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Superparamagnetic iron oxide nanoparticles (SPIONs) are a promising tool for biomedical applications,
including drug delivery, imaging, and magnetic hyperthermia. However, their tendency to agglo-
merate limits their performance efficiency. To overcome this limitation, a coating can be applied
during or after synthesis. This work investigates the effect of three biocompatible coatings, namely
sodium citrate, (3-aminopropyltriethoxysilane (APTES), and dextran, on controlling the agglomera-
tion of iron oxide nanoparticles. Various experimental techniques were used to characterize the
structural and magnetic properties of the coated nanoparticles, including cryogenic transmission
electron microscopy (cryo-TEM), magnetometry, Mossbauer spectroscopy, and small-angle X-ray and
neutron scattering. The results indicate that the coatings effectively stabilize the nanoparticles, leading
to clusters of different sizes that modify their magnetic behaviour due to magnetic inter-particle
interactions. The oxidation kinetics of the nanoparticles prepared with the various coating materials
were investigated to characterize their oxidation behaviour and stability over time. This research
provides valuable insights into the design of an optimized nanoparticle functionalization strategy for

rsc.li/pccp biomedical applications.
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1. Introduction

Magnetic nanoparticles can be manipulated by external mag-
netic fields and concentrated close to the targeted tissue,
making them attractive for use in vivo. Superparamagnetic
iron oxide nanoparticles (SPIONs) are a type of magnetic
nanoparticles that show promise in theranostics, which com-
bines therapy and diagnostics,"™* and find applications in
various medical fields such as imaging, targeted drug delivery,
and hyperthermia.>”” However, the development of these
processes depends on a detailed understanding of the mag-
netic properties of the particles. These properties are influenced
by various parameters, including particle size,® morpho-
logy,’ crystalline defects (such as antiphase boundaries),"
composition of iron oxide phases,'’ and interparticle inter-
actions."”

Successful and reliable medical applications require the
long-term stability of SPIONs. To achieve this goal, the particles
are typically stabilized using electrostatic or steric coatings,
which provide sufficient repulsion to avoid uncontrolled
agglomeration.”* textcolororange In addition it is important
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to control the oxidation state."> Recently, controlled SPIONs
agglomeration has gained substantial attention in research due
to the improved magnetic response as a consequence of their
larger size. Despite their larger size, these particles have a large
degree of long-term stability."®™*® Such systems are often
termed ‘clustered nanoparticles’ or ‘nanoflowers’ and consist
of smaller SPION constituents. Due to the single magnetic
cores being closer together or even in contact, magnetic
dipolar interactions are increased, or exchange interactions
may be found."®

The most commonly used iron oxide phases for magnetic
core nanoparticles in biomedical applications are magnetite
Fe;0, and maghemite y-Fe,05.>° Both phases have a similar
crystallographic structure (cubic inverse spinel) but exhibit
different magnetic and electronic properties.”’** The presence
of vacancies in maghemite and the variations in electronic
configurations are responsible for the differences in magnetic
properties. For instance, maghemite has a lower saturation
magnetization of 76 A m”> kg~ ' compared to magnetite, which
demonstrates a saturation magnetization of 87 A m* kg™* at
room temperature.”?

Controlling specifically the oxidation state of the iron oxide
cores is crucial for medical applications, as it significantly
impacts their functionality. For example, the oxidation of
magnetite to maghemite results in a reduction of the SPION’s
saturation magnetization. Also the magnetocrystalline aniso-
tropy is affected. Consequently, both the efficiency of the
particles and the reproducibility of results are altered.**
Deliberate control of the oxidation state can hence lead e.g.
to an increase of the heat delivery in magnetic hyperthermia
applications.?

In our study, we have selected several coating agents, such
as negatively charged citrate, positively charged APTES, and
neutral hydrophilic polymer dextran, to stabilize the magnetic
nanoparticles and control the magnetite oxidation. While
numerous studies have explored the impacts of these coatings
on cluster formation and the resulting physicochemical pro-
perties of magnetic nanoparticles,”*>> the specifics of their
magnetic properties remain debated.>*?* To investigate the
influence of particle size, structural organization, and aging
on the magnetic properties of these clusters in detail, we
employed magnetometry combined with small-angle X-ray
scattering (SAXS) and cryogenic transmission electron micro-
scopy (cryo-TEM). Additionally, we utilized small-angle neutron
scattering (SANS) to examine the magnetic structure of the
clustered particles for the citrate-coated system. In addition,
we employ Mossbauer spectroscopy combined with magneto-
metry to investigate the time-dependent oxidation behavior of
the particle-coating species. This approach hence provides
information on the aging process, from storage to the final
product. By using both Mossbauer spectroscopy and magneto-
metry, we were able to track the changes in Fe** and Fe®*
composition as a function of time for various coating types,
determining the net magnetic properties and examining how
fast this oxidation takes place and the proportion of the
oxidized form.

This journal is © the Owner Societies 2024
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2. Materials and methods

2.1. Synthesis of iron oxide nanoparticles

The iron oxide particles used in this study were prepared via the
co-precipitation method.*® This synthesis route was chosen for
its simplicity, higher yield, and relatively low cost.>*® Initially,
a mixture of FeCl, and FeCl; with a 1:2 molar ratio was
dissolved in distilled water and stirred in an argon atmosphere
to prevent oxidation. Subsequently, an ammonia solution
(25%) was added for the precipitation reaction of the iron
oxide. In the following stage, the corresponding coating mate-
rials were added to the solution to optimize the surface coating
and control the cluster size, including citrate molecules,
(3-aminopropyl)triethoxysilan (APTES), and dextran. The coated
particles were dispersed in water and then sealed in containers
under N, gas for the aging study, while others were filled under
atmospheric conditions. Below is a summary of the materials’
details.

2.1.1. Citrate-coating (C71). After the formation of the
precipitate of iron oxide particles, 1 M sodium citrate solution
was added, and the resulting solution was stirred at 90 °C for 30
minutes. The source of the materials used in preparation is
found in ref. 14. The excess sodium citrate was removed by
washing the resulting particles with acetone, followed by a
drying process at room temperature to obtain the nanoparticle
powder. The powder particles were subsequently dissolved in
water with a concentration of 23 mg ml~* of iron content and
filtered using a syringe filter with a 0.2 pm - pore diameter.

2.1.2. (3-Aminopropyl)triethoxysilan (APTES)-coating (B47).
1 M APTES solution was added after stirring a suspension of iron
oxide particles precipitate at 70 °C for 15 minutes. The suspension
was then stirred for another 3 hours before cooling to room
temperature. The source of the materials used is found in ref. 29.
The prepared particles were washed three times with water and
filtered through a syringe filter with a 0.8 um - pore diameter. The
concentrated particles were then dispersed in water with a
concentration of 21 mg ml" of iron content, the pH value
adjusted to 7.4, and the suspension stored at 4 °C.

2.1.3. Dextran-coating (D40). 0.006 M dextran solution was
added to the reaction mixture before the precipitation of iron
oxide nanoparticles. The mixture was then cooled to 4 °C, and
the ammonia solution was added, resulting in a greenish
suspension of iron hydroxide. The greenish suspension was
heated to 75 °C for 40 minutes, leading to the transformation to
iron oxide and a color change to dark brown. To remove excess
ammonia and ion residues, the suspension was transferred to a
dialysis bag and dialyzed against 4 L of water for 24 h, changing
the water 5 times. Subsequently, the excess dextran from the
supernatant was removed by ultrafiltration in a 5430R Eppen-
dorf centrifuge. To increase steric stability, the dextran coating
of the particles was cross-linked with epichlorohydrin and 5 M
NaOH was added. The concentrated particle solution was fil-
tered using a syringe filter with 0.22 pm - pore diameter. The
nanoparticles were then dispersed in water to a concentration of
8.8 mg ml~" of iron content and stored at 4 °C until further use.
The source of materials used here is found in ref. 28.
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2.2. Characterization methods

2.2.1. Cryogenic-transmission electron microscopy. A 4 pl
droplet of SPIONs in a water solution with a concentration of
5.5 mg ml~"' was deposited onto a perforated carbon-coated
grid in a thermal chamber with controlled relative humidity
at atmospheric pressure. The grid was then blotted with filter
paper and quickly plunged into liquified ethane. This ensures
that particles are trapped in a thin layer of amorphous (non-
crystalline) ice of ca. 100 nanometers. The grid was then
transferred to a cryo-holder and placed in a transmission
electron microscope (TEM) under vacuum. The images were
taken using a cryo-TEM system (JEM-FS2200) with a G910
multi-position specimen cryo-holder using an acceleration
voltage of 200 keV. The particle size and size distribution of
approximately 200 core nanoparticles were measured using
Image] software.

2.2.2. Magnetization measurements. Field and tempera-
ture dependent macroscopic magnetization measurements
were conducted using a superconducting quantum interference
device (SQUID) magnetometer (MPMS XL, Quantum Design)
with 20 pl of 5.5 mg ml ™' iron dispersion in water. The
dispersion was sealed in a polypropylene capsule fixed in a
plastic straw sample holder. The magnetization was measured
as a function of the magnetic field at 300 K, and 5 K, in a field
range from —1.5 T to +1.5 T. To characterize the particle size
distribution and interparticle interaction, magnetization
measurements were recorded in zero-field-cooled (ZFC) and
field-cooled (FC) regimes in a temperature range of 5 K to
225 K. This temperature range is well below the melting point
of water and thus the particle clusters remain in an immobi-
lized state. In order to avoid the formation of large domains of
ice crystals, which would lead to an unwanted agglomeration of
clusters inside the domains,* the samples were rapidly cooled
in a liquid nitrogen bath from room temperature. After cooling
to 5 K, a small magnetic field of 5 mT was applied, and the ZFC
magnetization curve was recorded while the temperature was
gradually increased to 225 K. To record the FC magnetization
curve, the sample was then cooled back down to 5 K at the same
magnetic field. The saturation magnetization value (Mg, was
normalized to the weight of iron by the mass fraction of Fe
in magnetite and maghemite (typically 0.71 for magnetite
and 0.69 for maghemite). The weight of iron was determined
using inductively coupled plasma optical emission spectro-
scopy (ICP-OES).

2.2.3. Fe content determination. The Fe weight in the iron
oxide nanoparticles dispersion in water was determined by
inductively coupled plasma optical emission spectroscopy
(ICP-OES) using an iCAP 7600 device. The sample was prepared
by digesting the original sample used in SQUID measurements,
followed by diluting a series of each digestion solution to
obtain precise concentrations, which are crucial for accurate
and reliable analytical results.

2.2.4. SAXS. Small-angle X-ray scattering (SAXS) measure-
ments were performed at the KWS-X beamline at JCNS-MLZ,
Garching, Germany. An incident X-ray wavelength of Ga Kua
with 1 = 1.3414 A. SAXS measurements were carried out using
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two sample detector distances of 0.5 m and 1.7 m, resulting in a
wide range of the scattering wave vector of 0.003 A < Q <
1 A™. Nanoparticle dispersions in water were sealed in quartz
capillaries with 2 mm diameter and 0.01 mm wall thickness.
The SAXS data were calibrated to absolute units and corrected
for the background scattering contributions of the empty
capillary.

2.2.5. Magnetic SANS. Unpolarized small-angle neutron
scattering (SANS) was measured at the QUOKKA instrument
at ANSTO, NSW, Australia, using a neutron wavelength of 5 A
and a wavelength resolution of 10%.**' For the SANS experi-
ment, the C71 particles dispersed in D,O were placed in a 1 mm
quartz cuvette (Hellma) positioned within a sample holder
designed for an electromagnet. The latter was used to apply
vertical magnetic fields from 0 up to 1.1 T perpendicular to the
neutron beam direction. Table 1 represents the neutron scatter-
ing length density (p) and magnetic scattering length density
(pmag) for the investigated components and solvents. The
measurements were done at room temperature and at three
detector distances (2, 12, and 20 m) to obtain a Q-range of
(0.004-0.7 A™"). The data reduction was performed using the
IGOR Pro software.*”

The SANS scattering intensity of the magnetic particle is a
combination of the nuclear, Iy(Q), and the magnetic, Iyu(Q),
scattering intensity. The scattering intensity is proportional to
the scattering contrast, the difference between the scattering
length densities of the solvent and the particle. The dispersion
of particles in D,O leads to a low nuclear contrast Ap (see
Table 1). This leads to a reduction in the intensity of nuclear
scattering from the cluster particles, allowing the magnetic
scattering contribution to be highlighted.** The scattering
intensity in a zero magnetic field is then written as**

101120 = IN(Q)lsye0 + 3 (Q) 0

For a magnetic field applied perpendicular to the direction
of the neutron beam, the magnetic moments of clusters are
aligned by the field, which results in the magnetic scattering
contribution being anisotropic in the detector plane. The
scattering intensity is then expressed as*’

1Q,0)m+0 = In(Q)] ap~0 + In(Q)sin” 0 2
(@) =¥ 6)

Table 1 p and pmag in the unit of 10~% A=2 for the investigated components
and solvents

Component Fe,O, Citrate H,0 D,O
Density g cm 5.74 1.70 1.00 1.10
p 6.91 1.50 —0.56 6.34
pmag 0.94 — — —

The magnetic scattering length density (pmag) of a single iron oxide core
is taken from ref. 10. It is assumed that the value of pp,,g for the cluster
particles is comparable to that of the single cores.

This journal is © the Owner Societies 2024
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The quantities V, by, M, and 0 refer to the scattering volume,
a constant parameter, the Fourier transform of the z-compo-
nents of the magnetization vector field, the azimuthal angle
between the applied magnetic field H and the scattering vector
Q, respectively. The purely nuclear scattering contribution was
obtained from the 2D scattering pattern in the sector of £10°
for Q|| H (sin>0 =~ 0). The field-dependent magnetic scattering
amplitude is accessible from the 2D scattering pattern in a
sector of £10° for QLH (sin”0 = 1). The contrast variation
experiment in a zero magnetic field was also performed by
dispersing the C71 particles in mixtures of H,O and D,O to vary
the scattering length density of the solvent. This allowed for
obtaining additional information about the structural organi-
zation of the cluster particles.

2.2.6. Mossbauer spectroscopy. Mossbauer absorption
spectra were obtained in standard transmission geometry using
a source of >’Co(Rh) and a driving unit in constant acceleration
mode. A LHe cryostat (Oxford SM4000-10) with split-pair geo-
metry of superconducting magnet coils was utilized to carry out
experiments at 5 K in an external magnetic field of 8 T parallel
to the y-ray incidence direction. For the particle oxidation
study, sample fluids with particles dispersed in water at initial
concentrations of 23 mg ml ™" iron for the C71 sample, 21 mg ml~*
iron for the B47 sample, and 8.8 mg ml " iron for the D40 sample,
were initially stored in sealed containers under N, gas after
preparation until the recording of the first Mdssbauer spectrum,
while during the study the oxidation behaviour was analyzed
with the fluids being stored under ambient conditions. Experi-
mental spectra were evaluated via a least-squares fitting routine
using the “Pi”” program package.®

3. Results and discussion

3.1. Morphology and structure

Fig. 1(a)-(c) shows transmission electron microscopy images of
samples C71, B47 and D40. Samples C71 (Fig. 1) and B47
(Fig. 1b) display raspberry-like structures consisting of poly-
disperse small nanoparticle cores in larger clusters, which form
network-like structures. The C71 system exhibits less extended
structures. On the other hand, the D40 sample (Fig. 1c) shows
a different morphology with the presence of smaller particles
(1-2 nm). In this case, the dextran coating serves as a polymer
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matrix that embeds the NPs and forms randomly shaped
aggregates. Table 2 summarizes the r, and ¢ parameters of
the log-normal distribution of the single core nanoparticles.
These parameters were determined from the fit according to
the following expression:

(4)

202

2

To further investigate the size and structure of the clusters,
SAXS intensity curves (see Fig. 2a) were recorded for samples
C71, B47 and D40. In SAXS, any effect of the coating molecules
on the scattering will be negligible due to the much higher
electron density of iron oxide. The presence of a Guinier-
like region at low Q in the scattering curve of samples C71
and D40 indicates that the dimension of the scattering particles
is less than 1/Qp, L.e. the inverse of the minimum Q. On the
contrary, the scattering curve of sample B47 at Q < 0.03 A™*
follows a power-law intensity of I ~ Q >?. The power law
behaviour is consistent with the presence of larger scattering
objects arising from cluster aggregation generating fractal like-
structures."”*®

The pair distance distribution function, P(r), was obtained
by applying the indirect Fourier transform (IFT) to the scatter-
ing intensity using the GNOM software.*® Fig. 2b displays the
P(r) profile for both the C71 and D40 samples. The B47 sample
had stronger aggregation, so it was not possible to calculate the
corresponding IFT. The profiles show a difference in overall
particle size, as indicated by zero values occurring at different
positions of 7 = D, The P(r) of the C71 exhibits a shape that
is more reminiscent of spherical particles, while the P(r) of the
D40 sample is characteristic of elongated particles.

In summary, the SAXS and TEM results show variations in
the cluster sizes and the single core nanoparticles, which can
be attributed to the coating materials used and the synthesis
route. The SAXS result of the polymer dextran shows smaller
clusters compared to the citrate and APTES molecules.
However, the SAXS result of the APTES coating shows fractal
aggregate clusters, which makes it less stable than C71. This
information is valuable for improving the design and synthesis
of nanoparticles for medical use.

Fig.1 Cryo-TEM images for the (a) C71, (b) B47, (c) and D40 samples, in cryogenic environment.

This journal is © the Owner Societies 2024
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Table 2 rg and ¢ of the log-normal distribution of single cores deter-
mined by TEM, and cluster size Dy, as obtained from SAXS

TEM SAXS
Coating material Code 7o (nm) o Dypax (nm)
Citrate molecule C71 9.5(1) 0.30(6) 56
APTES B47 10.7(4) 0.30(5) >120
Dextran D40 2.0(8) 0.20(1) 36

3.2 Aging study

To study nanoparticle aging behaviour as a function of time,
Méssbauer spectroscopy and magnetometry measurements
were performed on particle dispersions in water repeatedly
over a timespan of several weeks. Exemplary Mossbauer spectra
of sample C71 recorded at 5 K in a magnetic field of 8 T are
shown in Fig. 3, comparing the particle state after a certain
time since the synthesis (up to 37 days), assuming a maximum
time the particles were under ambient atmosphere between the
synthesis and the start of the measurement of ca. 0.1 d. The
spectra were reproduced via three sextet subspectra, based on
their hyperfine parameters being assigned to Fe*" in tetrahedral
coordination (A sites, green), Fe** in octahedral coordination
(B sites, blue) and Fe** in octahedral coordination (B site,
violet). The ferrimagnetic structure of the particles is apparent
from the resolution of the A- and B-site sublattice contributions
after the application of the magnetic field. Based on the low
intensity of absorption lines 2 and 5,°° the particles display a
moderate average spin canting angle of ca. 14°. The spin
canting angle is defined as the angle between the spin and
incidence directions of the y-ray, with the latter here being
identical to the magnetic field direction. Upon aging, the
intensity of the B-site Fe”* subspectrum decreases while the
corresponding Fe*" component increases, leading to more
symmetrical B-site absorption lines over aging time. This is
due to the shoulder formed by the B-site Fe’" subspectrum
becoming less pronounced, making the oxidation from magne-
tite to maghemite visible to the naked eye. The magnetite
fraction is determined for each spectrum by comparing the
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Paper

0.0}

39F C71

initial

relative absorption (%)

velocity [mm/s]

Fig. 3 Mossbauer spectra for sample C71 after various aging times of
exposure to air, recorded at 5 K and an applied magnetic field of 8 T. In the
C71 1 day spectrum, the vertical arrows mark Mdssbauer lines 2 and 5,
whose relative intensity indicates the degree of spin canting.>

Fe*" fraction in pure magnetite (33.3%) and maghemite (0%).
The magnetite fractions in samples C71, B47 and D40 are
displayed in Table 3.

A complementary approach was used to determine the net
magnetic properties and quantify the oxidation rate. This
involved analyzing the time dependent change in saturation
magnetization Mg, The determination of M, at room tem-
perature is presented in Table 4. To obtain this value, My, was
extrapolated from high-field magnetization data using the law
of approach to saturation as described by M(H) = Mg,(1 — a/H —
b/H?). The magnetite fraction then is estimated by normalizing
the net magnetization to the total Fe mass and comparing it
to Mg, for bulk magnetite, 121 A m? kgre ', and maghemite,
108 A m” kgp. '.>> The obtained magnetite and maghemite

(a)
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Fig. 2 (a) SAXS curves for the diluted samples with a concentration of 5.5 mg ml™t iron for the C71 and B47 samples and up to 3.3 mg ml~t iron for the
D40 sample, and (b) pair-distance distribution functions P(r) for samples C71 and D40, indicating that large particles are formed by the single-core

nanoparticles.
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Table 3 Magnetite fraction as a function of oxidation time obtained from Md&ssbauer spectroscopy analysis. The initial state is presented after 0.1 days of

exposure to air during synthesis and preparation for the experiments

C71 B47 D40

Aging time (day) Magnetite Aging time (day) Magnetite Aging time (day) Magnetite
(in air) fraction (%) (in air) fraction (%) (in air) fraction (%)
0.1 59.7+ 6 0.1 62.7 £ 9.3 0.1 2.7 £33
1.1 41.1 £ 6.9 1.1 — 1.1 —

10.1 241 +7.2 9.1 24.3 £5.4 9.1 45+ 7.8
371 15.3 £ 5.4 33.1 171 £ 7.5 35.1 0+ 2.1
114.1 — 114.1 09 +1.2 114.1 —

252 (in N,) 16 + 4.4 242 (in Ny) 27.7 + 4.5 249 (in N,) 0+ 1.9

Table 4 Magnetite fraction and saturation magnetization as a function of oxidation time obtained from magnetometry

C71 B47

D40

Aging time (day)

(in air) Magnetite fraction (%) M, (A m*> kg ')

Magnetite fraction (%)

M, (Am®> kg™

Magnetite fraction (%)

M, (Am® kg )

0.1 64 + 8 81.4 £ 0.8
1.1 44 £9 79.2 £ 0.9
10.1 — — 28 + 1.8
33.1 17 £ 10 76.3 £ 1.1 10 =6
180 3.8+5.3 75+ 0.5 0

54 +9
33+ 1.8

100
Magnetometry

®
@ B47
80 1 # D40
Mossbauer
®
60 $ B47
D40

Samples
40 1 stored in N>

i
; ;

Magnetite fraction (%)

0 - : - —
0.1 1 10 100

Oxidation time (in air)(days)

Fig. 4 Comparison of the magnetite fraction obtained over various oxi-
dation times in air from Mdssbauer spectroscopy and magnetometry. The
samples stored under N, (empty symbols) are included for comparing the
magnetite fraction to the samples stored in the air.

fractions are used for normalizing saturation magnetization.
As shown in Fig. 4, magnetite fractions obtained from Moss-
bauer spectroscopy and magnetometry are in good agreement.
For samples C71 and B47, the initial measurements already
indicate ca. 40% of the particle mass was oxidized after a
limited exposure time of less than ca. 2 h, which corresponds
to a maghemite shell thickness of ca. 0.8-1 nm in single core
nanoparticles. This would match the expectation of fast for-
mation of a maghemite surface layer, followed by decelerated
further oxidation, resulting in a remaining magnetite fraction
of ca. 10-20% in both samples after one month of storage
under ambient conditions. After 114 days for sample B47
only minimum Fe** is detected in Mossbauer spectroscopy,
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indicating complete conversion to maghemite within the error
margin. In contrast, sample D40 oxidizes faster than the other
samples, showing no considerable Fe** component already in
the initial spectrum, which is also indicated by magnetometry
data. For comparison, a second batch of samples C71 and
B47 was also stored for six months after preparation under N,.
This batch exhibited higher stability against oxidation by
preserving a magnetite fraction of around 20-30%, which is
comparable to the fraction observed after 10-30 days of
exposure to air.

The saturation magnetization determined for samples C71
and B47 is comparable to the bulk value. However, for sample
D40, the saturation magnetization value is 6.6 £+ 0.9% lower
than for maghemite. This decrease in magnetization may have
several causes, including minor fitting artifacts in the extra-
polation of M due to the non-saturating tendency of the M(H)
loops, or crystal defects such as the presence of antiphase
boundaries, modified atomic coordination, and an increased
number of Fe vacancies.'®**° The relatively large error in the
saturation magnetization is due to an inaccurate determination
of Fe-content using ICP-OES. Treating the entire sample along
with the holder might result in significant errors when deter-
mining the Fe content.

3.3. Magnetic properties

The hysteresis loops at room temperature (Fig. 5a) for all
samples indicate a negligible coercive field, confirming that
the nanoparticle clusters exhibit superparamagnetic behaviour.
A detailed assessment of the magnetic properties of the clusters
was conducted using ZFC/FC curves (Fig. 5b). The blocking
temperature, Ty, is the temperature at which the transition
occurs from the unblocked superparamagnetic to the blocked
state. This transition is affected by several factors, such as particle
size distribution and magnetic interparticle interactions.’®"®
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Fig. 5

(a) Hysteresis curves at room temperature in the range of +£1.5 T. (b) Normalized ZFC/FC curves performed in the temperature range of 5-225 K

and a magnetic field of 5 mT. The upper limit temperature is set at 225 K to avoid traversing the melting temperature of water.

Here, samples C71 and B47 exhibit similar single-core particle
sizes but differ in the organization formed by these particles. The
two samples have different Ty values, with C71 having a Ty of
180 K and B47 having a Tg of 214 K. The determination of Ty is
based on the highest value found in the ZFC curve. The broad-
ening of peaks in the ZFC curves can be attributed to either a
variation in the particle volume or strong magnetic interactions.>®
The SAXS results confirm that magnetic interaction is the main
reason for the broadening featured in strongly aggregated single-
core nanoparticles. Also, the flattened shape of the FC curve
provides evidence for the existence of magnetic inter-particle
interactions. Sample D40 displays a Ty of about 30 K, which
corresponds to the small particle sizes confirmed in TEM
measurements.

A qualitative assessment of the particle size distribution
can be found from the difference in temperatures between
the peak position of the ZFC curve and the splitting tempera-
ture between ZFC and FC curves.®”®' Sample C71 with a Ty
of 180 K would correspond to a particle size of 10-15 nm, with
a surprisingly narrow size distribution considering the shape of
the ZFC/FC curves and the qualitative difference in temperature.
However, such an interpretation would be in direct contradiction

to the TEM analysis, which reveals a large polydispersity of the
single nanoparticle cores. In addition, the blocking temperature
from the ZFC curve would correspond to much smaller sizes of
particles than obtained in SAXS. Therefore, further studies with
small-angle neutron scattering are necessary to obtain the coher-
ent magnetic size of the clusters and clarify the ZFC/FC results.

3.4. Magnetic size determination

3.4.1. SANS at zero field. Fig. 6a displays the SANS of C71
dispersed in water with various D,O content: from 0 to 100%.
Contrast variation SANS measurements enable us to charac-
terize the colloidal solution precisely, particularly in determin-
ing the neutron scattering length density (SLD) of cluster
particles.®®> The nuclear scattering decreases gradually as the
D,O content increases, reaching its minimum at 100% D,O.
The scattering curves maintain their shape regardless of the
nuclear contrast, indicating that the cluster particles can be
considered homogeneous and that the scattering length den-
sity is largely independent of experimental Q. Fig. 6a (inset)
shows the quadratic dependence of the scattering intensity as a
function of the solvent contrast at the minimum experimental
Q value, which yields the contrast match point of the large

102 v
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Fig. 6

(a) SANS intensity curves of C71 for various H,O/D,O mixtures. The inset shows the scattering intensity as a function of D,O content at a Q value

of 0.06 A™%. It is fitted with a parabolic curve to obtain the nuclear contrast match point. (b) Pure magnetic scattering in D,O sample (at zero magnetic
field) as extracted by scaling the H,O data down by a factor of 131 and subtracting from the 100% D,O curve. The Guinier fit of the difference curve is

shown in the inset.
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cluster at 106.3 + 1.2% of D,O. Therefore, the contribution of
the citrate shell is negligible.

The scattering curves of the sample with high D,O content
between 0% and 80% indicate the presence of large structures,
which prevents a simple Guinier analysis. In comparison to
SAXS data (see Fig. 2a), the SANS curves point to an advanced
aggregation in the sample, which occurred during the period
between the preparation of contrast variation samples and the
measurement (approximately 6 months). We believe that this
developed aggregation does not influence the characterization
of initial clusters of nanoparticles in the studied Q-range.
A clearly observable feature in the curves for large D,O content
(above 95%) is present in the mid-Q-range 0.02 < Q < 0.06 A™*
(Fig. 6a). Although it was not possible to fully compensate
for the nuclear signal, this feature is primarily a result of
the magnetic scattering associated with single particles (or
magnetic correlations between them) constituting the large
clusters. It is important to note that the magnetic scattering
contribution is independent of the nuclear contrast between
the particle and solvent. Using pure H,O as a solvent results in
a significant scattering length density contrast between the iron
oxide nanoparticles and the water. Thus, the scattering inten-
sity in this case results mainly from the nuclear signal, while
the magnetic contribution is negligible.®* To separate the
magnetic scattering from the residual nuclear scattering in
D,0, the H,O curve is divided by a factor of 131 and subtracted
from the 100% D,O curve. The scaling factor is determined
manually and approximately corresponds to the ratio of particle
contrasts, Ap?, in H,O and D,O solvents. Its exact determina-
tion is difficult due to uncertainties in the determination of the
average SLD of the particles, as we could not observe the zero-
angle scattering intensity 7(0). A Guinier region in the difference
curve appears as shown in Fig. 6b and can be attributed
to magnetic spherical objects with a D =2./5/3R, ~ 16.8 +
0.4 nm (Fig. 6b (inset)). This size is in agreement with the
obtained Ty from the ZFC data, which corresponds to a

-1
q, [A7]

q, (A7)

View Article Online

PCCP

contribution of single nanoparticles (or their magnetic correla-
tions) in the clusters.

3.4.2. SANS with applying magnetic field. Fig. 7 shows the
two-dimensional neutron scattering patterns obtained for C71
dispersed in D,O without and with the application of an
external magnetic field of 1.1 T. The aim is to determine
the variation in magnetic size with the field. Upon application
of a magnetic field of 1.1 T, the 2D SANS patterns exhibit a
predictable anisotropy. This anisotropy originates from an aniso-
tropic magnetic scattering distribution.”> In those under-field
SANS measurements, it is necessary to separate I from Iy.
Therefore, the 2D patterns are analyzed in sectors parallel to the
magnetic field direction, with pure nuclear scattering, and
perpendicular to the magnetic field direction, where a combi-
nation of nuclear and magnetic scattering is detected (Fig. 8a).
In the range of magnetic fields from 0 to 0.11 T, the scattering
intensity is comparable for both the parallel and perpendicular
sectors. However, for magnetic fields greater than 0.11 T, the
scattering intensity decreases in the parallel sector and increases
in the perpendicular one due to the redistribution of magnetic
scattering during progressive sample magnetization. Pure mag-
netic scattering is obtained by subtracting the perpendicular
scattering intensity (composed of both nuclear and magnetic
components) from the parallel scattering intensity (composed
only of nuclear components) in saturating fields (see Fig. 8b).
The appearance of a Guinier region indicates the presence of large
magnetic clusters and negligible magnetic inter-cluster inter-
action. Therefore, there is no correlation between the collective
magnetic moments of two different clusters. A Guinier fit to the
magnetic scattering at 1.1 T yields a radius of gyration, R, ~
13.5 + 0.3 nm (magnetic sphere diameter 34.8 + 0.8 nm). The
observed results can be attributed to the significant magnetic
inter-particle interaction within the clusters, resulting in a large
net magnetic size, that is approximately half of the cluster size.
The latter result is important in terms of obtaining nanoparticle
assemblies with large magnetic susceptibility, where the coherent

120
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o

D
=

uow pig \ SJUNOYH

Fig. 7 Two-dimensional SANS patterns for sample C71 dispersed in D,O. (a) Isotropic pattern with no applied magnetic field, (b) anisotropic pattern with
the magnetic field of 1.1 T along the vertical direction, as shown by an arrow.
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scattering at high fields close to saturation.

rotation of the superspin within the cluster is desirable, ie., in
which the superspins of the constituent particles rotate in
unison.**

4. Conclusion

The study investigated the impact of three types of coating
materials on the structure, magnetic properties, and long-term
stability of biocompatible iron oxide nanoparticles. The coating
types are citrate, (3-aminopropyl) triethoxysilane (APTES), and
dextran. The study’s findings indicate that the type of coating
significantly influences the organization of nanoparticles into
distinct structures. The SAXS results showed different cluster
sizes associated with each type of coating: 36 nm for dextran,
56 nm for citrate, and fractal cluster aggregates for APTES. The
underlying particle core sizes are hereby: 2 nm for dextran,
9.5 nm for citrate, and 9.8 nm for APTES. In addition, the
oxidation rates of the iron oxide cores were also studied for all
three types of coatings. All systems exhibited rapid oxidation
after less than 0.1 days (the time between the end of the
synthesis and the sealing of the samples under N, atmosphere).
This led to the complete oxidation of the cores to maghemite
for the dextran coating, while the citrate and APTES coating
showed slower oxidation with 10-20% magnetite fraction after
one month. After 3 months, the magnetite fraction is not
detectable neither in Mossbauer spectroscopy nor in magneto-
metry. The varying oxidation behaviours can be attributed to
differences in particle size resulting from the used coating
agent and the synthesis route. Magnetic SANS at zero field on
the citrate-coated nanoparticles revealed the magnetic size,
which agrees with the ZFC data. The zero-field magnetic size
is slightly larger than the size of a single nanoparticle obtained
from TEM. At saturation field, the magnetic size of the clusters
is increased, leading to approximately half the cluster size,
corroborating the presence of magnetic domains inside the
clusters. Overall, it is of great importance to be able to control
the desired material properties through the choice of coating
and the route of synthesis. In addition, the detailed knowledge
of the aging processes of the particles is of equally large

24920 | Phys. Chem. Chem. Phys., 2024, 26, 24912-24923

importance for officially approved quality standards. Such
knowledge can guide the development of more stable nano-
particles that retain their magnetic properties for extended
periods of time. Magnetic susceptibility, which, among other
properties, depends mainly on the cluster size and core
spacing, has a direct impact e.g. on the 7, relaxation time in
Magnetic Resonance Imaging (MRI) and on the specific absorp-
tion rate (SAR) for hyperthermia applications. It was, for
instance, found that in chains of particles, the SAR might
increase compared to single particles.”> Consequently, a
detailed knowledge of the particle arrangement and its impact
on the magnetic properties can help in tuning the synthesis
route to obtain the desired characteristics of the nanoparticle
systems.
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