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Bi-functional properties of Fes0,@YPO,:Eu hybrid
nanoparticles: hyperthermia applicationt

A. . Prasad,® A. K. Parchur,® R. R. Juluri,° N. Jadhav, B. N. Pandey,®
R.S. Ningthoujam*® and R. K. Vatsa®

Magnetic nanoparticles based hyperthermia therapy is a possible low cost and effective technique for
killing cancer tissues in the human body. Fe304 and FesO,@YPO,4:5Eu hybrid magnetic nanoparticles are
prepared by co-precipitation method and their average particle sizes are found to be ~10 and 25 nm,
respectively. The particles are spherical, non-agglomerated and highly dispersible in water. The
crystallinity of as-prepared YPO4:5Eu sample is more than Fes04,@YPO,4:5Eu hybrid magnetic nano-
particles. The chemical bonds interaction between FesO4 and YPO,4:5Eu is confirmed through Fe---O-P.
The magnetization of hybrid nanocomposite shows magnetization M, = 11.1 emu g~ with zero coerciv-
ity (measured at 2 x 107 Oe) at room temperature indicating superparamagnetic behaviour. They attain
hyperthermia temperature (~42 °C) under AC magnetic field showing characteristic induction heating of
the prepared nanohybrid and they will be potential material for biological application. Samples produce
the red emission peaks at 618 nm and 695 nm, which are in range of biological window. The quantum
yield of YPO4:5Eu sample is found to be 12%. Eu®* present on surface and core could be distinguished
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l. Introduction

Nanomaterials exhibit different physical and chemical proper-
ties as compared to bulk due to effects from small particle
size, quantum size (in semiconductor) and high surface
area."”” Nowadays, bi-functional composites (BFC) in nanosize
regime are more attractive because of more functionality in
terms of properties and simple, reduction in cost.®'> BFC
having both magnetic as well as optical properties have been
of great interest in recent years."**® YPO, is used as host
material for many lanthanide activators.”’>*> Amongst lantha-
nide activators, Eu®>" gives high luminescence peaks at 615 and
695 nm (red) and it is sensitive to the local environment
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from luminescence decay study. Very high specific absorption rate up to 100 W g
The intracellular uptake of nanocomposites is found in mouse fibrosarcoma (Wehi 164) tumor cells by

=" could be achieved.

because Eu®" ions occupy Y** sites, where EuOy is highly asym-
metric (D,q).>"*° The red emission is included to the biological
window. The red emission can be produced by either 395 or
465 nm excitation. Thus, this material is used in many display
applications. When the particle size of a material decreases
to the nano range, its importance increases in many
applications.?*™° In particular, these red emitter nanoparticles
(RENPs) are used in many life science applications as lumines-
cence probes/labels.*®

On the other hand, Fe;O, material has been used in many
applications as a transformer and for data storage.*'*® Bulk
Fe;0, material shows interesting intrinsic ferromagnetic prop-
erty (saturation magnetization (Ms = 92 emu g~ '), coercivity
(H. = 323 Oe)) at room temperature and high Curie tempera-
ture (T, = 585 °C).>**” When particle size decreases to nano-
size, this material is useful in many applications such as
biosensor, contrasting agent in magnetic resonance (MR)
imaging, localizer in therapeutic hyperthermia, magnet
targeted drug delivery system, gene carrier, catalyst, sensors,
biological separation and water purification, etc.>'® There
have been various methods developed for preparation of Fe;0,
like that of co-precipitation, hydrolyzation, micro emulsion etc.
Out of which, co-precipitation is most widely used as it is
simple and fast."* All commercially available Fe;O, based
contrast agents have been synthesised only by co-precipitation
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method using NH,OH. Ammonia solution holds superiority in
comparison with NaOH. Addition of NaOH increases the pH of
the solution instantly thus causing the formation of bigger
particles, whereas in the case of NH,OH the increase in pH is
slow thus helping to form nano sized particles. Such magnetic
nanoparticles are superparamagnetic at room temperature,
ie, H. =0 Oe and M, = 50-60 emu g > Due to this, these
magnetic nanoparticles (MNPs) are paramagnetic, and thus,
these are used as a significant contrasting agents in magnetic
resonance imaging (MRI) and also in therapeutic applications
showing ability to achieve the hyperthermia temperature
(~42 °C). Both YPO, and Fe;0, materials and even coated with
ethylene glycol (EG) or polyethylene glycol (PEG) are bio-
compatible.?”*®

Nowadays, a few systems exist for hyperthermia applications
such as La;Sry30; MNPs (half metallic and ferromagnetic
properties) which can control heating temperature up to 50 °C
at the presence of high current/magnetic field, high AC
frequency and long duration of induction heating because
of low Curie temperature (7. ~ 50-80 °C). Whereas, Fe;0,
MNPs have high T, ~ 585 °C. Because of this, heating tempera-
ture can attain up to 200-400 °C, which is undesirable for
therapy.

When RENPs and MNPs are combined, they have many
interesting bi-functionality properties (luminescence and mag-
netic properties). These bi-functional materials show impor-
tance in biomedical research clinical diagnosis and therapy.
The magneto-luminescent nanocomposites gain significance
since its magnetization can be controlled with real time
visualization of its luminescence. The use of bi-functional
composites improves diagnostic effectiveness and reduces side
effects.”

In this work, we have successfully synthesised Fe;0,@YPO,:
5Eu nanocomposites by first preparing Fe;O, by co-precipi-
tation and YPO,:5Eu over Fe;O, by direct precipitation. Here
surface of Fe;0, is coated with PEG which can form a covalent
bond with the YPO,:5Eu precipitated thus forming Fe;0,@Y-
PO,:5Eu  magneto-luminescence nano-platform. The syn-
thesised powder is characterised using many techniques. The
quantum yield has been carried out. Samples are dispersible
in polar medium. The study of its heating ability was per-
formed to determine its hyperthermia behaviour. Their
specific absorption rates are calculated at different magnetic
fields at a particular radiofrequency. The intracellular uptake
of nanocomposites is studied in mouse fibrosarcoma (Wehi
164) tumor cells by Prussian blue staining. High intracellular
uptake by tumor cells is a pre-requisite for their biomedical
applications.

Il. Experimental
A. Reagents and chemicals

Polyethylene glycol (PEG 6000, 99.99%), Y,Os; (99.99%),
NH,H,PO, (99.999%) and Eu,0; (99.99%) from Sigma-Aldrich,
FeCl;-6H,0 (99%) and FeSO,-7H,0 (99.5%) from Merck,
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paraformaldehyde (96%) and NH,OH solution (12 M) from
S. D. fine chemicals were purchased and used as starting
materials without further purification.

B. Preparation of nanoparticles

(i) Preparation of Fe;O, magnetic nanoparticles. Fe;0,
magnetic nanoparticles were prepared by a co-precipitation
method using the following steps:

Step (1): 1.0 g of FeSO,-7H,0 and 1.945 g of FeCl;-6H,0
(1:2 molar ratios) were mixed with 50 ml of deionised
water. To the resulting solution, concentrated HCI acid (11 N)
was added drop wise under continuous stirring with glass rod
in a beaker until a clear pale yellow colour solution was
formed. To this solution, 30 ml of 12 M NH,OH was added
drop wise with constant stirring and a black precipitate
was obtained, and it was kept for 24 hours for complete
precipitation. The obtained Fe;O, was washed 5 times with
deionised water to remove excess of NH;. A strong magnet
of 2.5 kOe was placed to the base of the glass beaker
containing Fe;O, and supernatant liquid. Fe;O, was attached
to the magnet and the supernatant liquid was removed with a
help of the micropipette. The reaction can be represented as
follows:

Fe’" + 2Fe®" + 8OH™ — Fe;0, + 4H,0

Step (2): The nanoparticles prepared in step (1) were trans-
ferred in to another beaker containing 10 ml of distilled water
and 5 g of PEG and it was allowed ultrasonication for 1 h. In
this way the surface of Fe;0,-MN was coated with PEG and pre-
pared sample was dispersible in water.

Then, as-prepared sample (Fe;0,) was washed twice with
acetone (10 ml) under centrifugation. Now, dry powder was
obtained.

(ii) Preparation of YPO,:5Eu luminescence nanoparti-
cles. 5 at% Eu*" doped YPO, luminescence nanoparticles
(YPO,:5Eu) were prepared by the following procedure. 1.543 g
of Y,03 and 0.127 g of Eu,0; were dissolved in 2 ml of concen-
trated HCI acid (11.6 N). This solution was evaporated in order
to remove excess HCl acid from the solution with alternate
addition of 2 ml of deionised water followed by heating
(80 °C). This evaporation process was repeated 4 times. 1.625 g
of H,;NH,PO,, 2.5 g of PEG and 10 ml of deionised water were
added to it. In order to make a clear solution, it was stirred
and then heated at 120 °C for 2 h. A white precipitate was
obtained and removed by centrifugation. The dried powder
was obtained by washing with methanol (5 ml) and acetone
(5 ml) under centrifugation.

(iii) Preparation of Fe;0,@YPO,:5Eu hybrid nanoparticles.
In the preparation of Fe;O, coated with YPO,:5Eu hybrid nano-
particles (Fe;0,@YPO4:5Eu), 1.625 g Y,0; and 0.127 g of
Eu,0; were dissolved in concentrated HCl acid (11.6 N) and
the excess of acid was evaporated at 80 °C by alternate addition
of distilled water and heating. To this solution, 5 g of PEG dis-
solved in 5 ml distilled water was added and allowed to

This journal is © The Royal Society of Chemistry 2013
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ultrasonicate for 30 min. This solution was added to PEG
coated Fe;O, (Step (1) of section B (i)). To the resulting
mixture, 1.625 g of H,NH,PO, dissolved in 5 ml of deionised
water was added drop wise and allowed to ultrasonicate for
1 h. The grey colour precipitate appeared. The resulting pre-
cipitate Fe;0,@YPO,:5Eu) was collected by centrifugation. The
dried powder was obtained after washing with 5 ml of metha-
nol and 5 ml of acetone. Here, mole ratio of Fe;O, to YPO,:Eu
is assumed as 1:4 based on starting precursors used. Sche-
matic representation of the processing steps of synthesis of
Fe;04, YPO,:5Eu and nanocomposite Fe;O0,@YPO,4:5Eu is
shown in Fig. S1 (see ESIY).

C. Characterization

Samples were characterized for their crystal structure and crys-
tallite size with the help of Philips powder X-ray diffractometer
(PW1729, Philips, Holland) with Ni filter and Cu-Ka radiation
operated at 10 mA and 30 kV. The sample was spread over the
slide by making it’s paste with methanol and then dried off
the methanol thus leaving behind a thin and uniform film
which was examined to determine its crystallite size by X-ray
diffraction on scanning rate of 2° min~" in 26. Inter planar dis-
tance (dyy) of the plane (hkl) in sample was calculated by
using Bragg’s relation:

2dpr Sin 0 = A4 (1)

where 1 is X-ray wavelength (i.e., 1.5405 A) and 0 is Bragg’s
angle. The lattice parameter was calculated by using least
square fitting programme of the diffraction peaks. The
average sizes of the crystallites (f) were calculated using
Scherrer relation on assumption of the crystallites to be
spherical:

0.91

- p cos 6 @)

here f represents full width at half maximum (FWHM) of
reflection/plane (hkl).

The interaction of the magnetic nanoparticles (Fe;04) with
the luminescence nanoparticles (YPO,:5Eu) was studied using
Fourier Transform Infrared (FTIR) spectroscopy technique
(Bomem FTIR). The dried particles were used to make a thin
transparent pellet with preheated KBr using a mechanical
pellet making instrument which was used to record the
spectra.

The particle morphology was studied using a transmission
electron microscope (TEM) instrument (2000, FX, JEOL,
Japan). Around 2 mg of the sample was dispersed in 1 ml of
ethylene glycol and was subjected to ultrasonication for
30 min. From this resultant, a small aliquot of homogeneous
and dispersed solution was put over the carbon coated copper
grid. This copper grid with the sample solution was then
evaporated to dryness and was later introduced to the TEM
sample chamber to record TEM images. The HR-TEM (high
resolution transmission electron microscope) images were
obtained by using JEOL 2010 UHR TEM microscope.
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The room temperature magnetizations of these samples
were determined using Vibrating Sample Magnetometer
(VSM). About 10-30 mg of sample was covered with Teflon and
applied to VSM instrument.

The induction heating of the magnetic nanoparticles was
studied using instrument Easy Heat 8310, Ambrell, UK. Induc-
tion coil had 4 turns having diameter of 6 cm. The applied fre-
quency was 265 kHz and the provision of water circulation
through their coils was provided in order to keep ambient
temperature. 2-20 mg of samples suspended in 1 ml of de-
ionised water was taken in 1.5 ml micro centrifuge tube and
this was placed at centre of the coil without touching the
walls. The sample was heated using current of 200, 300 and
400 A up to 10 min. The resultant magnetic field generated
due to the applied current was calculated by making use of the
following relation:'®

1.257ni
H=

(in Oe) (3)

where H is the magnetic field, n, number of turns in coil, 7, the
applied current and L, diameter of turn in cm. The calculated
values of the magnetic fields with respect to the applied cur-
rents of 200, 300 and 400 A were 168, 251 and 335 Oe (equival-
ent to 13, 20 and 27 kA m™"), respectively. The temperature of
the system, where the sample was kept in the centre of the coil
was recorded using an optical temperature sensor (Photon R & D,
Canada) with the accuracy of +0.01 °C.

Estimation of iron content in the synthesized nanoparticles
was carried out using (ICP-MS) inductively coupled plasma
mass spectrometry. 10 mg of sample was dissolved in concen-
trated HCI.

Photoluminescence study of the sample was performed on
Edinburgh Instrument FLS920 having 450 W xenon lamp and
ps-Flash lamp (100 W). A thin film of samples was spread on a
glass slide (~1 x 1 cm®) with the help of methanol and dried
before taking reading. For quantum yield measurements, Rho-
damine G is used as reference.

Mouse fibrosarcoma (Wehi 164) cells were used to study the
intracellular uptake of nanocomposites Fe;0,@YPO,:5Eu by
the tumor cells. Wehi 164 cells (1 x 10°) were cultured over-
night in Dulbecco’s Modified Eagle Medium (DMEM; GIBCO,
Invitrogen, Carlbad, CA, USA) supplemented with 10% fetal
calf serum (FCS; Himedia Laboratories) and antibiotics
(100 U ml™ penicillin and 100 pg ml™ streptomycin) in a
humidified atmosphere of 5% CO, at 37 °C. The cells were
then treated with 0.5 mg ml™" nanocomposites for 4 h. There-
after, cells were washed twice with PBS (phosphate buffered
saline) and followed by fixing in 4% paraformaldehyde at 4 °C
for 30 min. The cells were again washed with PBS twice, fol-
lowed by staining the nanocomposites using Prussian blue
iron staining kit (Polysciences, Inc., Germany). The nanocom-
posites were stained blue in colour and the cells were counter-
stained red with 1% nuclear fast red solution. Later, the cells
were destained with PBS and visualized by bright field
microscopy at 40x magnification.
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lll. Basic concept on the heat-generation
from magnetic fluids under AC magnetic
field or induction coil

Dispersed magnetic nanoparticles are free to move (that is
because of Brownian motion). For considerably small sized
particles there are two types of relaxations namely Brownian
relaxation due to particle rotation and Néel’s relaxation due to
magnetic moment rotation. Brownian relaxation applies to all
particles whereas Néel’s relaxation is effective only on super-
paramagnetic nanoparticles. Brownian relaxation is given as:'®

4mnry’
TR =
B kT

(4)

where 7 is dynamic viscosity of carrier fluid, r,, hydrodynamic
radius which is defined as the sum of core radius (r.) and the
surfactant coating (6) on magnetic nanoparticles.

On the other hand Néel relaxation is represented as:*®

AE/kT

N = 70€ = ToeKV/kBT (5)

where 7, is of the order 10° s and AE, the anisotropic energy
barrier which can be defined as the product of anisotropic
energy constant (K) and volume (V), kg, Boltzmann’s constant
and 7, the temperature. Néels relaxation is fast for the small
particles. When small particles are dispersed, the particle spin
relaxation of the nanoparticles gets accelerated.

It should be noted that DC applied magnetic field can not
produce significant heat for MNPs (where no coercivity H. =
0 Oe) because of constant direction of applied magnetic field.
MNPs with H. = 0 Oe means no magnetization at 0 applied
magnetic field. This suggests that MNPs are in superparamag-
netic (in which spin relaxation is of 107° s). Measured time is
0.1-1 s in DC magnetic measurement, which can not recognize
superparamagnetic spin relaxation. However, under AC mag-
netic field, direction of current changes over time. MNPs can
change direction of magnetic spins with time. In general
study, frequency (f) for direction change of current is 100-500
kHz.*”*° Applied magnetic field up to 400 Oe.*”*° Beyond this,
polarization or dielectric effect will arise because permittivity
is dependent of frequency (f) or permeability is dependent on
magnetic field. This can cause many side effects in the body.
The reciprocal value of frequency (f') gives 2-10 x 107° s,
which is assumed as the measured time (this value is close to
superparamagnetic spin relaxation (10™° s)). Thus, some mag-
netic moments could be recognized in AC magnetization.

Overall, the ferro-fluids undergo heat loss or power dissipa-
tion due to (1) hysteresis loss, (2) Brownian rotation loss,
(3) Néels spin relaxation and (4) Eddy current (ED)."®

Hysteresis loss in AC magnetic field is given by:

Area :fJM dH (6)
where f is the frequency of AC magnetic field and it is rep-

resented as f = w/2n, M magnetization, H applied magnetic
field. The ratio of magnetisation M to the applied magnetic
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field H is defined as the susceptibility (y). In AC field the sus-
ceptibility (y) is expressed as real (y') and imaginary (y”) terms
out of which the imaginary part is related to the heat dissipa-
tion of the system. Heat/power dissipation of the total system
is expressed as:'®

P = pomy"fHy* (7)

where y, is the permeability of free space. The imaginary term
is expressed as:

wT

i Y

/
where 7 is the total relaxation contributed by Brownian relax-
ation (rg) and Néel’s relaxation (zy). In former the magnetic
moment is aligned with the applied magnetic field (H) where
particles rotates in AC field due to which collides with the sur-
rounding medium and thus causes heating. While later relax-
ation is due to the magnetic spin domain rotation from
0-180°. Thus the combined relaxation is expressed as:

Ezi_‘_i (9)

According to Faraday’s and Lenz’s law, the heat loss due to
ED current is due to the interaction between the conductive
material and oscillating magnetic field which can be rep-
resented as:

(um dfHo)*

ED = —F1+——

20p (10)

where u is the permeability of a material, d, the diameter of
the particle and p, resistivity of the material. These bi-func-
tional nanocomposites are semiconductors/insulators, which
have significantly high resistivity (p = ~10> Ohm cm). Thus the
heat generation due to eddy current is negligible. For small
particles where the particle size is less than that of the critical
size (that is a single domain particle in size), the heating
caused is mainly due to the contribution of Brownian and
Néel’s relaxations and some contribution from frequency,
which can give hysteresis loss.

Heat-generation is dependent on frequency and applied
magnetic field. The density of the particle relates the loss
power density P with specific absorption rate (SAR) which can
be calculated using following relation:"®

AT 1

SAR = ¢—
At Mmagn

(11)

where ¢ is the sample specific heat capacity, which is calcu-
lated by considering both sample weight and weight of water.
Specific heat capacity of sample is neglected as its contri-
bution is very small due to small weight. Thus the specific
heat capacity of water is considered to represent the total heat
capacity of the sample that is 4.18 J g* K~'. AT/At is the slope
of the time dependent temperature curve obtained at 400 A for
15 mg of the nanocomposite weight. Mg, is the amount of
magnetite or Fe in the 1 ml system.

This journal is © The Royal Society of Chemistry 2013
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IV. Results and discussion
A. XRD study

The XRD patterns of YPO,, YPO,:5Eu, Fe;0,, and Fe;0,@YPO,:
5Eu nanoparticles capped with polyethylene glycol (PEG) are
shown in Fig. 1(a). It is found that YPO, shows tetragonal
structure having space group I4;,,4 (JCPDS card no. 11-0254)
and Fe;O0, shows face centered cubic structure with space
group Fyz,, (JCPDS card no. 19-0629). The broadening contri-
bution from instrument (i) is removed by using Si standard
in XRD patterns.’® YPO, shows a strong peak at (200) plane
whereas Fe;0, at (311) plane. Intensities of peaks correspond-
ing to Fe;0, decreases on coating its surface by YPO,:5Eu. The
lattice parameters, unit cell volume and average crystallite
sizes of YPO,, YPO,:5Eu, Fe;0, and Fe;0,@YPO,:5Eu nanopar-
ticles are given in Table 1. We used Scherrer’s equation for cal-
culating average crystallite sizes. Fig. S2 (see ESIT) shows the
change in peak position of (200) plane of YPO, and YPO,:5Eu
nanoparticles. There is slight shift in peak position towards
the lower 20 by Eu®" doping suggesting the substitution of
Y*" (1.01 A) sites by Eu®" (1.06 A) ions. The crystallite size
decreases from 32 to 22 nm due to the addition of 5 at% Eu*"
in YPO,. Its FWHM increases from 0.22 to 0.27° in 26.
However, we do not find any change in peak position of (311)
plane Fe;0, of due to the YPO,:5Eu shell formation over Fe;0,
(core) and their crystallite sizes calculated from (311) plane are
found to be in the range of 10 nm. Peaks corresponding to
YPO,:Eu could not be identified in Fe;0,@YPO,4:5Eu compo-
sites. This is related to the formation of small size particles of
YPO,:5Eu and the amorphous morphology because we did not
heat sample after formation of composites.

(@)

(iv) Fe,0,:YPO,:5Eu

— = (iii) Fe.O
ﬂ o 9 —~ —_~~ 3/.\4
E ST &8 §:Z §
= = X T ez
o)
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=
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)
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20 (degrees)
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Fig. 1
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Table 1 The lattice parameters (a, c), unit cell volumes (V) and crystallite sizes (t)
of different samples

Sample a, c(A) V(A% t (nm)
JCPDS: 11-0254 a=6.904 287.7 —
¢=6.035
JCPDS: 19-0629 a=8.396 591.9 —
YPO, a=6.903(1) 287.4(1) 32
¢ =6.032(1)
YPO,:5Eu a=6.910(1) 288.2(1) 22
¢ =6.036(1)
Fe;0, a=8.335(1) 579.0(1) 10
Fe;0,@YPO,:5Eu a=8.327(1) 577.3(1) 10

B. TEM study

The TEM images of Fe;0, and Fe;0,@YPO4:Eu are shown in
Fig. 2(a, c). The average particle size of the Fe;0, was found to
be ~10 nm. The selected area electron diffraction (SAED) study
shows that the particles were crystalline with cubic structure
(Fig. 2(b, d)). From the HRTEM it was found that the lattice
spacing (dj) of Fe;0, is 2.52 A (Fig. 2(e)) which matches with
the (311) plane; whereas (dj,) for Fe;0,@YPO,:5Eu was found
to be 3.34 A which is due to (200) plane (Fig. 2(f)). The size of
the Fe;0,@YPO,:5Eu was found to be 25 nm which is bigger
than its counterpart crystallite size (10 nm) of Fe;0, because
of contribution of surface YPO,:5Eu over core Fe;0,. The crys-
tallite size determined is based on the XRD pattern of Fe;0,
whereas, the particle size determined is overall size of the com-
posite. Usually, TEM particle size is more than the XRD crystal-
lite size. The particles prepared are spherical and free from
agglomeration.

(b)r

(iv) Fe,0,@YPO,:5Eu

(iii) YPO, Eu

£l
)
g
& (ii) Fe,0,
g
g
=
(i) PEG
1000 2000 3000 4000

Wavenumber (cm™)

(a) XRD patterns of YPOg4, YPO,4:5Eu, Fe304, and Fe30,@YPO,4:5Eu and (b) FTIR spectra of PEG, Fe304, YPO4:5Eu and FesO4,@YPO4:5Eu nanoparticles.
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2 1/nm-

Fig. 2 TEM and SAED images of Fes04-MN (a, b) and Fes0,@YPO4:Eu (c, d)
and their corresponding HRTEM (e, f), respectively.

C. FTIR study

Fig. 1(b) shows the FTIR spectra of PEG, Fe;0,4, YPO,:5Eu and
Fe;0,@YPO,:5Eu nanoparticles capped with PEG. The strong
bands are observed at ~3430 and 1630 cm™" which correspond
to the stretching and bending vibrations of water (H,O)
present on the surface of the particles.*’ Pure PEG shows two
bands at ~1076 em™" (v-trans) and 1110 cm ™" (v-gauche) which
are assigned to C-O-C stretching vibrations (Fig. 1b(i)).”"
Fig. 1b(ii) shows a broad band at ~599 cm™" which is assigned
to Fe-O of Fe;0, and two bands at 1092 and 1390 cm™" corres-
pond to S-O, which arises from FeSO,-7H,O used in syn-
thesis.'® IR spectra of YPO, and 5 at% Eu doped YPO, coated
on Fe;O, nanoparticles are shown in Fig. 1b(iii and iv). The
typical peaks at ~525 and 650 cm™' arise due to bending
vibrations of (PO,4)*~ (v, vibrations), whereas the strong bands
at ~1002 and 1091 ecm " merged together are assigned to
stretching vibration of (PO,)*~ group (v; vibrations). Peaks cor-
responding to the stretching vibrations of H-C-H groups at
~2890 and 2950 cm™" are also observed.”" Fig. S3 (see ESI{)
shows the comparison of IR spectra of YPO,:Eu and Fe;0,@Y-
PO,:5Eu nanoparticles between 400-1400 cm™' after back-
ground correction. This range shows the vibrational bands of
PO, unit, where minimum four peaks could be observed. It is
found that the ratio of intensities of v; to v, vibrations are
found to be 3.2 and 5.6 for YPO,:Eu and Fe;0,@YPO,:5Eu
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nanoparticles, respectively. It is concluded that v, vibrations
are most effective for Fe;0,@YPO,:5Eu nanoparticles. Polariz-
ability of PO, of YPO, changes after composite formation.
There is chemical bonds between Fe;O, and YPO,:5Eu
through possible bond (Fe---O-P).

D. Magnetization study

The magnetization (M) vs. applied magnetic field (H) data for
the Fe;0, and Fe;0,@YPO,4:5Eu (not shown). The magnetiz-
ation values of Fe;0, and Fe;0,@YPO,:5Eu were found to be
47.5 and 11.1 emu g~ ', respectively at 2 x 10~* Oe. The satur-
ation magnetization of bulk Fe;0, is 92 emu g~',** which is
much more than the prepared Fe;O, and indicates that the
particle size is less than bulk micron size particles. Here par-
ticle size (diameter, D) of prepared sample from TEM study is
~10 nm and its volume will be 4/3(nR?®), where R is radius of
particle (R = D/2). At room temperature, thermal energy (kT =
0.03 eV) can overcome the particle/crystalline anisotropic
energy (KV, K is the effective crystalline anisotropic constant
and V is the particle volume). In a previous report, K for Fe;0,
MNPs is found to be 0.9 x 10> J m™> at 300 K.** The KV is
~0.02 eV, which is close to the room temperature thermal
energy (0.03 eV). In single domain particles, its magnetization
vector tends to align along a particular direction called the
easy direction. It gives the minimum magnetocrystalline aniso-
tropy energy, which is an energy barrier of free rotation of mag-
netic moment away from easy direction/axis. When thermal
energy overcomes, magnetization vector can rotate to opposite
direction (0 — 180°) within 107-107'" s. In such situation,
particles exhibit superparamagnetic behaviour and relaxation
is so fast compared to the measured time for VSM, up to 10™"
s. Domain rotation could not be detected by VSM at zero
applied magnetic field. Net magnetization is zero at zero
applied magnetic field. This is supported by the zero coercivity
(H.) value obtained in this study. When applied magnetic field
increases, magnetization vector of domain will try to align
towards the field direction, because thermal energy is domi-
nated by applied magnetic field. The M values could be
measured. With increase of H, M increases. The relation
between thermal energy and particle energy is given in eqn (5).

E. Luminescence study

(i) Excitation study. Fig. 3(a) shows the excitation spectra
of YPO,:5Eu and Fe;0,@YPO,:5Eu nanoparticles monitored at
~615 nm emission. A broad peak at ~250 nm is observed due
to the Eu-O charge transfer band (CTB).** This arises due to
the transition of 2p electrons of O~ to the empty 4f orbitals of
Eu®’ ions. Peaks at 315, 362, 376/382, 394 and 464 nm corres-
pond to "Fo1—"Hse, "Fo1—°Do, "Fo1— Gy, °L;, "Fo—"Le and
"Fo,1—"D, transitions of Eu’", respectively.***® The peak inten-
sity at 394 nm is more than that of Eu-O charge transfer
suggesting weak energy transfer from Eu-O to Eu’’. In exci-
tation spectra of Fe;0,@YPO,:5Eu nanoparticles monitored at
615 nm emission, presence of Fe;0, shows significant
decrease in Eu-O charge transfer band intensity. Peak inten-
sity at 394 nm also decreases significantly. There is evolution
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(a) Excitation spectra of YPO4:5Eu and Fe30,@YPO,4:Eu. Emission spectra of YPO4:5Eu (b) and FesO,@YPO,:Eu (c) nanoparticles under 250, 315, 330 and

394 nm using xenon lamp as excitation source. (d) Decay spectra of 5 at% Eu>* doped YPO, nanoparticles under 394 nm excitation and 615 nm emission. The inset
of (d) shows the In(/) vs. time, but there is no linear relationship indicating non-monoexponential decay.

of extra broad peak at 315-330 nm, which may be due to
exciton formation when semiconductor/semimetal (e.g. Fe;0,)
interfaces with another one insulator/semiconductor (YPO,).
Similar observations were reported in our recent studies (SnO,:
Eu@TiO,, Sn0,:Eu@Si0,, Sn0,:Eu@Y,0;)."”~*

(i) Emission study. Fig. 3(b and c) show the emission
spectra of YPO4:5Eu and Fe;0,@YPO4:5Eu nanoparticles
under 250, 315, 330 and 394 nm excitations. In Fig. 3(b) the
emission spectrum of YPO,:Eu shows peak of Eu®* at 592 nm
corresponding to the magnetic transition (>D,—"F;) along with
peaks at 618 and 696 nm corresponding to electric dipole tran-
sition (°Dy—F,) and (*Dy—"F,).**** Apart from these promi-
nent peaks, we could also observe other weak peaks centered
at 650 nm corresponding to (°Dy—’F;) transition. The lumines-
cence intensity is more when excited at 394 nm in comparison
with other three at 250, 315 and 300 nm. Fig. 3(c) shows the
emission spectra of Fe;0,@YPO,:5Eu nanoparticles under
250, 315, 330 and 394 nm excitations. On excitation at 330 nm
it gives the maximum peak intensity whereas 394 nm

This journal is © The Royal Society of Chemistry 2013

excitation shows low intensity due to quenching of Eu®*
excited levels by Fe;0,.

Furthermore, in order to compare the difference in lumines-
cence intensities at different excitation wavelengths, the inte-
grated area under the curve is calculated for *Do—’F; and
°Do—F, transitions. All the fittings were carried out between
578 and 642 nm after removal of background. Luminescence
intensity is more in the case of YPO,:5Eu compared to that of
Fe;0,@YPO,:5Eu. This is because of the presence of the ferro-
magnetic impurity Fe;O,4, which is a luminescence quencher.
Table 2 gives parameters (peak position, FWHM of individual
peak (°Dy—’F; and °Dy—’F, transitions) for YPO,:5Eu and
Fe;0,@YPO,4:5Eu when excited at 250, 315, 330 and 394 nm.
Peak positions of *Dy—’F; are about 592 nm and those of
*D,—’F, are about 618 nm in case of YPO,:5Eu in all exci-
tations. Also, FWHM values for Dy—’F; and °D,—’F, are 8
and 10 nm, respectively. Whereas, peak positions of *Dy—"F,
are about 590-592 nm and those of °D,—’F, are about
611-615 nm in case of Fe;0,@YPO,:5Eu in all excitations.
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Table 2 Parameters obtained after integrated area calculation in luminescence
spectra of samples: 5 at% Eu>" doped YPO, nanoparticles (YPO4:5Eu) and
Fe304@YPO,:5Eu under excitation at 250, 315, 330 and 394 nm. Asymmetric
ratio (A,;) is intensity ratio of °Do—’F to *Do—"F,

Samples with Excitation at

corresponding

parameters 250 nm 315 nm 330 nm 394 nm
YPO,:5Eu

Peak (nm) 592/617.5 592/617.5 592/617 592.5/618
*Dy—"F1/°Do—"F,

Width (nm) 8.5/10 8.0/9.5 8.5/10.0 7.5/8.5
Ay 1.2 1.3 1.7 1
Fe;0,@YPO4:5Eu

Peak (nm 590.5/611 592/613 590.5/613 589.5/615
*Dy—'F1/°Dy—"F,

Width (nm) 26/30.5 25/14 23/15 24.5/21
Asy 1 2.7 3.1 1.2

Also, FWHM values for D,—’F, and °D,—’F, are 15-26 and
14-31 nm, respectively. Such large variation in values for
different excitation peaks in wavelengths are related to inter-
action of EuOg with Fe;O, or interaction of PO, group with
Fe;0,, which was also observed by FTIR study. Local environ-
ment of EuQOyg is affected after Fe;0, interaction.

The relative intensity ratio of electric dipole transition
(°Do—"F,) to magnetic dipole transition (*Dy—F;) can be used
as an effective parameter to understand the Eu®* symmetry
around the host lattice. This parameter is denoted by A,;
called the asymmetric ratio.

21 = 603 - . (12)
where I; and I, represent the respective integrated intensities
of (°Dy—"F;) and (°Dy—"F,) transitions of Eu®", respectively.
A,; values are given in Table 2 for YPO,:5Eu and Fe;O,@YPO,:
5Eu nanoparticles. The A4,; values for YPO,:5Eu are found to
be 1.2, 1.3, 1.6 and 1.0, whereas for Fe;0,@YPO,:5Eu values
are found to be 1.0, 2.7, 3.1 and 1.2, under 250, 315, 330 and
394 nm excitation, respectively. This suggests the increase in
asymmetric environment of EuOg after Fe;O, covered with
YPO,:5Eu. Moreover, the comparison of integrated area of
*D,—F, transition obtained after different excitations at 250,
315, 330 and 394 nm for YPO,:5Eu and Fe;0,@YPO,:5Eu
nanoparticles are shown in Fig. 4. Inset of the Fig. 4 shows
the digital photograph of the YPO,:5Eu (larger) and
Fe;0,@YPO,4:5Eu (smaller) nanoparticles under 266 nm laser
excitation.

According to Judd-Ofelt theory the magnetic dipole tran-
sition is permitted one whereas the electric dipole transition is
allowed exceptionally on condition that europium ions occupy
site without inversion centre and sensitive to local sym-
metry.*>*>*" When AJ = odd in f-f transition (*"'L* (excited
state) — *5*'L; (ground state)) is found to be odd, the tran-
sition is considered to be the magnetic dipole transition
whereas it is electric dipole transition when AJ is even. The J =
L + S (L and S stand for orbital and spin quantum numbers,
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Fig. 4 Integrated area of °Do—’F, transition obtained after different exci-
tations at 250, 315, 330 and 394 nm. Inset shows the digital photograph the
YPO4:5Eu (larger) and Fes0,@YPO,4:5Eu (smaller) nanoparticles under 266 nm
laser excitation.

respectively). Since Eu®" ions occupy asymmetry sites, it is
expected that the intensities of electric dipole transition is
more that of the magnetic dipole transition in all cases of
LnPO,:Eu’". In present case A, is ~1 for YPO,:5Eu nanoparti-
cles on direct Eu*" excitation at 394 nm whereas it increases to
~3 at 330 nm excitation for Fe;O,@YPO,:5Eu.

(iii) Lifetime and quantum yield studies. Fig. 3(d) shows
the luminescence decay for °D, level of Eu*" in YPO,:5Eu
nanoparticles. Excitation and emission wavelengths are fixed
at 396 and 615 nm, respectively. The decay curve is fitted with
bi-exponential function:

I =L et 4 p,el-t/®) (13)

where I, is luminescence intensity at time (¢ = 0). I; and I, are
the intensities at different time intervals and their lifetimes
are 7; and 7,, respectively. In TEM study, particle is found
spherical in shape. This sphere can be divided into two equal
volumes (ie., inner core covered with shell) and thus, the
average lifetime 7,, can be calculated using eqn (14),>*
2 2
- I171° + Ity . (14)
Lty + Ity
It gives 7; = 0.58 ms (89%) and 7, = 2.23 ms (11%) of which
former is due to emission from surface Eu®* and latter is
because of the core Eu®". High contribution from surface is
related to small size particle. Average lifetime (z,,) is 1.1 ms.
The quantum yield study has been carried out on basis of
absolute calculation. Detailed experimental information is
given in the ESIf of our recent work.”® In brief, 1-4 mg of
sample is dispersed in 4 ml of ethanol solvent. The scattering
intensity of solvent is taken after keeping excitation and emis-
sion wavelengths at same number 394 nm. This is referred to
as Iovent- Scattering intensity of sample dispersed in solvent is
taken at the same parameters (dexc = 4em = 394 nm). This is
taken as Isample, Where we choose wavelength at 394 nm

This journal is © The Royal Society of Chemistry 2013
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because of Eu*" absorption. Emission intensity of dispersed
sample/particles is recorded in 500-700 nm in which the emis-
sion peaks at 592 and 618 nm could be observed. This is refer-
enced as Iemission- All experiments are performed in an
integrated sphere, where sample/solvent is kept inside. The
sphere has exit and entry of light and the angle between them
is at 90° and inner surface is coated with BaSO,. Since dis-
persed particles absorb light of 394 nm, only emitted light will
be scattered from it. Difference in scattering light intensities
(Isovent — Isample) Will give the amount of light absorbed by the
sample. The quantum yield (QY) is defined using eqn (15):

Temitted

Isolvent — Isample ’

This is initially tested with a standard sample (Rhodamine
G in ethanol/methanol). The emission quantum yield (QY) of
YPO,:5Eu was found to be 12%, which is close to the reported
value GdPO,:Eu sample (QY = 19%).>*

(iv) Induction heating study. We have evaluated the
heating ability of different magnetic particles with respect to
their concentrations and magnetic fields/currents. The

(a) 80

70

Fe304 20 mg 15 mg

1
. 0mg

[=23
o
T

5 mg

[°
o
T

Temperature (°C)
H
o

w
o
T

N
o

4 6
Time (min)

(C) 80

70

400 A

Fe304

[=2]
o
T

Temperature (°C)
8 8

w
o
T

4 6
Time (min)

View Article Online

magnetic field produced from induction coil is directly depen-
dent on the amount of current passing to the coil. Fig. 5(a, b)
shows the heating temperature achieved by different concen-
trations of Fe;0, and Fe;0,@YPO,:5Eu at the applied current
of 400 A with time up to 10 minutes. For all tested concen-
trations (2-20 mg), Fe;0, can reach hyperthermia temperature
that is ~40-43 °C even at lower concentrations (5 mg ml™") at
400 A of supplied current whereas Fe;0,@YPO,:5Eu needs
higher concentration to achieve hyperthermia temperature at
around 10 mg ml~". All these samples are studied under the
influence of magnetic field produced by 400 A of AC current.
Fig. 5(c, d) shows the temperature achieved by Fe;O, and
Fe;0,@YPO,4:5Eu with time at different currents. Here concen-
tration of the sample is 15 mg ml™". Inset of Fig. 5(c) shows
the digital photograph of (i) Fe;0,@YPO,:5Eu nanoparticles
dispersed in water and (ii) same after magnetic field applied
on it. Sample is highly dispersible in water, but after applying
magnetic field, magnetic composites are attracted toward the
magnetic field. The particles are studied using different cur-
rents varying in 200-400 A, out of which 400 A is found to be
the more optimal as compared to that of the other currents.

48
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Fig. 5 The temperature achieved by (a) Fe30,4 and (b) Fe30,@YPO4:5Eu with time at different concentrations (current = 400 A and f = 265 kHz). The temperature
achieved by (c) Fes04 and (d) Fe;0,@YPO4:5Eu with time at different currents (concentration = 15 mg ml™"). Inset of (c) shows the digital photograph of
(i) Fe304,@YPO,4:5Eu nanoparticles dispersed in water and (i) same after magnetic field applied on it.
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Table 3 SAR (W g~ ') values for Fe;0,4 and Fe;0,@YPO4:Eu magnetic nanopar-
ticles at different currents

SAR (W g™")

Based on initial

weight taken Based on ICP-MS
Samples (mg) 200A 300A 400A 200A 300A 400 A
Fe;0,
2 18 22 29 18 22 29
5 42 44 48 42 44 48
10 70 65 65 70 62 65
15 71 71 71 72 71 71
20 90 81 84 90 80 84
Fe;0,@YPO4:Eu
2 5 16 24 6 19 28
5 9 24 34 11 28 40
10 17 40 51 20 47 60
15 26 53 78 31 62 92
20 34 62 85 40 73 100

It is to be noted we did not pass current more than 400 A
because a high current passing through coil yields heat at the
coil, which is closed to the physiological temperature (37 °C)
or above this. The calculated SAR values of Fe;O, and
Fe;0,@YPO,4:5Eu at different applied currents are given in
Table 3. Recently, the SAR value ~92 W ¢~" at 10 kA m™" and
425 kHz and 33-38 W g~ ' at 335 Oe (ie., 26.6 kKA m™") and
265 kHz for Fe;O, MNPs were reported.18 Moreover, Bovine
serum albumin-coated Fe;O, nanoparticles are less toxicity and
biocompatible.>® These nanoparticles are effectively used in
in vivo delivery applications.’® Due to its quick heating ability,
Fe;0,@YPO,4:5Eu nanoparticles can be effectively used in
hypothermia applications. The toxicity and biocompatibility of
the system will be investigated in a forth coming study.

F. Cellular uptake of the magnetic nanocomposites

For in vitro and in vivo hyperthermia and diagnostic appli-
cations, it is desirable that the nanocomposites show high

View Article Online

internalization and accumulation in tumor cells. Hence, we
have studied their interaction with mouse fibrosarcoma
(Wehi 164) cells by Prussian blue staining and light
microscopy. Without nanocomposites, there are no blue spots
in Wehi 164 cells (Fig. 6(a)). The Wehi 164 cells treated with
nanocomposites show the presence of a number of blue spots,
indicating high intracellular uptake of nanocomposites by the
tumor cells (Fig. 6(b)).

V. Conclusions

This study demonstrated the successful synthesis of
Fe;0,@YPO,:5Eu hybrid nanoparticles having both magnetic
and luminescence characteristics. The as-prepared samples are
characterized by XRD, FTIR, TEM/HRTEM, SAED, magnetisa-
tion, excitation, emission, lifetime and induction heating
techniques. The average crystallite sizes calculated from
XRD patterns are found to be ~22 and 10 nm for YPO,:5Eu
and Fe;0,@YPO,:5Eu  hybrid nanoparticles, respectively.
This was also confirmed by TEM measurements. The emission
peaks in the visible range from YPO,:5Eu and Fe;O,@YPO,:
5Eu hybrid nanoparticles under 250, 315, 330 and 394 nm
excitations are observed. Samples show strong emission under
330 nm excitation having average A4,; = 1.7 and 3.1 for
YPO,:5Eu and Fe;0,@YPO,:5Eu hybrid nanoparticles, respect-
ively. The magnetization study of hybrid nanocomposites
shows magnetization M = 11.1 emu g~ (measured at 2 x 10™*
Oe) with zero coercivity. This is related to its super-
paramagnetic behaviour. Samples show high SAR values.
The hyperthermia temperature can be attained under
different applied magnetic fields/currents. Thus materials
having both optical and magnetic properties can play an
important role, such as tracers for biomedical applications
along with hyperthermal action in cancer therapy. The Prus-
sian blue staining signifies the cellular internalization of the
magnetic nanoparticles in Wehi 164 cells by non specific
endocytosis.

Fig. 6 Prussian blue staining of the Wehi 164 cells (a) control cell media without magnetic nanoparticles (b) cells treated with magnetic nanoparticles

(0.5 mg ml~") for 6 h.
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