHz.

The heating behaviour of magnetic nanoparticles is believed to
vary with amplitude and frequency of applied AMF as H? (constant f)
and f (constant H) in the regime of linear response theory [57]. But as
witnessed from the temperature-dependent magnetisation beha-
viour, these nano-flowers were in a ferri-magnetically blocked state,
so a deviation from a simple H2 behaviour is likely to be expected
[14]. Though with the limitation of the equipment used, it is not
possible to evaluate the heating behaviour at the varying field with
constant frequency and vice-versa, a qualitative evaluation is still
possible. At the AMF of amplitude 170 Oe, the ILP value has increased
from 2.44 + 0.048 to 3.79 + 0.057nHm? kg™! by increasing the
frequency of AMF from 165 to 330 kHz.
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o451 ’? o 0 o |45} g 0 o
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Fig. 6. (a) Field intensity and frequency dependent temperature rise curves with time for aqueous ferro-fluids of concentration 2 mg/mL, and (b) concentration dependent

temperature rise curves at the AMF of 170 Oe, 330 kHz.
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density.

An increased frequency tends to enhance the M-H loop's hys-
teresis area during the dynamic magnetisation process, which is a
direct measurement of heat dissipated (temperature rise) during
MHT [58]. The ILP value was 2.76 + 0.056 and 2.38 + 0.059 nH m?
kg ! at 2500e, 112kHz and 110 Oe, 466 kHz, respectively. While
250 Oe was the highest field intensity utilised in the experiment, the
maximum in ILP was not achieved due to the lower field frequency
associated with it. Again at the highest field frequency, 466 kHz, the
associated field intensity was lowest (110 Oe), which might not be
sufficient to rotate the maximum moment in its direction and hence
lower heating was noticed [14,18]. The heating behaviour could
further be enhanced by increasing the magnitude of AMF, as the
anisotropy field of the sample was higher (suggested by ZFC/FC
magnetisation) than the field intensity used in the hyperthermia
experiment. However, of all AMFs applied, we have observed the
maximum heating of MF ferro-fluid at 170 Oe and 330 kHz, so we
further decided to evaluate a concentration-dependent heating be-
haviour at the same AMF. As the inter-particle and dipolar interac-
tions are present in our sample, the heating behaviour is expected to
vary with concentration [14,29,30].

Fig. 6b shows the temperature elevation profile of MF ferro-fluids
of different concentration at 170 Oe and 330 kHz. As observed from
the curves, the efficiency of heating improved at a lower con-
centration. The ferro-fluid displayed the highest ILP of 5.31 + 0.079
at the concentration of 1 mg/mL. This value is lower than that ob-
tained for y-Fe,O3 nano-flowers [30], but comparable to that of
Fe30,4 nano-flowers [23]. The respective ILP values at the con-
centrations of 2 and 0.5mg/mL were 3.79 £ 0.057 and
4.44 + 0.053 nH m? kg™?, respectively. The observed variation in ILP
of the ferro-fluid could be explained through the effective anisotropy
modified due to concentration variation. An increased concentration
is connected with the enrichment of magnetic dipolar interactions
and cluster formation, which tend to increase the system's effective
anisotropy [54,55,59]. Thus, the increased effective anisotropy might
have restricted a more part of the magnetisation reversal in field
direction at a higher concentration. It could lead to a decrease in area
under the hysteresis lowering the heat output. In hyperthermia, the
final aim of all modifications, such as shape, size, concentration or
field and frequency, is to make the anisotropy of the material close to
the amplitude of the field applied in order to maximise the heating

behaviour [14,18]. The concentration of 1 mg/mL might have pro-
vided the right condition and hence achieved maximum ILP. AC
magnetometry experiments could further be used for the exact ex-
planation of such behaviour.

We have plotted the temperature elevation curves for aqueous
suspension of MF of different concentrations when irradiated with
NIR laser of wavelength 808 nm of power density 0.66 and 0.33 W/
cm? in Fig. 7a and b respectively. The temperature rise was observed
to be dependent on the concentration of the aqueous suspension and
the power density of the NIR laser. For instance, after the exposure to
the NIR of 0.66 W/cm? for 10 min, the temperature reached ~ 87, 71
and 53 °C (initial temperature was 19 °C) for the aqueous suspension
of concentration 500, 250 and 100 ug of material per mL, respec-
tively. The temperature achieved after NIR irradiation of aqueous
suspension of concentration 500nug/mL was higher than that
achieved by applying AMF for the same period of time. Even with the
higher concentration (i.e. 2mg/mL) the temperature raised by
~20°C after 5min of AMF exposure, whereas a rise of ~55°C in
temperature was observed after NIR exposure over the same period
of time. The specific loss power (SLP) was observed to be dependent
on the concentration and decreased with increased concentration of
aqueous suspension. For example, the SLP values obtained with
0.66 Wcm™ power density for 500, 250 and 100 pg/mL aqueous
suspension were ~2520, 3360 and 3864 Wgm™', respectively. The
values further decreased to ~ 1117, 1344 and 2100Wgm™! for 500,
250 and 100pg/mL aqueous suspension by lowering the power
density of the NIR laser light to 0.33 W cm™2. Overall, a better heating
was witnessed with NIR laser irradiation and the maximum in SLP
value was almost an order higher than that observed with AMF ex-
posure (highest SLP ~320Wgm™"). The DI water under the same
condition displayed a temperature rise of ~ 2 °C, which confirms that
the heating was essentially due to the MF particles. While, lowering
the NIR laser's power density to 0.33 W/cm? resulted in a drop in the
temperature achieved after the same period of exposure. At this
power density, no obvious temperature increment (~1°C) was ob-
served for the DI water. It is well known that the non-radiative re-
combination of the electron hole-pair (during the relaxation from
excited sate) is responsible for the generation of phonons which
upsurge the vibrational state of the system leading to heat release
and a subsequent temperature rise [5,38|. The non-radiative
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recombination of electron-hole pair, generated during the excitation,
could be increased by introducing the defect state in the mate-
rial [38].

Photoluminescence measurements are shown in Fig. 8. The
visible emission spectrum (Fig. 8a) of nano-crystalline MnFe,04
under 245 nm excitation showed a prominent broad peak at around
430 nm and two smaller peaks at around 480 and 530 nm. In addi-
tion, several feeble peaks could be observed over 600-700 nm. Such
multiple peaks are ascribed to the presence of several defect states
in the band-gap of nano-crystalline MnFe,0,4. Jacintha et al. [60]
have also observed multiple PL band in the range 415-600 nm, and
the same has been attributed to the presence of defects and oxygen
vacancies (OVs). The OVs can be neutral, singly ionised or doubly
ionised depending upon the formation energy [61,62]. Gupta et al.
[61] have ascribed the blue bands at 423 and 483 nm to the transi-
tion from the conduction band to the defect state created by the
presence of neutral OVs. While several authors have attributed the
presence of a blue band in PL spectrum of MnFe,Q4 to the radiative
defects associated with interface traps existing at the grain bound-
aries [60,63,64]. This conclusion was followed after Jin et al. [65],
which ascribed the violet luminescence at 420 nm to the radiative
defects related to the interface traps existing at ZnO-ZnO grain
boundaries. Nguyen et al. [66] have attributed the PL peak at 425 nm
for Fe304 to the radiative recombination of the trapped electron from
the octahedral sites to O 2p level. In fact, Nguyen et al. [66] and Sadat
et al. [38] could propose the band-gap structure of Fe;04 from PL
measurements.

In MnFe,0,, the substitution of Fe?*/>* jons at octahedral and
tetrahedral sites by Mn?*/Mn>" ions is believed to modify the defect
state and band structure. Here, a wide blue band centred around
430nm (2.88eV), which suggest the presence of various defect
states, could arise due to radiative recombination of trapped elec-
trons at the octahedral site to the photo-generated holes from the O
2p state [66]. A green band at 530 nm (2.33 eV) could refer to the
radiative recombination of mobile electrons from, e, to t,4 at the
octahedral site [38,66]. In Fe304, the energy gap due to crystal field
splitting at octahedral is ~2.2 eV [38]. In addition, a green band also
appear due to radiative recombination of the photo-excited hole
with electron trapped in singly ionised oxygen vacancies (F*-centres)
[64]. The feeble peaks observed over 600-700 nm (2.06-1.77 eV)
could have stirred by the radiative recombination of trapped elec-
trons from octahedral or crystal field (t,¢) on tetrahedral sites to the
0 2p valence band [66].

NIR PL spectra of nanocrystalline MF altogether showed im-
pressive results. Under 245 nm excitation, there is a progression of a
very intense peak in the region of 800-900 nm (Fig. 8b) with a re-
lative photon count of 10°. The emission peak around ~ 870 nm can
be attributed to the transitions of trapped electrons from one defect
state to another in tetrahedral position. Sadat et al. [38] have ob-
served NIR peak at around 840 nm in nano-crystalline Fes04 and
ascribed the same to electron traps in OVs at the tetrahedral site.
Due to the limitation of our instrument having a PMT detector that is
sensitive up to 900 nm, further measurement was not possible.
However, such an intense NIR peak is one reason for the excellent
photo-thermal property of nano-crystalline MF.

The PL excitation spectrum (Fig. 8c), on the other hand, displayed
a band around 245 nm, which can have the combined contribution
from intrinsic 0> —Fe3* charge transfer as well as transition invol-
ving defect state [67]. Such a peculiar band in the UV region is ty-
pical of spinels [68]. The lifetime of the defect induced blue band in
nano-crystalline MF is around 8.23ps as obtained by mono-ex-
ponential fitting of luminescence decay profile shown in Fig. 8d.
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Such lifetime is typical of singly ionized OVs (also known as F*
centres) found in spinels.

The Fig. 9a illustrates the concentration-dependent absorption
behaviour for the aqueous MF suspension over a wavelength span of
500-900 nm. The suspensions displayed absorbance over the entire
span, which decreased with increasing wavelength. In addition to
the non-radiative relaxation process, the photo-thermal therapy is
directly dependent on their NIR optical absorption efficiency. A finite
absorbance near the NIR region, which was 0.324, 0.188 and 0.119 at
concentration 500, 250 and 100 pg/mL, respectively, were observed
for the suspension.

Fig. 9b shows the time-dependent heating and cooling cycle for
the aqueous suspension of MF (500 pg/mL) after exposure to 808 nm
NIR of 0.33 W cm™2 power density. A decay time of ~238 s was ob-
tained from the analysis of the cooling cycle (inset Figure). The
corresponding hA value was deduced to be 7.42 W/°C. The calcula-
tion of energy input based on the heat generated by the solvent is
given elsewhere and found to be 3.56 mW at the power density of
0.33Wcm™ [30]. The photo-thermal efficiency was found to be
~63% using relation 2 (Supplementary information). In our previous
work [30], we found this efficiency to be ~70% for y-Fe,O3; nano-
flowers. Though the temperature achieved with MF was higher, its
lower efficiency is due to its relatively higher absorbance at 808 nm.
For IONPs with different coatings, Sadat et al. [38] had observed ‘;’
values ranging from ~16% to 76%, which portray the suitability of
these MNPs as an alternative photo-thermal agent. Further, in-vitro
studies were performed to evaluate the efficacy of these particles in
cellular environment.

Confocal images show that uptake of MNPs by SiHa cells starts to
appear after 30 min incubation and significant amounts of MNPs
start to accumulate in cells after 5 h incubation (Fig. 10). Thus before
PTT or MHT experiments we incubated the cells with magnetic
material for 5 h. After 24 h of incubation nano-materials surrounded
the nucleus of the cell. Higher magnification offers a better visuali-
sation of the particles around the nucleus as shown in Fig. S4
(Supplementary file).

Calcein-AM and propidium iodide assays confirmed that there was
no significant toxicity of MNPs in SiHa cells after 5h incubation
(Fig. 11). However, after PTT with MnFe204 nano-flowers for 10 mins
using 808 nm laser of 0.66 W cm™ power density the cell viability was
significantly reduced (compared by one way ANOVA test). From the
fluorescence microscopy the cell damage was apparent, increased
propidium iodide signal, when treated with 500 pug/mL MnFe,0,4
nano-flowers. (Fig. 12). The bright field image also shows the dis-
ruption of the cells. When treated with 250 pg/mL nano-flowers the
cell viability decreased to ~ 74% after PTT, still the effect was found to
be insignificant when compared with the viability of cells (~86%)
after the exposure with nano-flowers alone. Thus, 500 ug/mL
MnFe,0,4 nano-flowers was essential to significantly reduce the via-
bility of the cells through PTT. Also, the substantial effect could be
produced with one-time treatment only. In comparison, the MHT did
not induce significant toxicity to SiHa cells with 500 pg/mL MNFs
treated for 10 min (Fig. S4). As depicted in (Fig. 6b), the temperature
reached just 42 °C after the nano-flowers were exposed to AMF for
10 min which was not sufficient to induce damage to the cancer cells.
Nevertheless, the heating ability of MNPs reduce in cell-environment
as indicated by several authors. Thus, possibly longer treatment time
or higher concentration of MnFe204 nano-flowers would be required
to induce toxicity through MHT. For example MHT treatment of HeLa
cells with 0.75 mg/mL material for 30 min could reduce the viability
to 17% [69]. Gupta et al. [70] demonstrated a significant reduction in
cell viability (C6 cells) after a subsequent PTT and MHT.
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3. Conclusion

We have successfully synthesised MnFe,O, nano-flowers via
solvo-thermal process which was confirmed from XRD, XPS, TEM
and Mdssbauer spectroscopy. The nano-flowers displayed improved
saturation magnetisation owing to the reduced surface disorder and
possible magnetic ordering within the flowers. The highest ILP value
of 5.31 + 0.079 nH m? kg ™! observed at an AMF of amplitude 170 Oe
and frequency 330 kHz is comparable to the values for Fe3;04 nano-
flowers reported earlier. The material showed a very high heating
capability under NIR irradiation of low power density. The intense
NIR photo-counts is one reason for their excellent photo-thermal
performance. The aqueous suspension of the nano-flowers showed
good absorbance near NIR region and a photo-thermal conversion
efficiency of ~63%. Under NIR irradiation the therapeutic tempera-
ture (~42-46°C) was achievable even at a low concentration of
100 pg/mL. It makes the current MF sample as a prospective photo-
thermal agent. The present in-vitro studies suggest that the MF
could internalise in the cells. Hence, high rate of cells death was
noticed during PTT even at a concentration as low as 500 pg/mL for
an exposure time of only 10 min. In contrast, MHT at this con-
centration and at a similar exposure time, could not cause cells
death due to lesser achieved temperature (~42 °C). This validate
better efficacy of PTT amongst the two modalities. Nevertheless,
higher temperature required for cells death could be achieved
during MHT either by enhancing the concentration of MF or the
duration of exposure.
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