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High performance multi-core iron oxide 

nanoparticles for magnetic hyperthermia: microwave 

synthesis, and the role of core-to-core interactions 

C. Blanco-Andujar,abc D. Ortega,cde P. Southern,bc Q. A. Pankhurstbc* and N. T. K. 
Thanhab*   

The adoption of magnetic hyperthermia as either a stand-alone or adjunct therapy for cancer is 
still far from being optimised due to the variable performance found in many iron oxide 
nanoparticle systems, including commercially available formulations. Herein, we present a 
reproducible and potentially scalable microwave-based method to make stable citric acid-
coated multi-core iron oxide nanoparticles, with exceptional magnetic heating parameters, viz. 

intrinsic loss parameters (ILPs) of up to 4.1 nHm2/kg, 35% better than the best commercial 
equivalents. We also probe the core-to-core magnetic interactions in the particles via 
remanence-derived Henkel and ∆M plots. These reveal a monotonic dependence of the ILP on 
the magnetic interaction field Hint, and show that the interactions are demagnetising in nature, 
and act to hinder the magnetic heating mechanism.  

 

Introduction  

Hyperthermia therapy, or the application of supra-normal body 
temperatures as a direct or adjunct treatment for cancer, has 
been studied for decades due to the relatively high thermal 
sensitivity of malignant cells compared to healthy tissue.1, 2 
Heat can be delivered by a variety of techniques such as 
radiofrequency, microwave radiation, regional perfusion 
therapy, laser ablation or magnetic hyperthermia.3-5 The latter is 
an especially attractive approach due to the possibility of using 
targeted nanoparticles for specific accumulation in cancer 
tissues.6 Recent developments indicate that this technique could 
improve the therapeutic outcome for cancer patients, either as a 
stand-alone treatment or in conjunction with chemotherapy 
and/or radiotherapy.7, 8 This has driven extensive research in the 
field, as exemplified by nearly 2000 reports† and a growing 
number of reviews7, 9-11 published in the last 5 years. 
Nonetheless, there is still doubt about its effectiveness, as the 
latest clinical trials have presented uncertain results.12  
 Magnetic hyperthermia relies upon the fact that magnetic 
nanoparticles under the influence of an AC magnetic field 
generate heat, with this heat being affected by the concentration 
of nanoparticles, the strength of the magnetic field, the driving 
frequency and the heat capacity of the media, among other 
factors.6, 7 The current development of magnetic hyperthermia 
is heavily focused on two aspects, namely the composition of 
the nanoparticles (where reproducibility and scalability are 

consistently found to be hard to achieve), and the 
instrumentation needed for applying external fields to generate 
the magnetic hyperthermia, and for measuring the resultant heat 
deposition in tissues. Regarding the instrumentation, the vast 
majority of the devices are purpose-built designs intended for in 

vitro testing, or at most pre-clinical in vivo testing. Clinical 
scale appliances are very much the exception to date, and are  
being developed by companies such as Magforce GmbH in 
Berlin13, 14 and Resonant Circuits Ltd in London.15 
 The synthesis of magnetic nanoparticles for magnetic 
hyperthermia has been extensively studied with a view to 
improving their performance as heat sources. Their 
performance is usually characterised via the specific absorption 
rate (SAR) or intrinsic loss parameter (ILP) metrics,16 both of 
which describe the amount of energy absorbed/evolved per unit 
mass under the influence of an AC magnetic field. Reported 
materials with high SAR/ILP metrics encompass many 
different systems, including lanthanum manganites, mixed-
cation ferrites, and core-shell or metallic nanoparticles.17-20 
However, the undetermined or potential toxicity of many 
nanoparticle systems, as well as production scalability issues, 
have restricted their use in clinical trials.  
 Instead, materials research has been focused on the 
ferrimagnetic iron oxides maghemite (γ-Fe2O3) and magnetite 
(Fe3O4) because to their safe and well-known metabolic 
pathway in the human body, and their history of successful 
clinical use as MRI contrast agents. The main issue to be 
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addressed here, rather than the discovery of new formulations, 
is to build on the existing knowledge and overcome the current 
practical limitation of their synthesis, in particular the 
reproducibility and scalability of the preparation methods. 
Unfortunately, to date many of the published and patented 
protocols have failed to be translated into an industrial setting, 
ready for large-scale production.  
 We report here on a solution to this problem, viz. a 
reproducible microwave-based method with a potential for 
scaling up synthesis of iron oxide nanoparticles (IONPs) with a 
high SAR/ILP design parameter. The use of a microwave 
reactor overcomes a critical confounding issue in the 
preparation of IONPs: the adsorption of precipitating agents 
(e.g. sodium bicarbonate) onto the surface of the intermediate 
oxyhydroxides species.21 Microwave radiation offers an easily 
controlled source of heating while also enabling some  
interesting specific effects such as selective heating,22-29 where, 
in solution, the surfaces of the nanoparticles absorb more 
microwave radiation than the core, leading to a local 
overheating that changes the particle surface energy and 
reactivity.30, 31  
 This characteristic enables an effective and controllable 
exchange between undesirable surface-adsorbed species and 
other moieties added on purpose to the reaction medium, like 
coating agents. A wide range of coating molecules have been 
used to stabilize nanoparticles and ensure biocompatibility.32 
Among these, we have found that citric acid (CA) possesses an 
optimal balance between biocompatibility, cellular transport 
and internalisation properties, as attested by its wide 
commercial availability and the many studies that have used it 
as coating agent in biomedical applications.33-36 The free 
carboxyl groups provide stability and high surface negative 
charge density, which offers an excellent platform for further 
functionalisation, and improved cellular uptake.37, 38 
 In this work we report on an investigation of the effect of 
the synthesis conditions on the properties of IONPs obtained by 
a coprecipitation method in a microwave reactor. As well as the 
beneficial effects of the microwave route with regard to the 
citric acid coatings that were produced, we also report on an 
unexpected controllability in the number and size of the 
individual magnetic nanocrystallites (‘cores’) that are present 
within the multi-core system. Such structures are common in 
magnetic nanoparticles,39, 40 but hitherto there have been no 
reports on controllable routes to the synthesis of multi-core 
IONPs. Furthermore, we report on a detailed study of the 
magnetic interactions in the products – between cores within a 
multi-core structure, and between multi-core particles – and the 
influence that has on the magnetic heating performance. The 
optimal parameters for suitable products are thereby defined. 
 

Experimental 

Chemicals 

Ferric chloride hexahydrate (FeCl3.6H2O, >99%), ferrous 
chloride tetrahydrate (FeCl2.4H2O, 99%), sodium carbonate 
(Na2CO3, 99%) and citric acid monohydrate 

(HOC(COOH)(CH2COOH)2.H2O, >99%) were obtained from 
Sigma Aldrich Ltd, UK, and were used as received.    
 

Microwave assisted coprecipitation of citric acid-coated iron 

oxide with sodium carbonate 

Citric acid-coated iron oxide nanoparticles (CA-IONPs) were 
synthesised by coprecipitation of ferric and ferrous chloride 
salts with sodium carbonate and post-precipitation addition of a 
citric acid solution, with the aid of a SP-Discovery Microwave 
(CEM, USA). Briefly, a solution of FeCl2.4H2O (0.02 M) and 
FeCl3.6H2O (0.04 M) was transferred into a vial and sealed 
with a pressure cap. The solution was heated to 60 °C (50 or 
300 W) and sodium carbonate aqueous solution (1 M) was 
added with a syringe pump (2 ml/min) (WPI, UK). The solution 
was kept at this temperature for 10 or 60 min and then citric 
acid solution (refer to Table 1, 1 ml ddH2O) was added. The 
solution was maintained at 60 °C (50 or 300 W) for 10 or 60 
min. The obtained nanoparticles were washed by magnetic 
separation and redispersed in ddH2O for further 
characterisation. 

Characterisation of citric-acid coated iron oxide nanoparticles 

The morphology, particle size and size distribution of IONPs 
were examined with a JEOL JEM 1200-EX transmission 
electron microscope (TEM) operated at an acceleration voltage 
of 120 kV. Samples were prepared by dropping the aqueous 
dispersion onto a carbon-coated copper grid and air-dried. The 
hydrodynamic diameter of the IONPs was measured by 
dynamic light scattering (DLS) using a Zetasizer nano (Malvern 
Instruments Ltd, UK). The crystal structure of IONPs was 
investigated with a PanAlytical X-ray diffractometer, using 
CoKα radiation (λ = 1.789010 Å). The diffraction patterns were 
collected from 2θ = 20° to 100°. Samples were prepared by 
pressing dried powders on a zero background silicon wafer. 
Field-dependent magnetisation M(H), isothermal remanent 
magnetisation (IRM) and direct current demagnetisation (DCD) 
measurements of IONPs were carried out in a Quantum Design 
hybrid superconducting quantum interference device-vibrating 
sample magnetometer (SQUID-VSM) at 300 and 5 K, with 
applied fields up to 7 T. 57Fe Mössbauer spectra were collected 
from freeze-dried samples mixed with boron nitride and 
measured in transmission mode in a commercial spectrometer 
(SEE Co Inc, USA) working in constant acceleration mode, 
calibrated relative to metallic α-Fe at room temperature (RT). 

Magnetic heating measurements 

The heat dissipation of the nanoparticle suspensions was 
evaluated with a magnetic alternating current hyperthermia 
‘MACH’ system (Resonant Circuits Ltd, UK) operating at a 
frequency f = 950 kHz and a field amplitude H = 10.5 kAm-1. 
The generated heat was characterised with the ILP parameter, 
as defined by Kallumadil et al.,16 in preference to the 
alternatively used SAR, which is properly used only in a 
clinical context to refer to power dissipation per unit mass of 
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tissue. Furthermore the SAR parameter is not an intrinsic 
property of a given system, as it is dependent on the field 
amplitude and frequency.41 Using the ILP parameter (Eq. 1), 
which is a constant in the clinically relevant region where the 
power generated by magnetic hyperthermia scales linearly with 
f and quadratically with H,42 allows comparisons to be made 
between measurements carried out under different f and H 

conditions. 

                                     ��� =
���

�
2



         (1) 

The obtained temperature profiles were fitted to the Box-Lucas 
model ��
� = ��1 − �����,43 where A is the saturation 
temperature and B is a parameter related to the curvature of the 
heating curve. The product A x B at t = 0 is the initial heat rise 
rate, which is equivalent to the ∆T/∆t ratio used for calculating 
SAR values. 

Study of magnetic interparticle interactions using Henkel plots 

Fifty years ago, Henkel44 showed that it is possible to 
characterise magnetic interparticle interactions from a series of 
static magnetic measurements (IRM and DCD), in what have 
come to be known as Henkel plots. This approach is based on 
the Wohlfarth relationship as derived from the Stoner-
Wohlfarth model for a system of non-interacting, single domain 
particles.45 According to the model, the Henkel plot of a non-
interacting system is a straight line, and any deviations from 
that line are associated with interparticle interactions.  
 A Henkel plot is obtained by first measuring the IRM curve, 
Mr(H), followed by the DCD curve, Md(H), and comparing the 
two. Initially the sample is demagnetised, with Mr(0) = 0. The 
IRM curve is obtained by sequentially cycling the applied field 
from zero to +H and back to zero (for each Mr(H) 
measurement), until a saturated state is reached at H = Hmax, for 
which increasing H no longer changes the measured Mr(H). The 
DCD curve is then obtained by reversing the direction of the 
applied field, and measuring the remanent magnetisation after 
sequential cycling of the field from zero to –H and back to zero, 
until the reverse-saturated state is reached at H = –Hmax. In a 
system of non-interacting magnetic particles, the reduced IRM 
and DCD curves follow the Wohlfarth relationship: 

                               ����� = 1 − 2�����      , (2) 

where md(H) = Md(H)/Md(Hmax) and mr(H) = Mr(H)/Mr(Hmax), 
which is a straight line with slope -0.5. In interacting systems, 
the Henkel plot departs from the linear form by an amount 
∆M(H), defined as: 

                       ∆���� = ����� − �1 − 2������       .  (3) 

∆M(H) is referred to as the ‘delta M’ of the system, and is 
reported as a ‘delta M plot’ of ∆M versus H.46-48 The sign and 
magnitude of ∆M is determined by the nature and degree of the 
magnetic interactions. In particular, ∆M < 0 indicates 
demagnetising or ‘inhibiting’ interactions, while ∆M > 0 
indicates magnetising or ‘enhancing’ interactions.49 

 Further information may be obtained by differentiating the 
mr and md curves with respect to H to find the energy barrier 
distributions for the IRM and DCD processes respectively. This 
then leads to an estimate of the mean interaction field in the 
system,48, 49 which has the magnitude: 

                               ���� =
�

�
	 |��" − 	 ��"|      , (4) 

where Hr' and Hd' correspond to the positions of the maxima of 
the field derivatives of the mr and md curves respectively. 
 

Results and discussion  

Synthesis and structural characterisation  

The synthesis of IONPs was carried out by a coprecipitation 
method with sodium carbonate in a microwave reactor. The 
reproducibility of the synthetic conditions was investigated to 
assess its feasibility towards mass-production. The sources of 
variation that could affect the reproducibility of the results were 
analysed and the rate of injection of sodium carbonate was 
identified as the “Achilles heel” of the reaction, as it is subject 
to human error. To overcome this limitation, a syringe pump 
was used to provide reproducible injection conditions. The 
reproducibility of this method is discussed in the supplementary 
information (Fig. S1-S4 and Table S1, ESI‡).  
 Sample details and experimental conditions used are listed 
in Table 1. The CA coated particles have a multi-core structure, 
wherein the spheroidal nanocrystallite cores, as studied by 
TEM, have an average core diameter (DTEM) ranging from ca. 
13 nm to 17 nm for samples CA-ioA and CA-ioH, respectively 
(Fig. 1 and Fig. S5, ESI‡). Increasing concentrations of citrate 
ions in solution produce a smaller hydrodynamic diameter (DH) 
with polydispersity index (PDI) of ca. 0.2, which indicate a 
well-controlled synthesis route (Table 1 and Fig. S6, ESI‡). At 
the same time, DH of the particles varies across the series, 
ranging from ca. 50 nm to 140 nm for samples CA-ioC and 
CA-ioD, respectively. Assuming, for illustrative purposes, that 
the multi-core structure is that of a loose random packing of the 
constituent core particles, with a 60% v/v content,50 this would 
correspond, for example, to ca. N = 520 cores in sample CA-
ioA, compared to ca. N = 35 cores in sample CA-ioH.  
 The capacity to produce such a wide range of multi-core 
systems via a single synthetic pathway is of great interest. The 
synthesis comprises coprecipitation of the individual core 
particle followed by citrate addition to yield a stable multi-core 
dispersion. The latter involves the partial dissolution of the core 
particles, and re-equilibration of the system. Specifically, the 
presence of citrate ions leads to the partial removal of Fe(II) 
from the surfaces of the core particles, which prompts the onset 
of a dissolution–recrystallisation process51 in which the 
released Fe(II) ions are chelated by the citrate ions52 and are 
reincorporated into the nanoparticles. This effect is enhanced 
by the microwave radiation due to local overheating and 
enhanced surface reactivity.22  
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Table 1. Size and magnetic hyperthermia characterisation of citric acid coated iron oxide nanoparticles synthesised under varying conditions of step time, 
microwave reactor power and citric acid concentration. Core sizes (DTEM) and standard deviations (σTEM) were calculated from TEM images, counting at least 
300 particles per sample. Hydrodynamic sizes (DH) and polydispersity indices (PDI) were obtained from dynamic light scattering measurements, and 
crystallite sizes (DXRD) were obtained from Rietveld refinement of room temperature XRD patterns (Fig. S7, ESI‡). Intrinsic loss parameters (ILP) were 
obtained from magnetic heating experiments. Indicative estimates of the number of cores per particle, N, are also listed. 

Sample Step time (min) MW power (W) CA (mmol) DTEM ± σTEM (nm) DH (nm) PDI DXRD (nm) DTEM:DH ILP (nHm2kg-1) N 

CA-ioA 60 50 1 13.1 ± 2.5 123.6 ± 0.4 0.19 13.2 0.10 1.8 520 

CA-ioB 60 50 2 15.1 ± 3.5 59.2 ± 0.4 0.21 13.3 0.26 3.2 35 

CA-ioC 60 300 1 13.2 ± 3.1 141.0 ± 1.0 0.20 12.7 0.10 1.9 730 

CA-ioD 60 300 2 13.5 ± 3.5 49.5 ± 0.4 0.19 14.3 0.27 3.3 30 

CA-ioE 10 50 1 14.0 ± 4.3 96.8 ± 0.8 0.20 13.7 0.14 2.7 200 

CA-ioF 10 50 2 15.7 ± 3.3 58.7 ± 0.7 0.19 14.2 0.27 3.7 30 

CA-ioG 10 300 1 13.7 ± 3.2 88.7 ± 0.8 0.21 12.5 0.15 2.4 160 

CA-ioH 10 300 2 17.1 ± 3.2 65.8 ± 0.5 0.23 14.7 0.26 4.1 35 

 

 Fig. 1. TEM analysis of samples A) CA-ioA and B) CA-ioH. Core size 
distributions were obtained from the measurement of at least 300 cores per sample 
for C) CA-ioA and D) CA-ioH. Size distributions were fitted with a log normal 
function (solid line).  

 The clearest trends in Table 1 are seen in the N parameter. 
At 1 mmol citric acid concentration, N ranges from 160-730, 
while at 2 mmol the range is much tighter, at 30-35. Changing 
the reaction time has a significant effect on the 1 mmol CA 
samples, with the slower reactions (60 min per step, 120 min 
total) leading to N = 520 and 730, and the faster reactions (10 
min per step, 20 min total) yielding N = 160 and 200. Varying 
the microwave power from 50 to 300 W does not have a major 
effect in terms of the parameters listed in Table 1. 
 Room temperature XRD patterns from the complete set of 
freeze-dried samples primarily showed a single phase 
corresponding to an iron oxide with an inverse spinel structure 
(Fig. S7 and Table S2, ESI‡). However, even with Rietveld 

analysis it was not possible to unambiguously distinguish 
whether the patterns corresponded to maghemite (γ-Fe2O3) or 
magnetite (Fe3O4) or a mixture of both, due to the similarity 
between the diffraction profiles of these structures. In addition, 
peak broadening due to the small core particle size throughout 
the series further complicated the phase characterisation.  
 Room temperature 57Fe Mössbauer measurements of the 
CA-ioA and CA-ioH samples were more conclusive, and were 
consistent with both samples comprising a mixture of magnetite 
and maghemite particles (see Fig. S8, ESI‡). This was 
evidenced by a mean isomer shift (spectral centroid) of 0.40 ± 
0.01 mm s-1 in both spectra, compared to the 0.32 mm s-1 of pure 
maghemite and 0.53 mm s-1 of pure magnetite. Recent work has 
established that an approximately linear correlation exists 
between the mean isomer shift and the magnetite-to-maghemite 
ratio,53 which for CA-ioA and CA-ioH indicates that around 25-
35 wt.% of the iron oxide is magnetite, with the remainder 
being maghemite.  
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Magnetic characterisation  

 The magnetic properties of the samples are only marginally 
affected by changes in reaction conditions (Fig. S9, ESI‡). 
Anhysteretic M(H) curves, and therefore superparamagnetic 
behaviour, were observed at 300 K (Fig. 2 and Table S3, ESI‡), 
with an average saturation magnetisation of MS ≈ 72 Am2kg-1. 
At 5 K the M(H) curves were hysteretic, having entered the 
magnetically blocked state (Fig. 2 and Table S3, ESI‡).  
 Magnetic heating experiments yielded the ILP values listed 
in Table 1, which ranged from a minimum of 1.8 nHm2kg-1 for 
CA-ioA up to a maximum of 4.1 nHm2kg-1 for CA-ioH. The 
ILP values increased approximately monotonically both with 
increasing DTEM and with decreasing DH (see Fig. 3), or, 
equivalently, with decreasing N (Table 1). These trends are 
illustrated in Scheme 1. It is notable that half of the samples 
have ILPs in the range 3.2 to 4.1 nHm2kg-1. These are unusually 
high values, higher than that of the best available commercial 
materials (see Table 2), and approaching the benchmark figures 
of 5.6 and 6.1 nHm2kg-1 reported for 19 nm sized iron oxide 
nanocubes,54 and multi-core tiopronin-coated IONPs (with 
DXRD = 9 nm and DH = 135 nm),55 respectively. 

 
Fig. 2. Representative M(H) magnetisation curves of samples CA-ioA and CA-
ioH at A) 300 K and B) 5 K, showing the transition from a room temperature 
superparamagnetic state to a low temperature blocked state. 

 
Scheme 1. Schematic of the observed correlation between the intrinsic loss 
parameter ILP, hydrodynamic diameter DH, and core particle diameter DTEM, for 
the citric acid coated multi-core iron oxide nanoparticles in this study. The 
increase in core size, together with the decrease in the hydrodynamic size, leads to 
a decrease of the number of cores per multi-core system (N) and a decrease in the 
demagnetising interactions between those cores, and an increase in the ILP.  

 
Fig. 3. A) ILP versus core size DTEM and B) ILP versus hydrodynamic diameter 
DH for the citric acid coated iron oxide nanoparticle series listed in Table 1. SAR 
values are also indicated for reference. Solid lines are a guide to the eye. 

Table 2. Heating performance of the CA-ioA and CA-ioH samples compared 
to the commercial materials Ferucarbotran (Meito Sangyo Inc., Japan), 
FluidMag-D and FluidMag-CT (Chemicell GmbH, Germany), and Nanomag-
D-spio (Micromod GmbH, Germany). 

Particle type Coating H (kAm-1) f (kHz) 
SAR 

(Wg-1) 
ILP 

(nHm2kg-1) 

Ferucarbotran  Carboxydextran 5.7 900 90 3.116 
FluidMag-D  Starch 5.7 900 80 2.716 
FluidMag-CT     Citric acid 12.0 950 135 1.0 
Nanomag-D-spio     Carboxyl 5.7 900 90 3.116 
CA-ioA  Citric acid 10.5 950 190 1.8 
CA-ioH  Citric acid 10.5 950 430 4.1 

 

 Magnetic interactions within the IONPs were explored via 
Henkel and ∆M plot measurements (Fig. 4) recorded at 5 K, i.e. 
at a temperature for which the samples were in the magnetically 
blocked, rather than the superparamagnetic state. Systematic 
deviations from the linear Wohlfarth relationship were found 
for all the samples. This is illustrated in Fig. 5, with monotonic 
correlations between the ILP and both the maximal deviation 
from the ∆M = 0 baseline, and the interaction field Hint. These 
data show conclusively that better magnetic heating is 
associated with less core-to-core magnetic interaction.  
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Fig. 4. ∆M plots and (inset) Henkel plots of representatives of the CA-io series. 

 At first sight, this may seem a rather unexpected result. One 
might expect that stronger interparticle interactions would lead 
to an increased effective magnetic anisotropy energy barrier in 
the system, and therefore more hysteretic power losses, and 
more magnetic heating. However, this depends on whether the 
interactions help or hinder the magnetic heating process. The 
observed negative ∆M values indicate that demagnetising, as 
opposed to magnetising, interactions are in action.49 Such 
effects, which are typical of dipole-dipole interactions, tend to 
hinder the collective transition of an ensemble of magnetic 
entities from one state to another.  

 

 
Fig. 5. Parameters derived from the ∆M plots, ∆Mmax and Hint, plotted against ILP, 
for the CA-io series. 

 It is clear therefore that within these multi-core IONPs, the 
magnetic interactions, alongside the number, size and spatial 
arrangement of the cores, directly affect the final heating 
properties. Samples synthesised under lower concentrations of 
citric acid and longer reaction times have more strongly 
interacting multi-core interiors, but these interactions are 
demagnetising, and adversely affect the magnetic heating 

property. Conversely, higher concentrations of citric acid and 
shorter reaction times yield multi-core particles comprising a 
much smaller number of relatively large diameter cores, with 
relatively weak core-to-core magnetic interactions. These 
samples exhibit the highest ILP values.  

Conclusions 

The microwave-based synthesis of citric acid coated iron oxide 
magnetic nanoparticles presented here provides an efficient, 
controllable, and easily scalable way to produce multi-core 
materials for magnetic hyperthermia applications.  
 Structurally, the core diameters and the hydrodynamic 
diameter of the multi-core particle as a whole have been found 
to be main factors determining magnetic heating performance, 
with best results obtained for large cores (DTEM = 17 nm) in 
relatively small ensembles (DH = 65 nm). Magnetically, it was 
determined that demagnetising core-to-core interactions were 
present in all samples, to a lesser or greater effect. The best 
heating materials were those that had the least inter-core 
interaction, which is understood to be a result of the limiting 
effect of such magnetic interaction on the collective behaviour 
that underpins the magnetic heating effect. This new insight 
offers a prospect of further refinement of materials synthesis 
routes, including the microwave-assisted route discussed here, 
to achieve even better magnetic hyperthermia products. 
 Even without such refinement, the particles reported here 
had impressive heating metrics, with intrinsic loss parameters 
of order 3-4 nHm2kg-1, placing them comfortably in the best 
5% of such materials reported to date.16 Moreover, the use of 
these particles is not limited to magnetic hyperthermia as they 
have shown positive results for different applications such as 
MRI contrast agents for tracking of pancreatic islet 
transplants,56 and for the separation and detection of cholera 
bacteria from water samples.57 
 Lastly, it is notable that the core-to-core magnetic 
interactions found here are relatively weak (Hint ranging from 
12 mT in CA-ioA to 4 mT in CA-ioH) compared to other 
systems, e.g. Hint ≈ 38 mT in core-shell iron/iron-oxide 
nanoparticles,48 and Hint ≈ 120 mT in nanocrystalline barium 
ferrites.49 This raises the possibility that an important future 
design strategy for producing new materials for magnetic 
hyperthermia might best be directed towards minimising the 
demagnetising interactions between cores, or, even more 
intriguingly, attempting to find ways to introduce positive, 
magnetising interactions, into multi-core nanoparticles. We are 
not aware of any such materials having yet been reported, and it 
is perhaps an interesting route for future research. 
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