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Modulation of hyperthermic and relaxometric
responses of magnetic iron oxide nanoparticles
through ligand exchange provides design criteria
for dual-functionality
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Magnetic iron oxide nanoparticles (MNPs) are the subject of intense study as theranostic tools that combine
magnetic resonance imaging (MRI)-trackability with AC-field responsive heating. In this study, we report
MNPs synthesised using a modification of an established thermal decomposition method which, following
extensive parameter optimisation, provides strong hyperthermic heating efficacy that is reproducible batch
to batch. The suspensions have an exceptional specific absorption rate of ~2800 W g~ (intrinsic loss
power, ILP ~20.4 W m? g~! kA~2 kHz ™Y within a high concentration range (collective particle scenario)
falling to ~1000 W g™ (~7.9 W m? g™t kA=2 kHz ™) on full dispersion by dilution. The effect of stabilising
ligand surface chemistry on the concentration-dependent hyperthermic and MRI efficacies was evaluated by
ligand exchange/phase transfer from organic to aqueous and back to organic suspension, and on the
formation of organogels. Fast field-cycling NMR relaxometry of the different suspensions reveals the role of
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hyperthermic and relaxometric efficacies. These insights identify particle design compromises that are
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1. Introduction

Magnetic iron oxide nanoparticles (MNPs) in the sub 20 nm
size range are under intense scrutiny for biomedical applica-
tions as AC-field responsive nanovectors that can be guided
magnetically and tracked by magnetic resonance imaging."”
After exposure to AC-fields, MNPs in suspension, in hydrogels, or
in the body can generate localised targetable heat (hyperthermia)
which can be used to ablate tumours, or for thermally triggered
drug release/increasing local diffusivity.>* The hyperthermic
efficacy is quantified by the suspensions specific absorption rate
(SAR, units W g™, of Fe),” and there is an ongoing need for
biocompatible magnetic materials with high SARs within biolo-
gically and physiologically safe AC-field ranges.” Prominent
studies describe efforts to maximise the SAR by optimising
MNP size,® phase,” and shape'®™*® and even by assembling MNPs
(see below). Recent advances in combining magnetic particle
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required to simultaneously optimise MNPs for the two applications.

imaging (MPI) approaches to rastering field-free volumes with
AC-fields'* may enable safe localisation of thermal load from
high-heating particles.

Hyperthermic responses can be generated through Néel and
Brownian relaxation processes. In the former MNPs moments re-
orient in their magnetocrystalline field. The Néel correlation time,
TN, can be increased (slower motion) by increasing the MNP size
or through inter-MNP coupling.’® Hence the formation of MNP
assemblies usually results in suppression of the SAR,'*"” although
there are reports of SAR enhancement, for instance on forming
short dipole-ordered chains.''®'® The Brownian contribution
arises from diffusional motion of the particles, characterised by
Tp, which also enables energy transfer within the field. Irrespective
of the mechanism, mismatch of the timescales of moment reali-
gnment with the AC-field rotation leads to heat dissipation.®
Typically calorimetric methods are used to measure hyperthermic
efficacy, in which the initial temperature rise (quasi-adiabatic
condition) is used to extract a SAR value.>* However complications
arise due to differences in heat dissipation from the sample,
arising due to concentration, sample size, and other effects,”*' >
and these are not always addressed, even in some prominent
papers. AC-magnetometry>* can address the non-adiabaticity, but
is not generally available within the relevant range (vac in the low
100’s of kHz, Hyc in the low 10’s of kA m™%).
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MNPs have also been used clinically as magnetic resonance
imaging (MRI) contrast agents,""* as they can provide diagnos-
tically valuable image contrast, and unusually for inorganic
phases are relatively non-toxic and are tolerated in humans.>®
MNPs also have the key advantages of (i) improving core
crystallinity, which is possible through synthesis,*® providing
strong saturation magnetisation, M;, (although there are few
approaches that are shown to provide particles with reproducible
magnetisation at scale), and (ii) suitable surface chemistries can
be used to retain dispersion in complex environments,>” and so
extend blood circulation times.”® Full dispersion provides super-
paramagnetism, ie. minimal room temperature magnetic rema-
nence, M;, and hence shelf-life. High M helps provide strong
magnetic resonance imaging contrast, quantified by the suspen-
sion concentration-corrected "H NMR relaxation rate enhance-
ment, or relaxivity (7, or 7,, units s~ mM ™" of Fe). High M and M,
are also associated with high magnetic susceptibility y, which,
along with the details of moment dynamics, gives rise to a strong
SAR. However, the effect of the ligands on the magnetic properties
of MNP suspensions is complex and is not fully understood. In
addition, there are few syntheses that provide reproducible parti-
cle size, shape and magnetisation batch-to-batch.”® These aspects
provide significant barriers to development.

There are a great many interesting studies in which suspen-
sions of dispersed or clustered MNPs are evaluated for multiple
functions, typically MRI, AC-field hyperthermia and MPI. For
instance, Hayashi et al.*° prepared 80-100 nm PEG-stabilised
clusters of MNPs and assessed their MRI and hyperthermic
efficacy in vitro and in vivo. Piazza prepared 12 nm folate-
functionalised MNPs and assessed their hyperthermic efficacy
in suspension®® where, again, they formed large clusters of
.90 nm. Dadfar et al.>* described a centrifugation protocol to
perform size-based separation for polydisperse dispersed MNP
suspensions, with evaluation of the MRI, MPI and hyperthermic
efficacy of the fractions. The authors used a coprecipitation
technique to synthesize MNPs; however, it has been reported
in the literature that the MNPs produced using coprecipitation
may have poor crystallinity, colloidal stability and poor size
control leading to poor magnetic properties.*® These are typical
of the field in that they do not include combined MRI and
hyperthermia (dependency on the applied frequency, concen-
tration and temperature probe depth) analysis to evaluate the
physical basis of the efficacies for both modes. Simultaneous
optimisation of the SAR and relaxivity of MNP suspensions is
critical for the development of multi-functional agents, and can
provide insights into how moment dynamics determines both
properties.**** However this approach has not been reported for
spherical MNPs.

In particular the effect of the ligand anchor group on SAR
and r,, is not well understood. It has been reported that the
surface linkers can have direct effects,® as binding strength
can alter the thickness of outer oxide disordered, or canted,
layers. The ligands (headgroups and tails) can also have indirect
effects by altering particle dispersion/aggregation in different
media. Furthermore, the direct and indirect effects depend on
the MNP size in different ways. These complexities have resulted
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in conflicting literature reports,***” which have hampered the
rational and systematic design of reproducible multifunction
agents utilizing MNP suspensions.

These limitations motivated this study, in which we describe
the optimisation of a thermal decomposition MNP synthesis
protocol, to provide 16 nm Fe;O, MNPs with strong reproducible
SARs from batch-to-batch. We evaluate the sensitivity of the SAR
measurement to particle concentration and other conditions,
identifying a collective-particle scenario (reversible aggregation
into short chains) as responsible for extraordinarily high SARs at
high concentration. Evaluation of the materials following
sequential phase transfer from organic to aqueous and back to
organic suspension, and also of organogels, allowed evaluation
of the effect of ligand headgroups and tails, of diffusion, and of
aggregation on the concentration-dependence of SARs. Field-
cycling NMR relaxometry measurements, of the 'H Larmor
frequency dependence of r;, pinpointed the effects of the surface
modifications on moment dynamics, and this provides new
insights into the drivers of high SARs. Recommendations for
the development of dual-functional MNPs and their correlation
with the magnetic characteristics are presented.

2. Materials and methods
Materials

Iron(m) acetylacetonate (97% and 99%) from Alfa Aesar, and oleic
acid, oleylamine, and dioctyl ether from Aldrich were purchased.
Polyethylene glycol (2000 g mol "), gallic acid, N,N’-dicyclo-
hexylcarbodiimide, 4-dimethylaminopyridine and all solvents
were purchased from Sigma Aldrich. Milli-Q water (18.2 MQ,
filtered with a filter pore size of 0.22 OM) was from Millipore.

Synthesis of iron oxide nanoparticles

The experiment was carried out in 100 mL three-neck round
bottom flasks connected to water-cooled condensers. Various
factors were changed for the synthesis and Fe;O, nanoparticles
were prepared using modification of a procedure from Cheon.**
Fe(acac); (2 mmol, 0.71 g), oleic acid (6 mmol, 1.70 g), oleyla-
mine (6 mmol, 1.61 g), and dioctyl ether (20 mL) were mixed first
and heated to 200 °C under a N, atmosphere and held at this
temperature for an hour. The reaction mixture was refluxed to
300 °C with a heating ramp of 5 °C min~" and held for an hour.
The reaction mixture was cooled down to room temperature and
MNPs were precipitated and washed with ethanol five times
(5 x 10 mL). The wet nanoparticles were dispersed in a toluene
solvent. The typical yield of the nanoparticles was 70 mg and the
percentage yield was around 45%.

Synthesis optimisation

The inclusion of a hold step at 200 °C for 1 h enables full
conversion of the precursor to monomer below the nucleation
temperature. Extensive study of the reaction conditions high-
lighted the necessity of this hold step, the correct precursor
amount and surfactant ratio (L/P), and the use of dioctyl ether
as the solvent in preparing monodisperse particles of good

This journal is © The Royal Society of Chemistry 2023
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morphology (TEM), monodispersity, and consistently high SAR
batch-to-batch.®***° The complete set of factors investigated
was an initial degassing step at 110 °C, the 1 h hold step at
200 °C, reflux time, precursor amount and source, precursor to
surfactant ratio, octyl ether solvent ageing, and the use of an N,
blanket. Full details showing the effect on size, crystallinity,
and heating efficiency of the particles are shown in Table S1B
(ESIt). The hydrodynamic sizes of these particles are small (dhyq
~ 18-20 nm) compared to the original report (dnya ~ 23 nm).
We observed a lower heating efficiency (SAR) of the suspen-
sions when the reaction was performed under an Ar blanket, as
shown in Table S1A (ESIt), and it may be that changes at the
surface interface affect nucleation, hence an N, atmosphere
without flow is recommended. The SAR is also found to be
dependent on the precursor to surfactant ratio over the range
1:4, 1:5, and 1:6 (Table S1C, ESIt), and the highest value
measured for the suspension prepared with a ratio of 1:6. At a
1:6 precursor to surfactant ratio, there would be sufficient OA/
OAm ligands covering the nanoparticle surface to avoid any
dipole-dipole interaction and further aggregation, which could
have lead to a high SAR for this ratio.

The optimised synthesis (with L/P ratio 6/1) involves mixing
the precursor (0.71 g, 2 mmol), surfactants (1.70 and 1.61 g,
6 mmol) and solvent (20 mL) in a 100 mL round bottomed flask
using a stirrer at 400 rpm for 5 mins, then heating to 200 °C
under a N, atmosphere and holding at that temperature for one
hour. The temperature was then increased to 300 °C with a
heating ramp of 5 °C min~" and refluxed for one hour. During
the reflux time, the stirring rate was reduced to 50 rpm and
nitrogen flow was reduced to a minimum to avoid any dis-
turbances that could trigger nucleation. The flask was then
allowed to cool to room temperature and the solids were
precipitated by the addition of 100 mL ethanol. The physical
properties of the resulting oleate/oleylamine stabilised particles
(OA/OAM-MNPs), prepared in typical yield of 45 + 5% using the
optimised synthesis, are shown below.

The reproducibility of the final properties (hyperthermic
response, DLS and TEM) of the OA/OAmM-MNP samples prepared
with the optimised procedure and using different Fe(acac);
sources are shown in Fig. S1 and Table S2 (ESI}). TEM analysis
confirms the spherical shape and monodisperse size with a
reproducible drgv of ~16 nm. The different batches show
similar dnyq of ~23 nm with narrow size distribution, PDI ~
0.15, demonstrating similar dispersibility. The heating efficiency
of batches from the same Fe(acac); source are reproducible; with
average SAR values measured (in the high concentration range,
see below) to be 2700 £ 95 or 1955 + 222 W g~ !, for 97 and 99%
pure Aesar, respectively. Hence Aesar 97% was used for the rest
of the study. Finally, the hyperthermic response of OA/OAm-
MNPs was significantly affected by the age of the octyl ether
solvent after opening the bottle, Fig. S1 (ESIT). This is despite
storing under N, and/or in a glove box.

Dynamic light scattering (DLS) and zeta potential

DLS measurements were performed at 25 °C on a Malvern
NanoZS (Malvern Instruments, Malvern UK) instrument, which

This journal is © The Royal Society of Chemistry 2023
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uses a detection angle of 173°, and a 3 mW He-Ne laser
operating at a wavelength of 633 nm. The Z-Average (mean
hydrodynamic) diameter, dyyq, and the polydispersity index
(PDI) values were obtained from analysis of the correlation
functions, which was performed via cumulants analysis using
the Dispersion Technology software (v. 4.10, Malvern Instru-
ments, Worcestershire, U.K.)

AC-field hyperthermia

Measurements on bulk homogeneous samples were carried out
using a NanoTherics NAN201003 MagneTherm™ AC-field generator
(NanoTherics Ltd; Newcastle-under-Lyme, United Kingdom). The
system enables the temporal evolution of temperature upon the
application of an AC-field to be measured. 1 mL of MNP suspen-
sion was transferred into a cylindrical shaped Eppendorf tube and
placed in a thermally insulating polystyrene sample holder to
perform measurements close-to-adiabatic conditions. The sample
temperature was measured by using a non-metallic temperature
sensor (Opsens Ltd, Canada) to avoid eddy currents. All samples
were of 1 mL total volume, and hence were 20 mm in height in
standard Eppendorf tubes. For most measurements the probe was
placed 5 mm from the bottom of the sample. Measurements were
also performed at different probe heights and at different particle
concentrations, see below. The temperature of the sample was
equilibrated in the instrument before the desired field was applied.
All these measurements were carried out at a frequency vac of
535 kHz and magnetic field strength Hyc of 16 kA m™". These will
be referred to as ‘closed system’ measurements.

The temperature rise upon the application of AMF as a
function of time was measured to calculate the initial slope
of the response, which was used to calculate SAR using the
following equation:

SAR =

CVs |dT
dr =0

MEe

where, C is the volumetric specific heat capacity of the solvent
(J mL~* °C™"), V, is the sample volume (mL), mg. is the mass of iron
in the suspension (g), and [d7/dt],q-0) is the initial slope of the
curve (°C s~"). The mass of iron is obtained using flame Atomic
absorption spectroscopy following dissolution. All heating curves
were measured three times and averaged to extract the initial slope
for which the uncertainty is ~2%. Uncertainty in determining the
Fe concentration is ~2.5%, see below. The combination of these
errors provides an estimate of the error in SAR of ~5.0%."" The
heat capacities used in calculating SAR were 1.483 J g~ " °C™" for
toluene and 4.186 J g~ °C™" for water. The heat capacity of toluene
was used for calculating SAR of organogels.

Magnetic resonance characterisation

The spin-lattice relaxivity, r;, of the solvent is defined as the 'H
spin-lattice relaxation rate enhancement per mM of Fe in the
suspensions. The r; value (units s_* mM ") is calculated using
the following equation:

po= Rl,sus - Rlﬁsol
1 [Fe]
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where, R;qs and R, ¢, are the spin-lattice relaxation rates
(units, s*) of the MNP suspension and pure solvent, respec-
tively, and [Fe] is the iron concentration in mM. r; values were
measured in the frequency range of 0.01-40 MHz using a
Spinmaster FFC-2000 Fast Field Cycling NMR Relaxometer
(Stelar SRL, Mede, Italy). The system operated at a measurement
frequency of 16.3 MHz for "H, with a 90° pulse of 7 ps. The
temperature of the samples was maintained at 25 °C using a
thermostated airflow system. 7; measurements were performed
as a function of external field, B,, with standard pulse sequences
incorporating field excursions. The dyyq values of all toluene and
water suspensions were unchanged after the FFC-NMR measure-
ments, suggesting no field-induced aggregation.

Iron determination using atomic absorption spectroscopy (AAS)

The elemental analysis of iron was performed by digesting
40 pL of a stock solution in 1.5 mL concentrated HCl (12 M)
and kept for 2 h till all iron was dissolved in HCI. These samples
were further diluted to 50 mL with 1 M HNO; using a volumetric
flask. AAS was performed using a Varian SpectrAA 55B atomic
absorption spectrometer. The error in determining the concen-
tration of Fe using AAS is estimated to also be ~2.5%.

Transfer of toluene based MNPs into water and back to toluene

Toluene based MNPs (5 mg mL ') were dispersed in 5 mL of
tetramethylammonium hydroxide (TMAOH) and 10 mL of
ethanol."”** The ratio of the particles/ethanol/TMAOH was
kept at 1:10:5 in all the cases. The above suspension was
sonicated for 30 min and the slurry of bare MNPs in the form
were separated using a strong magnet. After washing, the
obtained MNPs dispersed well in water. Bare nanoparticles in
water were transferred back to organic solvent (toluene) using
oleic acid ligand. The first 10 mg of oleic acid was dissolved in
2 mL of toluene. 10 mg of the slurry of bare MNPs was dried
using nitrogen gas and then added to the oleic acid solution.
The MNP suspension was kept on a shaker overnight.

Synthesis of PEG2000-Gallol

The synthesis was adapted from Guardia et al.® Poly(ethylene
glycol) (1.0 g, 0.5 mmol, My 2000 g mol ') was dissolved in
70 mL tetrahydrofuran through sonication for 30 min and mild
heating. 4-Dimethylaminopyridine (DMAP) (0.0089 g, 0.07 mmol)
was dissolved in THF (1 mL) and N,N’-dicycyclohexylcabodiimide
(DCC) (0.5256 g, 2.5 mmol) was separately dissolved in THF
(5 mL). Gallic acid (0.086 g, 0.5 mmol) and the DMAP solution
(1 mL) were added to the dissolved PEG solution. The solution
was magnetically stirred at room temperature and the DCC
solution (5 mL) was added dropwise. The reaction mixture was
left to stir for ~20 h. After the reaction, THF solvent was removed
by a rotary evaporator and 200 mL de-ionised water was added to
dissolve the solid. The pH of the solution was adjusted to pH 2
using 1 M HCI and allowed to sit for an hour. The aqueous
solution was decanted using a centrifuge (5500 rpm for 10 min)
and the solid precipitate was discarded. The product was extracted
from the aqueous phase with chloroform (4 x 100 mL). CHCl;
was removed using a rotary evaporator and a pale, yellow-coloured
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PEG Gallol solid was dried under N, and stored in a pre-
weighed vial.

In situ coating of PEG2000-Gallol on MNP surfaces

Toluene suspensions of OA/OAM-MNPs were transferred to aqu-
eous media using a PEG2000-Gallol ligand® without workup. Once
the reaction duration was complete, the reaction temperature was
reduced from 300 to 70 °C. 5 mL of PEG2000-Gallol solution
(0.69 g of PEG2000-Gallol dissolved in 5 mL chloroform contain-
ing 0.5 mL triethylamine) was added to the 10 mL of reaction
mixture and stirred overnight at 70 °C. The reaction mixture was
cooled to room temperature and transferred to a separating
funnel. 10 mL of de-ionised water was added to the separating
funnel, which forms two phases. The aqueous phase containing
PEG2000-Gallol MNPs was separated, and this was repeated until
most of the MNPs had been visually transferred into water. Excess
water was removed using a rotavapor and the volume was reduced
to 10 mL. MNP suspensions were dialyzed against 2.5 L deionised
water overnight using a 3.5 kDa pore sized cellulose membrane to
remove excess PEG2000-Gallol. The dialysis step was repeated
three times.

Magnetic organogels

Poly(styrene-b-acrylic acid) was used to prepare the magnetic
organogels. An appropriate amount of wet magnetic particles
(0.5-8.0 mg) was dispersed in 1 mL chloroform, which forms a
good suspension without aggregation. 0.10 g of poly (styrene-b-
acrylic acid) was added to the chloroform based MNP. The
suspension was sonicated for 15 min and refrigerated at 2 °C for
two hours. The MNP organogel was kept at room temperature
overnight before measuring the SAR.

3. Results and discussion
3.1 MNP synthesis and primary characterisation

Spherical magnetic iron oxide nanoparticles were synthesised
by thermal decomposition of iron(m) acetyl acetonate, Fe(acac)s,
at 300 °C for 1 h with the surfactants oleic acid and oleylamine in
high boiling point non-polar dioctyl ether. These will be referred
to as OA/OAm-MNP suspensions. We followed the well-known
procedure from Cheon and co-workers®® who describe ~10 g
scale synthesis of high SAR Zn- and Mn-doped ferrite MNPs.>®
Following optimisation, the procedure provides Fe-only oxide
MNPs with very high and reproducible SARs. Full details of the
optimisation, the final protocol and a demonstration of repro-
ducibility are provided in the Experimental section. In summary
by using (i) an intermediate temperature hold step (200 °C for
1 h) to ensure full decomposition of the precursor; (ii) an
appropriate precursor source; (iii) a surfactant to precursor mole
ratio L/P of 1:6, and; (iv) dioctyl ether as the solvent, it was
possible to prepare consistent batches with high, reproducible
SARs. Rinaldi and co-workers have shown reproducibility for the
Fe(oleate) system in docosane,*® a precursor that is difficult to
provide reproducibly.® To the best of our knowledge, ours is the
first reproducibility study reported for the key OA/OAm/Fe(acac);

This journal is © The Royal Society of Chemistry 2023
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system, a stable, readily available precursor. This advance was
key for the analysis into the effects of MNP concentration,
surface ligands and suspending medium that follows, as multi-
ple batches were required.

Transmission electron microscopy, Fig. 1A, shows that OA/
OAm-MNPs are spheres with a narrow size distribution; particles
are well distributed on the TEM grids with a (sample) average
size, drgm, of ~16.2 £+ 1.8 nm. The size distribution conforms to
a lognormal function, as shown. Dynamic light scattering,
Fig. 1B, shows a z-average hydrodynamic size, dyq, of 23.5 nm
in toluene and low polydispersity index, PDI, of 0.11. The
~3.5 nm thick organic layer inferred suggests full particle
dispersion/absence of aggregation. The X-ray diffraction pattern
of dried OA/OAmM-MNPs, Fig. S2 (ESIt), is consistent with mag-
netite with peaks indexed to cubic spinel (Fe;O,-JCPDS index
card number 49549-Fd3mz).** The average crystallite size of
~11 nm obtained from Scherrer analysis is smaller than drgpm,
which suggests the presence of a canted or disordered layer,*>*
see below. The presence of some y-Fe,O; cannot be ruled out,
however, the suspensions remain very black (for >12 months)
suggesting magnetite is predominant. More importantly we
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show below that the colloidal, hyperthermic and magnetic
resonance properties of the suspensions are unchanged over
many months, demonstrating stability toward further oxidation.

3.2 Measurement of SAR in strongly heating MNP
suspensions

The AC-field heating efficiency, SAR, of the optimised OA/OAm-
MNP toluene suspensions was measured, at v5c 535 kHz and
Hac 16 kA m™, using a thermal probe at 0.5 cm from the
bottom of an insulated Eppendorf (see the Experimental section).
A typical experiment is shown in Fig. 1C for which the initial slope
was 4.9 °C s, corresponding to a SAR value of 2797 + 140 W g '
(a 5% error estimate, see the Experimental section) at a relatively
high Fe concentration of 2.6 mg mL ™. This is equivalent to an ILP
of 20.4 W m? g~ * kA2 kHz . The response is in the range of the
highest reported values,*”*® hence it is further investigated below.
There are two points worth noting.

Firstly, Cheon et al.® reported a SAR of 432 W gf1 for Zng 4~
Mn, ¢Fe,0,, equivalent to an ILP of 0.5 W m* g * kA~> kHz *
using the procedure on which this study is based. For comparison
we reproduced the reported procedure, in so far as is possible, to

1 10 Time (ks)199 1000
410.8._
15} N =
s e, [\ d,2350nmm 2
= \\‘ i 1 PDIO.11 106
@10} / \ {2
) %, S
i ‘](b \ |3
[
5L 3 o
%\ X 1028
01 10 100 100%
dhyd (nm)
C D
(©) o OA/OAm-MNP in Toulene ( )2-5 - 16.5 nm
30 4th deg. Polynomial fit
o
020}
=)
©
(0]
o
£
210
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30 min 45 min
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Fig. 1 Characterisation of the OA/OAM-MNP toluene suspensions from the optimised procedure. (A) Representative TEM image of the as-synthesised
OA/OAM-MNPs (n = 185), a lognormal fit is included for illustration. (B) Hydrodynamic size and (cumulants) fitted DLS correlograms, confirming the
appropriateness of the z average as a measure of dy 4. (C) Temperature as a function of AC-field irradiation time keeping the thermal probe at 0.25 cm
from the bottom of the Eppendorf. (D) Temporal evolution of SAR (vac 535 kHz, Hac 16 kA m™) and OA/OAmM-MNP size during the reaction; the scale

bars are 10 nm.
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prepare Fe-only MNPs and measured a lower value of 317 W g™ at
2.8 mg mL ™" Fe, under our AC-field conditions, which is equiva-
lent to a much lower ILP of 2.3 W m” g~ ' kA~ > kHz ' This further
demonstrates the value of the optimisation and the critical role of
the hold step. Secondly, the temporal evolution of OA/OAmM-MNP
properties was evaluated by taking aliquots during a reaction,
Fig. 1D. The SAR recorded at the end of this experiment was
slightly lower than usual for the optimised reaction, presumably
due to the repeated disturbance. The highest SAR, 1698 W g™ ", at
105 mM Fe, was measured for the 60 min reflux suspension. The
45 min reaction time produced a far weaker response even though
the final size was almost achieved. Note that there was no
evidence of sub-populations of smaller MNPs in the images
recorded for the aliquots. Interestingly, the SAR decreased to
145 W g ' on extending the reflux to 2 hr, suggesting reduced
crystallinity. This further illustrates the sharpness of the ‘sweet
spot’ in the parameter space for the optimised reproducible
synthesis.

The robustness of the high heating response of the opti-
mised OA/OAm-MNP toluene suspensions was evaluated. First
the thermal probe was placed at different locations within the
insulated Eppendorf tube, see Fig. 2A. It is clear that, at the
concentration used (70 mM, or 3.9 mg mL~" Fe), the response
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is depth-dependent; the values obtained increase moving down
from the upper surface and stabilise with a variation of ¢.4% at
0.5 and 0.0 cm from the bottom. This suggests that the sample
is not homogeneous or heat dissipation is greater at the top of the
tube. Temperature differences of up to 7.5 °C between the top and
bottom of the sample holder have been described previously*>**
and ascribed to steady state diffusion and convection effects. In
most reports of high SAR materials®'*38424875% the probe location
is not specified.

Secondly, the dependence of SAR on Fe concentration was
evaluated for three independently prepared optimised suspen-
sions, Fig. 2B, with the probe placed at 0.50 cm from the
bottom. A ~63% decrease in the average measured SAR, from
~2700 to ~1000 W g™, was measured on decreasing the Fe
concentration from >3 to <1 mg mL '. The dependence of
SAR on concentration is not always evaluated, despite the fact that
significant changes with concentration have been described.*'**>"
For instance Ivan et al.*" reported increased efficiency on increasing
Fe concentration over a similar range to that studied here. The
effect was ascribed to local dipolar interactions, i.e. a collective
particle scenario, although no measurement of depth dependence
was reported. Hence higher SAR values at higher concentrations
for the optimised OA/OAm-MNP suspensions probably arise from
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Fig. 2 Characterisation of the optimised OA/OAM-MNP toluene suspensions: (A) SAR (535 kHz, 16 kA m~?) values recorded with the thermal probe at
different depths (0.0 cm is closest to the bottom of the 2 cm tall, 1 mL samples) at Fe 3.9 mg mL™". Inset corresponding temperature changes as a
function of irradiation time. (B) SAR recorded as a function of Fe concentration for three different optimised batches, with the probe placed 0.50 cm from

the bottom. Characterisation of OA/OAmM-MNP-organogels: (C) SAR values

recorded with the probe at different depths (Fe 1.38 mg mL™). (D) SAR (green

circles) and heating ramps (blue squares) as a function of Fe concentration, with the probe at 0.50 cm.
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the reversible formation of ordered aggregates, e.g. short
chains™ which have been shown to open up the AC-field
hysteresis loop.

For OA/OAmM-MNP when the probe was placed close to the
upper surface (at 1.5 cm) the measured SAR values were lower,
presumably due to heat dissipation; on average a reduction to
~55% of the original was measured over the same concen-
tration range between 0.3 and 8 mg mL ™", as shown in Fig. S3
(ESIt). Nevertheless, a significant increase in SAR on increasing
Fe concentration into the higher range was maintained. These
findings confirm that OA/OAm-MNP suspensions are homoge-
neous at all concentrations and that a concentration-dependent
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SAR enhancement (presumably arising from the formation of
short-chains) is observed irrespective of the probe position.
Finally, the heating efficiency of organogels, formed using
p(styrene-b-acrylic acid) and OA/OAm-MNPs, see the Experi-
mental section, was measured at different probe locations,
Fig. 2C, and different Fe concentrations, Fig. 2D. It was found
that the SAR of the gel (calculated using a heat capacity of
1.56] g ' °C~ ") was lower than in suspension with an average of
215 4+ 4% W g~ ". The reduced response arises from the loss of a
significant Brownian (MNP diffusion) hyperthermic contribu-
tion due to the matrix. The value was independent of
probe position, confirming that the gels are homogeneous
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Fig. 3 Colloidal characterisation of MNPs in different suspending media. (A) Schematic representation of MNPs in toluene suspension transferred to
water (clusters are formed) and then redispersed back into toluene. (B) AC-field heating ramps of nanoparticles in toluene, water, and re-dispersed in
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(as they appear to the eye) and that heat dissipation at the
upper surface is not a significant issue, presumably due to the
reduced temperature increase. The absence of a transition to a
higher SAR at a higher concentration demonstrates that, as
expected, gelation prevents the collective particle scenario, i.e.
there is full MNP dispersion in the gels across the concen-
tration range studied, and the enhancement is not due to
dipolar interactions between dispersed particles.

The data shown in Fig. 2 re-emphasises” the value of evaluating
concentration- and probe depth-dependence for high SAR suspen-
sions. Low concentration (dispersed) SAR values should be reported
both to enable comparisons and because the upper range is not
normally achievable for applications. The key result is that for fully
dispersed OA/OAM-MNPs in toluene the (dispersed particle) SAR is
1000 + 50 W g ', an ILP of 7.9 W m” g~ ' kA~ kHz . This is
achievable reproducibly and is sufficiently high for hyperthermic
applications.

3.3 Colloidal dispersion in different media and magnetic
resonance characterisation

OA/OAmM-MNPs in toluene were transferred into aqueous sus-
pension by stripping off the organic ligands (oleic acid and
oleylamine) using the base TMAOH, to form aqueous suspen-
sions, as shown schematically in Fig. 3A. For the bare particle,
or B-MNP, suspensions the SAR, in water, was lower with
indistinguishable values of 211 and 205 W g~ ' recorded in
the higher and lower concentration ranges (down from 2211
and 1000 W g, in toluene). The aqueous B-MNP suspension
had dyyq ~ 34 nm, and slightly higher PDI of 0.14, Fig. 3C. It is
clear that there is some loss of dispersion for B-MNPs in water.
Presumably the clusters formed are random aggregates which,
unlike ordered chains, are known to suppress SAR.** Although
the hyperthermia measurements are made at a higher concen-
tration than is used for DLS, it is clear that the B-MNP size is
unchanged across the concentration range studied.

B-MNPs were subsequently transferred back to toluene
suspension using oleic acid (only) as the stabilising ligand to
form OA-MNPs, as shown in Fig. 3A. The Fe yield for the first
step was found to be 88% and for the second 93%, returning to
82% of the original toluene suspension. The two toluene
suspensions, OA/OAmM-MNP and OA-MNP (before and after
transfer) are fully dispersed within the DLS concentration range
(< 0.5 mM) showing very similar dyq ~ 23-24 nm and low PDI
(<0.10). The correlograms are superimposable, Fig. 3C, so the
aggregates observed in H,O are removed, and the original
particle diffusion correlation time, tp, is recovered (within
error). This view is supported by the fact that the dygy value
is unchanged for OA-MNPs at 16.2 £ 1.9 nm. Hence the 18% loss
of material is from across the size distribution, i.e. not prefer-
entially from larger (more magnetic) or smaller (less magnetic)
particles. AC-field heating ramps of MNPs suspended in toluene,
water, and on re-suspending back to toluene are shown in
Fig. 3B. On returning to toluene the OA-MNPs regained most
of their hyperthermic response with a value of 1575 W g™ "
measured in the high concentration range, at 4.75 mg mL™,
which is ~71% of the original OA/OAm-MNP value. In the

6424 | J Mater. Chem. C, 2023, 11, 6417-6428

View Article Online

Journal of Materials Chemistry C

dispersed range the recovery was 91%, with a value of
910 W g~ * recorded, down from 1000 W g™ . As there is no size
dependence to the MNP loss SARg; o, (the Brownian contribu-
tion) is expected to remain unchanged. This points to changes in
SARyeel, arising from the effect of the different ligand binding
groups, as the cause. These issues are discussed in Section 3.5.

The 'H spin-lattice relaxation of the aqueous and organic
MNP suspensions was evaluated, in the dispersed concen-
tration range (0.5-1.0 mM), using fast field-cycling NMR relaxo-
metry (FFC-NMR), Fig. 3D. In this approach r; is measured as a
function of field strength and hence "H Larmor frequency, v;.
The shape of the FFC-NMR profile is highly sensitive; (i) to MNP size
(which determines, g, the solvent diffusion time past the quasi-
static MNP); (ii) to crystallinity (which determine magnetisation, Mj)
and; (iii) to the inherent magneto-crystalline anisotropy of
the particles and to inter-MNP interactions, which together
determine the Néel correlation time, ty, which characterises
moment re-orientation.'* The profile of OA/OAM-MNPs in
toluene Fig. 3D-i, is the characteristic superparamagnetic
response well-documented for water suspensions.'* The low
frequency r; plateau, prominent r; maximum in the low MHz
range, and strong decrease in r; at higher frequencies further
demonstrate that the particles are fully dispersed. The r, values
at low frequency are high, as compared to suspensions of
smaller MNPs,*® which is consistent with longer ty (higher
magneto-crystalline anisotropy) as expected given the higher
magnetic volume of the particles studied here. An accepted
model, SPM-theory, was developed" for aqueous suspensions
of dispersed superparamagnetic nanoparticles, which enables
semi-quantitative evaluation of the profiles, see below. However
detailed interpretation of the toluene profiles will not be
attempted, as they may be complicated by the different 'H
environments present in the solvent molecules.

For B-MNP suspensions in water the shape of the profile is
quite different, Fig. 3D-ii, with clear suppression of the r;
maximum and significantly increased low frequency r; evident.
This change can be unambiguously ascribed*® to increased 1y,
due to inter-MNP dipolar interactions within clusters. This loss
of superparamagnetism also apparently suppresses SAR. Hence
DLS (which is weighted by the 6th power of scatterer size)
suggests the presence of clusters, and the SAR and r; measure-
ments (which provide number averages for the suspensions)
confirm this view.

On re-dispersion back in toluene, Fig. 3D-iii, the ‘SPM-like’
profile re-emerges for the OA-MNP suspension with a 70%
recovery (at 1.4 MHz) of the original OA/OAmM-MNP r; value.
Scaling the profiles recorded in toluene by this %, Fig. 3D-iv,
shows that the original OA/OAmM-MNP profile shape is almost
fully restored. The almost exact agreement at high frequency is
expected, given DLS shows the original dyy/tp values are
recovered. The scaled relaxivity at low frequency for OA-MNPs
is slightly higher, which suggests slightly increased ty.

As noted above, the retention of the original tp on redisper-
sion in toluene (from DLS) shows that the SAR recovery of
only 91% is associated with changes to SARyg. FFC-NMR
shows that the 1y value increases slightly, despite full dispersion.
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This may arise due to stronger binding of carboxylate (only) groups,
altering the outer disordered oxide layer.”” In any case the r,
suppression is a stronger effect, and it is observed across the
frequency range. As noted, Néel dynamics dominate the shape at
low frequency, and Brownian dynamics at high frequency, giving
rise to the dispersive features. The absolute value of ry, is deter-
mined by the strength of the solvent 'H to particle moment
coupling, which in effect scales the profiles up and down. We
suggest that a thicker conformal oleic layer with densely packed
fatty acid tails reduces r; (at all frequencies) by increasing the
distance of closest approach of the diffusing solvent molecules.
Differences in surface packing for oleic acid and oleylamine are
well-documented.” The fact that re-dispersion with OA only results
in 70% recovery of r; and 91% of SAR shows that hyperthermia is
less sensitive to solvent-particle interactions, as might be expected.

3.4 Aqueous dispersions of PEGylated MNPs

PEG surface grafting was undertaken before work-up for an
optimised MNP batch to assess the properties of fully dispersed
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aqueous suspensions. An in situ method for PEG-gallol ligand
exchange on magnetic nanocubes has been reported® in which
catechol-like trihydroxy gallol groups strongly bind to FeO, and
the PEG chains provide good steric stabilisation. Hence in situ
PEG2000-gallol surface grafting was undertaken before work-up of
an OA/OAmM-MNP batch. This functionalised PEG has been
recently reported,” and full details of the procedure are provided
in the Experimental section. The typical Fe yield for the in situ
reaction was ~40% (~45% for OA/OAM-MNPs). The particle
characterisation and hyperthermic and relaxivity data for aqueous
P-MNP suspensions are shown in Fig. 4. The drgy value obtained
for OA/OAmM-MNPs of ~16.9 + 2.1 nm (sample average) shows
that P-MNP morphology and size were unchanged, within error,
as compared to OA-MNPs. The dy,q in H,O was ~ 33 nm, which is
greater than the value of 23 nm measured for OA/OAmM-MNPs in
toluene, due the grafted PEG2000 chains.*®”* The relatively small
size and low PDI of 0.09 suggest full particle dispersion.

The hyperthermic response of the aqueous P-MNP suspen-
sions is significantly reduced to 245 W g ', Fig. 4B, far lower
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Fig. 4 Characterisation of the PEG2000 grafted MNPs (P-MNPs). (A) Hydrodynamic size and (cumulants) fitted DLS correlograms for PEGylated MNPs in
aqueous suspension. Inset representative TEM image of the PEGylated MNPs. (B) Temperature as a function of AC-field irradiation time (probe at 0.5 cm)
for the same aqueous suspension, at Fe 5.70 mg mL™ Inset, the SAR values of these MNPs recorded over a 12 month period for Fe 2.79 mg mL™% (C) SAR
in suspension as a function of iron concentration. For (B and C) the thermal probe was placed at 0.5 cm from the bottom. (D) FFC-NMR profile for an
aqueous P-MNP suspension at Fe 0.94 mg mL™* and for an OA-MNP suspension in toluene at Fe 0.76 mg mL™%. The solid line is a simulation of the
P-MNP profile using SPM theory (dcore 16.9 Nm, Mg 69 emu g’l, N 65 ns, AE,nis 3.0 GHz).
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Table 1 Summary of findings for MNPs in agueous and toluene suspensions

0.50 >0.50 27-45 45-90

0.028 0.028 1.5-2.5 2.5-5.0
[Fe] range (mM)“ (mg mL ™)

Character at 295 K

Measurement dhya (nm)  from FFC-NMR SAR low [Fe] (W g~')  SAR high [Fe] (W g~") Comment
OA/OAmM-MNP in toluene 24 Superpara-magnetic 1000 + 50 2797 £ 90 MNP chains at high [Fe]
OA-MNP in toluene 24 Superpara-magnetic 910 £ 46 1575 £ 79 Shorter chains at high [Fe]
B-MNP in H,0 34 Ferromagnetic 219 + 11 211 + 11 Clusters at all [Fe]
P-MNP in H,0 33 Superpara-magnetic 245 + 12 245 £ 12 Dispersed at all [Fe]

%17.9 mM Fe = 1 mg mL ™.

than 1000 and 910 W g~ ' measured for dispersed OA/OAm- and
OA-MNPs, respectively, in toluene. The value for P-MNPs
remains stable over a 12 month period, and is independent
of Fe concentration, Fig. 4C, even in the high SAR range. This
confirms full dispersion of P-MNPs in water at all concentra-
tions studied, due to strong steric repulsion, and the absence of
a collective particle scenario. The lower SAR may arise from the
effect of grafted PEG on the Brownian contribution,*® and/or, as
noted above, from the effects of the binding groups.>®

The FFC-NMR profile of aqueous P-MNP suspensions,
Fig. 4D (note the ry values in this figure are not scaled), is
revealing. The r; maximum at 0.9-1.0 MHz is in the expected
range for superparamagnetic particles of this size, confirming that
the suspension comprises fully dispersed single cores. Simulation
of the aqueous P-MNP profile was undertaken using SPM-
theory."” The agreement is very good with all the features clearly
captured despite the relatively large MNP size, which places these
particles in the upper part of the superparamagnetic range for
which the model was developed. Good agreement was achieved
using the TEM core size and a saturation magnetisation, M, value
of 69 emu g, which is in the expected range for Fe;0, MNPs of
this size,* but only when a long 1y of 65 ns was specified, Fig. 4D.

It is very interesting that the P-MNP profile is almost super-
imposable with that of the re-dispersed OA-MNPs in toluene. As
noted above, the different 'H environments in toluene compli-
cate quantification of the profiles, and so simulations are not
appropriate and we do not interpret the absolute r; values for
the toluene suspensions. Nevertheless, it is clear that the
profiles of the three suspensions of fully dispersed particles
(OA/OAM-, OA-, and P-MNPs) are superimposable on scaling.
This demonstrates that the key correlation times are largely
unchanged and differences in the hyperthermic and relaxo-
metric responses arise from ligand-induced changes in the
particle diffusion and the surface solvent access, respectively.

3.5 Comparing the hyperthermic and relaxometric Properties

"H NMR relaxation in MNP suspensions is driven by dynamic
processes that modulate the angle that the vector which joins
the 'H to the particle moment makes with the external field.
At low frequency the Néel correlation time, 7y, (for moment re-
orientation) dominates r;. At high frequency the moments are
locked to the external field and the Brownian correlation time,
g, (solvent diffusion) is determined. The key processes that
contribute to hyperthermia are 7y and t, (MNP diffusion), both

6426 | J Mater. Chem. C, 2023, 11, 6417-6428

of which generate motion of the particle moment. As the
hyperthermic and relaxometric properties are sensitive to differ-
ent processes some interpretation can be cautiously attempted by
comparing the values for the different toluene suspensions/orga-
nogels in the dispersed-particle concentration range, Table 1.

(i) For dispersed OA/OAmM-MNPs, assuming that gelation
suppresses all contributions except SARy¢.; which is unchanged,
then; SARGe; = SARnee; = 215 W g™ .

(ii) For dispersed OA/OAm-MNP suspensions, assuming only
Brown and Néel processes contribute to SAR, then; SARg own =
785 W g ' (= SARgusp~SARNger = 1000-215 W g~ '), which is c.4
times SARn¢el-

(iii) For dispersed OA-MNP suspensions, assuming SARg;own
is unchanged on re-dispersion (which is reasonable as 1y, is
unchanged, Fig. 3B) at 785 W g~ '; then SARygq = 125 W g *
(= SARgusp~SARgown = 910-785 W g ") which is a suppression to
58% of the original OA/OAmM-MNP value (215 W g~ '). This is
due, primarily, to the effect of carboxylate (only) binding groups
on Ty, an effect that also increases the low frequency relaxivity.

It is interesting that the SARyge recovery on re-dispersing
(58%) is in the same range as the r; recovery (70%). The
analysis suggests that the effects on SAR for OA/OAm- and
OA-MNPs arise from differences in 1y due to the carboxylate
(only) binding, and an effect on r; arising primarily from the
thick conformal surface C18:1 alkyl layer.

Finally, comparing the P-MNP and OA-MNP relaxation pro-
files; the close agreement shows again that the ty and 7g values
are similar for these two very different suspensions. Therefore,
differences in SARyee are unlikely to be the cause of the
reduced SAR for P-MNPs. The strong inference is that reduced
diffusional correlation time, tp, of the P-MNPs arising from the
PEG chains is determining. In the case of P-MNPs, the SAR
suppression arises largely from the greater hydrodynamic size,
but this does not significantly affect the 'H relaxation.

4. Conclusions

The optimised method described here, modified from the
approach of Cheon and co-workers, reproducibly provides
toluene suspensions of MNPs with SAR of ~1000 W g~ ' (ILP
7.9 W m” g~ " kA™?> kHz ') when dispersed, and ~2800 W g™ *
(ILP 20.4 W m> g~ " kA~> kHz ") in the collective particle range.
An in situ PEG grafting approach is described which provides
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PEGylated MNPs with exceptional long-term aqueous colloidal
stability and SAR of ~245W g ' (ILP 1.9 Wm® g ' kA > kHz ).

The suspension relaxivity and SAR are sensitive to the
magnetic properties and the dynamics of the system in subtly
different ways. For particles in this size range, processes that
contribute to hyperthermia are modulated by ligand-related
effects that alter 1, and to a lesser extent 1y, either directly or by
inducing aggregation. Processes that contribute to relaxivity in
the clinical field range are determined primarily by 75 and can be
influenced by solvation of the ligand shell. The findings illus-
trate how design of multifunctional MRI-trackable hyperthermic
nanovectors may depend on a trade-off between high PEG brush
thickness, necessary for colloidal stability both in complex
media and in vivo, and minimizing dyyq to maintain high SARs.
Comparison of the profiles of MNP dispersions, that differ only
in the headgroups used, suggests a second trade-off (for smaller
MNPs in particular) in ligand binding strength, which should be
sufficiently strong to ensure colloidal stability, e.g. in buffers/
media containing phosphate, while minimising the thickness
of the non-magnetic surface oxide layer. The analysis presented
in this study highlights the importance of ligand modulation
for the development of dual-functional MNP suspensions with
improved magnetic properties.
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