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Defects or no defects? Or how to design
20-25 nm spherical iron oxide nanoparticles to
harness both magnetic hyperthermia and
photothermiaft
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Damien Mertz, 2@ Benoit Pichon,? Cristian lacovita, ¢ *" Sophie Laurent ©° and
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Designing iron oxide nanoparticles (IONPs) to effectively combine magnetic hyperthermia (MH) and
photothermia (PTT) in one IONP formulation presents a significant challenge to ensure a multimodal
therapy allowing the adaptation of the treatment to each patient. Recent research has highlighted the
influence of factors such as the size, shape, and amount of defects on both therapeutic approaches. In
this study, 20—-25 nm spherical IONPs with a spinel composition were synthesized by adapting the proto-
col of the thermal decomposition method to control the amount of defects. By tuning different synthesis
parameters such as the precursor nature, the introduction of a well-known oxidizing agent, dibenzylether
(DBE), in the reaction medium, the heating rate and duration and the introduction of a nucleation step, we
thus established two different synthesis protocols, one involving the use of a small amount of DBE
leading to IONPs with only a few defects and another that took an optimized route to oxidize the wustite
nuclei during the IONP growth and led to IONPs exhibiting more structural and oxygen defects. IONPs
exhibiting fewer defects showed enhanced MH and PTT heating values even when immobilized in a
matrix, despite a decrease in MH heating values showing that they release mainly heat through the
Brownian mechanism. These MH measurements have also confirmed that defects play a key role in
enhancing Néel relaxation. PTT measurements demonstrated higher heating values with IONPs with
fewer defects and a correlation between Urbach energy and SAR values suggesting an impact of vacancy
defects on PTT performances. Therefore, IONPs exhibiting fewer defects under our synthesis conditions
appear as suitable IONPs to combine both MH and PTT treatments with high performances. These
findings pave the way for promising applications in combined therapies for cancer treatment.

. Introduction

Spherical spinel iron oxide nanoparticles (IONPs) with sizes in
the range 20-25 nm are promising for magnetic hyperthermia
(MH) when the size of IONPs has less impact on photothermia
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effective against cancer cells, which are more sensitive to temp-
erature increases than healthy cells.” ' However, MH’s efficacy
is hindered by limited heating power, often requiring high
local doses of IONPs.>”"'™** Enhancing the performance of

eStrashourg Drug Discovery and Development Institute (IMS), 67000 Strasbourg, IONPs is crucial and is generally achieved through increasing
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saturation magnetization (M) and effective anisotropy.>®**°

Larger-sized IONPs exhibit higher M, improving MH
efficiency.>'"*®'” Despite their promise, IONPs of 20-25 nm

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ size were shown to primarily release heat through Brownian
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relaxation rather than Néel relaxation, which diminishes their
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efficacy when located within cells or tissues.®'®** Factors such
as NP aggregation and immobilization upon interaction with
cells contribute to this decrease, affecting their MH
efficiency.”?'81922:23 Additionally, defects within IONPs have
been reported to improve MH performance by favoring Néel
relaxation in cellular environments.>*

Recent studies have shown that IONPs are also effective for
photothermal therapy (PTT) by converting absorbed light into
localized heating when exposed to near-infrared laser
irradiation. This process would be facilitated by d-d electron
transitions, moving electrons from conduction to valence
bands.*® Since Yu et al’s initial report in 2011,>” IONPs have
consistently proved to be efficient in generating heat under
laser irradiation.#*?%?%*° Factors influencing heat release
remain somewhat unclear. While some studies suggest that
the IONP shape affects heating,”” others argue that the crystal-
lographic structure, rather than size or shape, is the primary
determinant of PTT effectiveness.>***%*° Bertuit et al.** exam-
ined iron oxide nanoflowers with varying levels of defects and
found that excessive defects (oxygen vacancies) led to dimin-
ished PTT performance. They attributed this behavior to the
trapping of electrons by oxygen vacancies, hindering electron
transfer responsible for heat generation.

The recent use of IONPs as PTT nano-heaters offers a novel
dual treatment method by combining MH and PTT. This
approach benefits from a reduced IONP dose and enhanced
MH through laser irradiation. 20-25 nm iron oxide-based
nanospheres hold potential for merging MRI and hyperther-
mia therapy, including PTT and MH. However, the presence of
defects appears to have an antagonistic effect on both MH and
PTT. Two main types of defects have been noticed: oxygen
vacancy defects as reported by Bertuit et al.*® and structural
defects such as dislocation and/or antiphase boundaries. The
presence of a wiistite core is often observed using the thermal
decomposition method (especially when targeting IONPs with
a mean size higher than 15 nm), as the nuclei exhibit a wiistite
composition.**> Structural defects have been reported to
form during the oxidation of Fe; ,O in the magnetite
phase.”'"** Indeed, our previous studies on core-shell
Fe,_,O@Fe;_,0, nanocubes**?* and the work of Wetterskog
et al.*®> have shown that the post-oxidation of Fe,_,O induced
the formation of lattice dislocations and/or antiphase bound-
aries in NPs. Dibenzyl ether has been demonstrated to be an
effective oxidizing agent’**?” either used as solvent or added
to the reaction medium. However, to obtain IONPs with a
mean size higher than 15 nm, as the core is wiistite, there is
competition between the growth and oxidation kinetics, which
may be tuned by adjusting synthesis conditions.**

This work investigates the influence of synthesis para-
meters and dibenzyl-ether (DBE) quantity on the character-
istics of iron oxide nanoparticles (IONPs), focusing on size,
composition, and defect levels. The challenge lies in consist-
ently producing, using the thermal decomposition method,
spherical IONPs in the range of 20-25 nm to be able to
combine both MH and PTT therapies. Our aim is to adapt this
synthesis method by tuning synthesis parameters to obtain

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

IONPs with precise control over composition and defect levels.
Defects, stemming from oxidation processes, including oxygen
vacancies and structural irregularities, are crucial in determin-
ing the efficiency of MH and PTT combination. We analyze the
impact of various parameters like the precursor nature, reac-
tion temperature, heating rate, and DBE amount on the
characteristics of IONPs. Both homemade and commercial
iron stearates, along with different DBE levels, influence the
size, composition, and defects of IONPs. Additionally, an oxi-
dation treatment on core-shell IONPs yields promising results
for magnetic and MH properties. Our goal is to design IONPs
capable of effectively combining PTT and MH treatments,
assessed separately through MH and PTT performance
evaluations.

Il. Materials and methods
I1.1. Materials

Iron stearate (FeSt;) was either homemade'**%3° from sodium
stearate (purity: 98.8%) purchased from TCI and ferric chlor-
ide (purity 99%) purchased from Sigma-Aldrich, or directly
purchased from TCI (purity minimum 60% of stearic acid and
5.8 to 7% of iron, and maximum 10% of free acid). Acetone
(purity 99.8%), chloroform (purity 99%), hexane (purity 99%)
and THF (purity 99.5%) were purchased from Carlo Erba.
Dioctyl ether (OE) (purity 99%) was purchased from Sigma-
Aldrich. Oleic acid (OA) (purity 99%) was purchased from Alfa
Aesar. Dibenzylether (DBE) (purity 98%) and squalane (purity
99%) were purchased from Acros Organics. The dendron D1-
2P was provided by SuperBranche.

I1.2. Precursor synthesis

Iron stearate(ur) was synthesized by precipitating sodium stea-
rate (NaSt) and ferric chloride (FeCl,) salts in water."* Sodium
stearate (9.8 g, 32 mmol) was dissolved in distilled water
(80 mL) in a round-bottomed flask, heated to reflux, and
stirred until fully dissolved. Separately, ferric chloride (2.88 g,
10.6 mmol) was dissolved in water (40 mL) and added to the
sodium stearate solution under vigorous stirring, resulting in
immediate formation of a light orange precipitate. After
15 minutes of stirring at this temperature, the solution was
cooled down to room temperature. The precipitate was washed
once by centrifugation (14 000 rpm, 10 min), and then filtered
with a Bilichner funnel and oven-dried at 65 °C for 24 hours,
yielding approximately 9 g of the precursor. One batch of the
precursor was sufficient for four 20 nm IONP syntheses.

I1.3. 20 nm spherical IONP synthesis

For 20 nm spherical IONP synthesis, several protocols were
tested and are discussed in this work. Only the two main pro-
tocols for the synthesis of reproducible 20 nm spherical NPs
are described hereafter. All the syntheses were performed in
air.

Protocol P20_1. 2.2 mmol of FeSt; (1.99 g) and 4.4 mmol of
OA (1.24 g) were mixed with squalane (15.8 g, 19.5 mL) and
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2.6 mmol of dibenzylether (0.53 g, 0.5 mL) in a two-neck
round-bottom-flask of 100 mL. The mixture was first heated to
120 °C (heating device temperature: 130 °C) for 60 min to dis-
solve the reagents in squalane. After this step, the condenser
was connected to the flask and the mixture was heated up to
330 °C (heating device temperature: 360 °C) with a 5 °C min™"
ramp. The mixture was refluxed at 330 °C for 120 min. The
obtained black NP suspension was cooled down to 100 °C to
proceed to the washing step.

Protocol P20_2. 2.0 mmol of FeSt; (1.85 g) and 6.7 mmol of
OA (1.90 g) were mixed with squalane (15.8 g, 19.5 mL) and
2.6 mmol of dibenzylether (0.53 g, 0.5 mL) in a two-neck
round-bottom-flask of 100 mL. The mixture was first heated to
120 °C (heating device temperature: 130 °C) for 60 min to dis-
solve the reagents in squalane. After this step, the condenser
was connected to the flask and the mixture was heated up to
330 °C (heating device temperature: 360 °C) with a 5 °C min™*
ramp. The mixture was refluxed at 330 °C for 60 min. The
obtained black NP suspension was cooled down to 100 °C to
proceed to the washing step.

Protocol P20_3_no_DBE. 2.0 mmol of FeSt; (1.85 g) and
6.7 mmol of OA (1.90 g) were mixed with squalane (16.2 g,
20 mL) in a two-neck round-bottom-flask of 100 mL. The
mixture was first heated to 120 °C (heating device temperature:
130 °C) for 60 min to dissolve the reagents in squalane. After
this step, the condenser was connected to the flask and the
mixture was heated up to 280 °C (heating device temperature:
310 °C) with a 5 °C min™" ramp. The mixture was refluxed at
280 °C for 30 min. After this step, the condenser was con-
nected to the flask and the mixture was heated up to 330 °C
(heating device temperature: 360 °C) with a 1 °C min™" ramp.
The mixture was refluxed at 330 °C for 60 min. The obtained
black NP suspension was cooled down to 100 °C to proceed to
the washing step.

Washing step. The same washing step was performed on
NPs synthesized from either protocol P20_DBE or
P20_NO_DBE. 10 mL of chloroform was added to the IONP
suspension at a temperature around 100 °C. Then, this suspen-
sion was introduced in a flask containing 400 mL of acetone.
This mixture was put on a magnet to collect the IONPs and
discard the supernatant. The collected IONPs were redispersed
in 50 mL of chloroform. 400 mL of acetone was added again to
proceed to a washing step: the mixture was heated at 60 °C for
45 min under mechanical stirring. In the end, the IONPs were
collected with a magnet and the supernatant was discarded.
Finally, the IONPs were resuspended in 40 mL of THF for their
storage or further utilization.

I1.4. Oxidation process of core-shell IONPs

5 ml of a suspension of core-shell IONPs (Fe;_yO®@Fes;_xO,)
suspended in THF were mixed with 5 mL of dioctylether and
0.5 g of OA in a two-neck round-bottom-flask of 100 mL. The
mixture was heated to 120 °C (heating device temperature:
130 °C) for 30 min and the IONPs were resuspended in 10 mL
of THF for their storage or further utilization.
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IL.5. Dendronization step

After synthesis, the IONPs are coated with OA and suspended
in THF. Subsequently, a ligand exchange is performed in THF
to replace the OA with dendron molecules. The dendron is
composed of a bi-phosphonate anchoring group to ensure a
robust link to the NP surface, and three PEG chains for bio-
compatibility and stability in water (Fig. S1). The central PEG
chain is longer and terminated with a carboxylate function,
enabling the attachment of additional molecules such as dyes
or targeting ligands.** The ligand exchange between OA and
the dendron (D1-2P) (Fig. S1t) was performed in THF. Briefly,
5 mL of IONPs@OA at 1 mg Fe mL ™" was stirred for 48 hours
with 10 mg of dendron. To maximize the ligand exchange and
remove most of the oleic acid molecules, the suspension was
then purified by ultrafiltration. After that, 5 mg of dendron
was added to the mixture for another 48 hours of stirring. The
suspension was mixed with hexane (volume ratio 1/3:2/3) to
precipitate the DNPs. The suspension was centrifuged at 8000
rpm for 5 min and the supernatant was discarded. Finally, the
DNPs were collected and dispersed in deionized water. The
water suspension was purified by ultrafiltration 3 times.

I1.6. Characterization techniques

Fourier-transform infrared (FTIR) spectroscopy. Standard
infrared spectra were recorded between 4000 cm™' and
400 cm™" with a FTIR spectrometer, Spectrum 100 from
PerkinElmer, on both iron precursors and IONP samples. The
samples were ground and diluted in a non-absorbent KBr
matrix before their analysis. The iron precursor powders were
characterized by attenuated total reflectance (ATR) FTIR spec-
troscopy to examine their main bands corresponding to alkyl
chains (peaks between 2800 cm™' and 3000 cm™), “iron” in
iron stearate (a band at 720 cm™') and carboxylate-based
groups (between 1700 em™* and 1300 cm™'). The FITR spectra
of IONP samples allowed us to assess the presence of the
characteristic band corresponding to the spinel structure
between 800 cm™" and 400 cm ™", the presence of the charac-
teristic bands of oleic acid (alkyl bands between 3000 cm™*
and 2800 cm™") and more importantly, the disappearance of
the characteristic band of the iron precursor at 720 cm™".

Thermogravimetric analysis (TGA). To investigate the
thermal decomposition of the different batches of FeSt;, TGA
coupled with differential thermal analysis (DTA) was per-
formed on dried powder samples from 20 to 600 °C at 5 °C
min~" in air by using an SDJ Q600 apparatus. Differential
thermogravimetric measurements were obtained after a first-
order differentiation calculation using OriginLab Software.

Transmission electron microscopy (TEM). To have access to
their size and morphology, the IONPs were characterized by
TEM with a JEOL 2013 microscope operating at 200 kV (point
resolution 0.18 nm). The size distribution of NPs was esti-
mated from the size measurements of more than 300 nano-
particles using Image] software. High-resolution (HR-TEM)
images were also recorded to analyze crystallographic plans
and to check the amount of structural defects.

This journal is © The Royal Society of Chemistry 2024
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X-ray diffraction (XRD). The XRD patterns allow identifying
the crystalline phases of as synthesized IONPs. It is a quick
way to identify core-shell nanoparticles with the characteristic
peaks of the wiistite phase. However, it is more complicated to
differentiate maghemite from magnetite as they exhibit similar
XRD patterns. Refinement of the XRD patterns is thus necess-
ary to compare the lattice parameter of the IONPs to those of
magnetite and maghemite phases and to check if the compo-
sition is closer to that of maghemite or magnetite. Briefly,
IONPs suspended in organic solvent (chloroform or THF) were
dried on XRD silicium sample holders. The XRD patterns were
collected at room temperature with a Bruker D8 Discover diffr-
actometer in Bragg Brentano geometry equipped with a mono-
chromatic copper radiation source (Kal = 0.154056 nm) and
an energy-resolved LYNXEYE XE-T detector in the 25-65° (26)
range with a scan step of 0.03°. High-purity silicon powder (a =
0.543082 nm) was used as an internal standard. The diffrac-
tion patterns were refined by LeBail’s method using the
FullProf software. The background, modeled as a linear func-
tion based on 20 experimental points, was refined, as well as
the zero shift. The peaks were modeled with the modified
Thompson-Cox-Hastings (TCH) pseudo-Voigt profile function.

X-ray photoelectron spectroscopy (XPS). To assess the chemi-
cal bonds, present on the IONP surface, XPS was performed on
various suspensions. The X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Thermo VG spectro-
meter, using Al Ka radiation (hv = 1486.6 eV). Survey and high-
resolution spectra were recorded in constant pass energy mode
(100 and 20 eV, respectively). The binding energy scale was cor-
rected for electrostatic charging using the C 1s peak of adventi-
tious carbon at 284.6 eV as an internal reference.

Ultraviolet-visible-near-infrared spectroscopy (UV-vis-NIR).
To determine defect levels in various IONP batches, ultra-
violet-visible-near-infrared (UV-vis-NIR) spectroscopy was per-
formed to determine the band gap energy E, of the samples
and their Urbach energy E, (see the ESI{). UV-vis-NIR spectra
of IONP suspension at a concentration of 0.05 mg Fe mL ™" in
chloroform were recorded between 1100 nm and 250 nm at
room temperature in a 1 ecm® quartz cuvette using a Lambda
950 UV-vis spectrometer from PerkinElmer.

Dynamic light scattering (DLS) and zeta potential. DLS
measurements were performed on a Malvern analyser
(ZetaSizer Nano) to assess the colloidal stability of the IONP
suspension in organic solvent or of DNPs in water and to
determine their mean hydrodynamic diameter (Dy). The zeta
potential was recorded using the same equipment. The coup-
ling of the TL was confirmed by an increase of Dy, and a
change in zeta potential values.

Magnetic measurements. Magnetic measurements were con-
ducted using a superconducting Quantum Interference Device
(SQUID) magnetometer (MPMS SQUID VSM). To prepare the
samples, 50 pL of a known concentration suspension of IONPs
in chloroform or THF were introduced in a special capsule,
which served as the sample holder for the SQUID apparatus.
The solvent was let to evaporate. This process was repeated
until we achieved a uniform layer of dried IONPs covering the

This journal is © The Royal Society of Chemistry 2024
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bottom of the capsule. We then proceeded to record zero-field-
cooled (ZFC) and field-cooled (FC) curves as follows: the
sample within the SQUID apparatus was initially cooled to 5 K
with no applied magnetic field following a degaussing pro-
cedure. Subsequently, we applied a magnetic field of 7.5 mT
and recorded the magnetization as the sample was heated
from 5 K to 300 K (ZFC). Afterward, we cooled the sample
down to 5 K while maintaining the same applied magnetic
field, and we recorded the magnetization as the sample was
heated from 5 K to 300 K (FC). In addition to this, we also
recorded hysteresis loops at 300 K, and these were plotted as a
function of the weight of iron oxide present in the capsule.

Magnetic hyperthermia and specific absorption rate (SAR)
evaluation. The SAR of each type of IONPs suspended in water
or a solid matrix (polyethylene glycol 8000 - PEG 8K) was
measured by the calorimetry method. This method involves
recording the temperature of the sample for 10 minutes when
subjected to an alternating magnetic field (AFM). The device
used is an EasyHeat 1.2 kW Induction Heating System from
Ambrell. With this system, the amplitude of AFM can be varied
from 0 to 65 kA m™" while the AFM frequency was set to 355
kHz. Vials adapted for MH measurements are filled with
0.5 mL of colloidal suspension at an iron concentration of
1 mg mL . The heating curves were fitted with the Box-Lucas
equation:

AT = (Sp/k)(1 — exp(—=k(t — ty)))

where the fitting parameters Sy, and k are the initial slope of
the heating curve and the constant describing the cooling rate,
respectively. The SAR can be calculated as follows:

SAR = (¢ m S)/Mre

where ¢ is the specific heat of the colloid (water is 4186.8 ]
kg™' K" and PEG 8k is 2135.27 J kg~" K™'), m = pV is the mass
of the colloid, taken as the product between the density (water
is 0.997 g em ™ and PEGS8k is 1.0832 g cm ) and the volume
and mg, is the mass of iron in the sample. IONPs, dispersed in
water at the desired concentrations, were collected at the
bottom of the vial using a magnet; the water was removed and
hot liquid PEG 8 k (80 °C) was introduced. The dispersion of
IONPs on the entire volume of the sample was ensured by
immediate sonication with a probe sonicator, followed by sodi-
fication without/with the application of a static magnetic field
of 65 kA m™" generated using two cubic neodymium magnets
with a 3 cm side length.

Photothermia and SAR evaluation. 2 mL of a known concen-
tration of IONP suspension was placed in a 1 cm® quartz
cuvette (if IONPs suspended in organic solvent) or plastic
cuvette (if IONPs suspended in an aqueous medium) and irra-
diated for 5 min thanks to a near-infrared laser at 1064 nm
and a power of 1 W cm™2. A thermal probe was put inside the
cuvette to record the temperature during irradiation. After
irradiation, the temperature increase as a function of time was
plotted and the associated specific absorption rate (SAR) in W
g~! was calculated from the experimental curve as described
below. As an analogy to the magnetothermal transfer, the
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photothermal transfer can be calculated as the specific absorp-
tion rate (SAR) in watts per gram of iron oxide absorbing NIR
light. This value was calculated by a calorimetric method. By
plotting the temperature profiles of the NPs’ suspensions sub-
jected to NIR light and then adjusting the experimental curve
with a polynomial function, the [d7/d¢],o, soent can be deter-
mined. In order to perform precise calculations, the contri-
bution of the solvent in the temperature elevation has to be
removed. The calculation of the SAR is thus summed up as

Cs dr dr
SAR = myg X — - |=
Mge;0, de t=0 de t=0,solvent

where mg and Cs are, respectively, the mass (in g) and the heat
capacity (in J g7' K™') of the sample, mge o, (in g) is the mass

. . . dr .
of iron oxide present in the sample, and {— is the

dt:| t=0,solvent
derivative function of the solvent. Both of these derivatives are
determined the same way as that for MH (i.e., a second order
polynomial fit of the temperature curve).

[1l. Results

II1.1. Effect of the FeSt; precursor and the reaction tempera-
ture range on IONP synthesis

Various synthesis parameters such as the type of precursor,
solvent, and ratio were investigated to establish an optimal
synthesis protocol for producing 20 nm spherical
IONPs.*!3%3% However, there is still a need to understand how
to achieve greater reproducibility in size, composition and
defects across multiple synthesis attempts. Two iron stearate
precursors, namely FeSt, and FeSt;, with molar ratios of Fe: St
of 1:2 and 1: 3, respectively, were previously examined. It was
demonstrated that only FeSt; allowed obtaining spherical
IONPs with a mean size exceeding 15 nm.*"*® Indeed, FeSt, is
primarily composed of [Fes-(p;-O)StsxH,O]|Cl, whereas FeSt; is
a mixture composed mainly of [Fe,(u3-O(H))s(p2-OH),St155x]
St, [Fez(s-O)Ste-xH,O]St and free stearic acid. FeSt; exhibits a
broader distribution of complexes, with larger Fe complexes
exhibiting greater thermal stability, which contribute to the
growth step of nuclei.*® Consequently, the study dedicated to
the synthesis of 20 nm spherical IONPs was carried out using
homemade FeSt;, synthesized through the coprecipitation of
sodium stearate and ferric chloride salts in an aqueous solu-
tion, as described in ref. 12, 38 and 39 and the Materials and
methods section. Initially, a previously validated protocol for
the synthesis of 20 nm sized IONPs with a spinel composition
was replicated.”?" This protocol (P20_1) involved the use of
squalane - which has a boiling point (T = 470 °C) higher than
the targeted temperature®® - and the addition of a small
amount of DBE, aiming to slightly lower the reaction tempera-
ture and to provide oxidant species to the reaction media.”*%3”
Given that only a limited number of IONP syntheses can be
performed with one batch of homemade FeSt;, such a study
led us to investigate the reproducibility of homemade FeSt;
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synthesis in relation to the obtained IONPs. These syntheses
were thus conducted with various batches of homemade FeSt;
(denoted as FeSts-1, FeSt;-2, FeSt;-3, and FeSt;-4) and with a
commercial FeSt; (denoted as FeSt;—TCI).

Multiple batches of synthesized IONPs underwent charac-
terization via transmission electron microscopy (TEM) and
X-ray diffraction (XRD), with results presented in Table S1.}
Despite attempts to maintain a setpoint temperature of 360 °C
for reaching a reaction temperature of 330 °C, different reac-
tion temperatures were observed, likely due to the solvent mix-
ture’s boiling point.>" Nevertheless, the TEM mean size of
IONPs remained consistent across different temperatures,
ranging from 16 to 27 nm, with no correlation between size
and temperature. Despite employing the same protocol, vari-
ations in mean sizes were evident among batches showing that
they were in fact due to variations between homemade FeSt;
batches.

Concerning the IONP composition, the analysis of XRD pat-
terns allows checking the presence of the wiistite phase and
consequently of a Fe;_xO@Fe;_,O, core-shell structure. The
wiistite phase exhibits distinct diffraction peaks at varying
Bragg’s positions compared to the spinel iron oxide phases,
with a different lattice parameter of 4.326 A (powder diffrac-
tion PDF file: 01-089-2468). Thus, this wiistite phase can be
identified by XRD. Fig. S27 illustrates a representative XRD
pattern of synthesized IONPs using the P20_1 protocol and all
diffraction peaks correspond only to the spinel iron oxide
phase. Comparison of lattice parameters with bulk magnetite
(8.396 A, PDF file: 00-019-0629) and maghemite (8.351 A, PDF
file: 00-039-1346) indicates that the composition of the NPs is
closer to that of magnetite, as expected for NPs with such high
mean sizes (Table 1)."'*"%° The average crystallite sizes
deduced from XRD patterns are lower than the TEM sizes
which strongly suggests the presence of defects within the
IONPs synthesized with the P20_1 protocol.”*" Indeed, nuclei
in the thermal decomposition process often exhibit a wiistite
composition in which oxidation during the growth step leads
to defects.>*>38 In addition, at the nanoscale, Fe** ions at the
surface of magnetite are easily oxidized leading to a core-shell
structure, typical of IONPs with a mean size higher than
12 nm, consisting of a Fe;_,0, core surrounded by an oxidized
shell.'""?

Significant variations in size were observed among different
batches of IONPs. A detailed analysis of homemade precursor
structures (detailed in the ESIf) aimed to understand these
differences. Characterization studies of homemade and com-
mercial batches (FeSt;-TCI) revealed disparities in carboxylate
coordination, polycation type, and thermal stability (Fig. S37).
FeSt; synthesis is particularly delicate due to the presence of
larger iron polycations (MADI-TOFF analysis in Table S1f),
making consistent polycation composition control challen-
ging. Consequently, the commercial batch was chosen for
further experiments. The thermal decomposition synthesis
with this commercial FeSt; and the P20_1 protocol at 326 °C
led to IONPs with a similar spinel composition, a TEM size of
23.0 + 2.4 nm and a crystallite size of 18.3 nm. Such a discre-

This journal is © The Royal Society of Chemistry 2024
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Table 1 Results obtained using the second protocol P20_2 and commercial FeSts. T1 represents the temperature within the flask during the initial
stage for dissolving the reagent and T2 represents the final temperature within the flask during the second stage of IONP growth

NP P20 2 DBE C

NP P20 2 DB

{ LN o5r

Synthesis

FeSt; FeSt;-TCI FeSt;-TCI FeSt;-TCI

T1 (°C) 123 123 126

T2 (°C) 327 331 336

Mean TEM size (nm) 23.2+2.2 26.1 +2.2 26.0 +1.7
XRD crystallite size (nm) 17.3+1 185+1 26.5+1
Lattice parameter (A) 8.395 + 0.001 8.393 + 0.001 8.393 + 0.001

pancy between the mean TEM and crystallite sizes was already
observed in earlier studies in NPs with similar sizes”*" or in
nanocubes®** and that was shown to be due to the presence
of structural defects by HRTEM. Such HRTEM characterization
will be performed below on the most suitable NPs.

With the objective to transfer these IONPs in water and to
test them for hyperthermia, attempts were made to coat them
with the dendron molecule (Fig. S11). We thus observed that
the reaction temperature required for synthesizing larger
IONPs can impact the dendronization step. A ligand exchange
was performed in THF to replace OA with dendron molecules.
However, applying dendronization to 20 nm IONPs synthesized
using a specific protocol resulted in large aggregates in water,
indicating unsuccessful dendronization. To understand this,
we compared batches from this protocol with those from a
standard synthesis method for 10 nm IONPs."' The main
difference was the reaction temperature: the standard method
heated the mixture to the boiling point of octyl ether (290 °C)

NP unable to dendronize

o

NP able to dendronize
Coating with oleic acid

3 &
‘ N
Q O"
/ 2
N

0, R
SR N

HO'

Coating with dendron

Dendron not well linked
to the NPs surface

o
-0

for two hours, while the P20_1 protocol heated the reaction
mixture to 330 °C for larger IONPs. We hypothesized that pro-
longed heating at this high temperature may degrade the Fe-
OH bonds on the IONPs’ surface (left part of Fig. 1), leading to
a phenomenon comparable to passivation and resulting in the
conversion of Fe-OH bonds to bridging Fe-O-Fe, ultimately
affecting the ligand exchange process.

XPS analyses were conducted to verify our hypothesis
regarding the surface chemical bonds of two types of IONPs:
those produced using the P20-1 protocol (at 330 °C) and
those synthesized via the 10 nm protocol (at 290 °C). Results
indicate a higher intensity of the Fe-OH XPS band (peak at
532 eV) on NPs suitable for dendronization compared to those
synthesized at 360 °C for 2 hours (Fig. 1B-D), suggesting a
reduced presence of oleic acid molecules and supporting the
hypothesis of a bridging Fe-O-Fe bond on their surface.
Modifications to the synthesis protocol were necessary to
address this dendronization challenge, involving adjustments
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Fig. 1 Left: theoretical scheme depicting the comparison of the dendronization process between two types of NPs: one with the Fe—OH surface
group and another NP that was synthesized at an excessively high temperature, resulting in the formation of a Fe—O—-Fe bridging bond on its
surface. Right: deconvoluted O 1s (A and B) and C 1s (C and D) spectra of two sets of NPs: capable of undergoing successful dendronization (A and

C) and unable to do so (B and D).
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to heating rate, reaction duration, and temperature. Further
studies are needed to optimize the synthesis of 20 nm spheri-
cal IONPs for dendronization, including evaluating the role of
DBE in the synthesis process.

II1.2. Effect of the heating rate and reaction temperature and
duration on the size and composition of IONPs

A 2 hour reaction at 330 °C was shown to affect the dendroni-
zation step. To address this, two options are proposed: lower-
ing the synthesis temperature to around 310 °C or reducing
the reaction time to 330 °C. Lowering the temperature signifi-
cantly deviates from squalane’s boiling point, complicating
temperature control and compromising repeatability. It also
risks preserving the wistite core, requiring high temperatures
for oxidation and nanoparticle growth. Alternatively, reducing
reaction time, though intensifying competition between oxi-
dation and growth kinetics, is more suitable. A new protocol
(P20_2) decreases reaction time to one hour and adjusts the
FeSt; : OA ratio from 1:2 to 1:3. OA is recognized for its
ability to stabilize the iron precursor, leading to a low yield in
nuclei and thus resulting in a high concentration of mono-
mers/precursors available for the growth step'®*° but also it
was expected to allow better control of the reaction tempera-
ture. In addition, these specific reactant ratios and amounts
have proven successful in previous studies.">®

Different batches of monodisperse spherical IONPs, named
NP_P20_2_DBE_A, NP_P20_2_DBE_B and NP_P20_2_DBE_C
given in Table 1, were thus synthesized. However, the reaction
temperature was again difficult to precisely control leading to
syntheses with slightly different reaction temperatures and
thus different mean IONP sizes: 23 nm at 330 °C and 26 nm at
331 °C and 336 °C.

Syntheses at various temperatures were also performed to
assess the impact on reaction outcomes. It was found that the

30 T T T T T T T T T

28 4

26 ® e 4

24 4

22 ® -

20 -

Diameter (nm)

18 4

16 - 1

14 T T T T T T T T T
322 324 326 328 330 332 334 336 338 340 342

Temperature (°C)

Fig. 2

View Article Online

Nanoscale

mean diameter of IONPs increased with reaction temperature
(Fig. 2A), highlighting the stability and consistency of synth-
eses using commercial FeSt;. Conversely, inconsistent results
were observed when using homemade FeSt; at different temp-
eratures. This reaffirms the choice of commercial FeSt; as the
iron precursor. Nonetheless, variations in the composition of
IONPs were noted depending on the reaction temperature.

When IONPs are synthesized below 325 °C (Table 1), both
wistite and spinel phases are observed in most batches
(Fig. s4t), with both phases present in all batches below
322 °C. High-resolution TEM confirmed a core-shell structure
(Fig. 2B and C), with surface layers exhibiting different crystal-
lographic structures compared to the core. FFT filtering of
HRTEM images identified crystallographic planes for both
phases (Fig. 2B and C). These results confirm the formation of
a wiistite nucleus under these conditions.’"***® A reaction
temperature above 325 °C is necessary for obtaining NPs with
a mean size of 23-26 nm and an iron oxide spinel compo-
sition. Dendronization is feasible with these IONPs syn-
thesized with a shorter heating duration. Protocol P20_2 is
suitable for synthesizing ~20-25 nm IONPs with a mono-
disperse size distribution and a spinel structure if the reaction
temperature is strictly above 325 °C.

II1.3. Introduction of defects within IONPs by tuning the
synthesis conditions

The impact of dibenzyl ether (DBE) on NP synthesis, particu-
larly regarding NP composition, oxidation process, and defect
formation, was further investigated. During the synthesis of
IONPs, it has been assessed that the nuclei are constituted of
Fe,_xO’"*? and the formation of such Fe;_yO nuclei is again
confirmed by these experiments with 0.5 mL of DBE and
19.5 mL of squalene. To achieve spinel iron oxide composition,
synthesis conditions need to favor the oxidation kinetics of the

9 FFr
111 (W)
220 (M) =

111 (W) & L

]
111 (M)

¥
222 (M)

(A) Mean diameter of IONPs synthesized using protocol P20_2 as a function of the reaction temperature, (B) HRTEM images of core—shell

Fe;_xO@Fe3_xO,4 IONPs and (C) its corresponding FFT pattern with plane indication (W = wustite plane, M = magnetite plane) (A).
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wiistite phase. Strategies such as adjusting heating rates®' or
employing a “nonaqueous redox phase tuning”*®?’ method
involving DBE as an oxidizing agent facilitate defect-free NP
synthesis. However, DBE’s low boiling point limits NP size.
Mixing DBE with hydrocarbon solvents enables the production
of nearly defect-free NPs in the 10-30 nm range. Additionally,
it was found that dense oleic acid (OA) coatings on NP surfaces
inhibit oxidation kinetics, while byproducts from DBE
thermolysis***7*! can disrupt these coatings, thereby promot-
ing oxidation kinetics.*!

To avoid potentially harmful byproducts in biomedical
applications, a synthesis method without DBE has been
developed consisting in employing a slower heating rate and
introducing a nucleation step around 280 °C to favor oxi-
dation kinetics over growth kinetics and/or enhance the oxi-
dation of nuclei before their growth. In addition, as DBE
influences the oxidation process limiting the defect for-
mation in resulting IONPs, by omitting DBE, we can produce
IONPs with varying defect levels, offering insights into their
MH and PTT properties. DBE also influences the shape and
composition of IONPs, favoring a uniform spinel structure.
We have investigated the impact of DBE quantity, heating
rate, and nucleation step on the size, composition, and defects
of IONPs.

The influence of varying volumes of DBE on the shape and
oxidation kinetics of IONPs was assessed using the P20_2 pro-
tocol (Table S21). Increasing the DBE volume reduced the reac-
tion temperature due to its lower boiling point compared to
squalane (298 °C versus 450 °C). Pure DBE hindered the syn-
thesis of significant-sized IONPs, while creating an oxidizing
environment. Adding DBE in volumes up to 1 mL resulted in
NPs with an average size of 27-32 nm and a spinel compo-
sition, promoting size uniformity and oxidation. Further
increase in the DBE volume produced more faceted, smaller
NPs, resembling cubic shapes, consistent with previous
studies.®?” The lower reaction temperature and by-products
from DBE thermolysis contributed to smaller NPs and a
maghemite-like composition. Mixing equal volumes of squa-
lane and DBE yielded well-defined, homogeneous NPs but was
deemed less ideal due to safety concerns with the mixture’s
instability at high temperatures. The ratio of crystallite size to
TEM size indicated a positive impact of DBE, although some
synthesis conditions introduced an oxidized layer with defects.

To maintain size homogeneity and enhance oxidation kine-
tics during the synthesis of IONPs with a spinel composition
akin to magnetite, incorporating a minimal amount of DBE
(0.5 to 1 mL) is necessary due to its crucial role in the oxi-
dation process. Magnetite composition is preferred for its
higher M, and protection against further oxidation is provided
by the dendronization thanks to the presence of the two
anchoring phosphonate groups.®*** Efforts have been then
made to adjust the protocol to improve oxidation kinetics
without relying on DBE while ensuring size uniformity.

The syntheses have been thus conducted by implementing
a slower heating rate and incorporating a nucleation step in
order to establish a better equilibrium between the growth and

This journal is © The Royal Society of Chemistry 2024
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oxidation kinetics without relying on an oxidizing component
like DBE. The nucleation step was set at 280 °C for 30 min,
based on FeSt; TGA/DTA curves (Fig. 2) and prior
studies.’"??3%3%* The heating rate was reduced to 1 °C
min~", down from 5 °C min~', until the 60 minute growth
stage at 330 °C. This revised method, labeled P20_3, was evalu-
ated with and without DBE, with results summarized in
Table 2. It enables the synthesis of spherical IONPs with a
spinel composition and significant average size, eliminating
the need for DBE. However, particle size uniformity is slightly
reduced compared to the P20_2 protocol, with sizes exceeding
20 nm, adjustable via the reaction temperature.

The composition’s homogeneity is crucial, being evident
from comparable XRD patterns of both batches (Fig. S5t),
showing similar characteristics, predominantly iron oxide spinel
peaks with lattice parameters akin to magnetite. However, a faint
XRD peak in NP_P20_3_no_DBE suggests a minor presence of
the wiistite phase. Introduction of DBE leads to larger IONPs
(>30 nm), possibly altering nucleation and growth.
Reproducibility studies reported in Table S31 confirm promising
results with lower reaction temperature, albeit slightly more
heterogeneous size distribution compared to the previous proto-
col (P20_2). Additionally, the ratio of crystallite size to TEM size
indicates the presence of defects in these IONPs.

The P20_3_no_DBE protocol allowed for the synthesis of
uniform 20-25 nm IONPs without using DBE. However, careful
temperature control is still essential to maintain composition
uniformity, as low temperatures can hinder wiistite core oxi-
dation. Our study confirms the feasibility of synthesizing these
nanoparticles with or without DBE. When DBE is omitted,
there is a slight reduction in size uniformity, which is not
expected to significantly affect magnetic properties.
Nonetheless, its absence may affect oxidation kinetics, poten-
tially altering nanoparticle defect levels.

Table 2 Results obtained with the protocol P20_3 with and without
DBE. T1 represents the temperature with the flask during the first step to
dissolve the reagent, Tp,cieation represents the temperature within the
flask during the nucleation step, and T2 represents the final temperature
within the flask during the second step of IONP growth

With DBE Without DBE

Synthesis

FeSt, FeSt,—TCI FeSt,—TCI

T1 (°C) 121 121
Thucleation (OC) 285 282

T2 (°C) 329 326

Mean TEM size (nm) 33.3+3.2 25.4+3.0
XRD crystallite size (nm) 26.2 + 1 23.3+1
Lattice parameter (A) 8.391 + 0.001 8.393 + 0.001
Ratio of crystallite size ~ 0.79 0.929

to TEM size
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Oxidized core-shell IONPs. Two protocols were established
to produce 20-25 nm spherical IONPs with consistent spinel
composition but varying levels of defects. Despite this, various
synthesis methods can yield core-shell spherical IONPs with a
wiistite core and magnetite shell. Exploring the potential of
subjecting these batches to thermal treatment to oxidize the
wiistite phase into magnetite and potentially modify defect
levels, 22 nm spherical IONPs (NP_CS) with a Fe;_yO@Fe;_xO,
core-shell structure were oxidized, resulting in NP_CS_ox. In
brief, 5 mL of IONP suspension in THF was mixed with 5 mL
of oleic acid (OA) and stirred for 30 minutes at 120 °C. The
TEM size, lattice parameters, and crystallite size of NP_CS and
NP_CS_ox were compared via XRD refinement (Table 3), along-
side results from established protocols P20_2 and
P20_4_no_DBE. XRD diffractograms (Fig. S61) and refinement
data (Table 3) show disappearance of the wiistite phase follow-
ing post-oxidation, suggesting the potential of core-shell syn-
thesis with thermal treatment.

I11.4. Evaluation of the amount of defects in IONPs

The demand to quantify defects in IONPs has grown due to
their impact on MH and PTT treatments. Various methods
exist for characterizing IONPs to evaluate defects. X-ray pattern
refinement determines the crystallite size, reflecting the size of
the diffracting domain. A NP’s crystallite size typically matches
its TEM size if it is monocrystalline. However, structural
defects can create smaller crystalline domains. A NP with few
defects shows a close match between crystallite and TEM sizes,
while numerous defects result in a smaller crystallite size.
Comparing these sizes allows for an initial assessment of
defects, but other techniques should be used for accuracy, con-
sidering variations in measurement methods. Table 4 com-
pares this ratio for batches from different synthesis methods,
providing initial insights into potential structural defects.
Comparing crystallite sizes to determine defect amounts is
challenging due to sample variability in size from the
P20_3_no_DBE protocol. Among eight samples from two syn-
thesis protocols, NPs from the P20_2 protocol (with DBE) show

Table 3 Comparison of mean TEM size, crystallite size and lattice para-
meters of a core—shell IONP batch (Fe;_yO@Fes_xO,4) before and after
oxidation treatment

Synthesis

FeSt; FeSt;-TCI FeSt;-TCI
Mean TEM size (nm) 22.6 +2.3 23.2+1.7
XRD crystallite size (nm) — 183+1
Lattice parameter (A) — 8.393 + 0.001
Ratio of crystallite size =~ — 0.79

to TEM size
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Table 4 Comparison between mean crystallite size and TEM size from
various batches synthesized with P20_2 and P20_3_no_DBE protocols

TEM size  Crystallite

(+2 nm) size (t1 nm) Ratio  Mean ratio
NP_P20_2 26.6 25.2 0.95 0.96 + 0.06
(with DBE) 22.2 19.3 0.87

26.7 26.5 0.99

26.0 26.5 1.01
NP_P20_3_no_DBE  23.9 23.4 0.98 0.85 + 0.09
(without DBE) 22.9 19.2 0.84

23.7 17.8 0.75

18.0 15.2 0.84
NP_P20_CS_ox 23.2 18.3 0.79 —

closely aligned average crystallite sizes with TEM measurements.
Additionally, their crystallite size ratio consistently indicates
fewer defects, confirming DBE’s role in creating an oxidizing
environment during synthesis, favorable for fewer defects in
IONPs. The oxidation treatment of core-shell IONPs yields a
slightly lower ratio than that of P20_3_no_DBE batches,
suggesting that the oxidation promoted defects as expected.

The HRTEM images show crystallographic planes in the
studied IONPs, with FFT revealing irregularities like stacking
faults or dislocations (Fig. 3).”** In Fig. 3, inverse FFT results
from magnetite lattice planes (111) and (222) in IONPs syn-
thesized with P20_2 and P20_3_no_DBE protocols are com-
pared. Notably, the P20_3_no_DBE protocol showed a higher
prevalence of defects, particularly edge dislocations, compared
to P20_2. While the analysis is not quantitative, it strongly
suggests that IONPs from the P20_3_no_DBE protocol have
qualitatively more defects than those from the P20_2 protocol.

A comparative analysis was conducted to determine the
band gap and Urbach energy (Fig. S71 and Table 5) of various
batches of IONPs from their UV-vis spectra (Fig. S8f). Urbach
energy (E,) levels are closely related to the presence of
defects,**® particularly in semiconductor oxides like magnetite,
where localized defect states,>**” such as oxygen vacancies, can
reduce the band gap. Higher E, values (Fig. S7-S91) indicate
more defects, suggesting an imperfect conduction band.?®*>4748
The band gap energy remains consistent across samples (3.5 +
0.2 eV), but significant differences in E, are observed between
batches synthesized with and without DBE. Samples synthesized
with DBE show lower E, values, indicating fewer defects from
oxygen vacancies. Attempts to replicate the effects of DBE by
altering synthesis parameters (P20_3_no_DBE protocol) result in
spinel structure NPs with both point and structural defects.
Urbach energy increases notably in samples synthesized after an
oxidation treatment, likely due to more oxidation sites from the
wistite core oxidation process.

III.5. Magnetic properties and heating capabilities of IONP
suspensions

The impact of the wiistite core, spinel composition, and defect
amount on magnetic properties and heating abilities of
20-25 nm spherical IONPs was investigated. This included

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Upper row corresponds to IONPs synthesized with protocol P20_2 and the lower row corresponds to IONPs synthesized with protocol
P20_3_no_DBE. (A) and (E) High resolution TEM images of IONPs, (B) and (F) the corresponding FFT images, (C) and (G) applied masked on two
reflections plans, and (D) and (H) inverse FFT to visualize the crystallographic planes and eventual defects. Blue squares show crystallographic

defects.

Table 5 Calculated E4 and E, from various batches synthesized with
P20_2 and P20_3_no_DBE protocols

Protocol Batch Eq (£0.2 eV) E, (eV)
P20_2 (with DBE) NP_P20_DBE_1 3.4 0.6
NP_P20_DBE_2 3.5 0.7
NP_P20_DBE_3 3.7 0.7
P20_3_no_DBE NP_P20_NO_DBE_1 3.5 1.2
(Without DBE) NP_P20_NO_DBE_2 3.4 1.2
NP_P20_NO_DBE_3 3.4 0.9
Oxidation process NP_CS_ox 3.4 1.4

IONPs from protocols P20_2 and P20_3_no_BDE (NP_20_DBE
and NP_20_no_BDE), core-shell IONPs (NP_20_CS), and their
oxidized counterparts (NP_20_CS_ox). Magnetic properties
were initially measured using SQUID (Fig. 4). Heating capabili-
ties were then studied via MH after dendronization of IONPs,
whose colloidal stability was assessed by DLS measurements
(Fig. S107).

All samples show quite a superparamagnetic behavior at
300 K (Fig. 4A) with a very small hysteresis with a coercive field
lower than 0.01T. NP_20_DBE and NP_20 no_DBE exhibit
high M, values of 88 emu g~' and 83 emu g ', respectively,
close to bulk magnetite (94 emu g '). The core-shell sample
also demonstrates a high M, of 64 emu g, increasing to 74
emu g~' upon post-oxidation treatment. ZFC and FC curves
(Fig. S4Bf) reveal high blocking temperatures typical of IONPs
of this size range (20-50 nm) due to significant dipolar inter-
actions.”® For the NP_20_DBE sample, there is a noticeable

This journal is © The Royal Society of Chemistry 2024

increase in magnetization around 90 K in both the ZFC and
FC curves. This increase is attributed to the Verwey transition,
which is a characteristic feature of magnetite. The shift of the
Verwey transition temperature below 110 K (the usual value for
MNPs) has been linked to non-stoichiometric magnetite
caused by the presence of Fe** vacancies.’® The onset of the
Verwey transition is nearly undetectable in the NP_20_no_DBE
sample. In contrast, it is quite evident in the core-shell
sample. Additionally, the core-shell sample shows a signifi-
cant increase in magnetization between 225 and 275 K. This
feature cannot be related to the Néel transition of wiistite,
which is expected around 200 K, but is instead attributed to a
highly “disordered” magnetic phase referred to as the X-phase
by other groups.”’”? In the oxidized sample, the Verwey tran-
sition becomes more prominent than the X-phase transition,
indicating the dominance of the magnetite phase, as reflected
in the increased M.

In the initial stage of the MH study, the heat generation
capabilities of four types of iron oxide nanoparticles (IONPs)
suspended in water (1 mgp. mL™') were examined. Specific
absorption rate (SAR) values were plotted against the ampli-
tude (H) of alternating magnetic field (AMF), ranging from 5
kA m™" to 60 kA m™', at a fixed frequency of 355 kHz. To
ensure accuracy, the contribution from pure water at each H
was subtracted. IONPs from the NP_20_CS batch, with a core-
shell architecture, showed moderate SAR values, increasing
slightly with H from 75 W gg. ' at 5 kKA m™" to 475 W gp. ' at
60 kA m™'. In contrast, NP_20_CS_ox exhibited a significant
enhancement in heating performance, with SAR values nearly
doubling at each H value, ranging from 130 W gg. ' to 850 W

Nanoscale, 2024, 16, 20542-20555 | 20551
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gre ' as H increased. This improvement is attributed to the
conversion of the magnetically inactive wiirstite core into mag-
netite/maghemite. IONPs produced using the P20_3_no_BDE
protocol, containing defects within their structure and exhibit-
ing a high M; value, showed higher SAR values over the entire
H range compared to previous IONPs, ranging from 80 W gg. "
to 1525 W gg.~ . The presence of defects within the spinel
structure contributed to this increase. IONPs from the
NP_20_DBE batch, with reduced defects in their spinel struc-
ture and the highest M, value, yielded the highest SAR values,
reaching 1680 W gg. " at 30 kA m™" and 2150 W g, " at 60 kA
m™". These IONPs demonstrate significantly enhanced heating
capabilities, surpassing established or revised safety limits for
magnetic hyperthermia treatment, with SAR values of 780 W
gre 'at 15 kAm ™' and 1470 W gp. ' at 25 kAm ™.

Based on the above analysis, IONPs produced using both
P20_2 and P20_3_no_DBE protocols are promising for further
in vitro and in vivo MH studies. However, within cells, IONPs
are confined to lysosomes, limiting their Brownian motion
and relying solely on Néel relaxation for heating. To investigate
this, IONPs were immobilized in a PEG8k matrix, either ran-
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(A) Magnetization curves (insert: zoom between —0.1 and 0.1 T) and (B) ZFC/FC curve of four types of IONPs.

domly or prealigned under a static magnetic field (strength of
65 kA m™"). SAR values significantly decrease when IONPs are
immobilized in PEG, reducing Brownian motion by 68% for
NP_P20_DBE and 78% for NP_P20_3_no_DBE (Fig. 5B and C).
When the IONPs are prealigned within the solid matrix with
their easy axis of magnetization being parallel to AMF lines,
the Néel contribution is increased, restoring SAR values by up
to 50% compared to water (Fig. 5B and C). However, one may
notice that even if the SAR values of IONPs with DBE decrease
when they are immobilized, they stay always higher than those
of IONPs without DBE. Therefore, IONPs with DBE are the
most performant for MH.

For photothermal experiments, suspensions of IONPs at
0.05 mgg. mL™" in chloroform were exposed to a 1064 nm
laser at 1 W ecm™> for 3 minutes. A chloroform-only sample
served as a control. Temperature was monitored continuously,
and temperature changes over time were plotted. IONPs con-
sistently led to significant temperature increases compared to
the control. However, discerning a clear trend between syn-
thesis protocols P20_2 and P20_3_no_DBE was challenging, as
their temperature-time curves showed similar patterns.
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Fig. 5

NP_20_no_DBE suspended in water and in a PEG8k matrix, random or prealigned, at a concentration of 1 mgge mL™L.

20552 | Nanoscale, 2024, 16, 20542-20555

(A) SAR values for NP_P20_DBE, NP_P20_no_DBE, NP_20_CS and NP_20_CS_ox suspensions in water and of (B) NP_20_DBE and (C)
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Table 6 SAR values by photothermia of IONPs synthesized with the
P20_2 and P20_3_no_DBE protocols (1064 nm, 1 W cm™2) at a concen-
tration of 0.05 mgge mL™*

Protocol Batch SAR (W g™")  E, (0.2 eV)

P20_2 NP_P20_2_DBE_2 548 0.6
NP_P20_2_DBE_3 540 0.7

P20_3_no_DBE NP_P20_3_no_DBE_1 412 1.2
NP_P20_3_no_DBE_3 497 0.9

Nonetheless, batches synthesized with DBE (P20_2) generally
exhibited slightly higher temperature increases compared to
those without DBE (P20_3_no_DBE).

Comparing SAR values (Table 6), batches synthesized with
the P20_2 protocol show slightly higher values than those with
P20-3_no_DBE and a correlation of SAR values with the
Urbach energy is observed.>® The SAR values decrease when
the Urbach energy increases, but for an Urbach energy of 0.6,
the SAR value is 548 W g~ when it is 412 W g~' when the
energy is two times higher. Further measurements on a
broader range of Urbach energy are recommended to confirm
this correlation between vacancy defect levels and PTT
efficiency. However, IONPs with DBE exhibit notable heating
properties even at low concentrations (0.05 mgg. mL_l).

MH measurements indicated that SAR values of IONPs in
suspension increase with M; values, primarily due to Brownian
relaxation. Experiments with immobilized IONPs confirmed
that defects favor Néel relaxation.””* However, IONPs syn-
thesized with DBE with less defects, showed higher SAR values
even when immobilized in a matrix and they are thus prefer-
able for both in vitro and in vivo MH applications. Regarding
PTT measurements, an impact of defects and especially a cor-
relation with Urbach energy is noted suggesting thus an
impact of defects.*® Consequently, the protocol utilizing DBE
in our experimental conditions and leading to fewer defects
appears optimal for achieving IONPs with superior perform-
ance in both MH and PTT.

V. Conclusion

The objectives were to synthesize IONPs with a mean size of
20-25 nm and a spinel composition exhibiting different
“amounts” of defects as defects were more and more demon-
strated to impact MH and PTT performances. The synthesis of
IONPs with a mean size higher than 20 nm and a spinel com-
position by the thermal method is always challenging as
nuclei with a wiistite composition are formed and thus there is
a big issue in controlling both the grain growth and the oxi-
dation kinetics after the nucleation step. The most used
approach to face this problem is the addition of DBE, an oxi-
dizing agent, in the reaction media, which avoids obtaining a
core-shell structure with a wiistite core and a spinel iron oxide
shell and leads to defect free iron oxide spinel NPs. However,
DBE can introduce harmful by-products. Therefore, we have
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tuned different synthesis parameters using the thermal
decomposition method to try to avoid the use of DBE and the
most important objective here was to synthesize IONPs with a
spinel composition and different defect densities.

A commercial iron stearate precursor was chosen for repro-
ducibility over homemade ones due to the difficulty in control-
ling the complex polycation distributions in homemade pre-
cursors. Various protocols were tested, revealing optimal con-
ditions of a 1 hour reaction duration and 330 °C reaction
temperature to avoid core-shell structure formation. The sig-
nificance of DBE as an oxidizing agent in producing defect-
free IONPs was emphasized by varying its quantity. It was
observed that using approximately 0.5 or 1 mL of DBE was ade-
quate to produce IONPs sized around 20-25 nm with a spinel
composition. Higher amounts of DBE led to IONPs with cubic
shapes and a maghemite composition. Additionally, experi-
ments involving a slower heating rate and a nucleation step,
with or without DBE, showed that this protocol could yield
IONPs with a spinel composition even in the absence of DBE.
Consequently, two distinct protocols have been established for
synthesizing IONPs with an average size between 20 and
25 nm, with or without DBE.

The magnetic measurements indicated that IONPs syn-
thesized with DBE had higher M, values compared to those
synthesized without DBE, suggesting a composition similar to
that of magnetite. Structural defects were examined using XRD
and HRTEM, while point defects like vacancies were assessed
by calculating Urbach energy from UV spectra. IONPs syn-
thesized without DBE exhibited more structural defects and
higher Urbach energies, indicating the presence of more point
defects, in contrast to those synthesized with DBE.

MH and PTT experiments were conducted to evaluate how
defects in the spinel structure affect hyperthermia performance.
Both experiments indicated that IONPs without defects would
show enhanced PTT and MH SAR values. Specifically, IONPs syn-
thesized with DBE showed higher SAR values due to reduced
defect content and higher M;, but SAR values halved when
immobilized in a solid matrix. IONPs synthesized without DBE,
with more defects, had lower SAR values, but the decrease was
less pronounced when immobilized in the solid matrix, indicat-
ing less influence of Brownian relaxation. However, even if the
SAR values of IONPs with DBE decrease when they are immobi-
lized in a matrix, the SAR values stay higher than those of IONPs
synthesized without DBE. PTT measurements showed slightly
larger SAR values for IONPs with DBE compared to those without
and a correlation is noticed. Other results on a broader range of
Urbach energy would be necessary to unambiguously conclude
about this correlation. Therefore, IONPs synthesized with DBE
exhibiting fewer defects are the best performing ones to combine
both MH and PTT in one formulation.
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