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In this work, the effect of different molecular coatings on the alternating magnetic field-induced heating
properties of 15 nm maghemite nanoparticles (NPs) in water dispersions was studied at different
frequencies (159-782 kHz) and field amplitudes (100-400 G). The original hydrophobic oleate coating
was replaced with dimercaptosuccinic acid (DMSA) or polyethylene glycol trimethoxysilane (PEGTMS),
while cetrimonium bromide (CTAB) or stearic acid-poloxamer 188 (SA-P188) was intercalated or
encapsulated, respectively, to transfer the dispersions into water. Surface modification, based on
intercalation processes, induced clustering phenomena with the formation of spherical-like assemblies
(CTAB and SA-P188), while ligand-exchange strategies kept the particles isolated. The clustering
phenomenon has detrimental effects on the heating performances compared with isolated systems, in
line with the reduction of Brown relaxation times. Furthermore, broader comprehension of the heating
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Introduction

Spinel ferrite nanoparticles (NPs), thanks to the excellent
control of magnetic properties through chemical manipulation,
represent ideal systems for many fields, such as environmental
applications® and biomedicine.®® In particular, their ability to
release heat when subjected to an alternating magnetic field
(i.e., magnetic heat generation) makes them appealing for
catalysis®** and magnetic fluid hyperthermia (MFH)."*** When
NPs are in the superparamagnetic (SPM) state, according to
linear-response theory (LRT),' heat is released through relaxa-
tion losses, which can be associated with vector magnetization
reversal inside the particle (Néel relaxation time, Ty, eqn (1)),
and through physical rotation of the particle in a fluid (Brown
relaxation time, 7z, eqn (2)):
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temperature beyond the initial stage.

B = ke T (2)

where 1, is the characteristic relaxation time (10~° to 10! 5),"”
K the anisotropy constant, V the inorganic volume of the
particle, kg the Boltzmann constant, T the temperature of the
system, 7 the viscosity of the medium, and Vg the hydrody-
namic volume of the particle. Therefore, the effective relaxation
time (1) accounts for both Néel and Brown mechanisms and is
defined by:

1 11

CRENAEN ©
which means that the faster relaxation time dominates the
other one. For instance, considering magnetite NPs (K = 3 x 10"
J m?), the Néel relaxation is the dominant mechanism up to 15
nm, while beyond 20 nm, the Brown one prevails. Within the
validity of LRT, the specific power absorption (SPA, or specific
loss power SLP or specific absorption rate SAR) is related to the
loss power density by the mass density of the particles (SPA = P/
p), where P is defined as:

B /~L02Msz VHOZ
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where uo is the vacuum permeability, My the saturation
magnetization, V the particle volume, H, the applied field, kg
the Boltzmann constant, T the temperature, and f the applied
frequency.

Other mechanisms responsible for the heat release are
hysteresis losses, typical of multi-domain or blocked single-
domain nanoparticles, which are associated with hysteretic
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magnetic responses. For these systems, the power per unit of
volume is given by the product of the frequency f and the
hysteresis loop area u,$HdM. Besides this common distinction
between hysteresis and relaxation losses, other authors have
highlighted that in real systems both types might occur at the
same time, especially if they are nearby the transition region
between the SPM and the ferromagnetic regimes.*®

Nevertheless, when dealing with colloidal dispersions, NPs
tend to form clusters (aggregates if the assembly is permanent
or agglomerates if it is reversible), affecting their Brownian
motion and, consequently, the heat response. In the literature,
only a few studies have been devoted to the investigation of
clustering effects, showing contradictory results in terms of
improvement'>* or deterioration®®” of the heat response,
which consequently is hardly predictable. Indeed, inter-particle
interactions, predominantly of dipolar origin, can occur among
the particles in the colloidal state. Thus, the magnetic response
might be affected by the occurrence of the random orientation
or the alignement of individual magnetic moments. Therefore,
a systematic study on a suitable model system needs to be
developed, where the interparticle interactions and their influ-
ence in the heat response can be disentangled, keeping
a constant chemical composition, size, and shape of the orig-
inal nanoparticles.

Therefore, it is of primary importance to employ a synthesis
method that guarantees the NPs with a defined shape, high
crystallinity, and low size dispersity for a unique magnetic
response, but that also features repeatability and low environ-
mental impact.*® These advantages have been recently found in
an oleate-based solvothermal method that has been set up for
the synthesis of spinel ferrite NPs, in the form of single pha-
ses,??® mixtures,*? core-shells,”®3* and silver—ferrite flower-
like heterostructures.**

In addition, the modification of the nanoparticles’ surface is
fundamental to ensure good colloidal stability and modulate
the interparticle distance through the formation of clusters.
Therefore, several stabilizers have been proposed in the litera-
ture, such as bonding of hydrophilic molecules to the NPs'
surface, such as dimercaptosuccinic acid (DMSA),***° func-
tionalized silanes,**** and carboxylic acids,*****¢ encapsulation
of NPs in polymers such as dextran,”** polyethylene glycol
(PEG),***? polyacrylic acid,**® biopolymers,”” etc. (Table 1S¥).
Up to now, various methods have been developed for the clus-
tering of primary NPs, exploiting a self-assembly mechanism as
the result of the spontaneous control of the nanoentities that
interplay through noncovalent interactions with the help of
surfactants such as SDS*! or poloxamers.**

In this work, the aqueous colloidal dispersions of maghe-
mite NPs with a diameter of 15 nm, prepared by a solvothermal
method, were obtained through NPs' surface modification with
commonly used molecules and polymers. DMSA, 2-[methox-
y(polyethyleneoxy)s opropyl] trimethoxysilane (PEGTMS), cetri-
monium bromide (CTAB), and stearic acid (SA) combined with
poloxamer 188 (P188) were employed to modify the NPs' surface
through ligand-exchange, intercalation, or encapsulation
procedures. The heat response of the NPs was studied as
a function of the molecular coating, by varying the frequency
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and amplitude of the applied high-frequency magnetic field,
and correlated with the magnetic and colloidal properties,
paying attention to the role of cluster formation. Furthermore,
the evolution of SPA and intrinsic loss power (ILP) with time
and temperature was followed to better understand the heat
release phenomenon also after the initial stage.

Experimental

Chemicals

Oleic acid (90%) and iron chloride tetrahydrate (98%) were
purchased from Alpha Aesar. 1-Pentanol (=99%), cetrimonium
bromide (CTAB, 98%), chloroform (99.4%), dimercaptosuccinic
acid (DMSA, 90%), ethanol (99.8%), iron nitrate nonahydrate
(=98%), n-hexane (=97%), sodium hydroxide (98%), toluene
(99.7%), and triethylamine (TEA, >99.5%) were purchased from
Sigma Aldrich. Dimethyl sulfoxide (DMSO, =99.5%) was
purchased from Sigma. Poloxamer 188 (P188) and sodium
hydroxide (1 mol L") were purchased from Panreac. 2-
[Methoxy(polyethyleneoxy)s-opropyl] trimethoxysilane
(PEGTMS, 90%) was purchased from ABCR GmBH. Stearic acid
(SA, 97%) was purchased from Acros Organics.

Methods

Synthesis of the hydrophobic maghemite NPs. The oleate-
capped NPs were prepared through a seed-mediated growth
method under solvothermal conditions, as described in previous
work.* First, 10 nm NPs were prepared. 2 mmol of Fe"-oleate and
1 mmol of Fe"™-oleate, 10 mL of 1-pentanol, 10 mL of toluene,
and 5 mL of water were added into a Teflon liner. The liner-free
space was flushed with nitrogen and enclosed in a stainless-steel
autoclave (Berghof DAB-2), briefly shaken, and put vertically into
a preheated oven (220 °C) for 10 hours. After the treatment, the
particles were separated with a magnet and the supernatant was
discarded. The particles were dispersed in 10 mL of hexane, and
then sedimented by adding 10 mL of ethanol. The washing
procedure was repeated twice. Finally, the particles were
dispersed in 5 mL of hexane and subjected to 3 minutes of
centrifugation at 3000 rpm to remove any unstable particles. 30
mg of the 10 nm NPs were dispersed in 10 mL of toluene and
placed in a Teflon liner (seeds). 2 mmol of Fe"-oleate, 10 mL of 1-
pentanol, and 5 mL of water were added to the liner. The
subsequent solvothermal treatment and washing steps were the
same as for the 10 nm NPs. The seed-mediated solvothermal
synthesis was repeated five times (on different 10 nm NP
aliquots), and the products were joined to obtain enough parti-
cles for the subsequent steps. The sample was labeled Fe_Ole.

The hydrophobic (oleate-capped) nanoparticles (Fe_Ole)
were converted into hydrophilic ones by ligand exchange with
DMSA and PEGTMS and by intercalation of CTAB or SA followed
by encapsulation in P188.

Ligand exchange with DMSA.*®* About 16 mg of NPs was
dispersed in 78 mL of toluene, followed by the addition of 1.7 mL
dimethyl sulfoxide (DMSO) solution containing 31 mg of DMSA.
The mixture was sonicated for 5 minutes and mechanically
stirred for 48 hours at room temperature. The precipitated NPs

Nanoscale Adv., 2022, 4, 408-420 | 409
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were recovered with a magnet, washed with 5 mL of hexane and
three times with 5 mL of ethanol, and then dispersed in 4 mL of
distilled water. One drop of NaOH 1 M was added to the
dispersion to increase the pH and stabilize the NPs.

Ligand exchange with PEGTMS.** About 16 mg of NPs were
dispersed in 7.5 mL of toluene, and then 1.5 mL of PEGTMS, 7.5
mL of TEA, and 0.15 mL of water were added. The mixture was
mechanically stirred for 24 hours. After the treatment, the NPs
were magnetically collected and washed with 5 mL of hexane
and three times with 5 mL of ethanol, and then dispersed in 4
mL of distilled water.

Intercalation with CTAB.** About 16 mg of NPs was dispersed
with 1 mL of chloroform, which was slowly added under stirring
to a 4 mL water solution of 0.1 g of CTAB. The dispersion was
stirred for 1 hour at 30 °C, and then heated for another hour at
60 °C to form a limpid black-colored dispersion.

Intercalation with SA and encapsulation in P188 (ref. 62).
About 16 mg of NPs were dispersed in 0.8 mL of toluene, and
then 1.3 mg of SA was added, and the mixture was heated at 75
°C for 10 minutes to melt the stearic acid. After that, 4 mL of
a water solution of 0.5% w/w P188 was added to the organic
dispersion and sonicated for 45 minutes in a cold (~10 °C)
ultrasonic bath. The resulting microemulsion was stirred at
room temperature to let the toluene evaporate.

After each post-synthesis modification, the aqueous disper-
sion was centrifuged to remove any unstable particle and stored
in a vial. The samples were labeled Fe_ DMSA, Fe_PEG, Fe_C-
TAB, and Fe_SA-P188, based on the employed molecules.

Characterization

The dispersions' concentrations were determined by Inductively
Coupled Plasma - Optical Emission Spectrometry (ICP-OES). 0.5
mL of aqueous dispersion was digested by adding 4 mL HNO;
and stirring at ~50 °C for two hours. The solutions were allowed
to cool down, filtered, and diluted by using 2% v/v HNO; solu-
tion. The ICP measurements were performed on an Agilent 5110
spectrometer by analyzing Fe at wavelengths 238.204 nm, 259.940
nm, and 261.187 nm, and the concentration was averaged.

The samples were characterized by powder X-ray diffraction
(XRD) using a Seifert X3000, equipped with a Cu anode (Ka
radiation with 2 = 1.5418 A). The calibration of the peak posi-
tion and instrumental width was done using powdered LaBg
from NIST. The refinement of the structural parameters® was
performed by the Rietveld method using the software MAUD®
and adopting recommended fitting procedures.®® The CIF
structure COD ID used for the refinement is 1010369.%°

Transmission electron microscopy (TEM) images were ob-
tained using a JEOL JEM 1400 Plus operating at 120 kV. The
particle size distribution was obtained by measuring over 1000
particles with the aid of the software Pebbles, setting a spherical
shape for the elaboration.” The weighted-mean particle diam-
eter was calculated through the following equation:™*

> mid}
Z I’l,‘di3

(5)

D TEM_V =
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High-resolution TEM images were obtained through a JEOL
JEM 2010 UHR equipped with a 794 slow-scan CCD camera.

Fourier Transform Infrared (FT-IR) spectra were recorded in
the region from 400 to 4000 em™ " by using a Bruker Equinox 55
spectrophotometer. Samples were measured as KBr pellets.
Spectra were processed using OPUS software.

Thermogravimetric analysis (TGA) curves were obtained
using a PerkinElmer STA 6000, in the 25-850 °C range, with
a heating rate of 10 °C min~ ' under a 40 mL min " O, flow.

Room temperature (RT) >’Fe Mossbauer spectroscopy was
performed on a Wissel spectrometer using a transmission
arrangement and proportional detector LND-45431. o-Fe foil
was used as a standard, and the fitting procedure was done by
using the NORMOS program to determine the isomer shift,
quadrupole splitting, hyperfine field, and full width at half
maximum (FWHM) of the signals.

Dynamic light scattering (DLS) and electrophoretic light
scattering (ELS) measurements were performed on colloidal
dispersions through a Malvern Instrument Zetasizer Nano ZSP
equipped with a He-Ne laser (A = 633 nm and max 5 mW) and
operated at a scattering angle of 173°. The Brown relaxation
time was calculated from the hydrodynamic diameter calcu-
lated from the number size distribution (Dps n) through eqn
(2), considering a temperature of 30 °C and a solvent viscosity of
7.92 x 10 *kgm "' s %

The magnetic characterization of the dispersions was per-
formed using a SQUID magnetometer (MPMS7XL, Quantum
Design). The temperature-dependent magnetization response
was measured at 100 Oe using zero-field-cooled (ZFC) and field
cooled (FC) protocols. The blocking temperatures (7T},) were
calculated as the maximum of the derivative of the difference
between the FC and ZFC magnetization curves. The anisotropy
constants (K) were calculated through eqn (6):”

25kp Ty
K==200 (©)
where Vis the particle volume calculated from Dygy y. The Néel
relaxation times were calculated by using eqn (1), considering
a temperature of 30 °C and 1, equal to 10~ s.

The heat response of NPs was recorded using a D5 system
(Nano-Biomagnetic) in the frequency range 159-782 kHz with
different amplitudes of the alternating magnetic field (100-400
G). The concentration of NPs in water dispersion was fixed to
1.12 mg mL ™" for all samples. A fiber-optic probe, which allows
recording temperature with high accuracy, was used to monitor
the solvent temperature during the experiment. Both the field
and the frequency-dependent heat response was recorded
under adiabatic conditions. The SPA of the NPs' dispersions was
evaluated using the formula:

CodT
SPA= — — 7
5 dr (7)
where C and ¢ are the specific heat capacity and density of
solvent, respectively, and ¢ the weight concentration of NPs in
the water dispersion.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

An iron oxide sample (Fe_Ole) was prepared through an oleate-
based seed-mediated growth approach under solvothermal
conditions and characterized from the structural and morpho-
logical points of view by XRD, TEM, HRTEM, and room
temperature (RT) >’Fe Mossbauer spectroscopy.

The XRD diffraction pattern of the Fe_Ole sample and the
Rietveld refinement are reported in Fig. 1a. Only diffraction
peaks corresponding to a nanostructured spinel iron oxide are
visible. The cell parameter (a, 8.359(1) A) suggests the presence
of maghemite nanoparticles (maghemite: 8.3515 A from PDF
card 039-1346; magnetite: 8.3960 A from PDF card: 019-0629).
The crystallite size calculated from Rietveld refinement is equal
to 16.6(5) nm.

TEM images reveal well-separated spherical NPs with
a particle size of 14.7 nm (Fig. 1b and 2), in fair agreement with
the size obtained from XRD. The particle size dispersity is low
enough (¢ = 10%) to generate superlattices in the TEM grid as
soon as the solvent evaporates (Fig. 1b). The HRTEM image

Q
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(Fig. 1c) shows highly crystalline particles with no evidence of
an amorphous part or heterojunctions, suggesting epitaxial
coating of iron oxide around the pre-formed seeds. Inter-fringe
distances and the associated Miller's indices confirmed the
spinel ferrite structure.

RT *’Fe Mossbauer spectroscopy was performed to obtain
information on the iron state (Fe"/Fe'™) and the magnetic
properties of the spinel ferrite NPs (Fig. 1d).»*® The spectrum of
the sample Fe_Ole was fitted by using two sextets due to the
expectation of the blocked state for nanoparticles of this size
(i.e., around 15 nm).* The two sextets presented hyperfine field
values of 45.5 and 39.6 T, corresponding to iron cations in the
tetrahedral and octahedral sites of the spinel ferrite structure.”
The isomer shift for both the sextets is in the range 0.33-0.34
mm s~ ', indicating the almost complete absence of Fe", whose
values are around 0.6-0.7 mm s~ '.”* Since Fe"-oleate was used
for the synthesis, oxidation toward Fe™ occurred, which is ex-

pected over time.** The presence of maghemite is in agreement
with the XRD data.

Q.

Intensity (a.u.)

10-8 642024 6 810
Velocity (mml/s)

Fig.1 Structural, magnetic, and morphological characterization of Fe_Ole: (a) Rietveld refinement of the XRD pattern; (b) TEM micrograph of the
particles and superlattice assembly after solvent evaporation on a TEM grid (inset); (c) HRTEM image with inter-fringe distances and Miller's

indices; (d) RT >Fe Mossbauer spectrum.
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Fig. 2 Particle size distribution from TEM analysis with the dotted |

ine representing the volume-weighted diameter of the sample before

(Fe_Ole) and after functionalization (Fe_DMSA, Fe_PEG, Fe_CTAB, and Fe_SA-P188).

The Fe_Ole sample was modified with different organic
molecules to make it hydrophilic: (i) ligand-exchange with
PEGTMS (Fe_PEG) or (ii) ligand exchange with DMSA
(Fe_DMSA); (iii) intercalation with CTAB (Fe_CTAB); (iv) inter-
calation with SA, and encapsulation in P188 (Fe_P188). The
surface modification effectiveness was evaluated through FT-IR,
TGA, DLS, ELS, and TEM analyses.

First of all, no changes in the size of the inorganic core and
size distributions were detected upon functionalization (Fig. 2).
Indeed, the slight variations in the particle sizes can be asso-
ciated with possible differences in the image contrast derived
from the different capping molecules.

The FTIR spectrum of Fe_Ole (Fig. 3) shows the main
vibrational modes associated with the oleate molecules, as the
COO"~ vibrational modes (v,s (COO™) and »; (COO™) at about
1529 and 1415 cm™ ', respectively) and those related to the
hydrocarbon chain (2955 cm™" for v, C-H(CHj), 2922 em ™" for
v.s C-H(CH,), and 2852 cm ™" for v, C-H(CH,))."*”* The bands
centered at about 632 and 590 cm™ ', accompanied by three
shoulders at 735, 695, and 560 cm ™ *, are associated with the Fe-
O stretching and indicate the presence of maghemite, in
agreement with °’Fe Mdssbauer spectroscopy and XRD data.***
The FT-IR spectrum of the DMSA-coated sample (Fig. 3a)
revealed a series of absorption bands typical of carboxylic acids
(1640-1370 cm™ ' region), a shift (from 1700 cm ™" to 1740 cm™ )

412 | Nanoscale Adv,, 2022, 4, 408-420

of the carbonyl stretching, and a metal-oxygen stretching mode
at around 590 cm ™', The S-H stretching that should appear at
about 2560 cm ™" is not visible due to the low amount and the
weak intensity, S-H being a weak dipole.” The sharp reduction
of alkyl bands in the DMSA-coated sample indicates the almost
complete removal of oleate molecules.”” The FT-IR spectrum of
the PEG-coated sample is reported in Fig. 3b, showing the
characteristic bands of PEGTMS in the region 1000-1100 cm ™,
especially the Si-O-Si and Si-OH stretching modes at 1100 and
946 cm ™, respectively,” as well as the Fe-O stretching mode at
590 cm~". The FT-IR spectrum of the sample after the interca-
lation process with CTAB (Fig. 3c) shows the bands at 2944,
2918, and 2848 cm ™' associated with the different modes of the
hydrocarbon chain (present in both oleate and CTAB), and the
bands typical of CTAB in the region 1500-500 cm ™" besides the
peak at 3016 cm ' related to the N-CH; mode.” The band
related to the Fe-O mode at 590 cm ™ is also visible; however it
is very weak due to the high percentage of CTAB (95% w/w). The
spectrum of the sample intercalated with stearic acid and
encapsulated in poloxamer 188 is displayed in Fig. 3d, showing,
besides the Fe-O mode at 590 cm ™', the typical bands of the
molecules. In particular, the C-H stretching modes at about
3000 cm™" and the bands in the fingerprint region confirm the
presence of P188, while the bands associated with stearic acid

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FT-IR spectra of the oleate-capped Fe_Ole sample with the corresponding ligand after surface modification: DMSA (a), PEG (b), CTAB (c),

and SA-P188 (d).

are more difficult to visualize, due to the lower amount (6%)
with respect to P188.

Thermogravimetric analyses of the oleate coated samples,
the molecules used for surface modification, and the samples
after post-synthesis treatment are reported in Fig. 1S and 2St to
determine the organic content (Table 1) and the decomposition
temperatures. The free molecule decompositions are all in the
range 220-275 °C, with DMSA and CTAB having a smaller
second step at about 450-470 °C. The oleate decomposition
temperature for Fe_Ole is at about 240-250 °C, in agreement
with results obtained for similar particles.”****** DMSA-coated
particles undergo weight losses at 220 °C and 370 °C: the first
one is close to the one of the free molecule, while the second
one is shifted toward lower temperatures, indicating the
bonding of DMSA to the maghemite, as also observed by other

authors.**** The PEG-coated sample reveals a decomposition
temperature of about 240 °C, slightly higher compared to that of
the free PEGTMS molecule, indicating bonding between PEG
and the iron oxide surface. The CTAB-modified sample displays
a two-step decomposition (at 250 and 450 °C), similar to those
of the free-CTAB molecule, indicating the absence of strong
bonds between NPs and molecules, typical of the intercalation
process. Similar behavior is observed for the samples encap-
sulated in P188, with a weight loss in the range 130-300 °C as
the free P188, even though the first derivative is shifted to lower
temperature due to the presence of the oleate and stearic acid
molecules.

DLS analyses on the colloidal dispersions of the surface-
modified samples are shown in Fig. 4a and b, while the
hydrodynamic diameter and the Brown relaxation times are

Table 1 TEM, DLS, ELS, magnetic measurements, and TGA of the surface-modified samples: volume-weighted particle size (Drgm_v), hydro-
dynamic diameter calculated by number (Dp s_n) and by volume (Dps_v), diffusion coefficient (D), Brown relaxation time (zg), zeta potential (¢),
anisotropy constant (K), Néel relaxation time (ty), effective relaxation time (z.¢), blocking temperature (T,,), and organic content (OC) calculated

from TGA

Drem v Dpisn  Doisv  Dc K x 10° OoC
Sample (nm) (nm) (nm) (W?1s) 5 (s) (mv) m™3 T (8) et (S) Ty (K) (% wiw)
Fe_ DMSA  13.6(1.2) 14(3) 17(5) 12.8(3) 8(2)x 1077  —29(1) 3.1(3) 6.7(6) x 10°°  8(2) x 1077 105(2) 7(1)
Fe_PEG 14.0(1.3)  17(5) 22(9) 19.3(1)  1.5(4) x 10°°  —30(1) 2.3(2) 1.5(1) x 107°  1.4(4) x 10°°  89(2)  18(2)
Fe_CTAB  14.3(1.2) 25(7) 38(30) 5.9(1) 5(1) x 107 +44(2)  2.2(3) 1.5(1) x 107> 3.7(8) x 10°%  87(2) 95(5)
Fe_SA- 14.2(1.2) 59(16)  75(26)  6.1(1)  6(2) x 107°  —10(1) 2.2(3) 1.5(1) x 10°°  1.2(4) x 10°°  87(2)  82(4)
P188

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

(a) Number distribution and (b) volume distribution of the hydrodynamic diameter of the samples obtained by the DLS measurements. (c)

TEM images of the samples after surface modification. The scale bars correspond to 100 nm.

shown in Table 1. The Fe_SA-P188 sample presents the largest
clusters, having a hydrodynamic diameter of about 60 nm and
the slowest Brown relaxation (15 = 6.0 x 10> s). This scenario
corroborates the hypothesis of the intercalation of stearic acid
between the oleate molecules capping the iron oxide NP surface
and the encapsulation of several of them by poloxamer 188. The
other samples present a smaller hydrodynamic diameter, sug-
gesting the presence of isolated NPs. In particular, the smallest
hydrodynamic diameter (and the lowest t5) was obtained for the
DMSA and PEG-coated samples produced by the ligand
exchange process instead of intercalation. It is worth noting
that all samples present constant values with time, a mono-
modal distribution, and no sedimentation, indicating the
stability of the aqueous colloidal dispersions.

The TEM images of the modified samples are reported in
Fig. 4c. Both DMSA- and PEG-coated samples featured isolated
particles with the absence of clusters. In contrast, in the CTAB-
coated sample's micrograph, some clusters of about 80 nm are
visible. Nevertheless, a large number of separated particles are
present. For this reason, the mean diameter estimated from
DLS measurements in terms of the number of particles is in the
range of 20-30 nm. The existence of the 80 nm clusters also in
the aqueous dispersion is confirmed by the volume distribution
of hydrodynamic diameters (Fig. 4b and Table 1) that features
a long tail at higher Dp; s values. Well-defined spherical clusters

414 | Nanoscale Adv., 2022, 4, 408-420

of NPs of about 60-70 nm are observable in the P188 modified
sample due to the encapsulation of the particles inside the
polymer. The low content of separated particles also enables the
match between the observed TEM size and the hydrodynamic
diameter calculated by DLS both by number and volume
distributions.

ELS analyses were performed on the modified samples to
estimate the zeta potential (¢, Table 1). The CTAB-modified
sample features positive values due to the presence of quater-
nary ammonium,**® thus confirming effective intercalation. In
contrast, DMSA-coated NPs reveal negative values because of
the thiol group of DMSA molecules.'*””* Fe_PEG also shows
negative values. Even though no acidic or basic functions are
present in the molecule, other authors observed the same
behavior, ascribing it to incorporating hydroxide ions into the
PEG layer® or to ionizable hydroxyl groups on the iron oxide
surface.®* Also, the P188-modified sample reveals a negative zeta
potential value, probably for the same reasons, but no data are
available in the literature for comparison.

The temperature dependence of the magnetization was
studied through ZFC-FC protocols directly on the dispersions
with a concentration identical to that used for the heating
experiments (Fig. 3ST). Despite the minor differences among
the aqueous dispersions, all samples possess a similar
temperature dependence of the magnetization. The curves show

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Heat dissipation of the aqueous colloidal dispersion (1.12 mg mL™%) measured at 316 G and 782 kHz; (b) SPA evolution of the samples
with time and temperature (c) for the curves recorded at 782 kHz and 316 G. The heat dissipation curves at various frequencies and amplitude of

the applied magnetic field are reported in Fig. 5S and 6S.}

a jump in the temperature range 260-280 K due to the melting
of water and a maximum temperature of about 190 £+ 10 K for all
samples (Fig. 4Sat). The distribution of blocking temperatures
(Fig. 4Sb¥) reveals a Ty, centered at 88 + 2 K for Fe_PEG, Fe_C-
TAB, and Fe_SA-P188 samples, while a slightly shifted distri-
bution (7}, = 105 £ 2 K) is observed for Fe_DMSA, probably
because of the shorter chain of the DMSA molecule that can
cause stronger interparticle interactions. The anisotropy
constants (K) calculated from Ty, through eqn (6) are in the
range 2 to 3 x 10° ] m ™, close to the bulk maghemite (5 x 107 ]
m ). The Néel relaxation times (ty), calculated utilizing eqn
(1), are all in the order of 10" s, indicating high magnetic
similarities among the samples. As a consequence, the effective
relaxation time (t.g, eqn (3)) depends mainly on the 7g, and it
was found to be faster for Fe_DMSA (8 x 10~ s), followed by
Fe_PEG (1.5 x 10~ ®s), Fe_CTAB (1.4 x 10~ °®s), and Fe_SA-P188
(1.2 x 1077 s). All FC curves feature a temperature-independent
behavior up to 200 K (curve flatness), indicating strong inter-
particle interactions, as already observed for CTAB-intercalated
core-shell spinel ferrite NPs.” Note that the concentration of the
NPs in the dispersions is rather high, and the interparticle
interactions become important.

At room temperature, the samples do not exhibit hysteretic
behaviour (measurements not shown), indicating a SPM regime
in the DC magnetometry time window. It is important to note
that superparamagnetism is a time- and frequency-dependent
phenomenon. While the samples exhibit SPM behavior in the
time window of DC magnetometry (0.001-1 s), if other tech-
niques with a faster time window are used, the samples might
appear in the blocked state. For instance, in the room temper-
ature *’Fe Mossbauer spectrum of Fe_Ole a sextet is present
(Fig. 1d), due to particles in the blocked state, in the measure-
ment time window of 10 ° to 10”7 s.

Magnetic field-induced heating

The set of samples represents an ideal case study, all made up of
the same non-toxic magnetic core with low size dispersity and
water stability but featuring different capping molecules,

© 2022 The Author(s). Published by the Royal Society of Chemistry

aggregation states, hydrodynamic sizes, and Brown relaxation
times. Therefore, all aqueous sample dispersions (1.12 mg
mL ') were tested as heat mediators under an applied alter-
nating magnetic field of 100, 200, 316, or 400 G, and at
frequencies of 159, 330, 497, 639, or 782 kHz. The heating
curves at 316 G and 782 kHz are reported in Fig. 5, while AT,
SPA, and ILP values are shown in Table 2.

At 782 kHz and 316 G, the highest SPA values are observed
for the samples coated with DMSA and PEG molecules that
reach 539 and 571 W g™, respectively. Considering the limita-
tions of the parameter intrinsic loss power (ILP), which can be
applied only on superparamagnetic systems and in the frame of
the linear response theory, it represents a helpful tool for
comparing data acquired at different frequencies and ampli-
tudes.’®*** The calculated ILP values are reported in Table 2,
while a comparison with data reported in the literature for
similar systems is shown in Table 1S.t Even though DMSA is
a commonly employed coating molecule for stabilizing NPs in
water, ILP values above 1.1 nH m?> kgo{1 have never been
observed in the literature (Table 151).>*?° In contrast, Fe_SA-
P188 features the lowest AT and SPA value (140 W g~ '), which is
most likely correlated with the formation of spherical clusters
as recognized by TEM and DLS analyses (Fig. 4). It is known that
the formation of secondary entities (clusters) affects the heating
abilities”*® due to the slower Brown relaxation time (Table 1).
The CTAB-intercalated sample reveals a heating efficiency in the
middle, in line with the presence of some clusters and faster 5
than that of Fe_SA-P188 and slower than that of Fe_PEG and
Fe_DMSA.

The initial SPA values for all samples follow the theoretical
frequency dependence (eqn (4)) in the range 159-782 kHz
(Fig. 6a), obtaining the best fit for Fe_DMSA (R* = 0.998) and the
worst for Fe_SA-P188 (R*> = 0.90). For some samples, e.g.,
Fe_DMSA and Fe_CTAB, the dependence is almost linear in the
studied frequency range. Even though only minor differences
can be observed in the heating abilities as a function of
frequency for Fe_DMSA and Fe_PEG, it seems that Fe_DMSA is
the most efficient sample at low frequencies (50% and 20% more

Nanoscale Adv, 2022, 4, 408-420 | 415
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Table 2 Experimental conditions of the heat release test of water colloidal dispersions (1.12 mg mL™Y) of modified samples. Temperature
increases after 10 minutes of applying an alternating magnetic field (AT), specific power absorption (SPA), and intrinsic loss power (ILP). The final

temperatures reached are reported in Table 2S

Experimental
conditions 159 kHz, 316 G 330 kHz, 316 G 497 kHz, 316 G 639 kHz, 316 G 782 kHz, 316 G

AT SPA ILP AT SPA ILP AT SPA ILP AT SPA ILP AT SPA ILP
sample O Wgh) (9 (0 Wgh ) (0 Wgh) (9 (O Wgh O (o Wg) O
Fe_DMSA 4.2 62 0.61 11.5 191 091 199 324 1.02  — — — 36.9 539 1.08
Fe_PEG 2.7 31 0.31 9.4 154 0.73 17.3 311 0.98 25.1 379 0.93 347 571 1.14
Fe_CTAB 3.1 32 0.32 8.5 116 0.55 15.1 182 0.58 21.7 271 0.66 27.2 364 0.73
Fe_SA-P188 — — — 2.8 27 0.13 5.6 62 0.20 10.6 151 0.37 12.7 140 0.28

“nH m?* kg, .

efficient at 159 and 330 kHz, respectively). In comparison, at
higher frequencies, they become comparable (4-6% differences
at 497-782 kHz). One possible explanation could be related to
the slower Néel relaxation time of Fe_DMSA compared to
Fe_PEG (1.4 x 10 ®vs. 8 x 10~ 7 s), which may be responsible for
slightly better efficiency at low frequency. Nevertheless, it must
be highlighted that both samples behave in a very similar way, in
agreement with the small differences in magnetic and colloidal
properties (which are reflected in 7z and ty).

For the Fe_PEG sample, the dependency of the SPA on the
amplitude of the magnetic field follows the square low SPA =
aH*, where x was found to be 1.9, very close to the theoretical
value of 2, as also observed by other authors (Fig. 6b).>**

By looking at the ILP frequency dependence (Fig. 6¢), one
would expect no variation of ILP; instead, we observed its
gradual increase with the frequency (the data were fitted with
eqn (4)), clearly indicating a deviation from linear response
theory. Also, other authors observed a nonlinear behavior of the
susceptibility imaginary part with the frequency that can cause
the nonconstant response of the ILP.**"** For all samples except
Fe_SA-P188, the maximum ILP is reached at the maximum
frequency. For Fe_SA-P188, in contrast, 639 kHz is the most
efficient frequency. Concerning the evolution of ILP with the
applied field amplitude (Fig. 6d), the tendency is not constant.
Still, it follows an exponential decay, reaching the maximum for
Fe_PEG (ILP = 1.74 nH m” kg, ') at 100 G and becoming
almost constant at 316 and 400 G (ILP = 0.95 + 0.02 nH m®
kgox ). In contrast, de la Presa et al. observed an initial increase
of ILP with H,, and then a steady behavior in the range 40-90 G,
and therefore below the range of the magnetic fields applied in
this work. In this latter case, they analyzed 13 nm-uncoated
maghemite nanoparticles having an aggregate size, estimated
by DLS, in the range 60-75 nm.*

Magnetic field-induced heating is a complex process. In
addition, for these samples, we can hypothesize both relaxations
(linear response theory) and hysteresis losses as responsible for
the heat release but with no information on their relative
importance, considering the frequency of the alternating
magnetic field. Indeed, the frequency range employed in this
study for the heat dissipation (159-782 kHz) corresponds to
a time window of 1 x 107® to 2 x 1077 s, just above the
Mossbauer measurement time window, and it is reasonable to

416 | Nanoscale Adv, 2022, 4, 408-420

expect that at least a part of the NPs' population was not in the
SPM state. In addition, aggregation phenomena, often occurring
in colloidal magnetic dispersion, can make the understanding of
mechanisms even more complex. In our case, a comparison
among the samples and the effect of the molecular coating can
be carried out with high reliability as all samples are based on
the same inorganic core and, therefore, the same size, also kept
after the surface functionalization. Therefore, all the effects
derived from the different organic coatings on the magnetic and
colloidal properties are summed up in the obtained heat
response, although it is not possible to discern the contribution
of single parameters. Additional information on the heat
response efficiency can also be extracted by following the
evolution of the SPA with time and temperature since the
colloidal dispersions of magnetic NPs are dynamic systems.
Beyond the initial SPA values, the SPA dependences on time and
temperature are shown, for the curves recorded at 782 kHz and
316 G, in Fig. 5; the curves recorded at the other frequencies and
amplitudes are reported in Fig. 65-8S.T

By looking at Fig. 5b, it is possible to observe that the heat
release gradually decreases with increasing time and tempera-
ture. Still, clear differences can be identified between the
samples. For instance, Fe_PEG shows a more pronounced
initial decrease, so it features the highest SPA value in the initial
phase. However, after just 30 seconds, there is an inversion with
Fe_DMSA, which becomes the sample with the overall highest
heat release. Similar sharp decreases can be observed for other
frequencies and samples, for instance, at 639 kHz for Fe_SA-
P188, at 497 kHz for Fe_PEG, 330 kHz for Fe_CTAB 330, and 497
kHz for Fe_DMSA.

Interestingly, these are also the points that deviate the most
from the initial ILP vs. frequency plots (Fig. 6¢, red arrows),
corroborating the hypothesis that the initial heating stage does
not truly represent the whole heat dissipation phenomenon.
The anomalous trends are clearly visible in Fig. 8S,T where the
SPA vs. temperature graphs for different frequencies of the
applied alternating magnetic field are shown. Although they
generally follow a straight line, a kink emerges for some
frequencies specific to each sample (highlighted by black
arrows). It seems that under those experimental conditions,
a higher response at the beginning of the heat dissipation is
observed, as in part predicted by fitting with eqn (4), where the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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decay) of the applied alternating magnetic field.

curve bends, which then gradually decreases and follows the
general linear trend of the other frequencies. The observed
anomalies could also be caused by the possible occurrence of
hysteretic losses, as already explained.

For this reason, the evolution of ILP with time, reported in
Fig. 9S,T reveals some crucial aspects. In the beginning, there is
a separation of ILP vs. time curves for the different frequencies,
but the curves converge when approaching a kind of steady
state. For instance, after 9 minutes, the ILP of both Fe_DMSA
and Fe_PEG is equal to 0.17 + 0.02 nH m” kg™, for Fe_CTAB is
0.13 + 0.02 nH m? kg™, and for Fe_SA-P188 is 0.07 = 0.02 nH
m” kg™, considering all the frequencies. The standard devia-
tion of the mean value for each sample (+0.02 nH m* kg™ )
would be even better if the slowest frequency is neglected since
it introduces the highest uncertainty.

Therefore, the evolution of SPA vs. time and temperature
permits understanding how the NPs behave at different

© 2022 The Author(s). Published by the Royal Society of Chemistry

frequencies. In contrast, the ILP vs. time curves enable an easier
and more reliable comparison among the samples when each
NP system acts independently of the frequency (e.g., after 9 min).

Conclusions

In this work, 15 nm oleate-capped maghemite NPs were
prepared by a seed-mediated growth method under sol-
vothermal conditions, and then made hydrophilic through
modification with polyethylene glycol (PEG), dimercapto-
succinic acid (DMSA), cetrimonium bromide (CTAB), or stearic
acid (SA) and poloxamer 188 (P188). Ligand exchange proce-
dures with PEG and DMSA permitted the NPs to be kept iso-
lated, while intercalation with CTAB and SA and encapsulation
with P188 led to agglomeration into spherical clusters. The
aqueous dispersions were tested for heating abilities under
adiabatic conditions in an alternating magnetic field with
different frequencies and amplitudes. The results showed

Nanoscale Adv., 2022, 4, 408-420 | 417
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higher initial performances for the samples with no clustering
phenomena (PEG and DMSA) and lower performances for CTAB
and SA-P188, in line also with the Brown relaxation times of the
particles, highlighting the detrimental effect of a cluster of NPs
where there is no magnetic order. Moreover, an appropriate
selection of the frequency, amplitude, and time of the AMF
permitted the tuning of the final temperature from room
temperature to 60 °C. Furthermore, the evolution of SPA and
ILP with frequency and amplitude was followed as a function of
the time and the temperature. The character of the heating
curves was found to help understand how the NPs behave since
the kinks correspond to the inflection points of the frequency
dependency of the power loss. Moreover, a convergence of the
ILP vs. time curves suggests that the system behaves indepen-
dently of the frequency after a certain time, allowing a direct
comparison among all samples within the series. These results
highlighted how a deeper understanding of the heat dissipation
phenomenon is possible by analyzing in detail both the initial
SPA and ILP values and their evolution with time and temper-
ature, besides the frequency and the amplitude of the applied
alternating magnetic field.
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