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magnetic and magnetothermal
properties of gadolinium silicide nanoparticles
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Gadolinium silicide (Gd5Si4) nanoparticles are an interesting class of materials due to their high

magnetization, low Curie temperature, low toxicity in biological environments and their multifunctional

properties. We report the magnetic and magnetothermal properties of gadolinium silicide (Gd5Si4)

nanoparticles prepared by surfactant-assisted ball milling of arc melted bulk ingots of the compound.

Using different milling times and speeds, a wide range of crystallite sizes (13–43 nm) could be produced

and a reduction in Curie temperature (TC) from 340 K to 317 K was achieved, making these nanoparticles

suitable for self-controlled magnetic hyperthermia applications. The magnetothermal effect was

measured in applied AC magnetic fields of amplitude 164–239 Oe and frequencies 163–519 kHz. All

particles showed magnetic heating with a strong dependence of the specific absorption rate (SAR) on

the average crystallite size. The highest SAR of 3.7 W g�1 was measured for 43 nm sized nanoparticles of

Gd5Si4. The high SAR and low TC, (within the therapeutic range for magnetothermal therapy) makes the

Gd5Si4 behave like self-regulating heat switches that would be suitable for self-controlled magnetic

hyperthermia applications after biocompatibility and cytotoxicity tests.
1. Introduction

Magnetically induced hyperthermia is proposed as an alterna-
tive anticancer therapy in which the heat produced by magnetic
nanoparticles (MNPs) in radio frequency (RF) magnetic elds is
used to destroy cancerous cells or retard their growth.1–11 The
therapeutic action is due to the magnetothermal effect by which
MNPs transform alternate current (AC) magnetic eld energy
into heat by different magnetic loss mechanisms, such as Néel
and Brownian losses.3 The heating efficiency of the MNPs is
quantied in terms of the specic absorption rate (SAR), which
is the amount of heat dissipated per unit time per unit mass of
particles. The SAR depends on external factors, such as the
frequency and amplitude of the applied AC eld,12,13 as well as
on structural and magnetic properties of the MNPs, such as
magnetization, coercivity, magnetic anisotropy (including
surface anisotropy), etc., which in turn are strongly dependent
on the average crystallite size. Producing MNPs with high SAR
values is important for magnetothermal therapy in order to
reduce the dosage of the hyperthermia agent.14
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Magnetic hyperthermia and thermo-ablation are the two
main treatment techniques that can be employed for destroying
cancer cells through heat. Both are localized modes of treat-
ment that have fewer side effects than conventional chemo- and
radiotherapies. Thermoablation involves high temperature
treatment (T �55 �C or 328 K) for a short period of time, typi-
cally 10 min. This is favorable on account of time saving but has
harmful side effects like shock syndrome and inammatory
response which can happen due to accretion of necrotic mate-
rial. Hyperthermia involves heating up to the therapeutic
temperatures of 42–47 �C (315–320 K) for a few hours. Because
of the extended treatment time, the nal temperature attained
is difficult to control and can exceed the therapeutic limit
leading to overheating and spot-burning, causing damage to
healthy tissue as well. Therefore, a much-preferred modality of
magnetothermal therapy is self-controlled magnetic hyper-
thermia, in which the Curie temperature (TC) of the magnetic
nanomaterial is tuned to lie in the therapeutic range, between
315 and 320 K.15 Upon achieving these temperatures, the heat-
ing capability of such materials reduces drastically due to the
transition to the paramagnetic state at TC. This prevents over-
heating, burning and possible necrosis of healthy tissue.

To get a high hyperthermia response from small dosages of
the hyperthermia agent, MNPs with high magnetic response
should be used, but these also usually have very high Curie
temperatures. Most compounds proposed as potential candi-
dates for magnetic hyperthermia have TC values that lie well
above the therapeutic range, even for very small sizedMNPs. For
RSC Adv., 2020, 10, 28383–28389 | 28383
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example, magnetite (Fe3O4) has TC ¼ 738 K for 6.4 nm diameter
particles,16 while for 10 nm maghemite (g-Fe2O3) nanoparticles
TC ¼ 546 K has been reported.17 Such high TC values make these
materials unsuitable for self-controlled hyperthermia applica-
tions. Several attempts have been made to tune the TC of ferrites
and rare earth manganites and bring it within the therapeutic
range, but this results in loss of magnetization and lower SAR's.
Such a problem can be resolved by using a system that retains
its magnetization at the nanoscale without any signicant loss
in the SAR and magnetothermal response. Bulk gadolinium
silicide (Gd5Si4) has the distinct advantage that it has high bulk
magnetization 100 emu g�1 and a low TC ¼ 340 K,18 which can
be further reduced by ball milling or doping and brought within
the therapeutic range for self-controlled hyperthermia applica-
tions. This unique combination of high magnetization and low
TC endows this material with multifunctional properties. For
example El-Gendy et al. have shown that Gd5Si4 act equivalent to
commercially available superparamagnetic iron oxide nano-
particles (SPIONs) for enhancing T2 contrast in magnetic
resonance imaging (MRI).19 The high magnetization of Gd5Si4
ensures that the material can be used in small dosages, making
it cost-effective. Thus, they can be used as “theranostic” agents20

due to their simultaneous diagnostic (e.g. in MRI) and thera-
peutic properties as agents of self-controlled magnetic hyper-
thermia as has been shown in our work.

Despite these attractive properties there is relatively little
work on biomedical applications of Gd5Si4 nanoparticles.21 The
synthesis of Gd5Si4 MNPs viawet chemistry is a challenging task
because gadolinium oxidizes very readily resulting in stark
reduction in magnetization. Producing Gd5Si4 by ball-milling in
presence of suitable surfactants avoids the oxidation of gado-
linium and also provides a high yield and well-controlled scal-
ability of the nanoparticles.

In this work, we have synthesized bulk Gd5Si4 by arc melting
and reduced it to the nanoscale through surfactant-assisted ball
milling. The inuence of milling time and milling speed on
structural, magnetic and magnetothermal properties of MNPs
has been investigated to assess their efficacy as agents of self-
controlled magnetic hyperthermia. We have successfully
reduced the Curie temperature of Gd5Si4 nanoparticles to
within the therapeutic range. This reduction in the particle size
and TC afforded a maximum SAR values of 3.7 W g�1 for Gd5Si4
nanoparticles milled at 200 rpm for 10 min.

2. Experimental procedure
Synthesis

Bulk Gd5Si4 samples were prepared by arc melting stoichio-
metric mixtures of Gd (purity 99.99 wt%) and Si (99.99 wt%).
The powders of elements were pressed into pellets and arc-
melted. All operations were performed in an argon-lled glove-
box (O2 content < 1 ppm). Each as-cast specimen was ipped
over and re-melted 2–3 times in order to obtain a homogeneous
ingot. The ingots were placed in carbonized silica tubes (10 mm
inner diameter), which were sealed under vacuum (<10�2 mbar)
and transferred into a Lindberg Blue M furnace (Thermo Elec-
tron Corporation). All samples were annealed at 1100 �C for 24–
28384 | RSC Adv., 2020, 10, 28383–28389
48 h and cooled down to room temperature by turning off the
furnace. Weight loss aer arc-melting was less than 1%.
Ball milling

The arc-melted bulk ingots were rst ground with a mortar and
a pestle in methanol for 1 h and then transferred to a planetary
micro-mill (FRITSCH PULVERISETTE Premium Line 7) with
2 mm diameter zirconia balls, using a ball to sample mass ratio
of 5 : 1. Milling was done in inert argon atmosphere. The
amount of surfactant (oleic acid) used was 10% of the sample
mass. n-Hexane of 99.8% purity was used as a solvent. Two
series of Gd5Si4 samples were milled at 200 rpm and 500 rpm for
10, 30, 50, 80, and 100 min. All samples were labeled according
to the milling speed and milling time; for example, the label
BM-200-100 indicates the sample milled at 200 rpm for 100min.
Physical measurements

The structure of the bulk and milled materials was examined
using powder X-ray diffraction (PXRD) on a Panalytical XPert
Pro diffractometer with Cu-Ka radiation (l ¼ 1.54187 �A). A
transmission electron microscope (JEOL JEM-ARM200cF) was
used to investigate the morphology of the samples and obtain
selected area electron diffraction (SAED) patterns. Chemical
analysis of selected samples was done using energy dispersive
electron spectroscopy. Field and temperature dependent
magnetization measurements were performed using
a Quantum Design Versa Lab magnetometer. Time-dependent
calorimetric measurements, to determine the SAR values,
were made using a nanoTherics Magnetherm® unit. The
capacitors and RF coil combinations in this system allow the
amplitude and frequency of the magnetic eld to be varied in
the ranges of 163–238 kHz and 164–239 Oe, respectively. A
Nomad™ ber-optic thermometer was used to log the
temperature of the sample that was placed in a thermally
insulated vial before being exposed to the magnetic eld.
3. Results and discussion

Fig. 1a and b show the PXRD patterns of Gd5Si4 nanoparticles
prepared by surfactant-assistant ball milling at 200 and 500 rpm
for 10, 30, 50, 80, and 100 min. All PXRD patterns contain
dominant peaks of the ferromagnetic Gd5Si4 phase (ICSD-01-
087-2319) and small impurity peaks of GdSi (ICSD-01-072-
0705) and Gd5Si3 (ICSD-00-024-1288), which are known to be
very difficult to remove even aer high temperature treat-
ment.18,22 Since GdSi is antiferromagnetic and Gd5Si3 is para-
magnetic at room temperature, their presence in small
quantities is not expected to affect the magnetic properties of
our samples in any signicant manner. The lattice parameters
obtained for BM-200-10 and BM-500-10 are a ¼ 7.4714 �A, b ¼
14.7111�A and c ¼ 7.7359�A and a ¼ 7.4691�A, b ¼ 14.7114�A and
c ¼ 7.7311�A, respectively. They correspond well to the reported
Gd5Si4 structure with a¼ 7.4738�A, b¼ 14.7240�A and c¼ 7.7362
�A (ICSD-01-087-2319). Increasing the milling time to 100 min
changed the lattice parameters by <0.1%.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 PXRD patterns of Gd5Si4 samples ball milled in oleic acid at (a)
200 rpm and (b) 500 rpm for 10, 30, 50, 80, and 100 min. The lowermost
panels in (a) and (b) show the reference pattern of Gd5Si4 (ICSD 01-087-
2319) for comparison. (c) The average crystallite size hDi of Gd5Si4
nanoparticles obtained bymilling at 200 rpmand 500 rpmas a function of
milling time. The straight lines are meant as guide to the eye.
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The increase in the milling speed results in partial loss of
crystallinity and peak broadening, indicating a reduction in the
average crystallite size for samples milled at 500 rpm. The
average crystallite sizes hDi were estimated from the PXRD data
using the Scherer formula. Ball-milling is a high energy process
that may lead to some internal stresses that could contribute to
Fig. 2 Energy dispersive X-ray analysis of sample BM-200-80 (a) and BM

This journal is © The Royal Society of Chemistry 2020
the peak broadening. However, since the bulk Gd5Si4 samples
were very brittle and could be easily crushed in a mortar and
pestle, we believe that these effects are small in comparison to
size-induced broadening. This is corroborated by the fact that
the largest change in the lattice parameters of all milled
samples was less than 0.1%. By varying both the milling speed
and milling time, we are able to obtain a wide range of crys-
tallite sizes (13–43 nm), which signicantly affect the magnetic
and magnetothermal properties of our samples, as will be
shown below. The decrease in hDi with milling time is shown in
Fig. 1c for sample milled at 200 and 500 rpm.

Fig. 2 shows representative results of the quantitative EDX
elemental analysis of samples BM-200-80 and BM-200-100.
Dominant peaks of Gd and Si can be seen, together with
a small oxygen admixture, possibly due to minor surface
oxidation. Copper and carbon peaks are due to the lacey carbon-
coated grid.

Fig. 3a shows a TEM image of sample BM-200-100. There are
strongly agglomerated sub-100 nm particles that could not be
separated due to their strong dipolar interactions. Fig. 4b and c
show the SAED patterns for samples BM-200-100 and BM-500-100,
respectively. Progressive loss of crystallinity can be seen in the
weakening of the diffraction spots with increasing milling speed.

Magnetization hysteresis loops of the samples were measured
at 300 K in applied elds up to �15 kOe (Fig. 4). All samples show
so ferromagnetic behavior with coercivities lying in the range of
8–29 Oe and 42–87 Oe for the series milled at 200 rpm and
500 rpm, respectively. The magnetization of Gd5Si4 nanoparticles
does not saturate at 15 kOe, possibly because of some oxidation
and surface spin disorder. We observe a signicant decrease in
magnetizationwith increasingmilling speed andmilling time. The
low eld region displayed in the insets of Fig. 4 shows a magnied
view of the coercivity of these samples.

The coercivity Hc and maximum magnetization as functions of
milling time and average crystallite size hDi for the Gd5Si4 samples
milled at 200 and 500 rpm are shown in Fig. 5. Since the magne-
tization does not saturate in these samples, we have plotted the
value of themagnetization obtained at 15 kOe (M@15 kOe), which
is the maximum eld used in our measurements. TheM@ 15 kOe
value decreases with the increase in the milling time and speed
-200-100 (b).

RSC Adv., 2020, 10, 28383–28389 | 28385
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Fig. 3 (a) TEM image of sample BM-200-100. Panels (b) and (c) show the SAED patterns for samples BM-200-100 and BM-500-100.

Fig. 4 Room temperature M–H loops of Gd5Si4 samples milled for 10, 30, 50, 80, and 100 min at (a) 200 rpm and (b) 500 rpm. The inset shows
the coercivity at low field.
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(Fig. 5b). This decrease correlates well with the decrease in the
average crystallite size (Fig. 5c) established by the PXRD measure-
ments (Fig. 1c). The coercivity increases with higher milling speed
and decreases with longermilling times, reachingminimum values
of 8 Oe and 42 Oe for samples milled at 200 rpm and 500 rpm,
respectively (Fig. 5a). Fig. 5c shows the coercivity andmagnetization
of all samples as a function of their average crystallite size hDi. The
panel on the le (yellow) shows the data for the series milled at
200 rpm while that on the right shows similar data for samples
milled at 500 rpm. The decrease in coercivity HC with average
crystallite size hDi indicates that these particles are in the single-
Fig. 5 Dependences of (a) coercivity and (b) maximum magnetization
magnetization as a function of average crystallite size hDi for Gd5Si4 sam

28386 | RSC Adv., 2020, 10, 28383–28389
domain regime.23 The magnetization of all samples decreases
with increased milling speed, while their coercivity increases.
Aggressive milling at 500 rpm produces a more defect-ridden
surface layer or shell that is largely amorphous and magnetically
dead. The formation of this surface layer reduces themagnetization
and at the same time increases the coercivity, as has been observed
in core–shell nanoparticles.24,25 Thus, by varying the milling time
and milling speed, we are able to obtain a wide range of crystallite
sizes (13–43 nm) with coercivities varying between 8 and 87 Oe and
magnetization M @ 15 kOe in the range of 7–73 emu g�1.
(M @ 15 kOe) on milling time and milling speed, (c) coercivity and
ples milled at 200 and 500 rpm. The straight lines are guide to the eye.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 M–T curves of Gd5Si4 samples BM-500-50 and BM200-10
measured inH¼ 100Oe after cooling in zero field. The inset shows the

first derivative
dM
dT

of the thermal demagnetization curve to obtain TC

for both samples.

Fig. 8 Dependence of the specific absorption rate (SAR) on the
crystallite size hDi of Gd5Si4 samples milled at 200 and 500 rpm.
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To investigate the effect of milling time andmilling speed on
the Curie temperature (TC), we measured the thermal demag-
netization of BM-200-10 and BM-500-50 samples in the zero-
eld-cooled (ZFC) mode in a static eld of 100 Oe in the
temperature range 240–420 K. The results obtained are shown
in Fig. 6, where the inset shows the determination of the
magnetic phase transition temperature as the minimum of the
(dM/dT) curve.26,27 The BM-200-10 sample shows an abrupt
ferromagnetic-like increase in magnetization at �340 K, which
is identical to the TC of bulk Gd5Si4. Increasing milling time and
speed for sample BM-500-50 broadens the transition between
the paramagnetic and ferromagnetic states while lowering the
TC to 318 K. The magnetic ordering temperature can thus be
varied systematically by controlling the size of the Gd5Si4 MNPs
and brought in the range suitable for self-controlled hyper-
thermia applications, i.e., between 315 K and 320 K. This is
important because it imposes an intrinsic check on the heat
dissipation of the MNP's, thereby avoiding the possibility of
overheating and spot-burning in magnetothermal therapy.
Fig. 7 Heating curves of series (a) BM-200 and (b) BM-500 measured i
graphs show the change in temperature for 43mg of the powder samples
@ 85 s on average crystallite size hDi.

This journal is © The Royal Society of Chemistry 2020
The heating potential of Gd5Si4 was investigated through
magnetothermal measurements carried out on 43 mg of the
milled samples in AC magnetic elds of amplitude ranging
between 164–239 Oe and frequencies between 163–519 kHz.
Fig. 7a and b shows representative heating measurements of
samples milled at 200 and 500 rpm, respectively. These
measurements were carried out in an AC magnetic eld of
amplitude Hmax ¼ 171 Oe and frequency f¼ 327 kHz. The insets
show the decrease in the nal stable temperature TS (obtained
aer 85 s exposure to the AC eld) with average crystallite size
hDi.

The initial heating rates
�

dT
dt

�
t¼0

were extracted from the

heating curves and used to determine the specic absorption
rate (or SAR) according to the equation,

SAR ¼ c
�

dT
dt

�
t¼0

msample

mmagn:
; where c is the specic heat capacity of

the sample,mmagn. is the fraction of magnetically active element
in the sample, msample is the mass of the sample, and the

derivative
�

dT
dt

�
t¼0

is the initial slope of the heating curve. For

Gd5Si4, c ¼ 0.404 J g�1 K�1 (ref. 28) was used. Fig. 8 shows the
SAR values obtained from Fig. 7a and b as a function of the
average crystallite size for three different combinations of AC
n AC magnetic field of amplitude 171 Oe and frequency 327 kHz. The
. The insets in both graphs show the dependence of final temperature T

RSC Adv., 2020, 10, 28383–28389 | 28387
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Table 1 Comparison of the measured Curie temperature (TC) and specific absorption rate (SAR), with reported literature

System TC (K) SAR (W g�1)

Gd5Si4 318 (hDi ¼ 43 nm) 3.7 (hDi ¼ 43 nm, H ¼ 171 Oe, f ¼ 327 kHz)
Fe3O4 738 (hDi ¼ 6.4 nm)32 0.5 (hDi ¼ 140 nm, H ¼ 1257 Oe, f ¼ 820 kHz)33

Fe2O3 585 (hDi ¼ 6 nm)34 0.5 (hDi ¼ 9.2 nm, H ¼ 133 Oe, f ¼ 500 kHz)35

CoFe2O4 820 (hDi ¼ 40 nm)36 0.04 (hDi ¼ 13.5 nm, H ¼ 133 Oe, f ¼ 500 kHz)35

NiFe2O4 860 (hDi ¼ 5.6 nm)37 0.43 (hDi ¼ 9.2 nm, H ¼ 133 Oe, f ¼ 500 kHz)35

CuFe2O4 770 (hDi ¼ 22.1 nm)37 0.27 (hDi ¼ 9.4 nm, H ¼ 133 Oe, f ¼ 500 kHz)35

ZnFe2O4 800 (hDi ¼ 8 nm)38 0.07 (hDi ¼ 9 nm, H ¼ 133 Oe, f ¼ 500 kHz)35
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eld amplitude and frequency. Within the range of sizes
investigated, SAR increases linearly with increasing crystallite
size hDi, as is expected for particle sizes in the single domain
regime.29 The value of the SAR for a given hDi depends on both
the amplitude and frequency of the AC eld.3 The highest SAR
value of 3.7 W g�1 was obtained for BM-200-10. The Gd5Si4
nanoparticles show a higher magnetothermal response at lower
elds and frequencies that those of Fe3O4 nanoparticles
measured at 820 kHz and 1.2 kOe30 and at 340 kHz and 340 Oe.31

Table 1 shows a comparison of the key performance indicators
of Gd5Si4 and other systems most commonly reported as potential
agents of magnetic hyperthermia. The rst row represents our
experimental results and one can see that the TC for our samples is
signicantly lower than that of other systems shown. The TC of
magnetite and maghemite, which are the most commonly
proposed materials for biomedical applications, lie well beyond
the therapeutic limit even for particles as small as 6 nm. This low
TC of the Gd5Si4 nanoparticles means that they stop heating once
therapeutic temperatures are achieved, thereby preventing over-
heating and spot heating of tissue. This is an important result,
more so because the SAR or our sample is also higher than that of
the ferrites shown in Table 1, some of which have been measured
at comparable elds and frequencies.

4. Conclusions

We have investigated the dependence of the magnetic and
magnetothermal properties of ball-milled Gd5Si4 nanoparticles
on their average crystallite size hDi. By varying the milling time
and milling speed, a wide range of crystallite sizes (13–43 nm)
could be produced within the single domain regime.

All nanoparticles studied in this work show a linear depen-
dence of the specic absorption rate (SAR) on the average
crystallite size. The maximum SAR obtained was 3.7 W g�1.
Most signicantly, it was found that the reduction in particle
size by ball milling can successfully reduce the Curie tempera-
ture to lie in the range required for self-controlled magnetic
hyperthermia, i.e. 315–320 K. This is a distinct advantage of
Gd5Si4 over other potential candidates for magnetic hyper-
thermia. Although rare earth based compounds are generally
more expensive than some commercially available iron oxide
nanoparticles, the high SAR values of these nanoparticles
means that they are required in very low dosages to attain the
required therapeutic temperaures. Above all, the Gd5Si4 nano-
particles investigated in our work can act as self-regulating heat
28388 | RSC Adv., 2020, 10, 28383–28389
switches because of their low TC, and this makes them ideal
agents for self-controlled magnetic hyperthermia.
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