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Superparamagnetic iron oxide nanoparticles (SPIONs) have attracted significant attention because of their
nanoscale magnetic properties. SPION aggregates may afford emergent properties, resulting from dipole—dipole
interactions between neighbors. Such aggregates can display internal order, with high packing fractions (>20%),
and can be stabilized with block co-polymers (BCPs), permitting design of tunable composites for potential
nanomedicine, data storage, and electronic sensing applications. Despite the routine use of magnetic fields for
aggregate actuation, the impact of those fields on polymer structure, SPION ordering, and magnetic properties
is not fully understood. Here, we report that external magnetic fields can induce ordering in SPION aggregates
that affect their structure, inter-SPION distance, magnetic properties, and composite Ty. SPION aggregates were
synthesized in the presence or absence of magnetic fields or exposed to magnetic fields post-synthesis. They
were characterized using transmission electron microscopy (TEM), small angle X-ray scattering (SAXS),
superconducting quantum interference device (SQUID) analysis, and differential scanning calorimetry (DSC).
SPION aggregate properties depended on the timing of field application. Magnetic field application during
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a simple, yet powerful tool to tailor the structure, ordering, and magnetic properties of polymer-stabilized SPION

rsc.li/soft-matter-journal nanocomposites.

Introduction

The assembly of inorganic nanoparticles (NPs) into well-
ordered superstructures is crucial for harnessing their unique
properties to practical applications in optics, electronics, bio-
sensing, data storage, and energy harvesting.” In addition to
their individual properties, spatially interacting inorganic NPs
can demonstrate emergent, collective behaviours when ordered into
composites.’® For example, simultaneous excitation of gold NPs in
arrays or superlattices enhances their electromagnetic fields through
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plasmonic interactions.”® As a result, a variety of 2D and 3D NP
superstructures have been developed and investigated.> !
One composition of particular interest is the assembly of
superparamagnetic iron oxide NPs (SPIONSs) into 2D and 3D
arrays. In the presence of magnetic fields, dispersed SPIONs
can align in the direction of the magnetic field. Upon field
removal and provided sufficient separation distance, SPIONs
relax to their equilibrium states independent of the orientation
of other SPIONs in the system. However, when SPIONs are in
close proximity, as might be expected in a superlattice, their
orientations after magnetic field removal may be strongly
influenced by those of neighbouring SPIONs as a result of
distance-dependent dipole coupling.’®"® Thus, the magnetic
properties of SPION aggregates can depend on the aggregate
structure.

Such aggregates can be generated through a variety of
methods, including DNA origami for precision placement'*™®
or less ordered structures through colloidal self-assembly.
Colloidal aggregates are an attractive choice because of their
ease of synthesis. The structure of these colloidal aggregates is
primarily determined by the effective interaction potential
resulting from the cumulative fundamental attraction and
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repulsion forces between SPIONS, such as van der Waals, steric,
magnetic dipole, and electrostatic forces from attached ligands.
Such forces can be leveraged to alter not only the final struc-
ture, but also any metastable structures that form during
synthesis. For example, magnetic fields applied during synth-
esis may induce structural transformations that effect ordering
in the final material, altering the collective magnetism of the
aggregate. A deeper understanding of these magnetically
induced structural transformations could provide opportu-
nities to tailor 3D SPION aggregate properties through external
magnetic field application. Most previous studies of SPION
colloidal clusters have focused on tuning their magnetic prop-
erties through synthesis methods.”"** The influence of mag-
netic fields applied during and post-synthesis on structural
ordering has yet to be explored. Also, few of these studies
examined the influence of nanoparticle magnetic ordering
on the properties of the polymers used to stabilize these
aggregates.

Our group has established a new route to NP aggregates
via self-assembly assisted by polystyrene (PS)-b-polyethylene
oxide (PEO) block copolymers (BCPs). Densely loaded aggre-
gates formed that consist of NP aggregates coated by amphi-
philic BCPs rendering them soluble in aqueous media. These
structures exhibit high NP volume concentration (up to 24%)
with semi-ordered packing and NP separation distances
smaller than NP diameters (e.g., ~2 nm edge-to-edge for
~6 nm NPs).”? These loadings are well above those of
commercial magnetic particles used for cell separation,
which have magnetic NP packings between 5-10%.>" For
example, an 80 nm diameter, densely loaded aggregate can
contain up to 900 encapsulated SPIONs, making this vehicle
an ideal model system for evaluating the effect of magnetic
fields on emergent SPION aggregate properties and 3D super-
lattice formation.

Here, we leveraged the high packing volume and low inter-
NP spacing of these densely loaded SPION aggregates to assess
the impact of magnetic field application during and after
synthesis on emergent structural and magnetic properties of
SPION clusters. Nanoscale aggregate morphology was evaluated
using transmission electron microscopy (TEM) and image
analysis. NP packing was examined using complementary small
angle X-ray scattering (SAXS) measurements of aggregate solu-
tions. Magnetic properties, specifically coercivity and blocking
temperatures, were measured using a superconducting quan-
tum interference device (SQUID). Changes in stabilizing
polymer properties, specifically Ty, were measured using differ-
ential scanning calorimetry (DSC). Morphology and changes in
polymer and magnetic properties were used to establish struc-
ture-property relationships for densely loaded aggregates with
differing SPION orientations, including structural and mag-
netic ordering induced by external magnetic fields. This work
presents an investigation of magnetically induced ordering in
densely loaded SPION aggregates. Such composites offer pro-
mise for applications requiring tailored magnetic ordering and
fields, including magnetic resonance imaging, cell separations,
and magnetic storage.

This journal is © The Royal Society of Chemistry 2024
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Experimental
Materials

Carboxyl-terminated poly(styrene-block-ethylene oxide, PS90-b-
PEO400) (Cat no. P5755-SEOCOOH) was purchased from Poly-
mer Source Inc. (Montreal, Canada). Poly(vinyl alcohol) (PVA)
(Cat no. 363170) was purchased from Sigma Aldrich. Chloro-
form (Cat no. C606SK-4) was purchased from Fisher Scientific.
Oleic-acid coated SPIONs (5 nm diameter, Cat no. SOR-05-50) in
chloroform were purchased from Ocean NanoTech, CA. All
materials were used as received without further purification.

Methods

SPION nanocomposite formation with and without mag-
netic field application. Several different nanocomposites and
controls were investigated (Fig. 1). SPION nanocomposites were
prepared in the absence of a magnetic field using the interfacial
instability method®>° described previously.”® These samples
will be denoted by SNC throughout the remainder of the paper.
Briefly, an organic phase consisting of SPIONs and PS-b-PEO in
a 1:1 mole ratio was prepared by combining 100 pL of PS-b-PEO
(1 mg mL™" in chloroform) with 211 pL of SPIONs (2.5 mg mL "
in chloroform). An emulsion was formed by mixing the organic
phase with PVA (3 mL, 5 mg mL ™" in water) and sonicated (Cole-
Parmer SS Ultrasonic Cleaner, Heater/Digital Timer; 3.5 gal,
220 V #item number EW-08895-58) at 20 °C for one hour in fresh,
cold tap water. Here, PVA is used as a surfactant to control droplet
size and provide the transiently negative surface tension needed
for droplet ejection in the interfacial instability technique. Then,
the sonicated emulsion was placed in an aluminium dish (inter-
nal diameter = 5 cm) on a rocker for 2.5 hours to evaporate
residual chloroform. Successful SNC formation was indicated by a
change in the initial cloudy solution with visible emulsion dro-
plets to a clear, brown solution.

SPION nanocomposites formed in the presence of a mag-
netic field will be referred to as magnetically stirred SNC or
denoted by SNC-St. To produce the SNC-St, an emulsion was
initially generated by manual shaking in a glass vial (internal
diameter = 2.3 cm) and then stirred at 60 rpm using a magnetic
stir bar (Alnico, forged steel, Fig. S1, ESIi) with a maximum

SPION
Nanocomposites (SNC)

o=

SPION Micelles

Magnetically Stirred
SPION Nanocomposites
(SNC-St)

¢—=

Supernatant (SNC-S) Individual, Dispersed

SPIONs in PMMA

Pellet (SNC-P)

Fig. 1 Schematics of different nanocomposites and controls investigated.
SPION nanocomposites (SNC) and SPION micelles were formed in the
absence of magnetic fields, whereas magnetically stirred aggregates
(SNC-St) were formed under magnetic stirring. SNC samples exposed to
a magnet after synthesis yielded a magnetically collected pellet (SNC-P)
and the supernatant (SNC-S). Individual SPIONs dispersed in PMMA
polymer comprised the control.

Soft Matter, 2024, 20, 3732-3741 | 3733
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magnetic flux density of 60 Oe under atmospheric conditions
for 12 hours.

In both synthesis methods, unencapsulated SPIONs were
eliminated by centrifugation at 4000 rcf for 1 minute. Because
of the mechanism involved, the interfacial instability method
yields samples that contain densely loaded aggregates,
micelles incorporating SPIONSs (i.e., SPION-micelles) and SPION
free micelles (i.e., empty micelles). In densely loaded aggregates
a cluster containing many SPIONs occupies the central volume
of the micelle, whereas SPION-micelles exhibit a void volume
with a low number of encapsulated SPIONs. Clusters were
classified in TEM images using these characteristics.

Magnetic field applied to SNC samples post-synthesis. To
evaluate the effect of magnetic field application post-synthesis,
1 mL of SPION nanocomposite samples were transferred into
1.5 mL centrifuge tubes and exposed to a 0.5 T magnet for 9
hours by holding the entire length of the centrifuge tube up to
the magnet surface. After exposure, a brown pellet collected
near the magnet surface, but the supernatant did not become
clear, consistent with particles also remaining dispersed in the
solution. The pellet was collected, and this sample will be
referred to as SNC-P (Fig. 1). The remaining supernatant will
be referred to as SNC-S. These samples were subjected to
further analysis via TEM, SAXS, SQUID, and DSC.

Transmission electron microscopy (TEM). All SNC samples
were imaged via TEM using an FEI Tecnai G2 Bio Twin. Prior to
imaging, samples were negatively stained using uranyl acetate
(UA, 1 wt%) to increase contrast. Samples (10 pL) were depos-
ited on silicon pads and formvar/carbon-coated nickel TEM
grids were placed on these droplets, carbon side down, for two
minutes. Sample not deposited was removed using filter paper;
then, UA stain (10 puL) was applied for 60 seconds, and excess
removed using filter paper. Grids were air dried, carbon-side
up. For each sample, between 100 to 1000 individual particles
were imaged and analysed. Analysis of size and aspect ratio was
obtained using NIH Image]®’ software with the ‘analyse parti-
cles’ feature and the ‘measure ROI curve plugin’. Particles were
characterized as empty micelles if no SPIONs were visible,
SPION micelles if they were similar to empty micelles in size
and interiors were not completely filled with NPs, and densely
loaded aggregates (SNC) if they were larger than empty micelles
and displayed complete or near complete filling of the interior
(Fig. S2, ESI{).

Small angle X-ray scattering (SAXS). SAXS measurements
were conducted at Argonne National Labs Advanced Photon
Source, (Argonne, IL) using the 12-ID-C beamline. The incident
X-ray wavelength was 0.1 nm' and the scattering wavevector
range was 0.005 A™' < Q < 0.6 A~". Samples were evaluated at
a low PS-b-PEO concentration of 0.001 wt%. Thus, the back-
ground subtracted signal was mainly derived from electron
dense SPIONSs in the composite.

Superconducting quantum interference device (SQUID)
magnetometer. Magnetic measurements were conducted on
SNC samples sealed in EPR tubes using a Quantum Designs
MPMS XL. Isothermal magnetization measurements were
performed by scanning —10 kOe < applied magnetic field

3734 | Soft Matter, 2024, 20, 3732-3741
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< 10 kOe. Sample temperature dependence was studied by
measuring field-cooled (FC) and zero field-cooled (ZFC) curves
by cooling the samples from 300 K to 2 K at 5 T and at zero
applied field, respectively, and recording magnetic response
while warming from 2 K to 300 K under a low applied field of
50 Oe. Magnetic properties of individual SPIONs were mea-
sured by dispersing organic SPIONs in a polymethylmethacry-
late (PMMA) polymer matrix at low concentration (1.25% w/w).
Results are reported and compared after normalization. The
normalized standard deviation in the measurement fit of each
sample for different types of magnetic measurements are
reported in Table S1 (ESI¥).

Differential scanning calorimetry (DSC). DSC measurements
were performed on a TA Instruments DSC 2500 unit. SNC
samples were loaded into hermetically sealed TZero DSC pans
to ensure that zero mass transfer with the environment
occurred. Samples were annealed at 120 °C for a minimum of
10 minutes to erase thermal histories; then, the samples were
cycled several times between 120 and —120 °C at a ramp rate of
at 2 °C min~ " to verify repeatability of signals. Glass transition
signals (T,) were identified as the midpoint of the observed 2nd
order thermal transitions, with errors within plus/minus 2 °C.

Results and discussion

SNC containing densely loaded aggregates in the absence of
external magnetic fields

SNC containing densely loaded aggregates were assembled
using the interfacial instability method introduced by Hay-
ward.”® In this approach, organic-soluble NPs are mixed with
stabilizing amphiphilic BCPs and emulsified in the presence of
surfactant. In the interfacial instability method, a large excess
of surfactant relative to BCP (up to 100:1 weight ratio) is
employed. Nanocomposites form upon evaporation of the
organic solvent aided by droplet fission resulting from surface
tension instabilities. At 1:1 NP:polymer molar ratios,”® this
approach yields densely loaded aggregates as well as NP-loaded
micelles and empty micelles not containing NPs. Synthesis of
densely loaded aggregates is believed to proceed first by NP
aggregation, followed by polymer coating of the aggregate
surface.”® Thus, BCP chains are likely interacting with the
surface of the NP aggregate, as well as intercalating with
selected NPs. In contrast, micelle formation occurs when NP
aggregation times are equal to or slower than those for BCP
aggregation, resulting in encapsulation of a small number of
dispersed NPs within the micelle hydrophobic matrix. In this
case, the micelle core is composed primarily of the BCP hydro-
phobic block. Empty micelles are generated if BCPs aggregate
in the absence of NPs, and indicate poor mixing conditions
with concentration inhomogeneities. Empty micelle production
can be minimized using high throughout reactors with high
mixing intensity.>®

We first evaluated SNCs produced at a 1:1 NP:polymer
molar ratio in the absence of magnetic fields. Under these
conditions, both densely loaded aggregates (8.5% by number)

This journal is © The Royal Society of Chemistry 2024
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Table 1 Size (mean =+ standard deviation) and distribution of densely
loaded aggregates (aggregates) and empty- or SPION-micelles (micelles)
under different magnetic field application conditions

Sample N* Aggregates” (nm) (%) Micelles (nm) (%)
SNC 779 62.4 £ 27.0 25.6 + 8.0
8.5 91.5
SNC-St 345 107.0 & 39.0 32.4 +£ 8.0
24.2 75.8
SNC-P 352 50.2 £ 21.0 26.2 £+ 8.0
39.5 60.5
SNC-S 1192 54.6 £ 22.0 23.2 £ 8.8
8.1 91.9

@ Number of particles analysed. ” Percent by number of nanocompo-
sites classified as aggregates or micelles.

and micelles (with or without SPIONSs) (91.5%) were observed
(Table 1). Densely loaded aggregate populations displayed
average diameters of 62.4 + 27.0 nm and log-normal size
distribution; some internal NP ordering (i.e., chaining) was also
observed with centre to centre spacing of ~5.6 + 0.94 nm (Fig. 2).
In contrast, SPION-micelles displayed sizes of ~25.6 + 8.0 nm
with log normal size distribution and no observed NP ordering.
NPs were not tightly packed and there were heterogeneities in NP
distribution throughout the micelle. The sizes reported here for
both populations were not statistically different from those we
reported previously®® (i.e., « = 0.05). The increased polydispersity
of densely loaded aggregates compared to micelles could be
explained by variation in aggregate nucleation and growth
kinetics, which depends on uncontrolled factors in this system,
such as local gradients in NP and polymer concentrations, inter-
particle distance in solution, and thermal fluctuations. The tight
NP packing, as well as occasional chaining, observed within
densely loaded aggregates, but not SPION micelles, is consistent
with our previous small angle X-ray scattering (SAXS) analysis,>>*°
in which spectra could only be fit by including a hard sphere
structure factor.

View Article Online

Soft Matter

Effect of magnetic field exposure during SNC-St formation

To evaluate the role of magnetic field application during
synthesis on the resulting aggregate morphology, SNC-St sam-
ples were produced by manual shaking followed by solvent
evaporation under a continuously fluctuating magnetic field
supplied by a magnetic stir bar (0 < magnetic fields (Oe) < 60)
(Fig. S1, ESIi). Interestingly, under magnetic field application
the entire population of composites formed could be strictly
divided into empty micelle (75.8%) and densely loaded aggre-
gates (24.2%) (Table 1). In contrast to SNC samples, no SPION-
micelles were observed. The densely loaded aggregates in the
SNC-St samples were larger (107 £ 39 nm) than those in the
SNC samples (62.4 £+ 27.0 nm) and their size distribution was
best described by a Gaussian function (Fig. 3). The size dis-
tribution of the entire SNC-St sample, however, maintained log-
normal shape. Empty micelles displayed sizes of 32.4 &+ 8.0 nm,
similar to those observed in our previous paper”® and to those
reported by others.”>>°

In addition to changes in overall composite size, we also
observed striking changes to internal structure within the
densely loaded aggregates. In the SNC-St samples, semi-
periodic SPION arrays emerged (Fig. 4) that were not observed
in the densely loaded aggregates found in the SNC samples
(Fig. 2). Within a linear array, the centre-to-centre SPION
distance is ~3.72 £ 0.61 nm, but spacing between linear arrays
increases to ~7.29 £ 0.81 nm (two replicates, N > 100). This
internal ordering indicates a transition to a more structured
phase. Since TEM images are 2D projections of 3D objects, the
radial organization of SPIONs within these structures cannot be
fully evaluated. Furthermore, 2D projection effects may be
largely responsible for particle centre-to-centre distances that
are smaller than the diameter of individual SPIONS.

The presence of a magnetic field likely played a strong role
in aggregate formation. It has been established that field-
induced increases in SPION magnetic moment strength and

B | C
> 7
o 08
c 0.6 0.8
008 0.4
. 0.2 L 0F
0.6 % 50 100150200 "
L 62.4+27.0 nm
D04 256 +8.0nm 0.4
N oL
‘_EUO.Z- { 0.2
Z 0 40 80 120 160 200 0 1 2 3. 4 5 6 7 8 9
700 o Size (nm) Distance (nm)

Fig. 2 (A) TEM of nanocomposites produced at a SPION: polymer mole ratio = 1 in the absence of an applied magnetic field indicates three distinct
populations: densely loaded aggregates (grey circles), SPION-micelles (white circles), and empty micelles (small white spheres in background). Inset:
Magnified image of a densely loaded aggregate indicating some internal ordering (i.e., chaining) and tightly packed NP distribution, (B) size distribution of
the SPION nanocomposites synthesized in the absence of magnetic field (grey: entire population, black: densely loaded aggregates only). Inset: log-
normal size distribution for densely loaded aggregates, (C) the interparticle distances, d, for SPIONs encapsulated in densely loaded aggregates
synthesized in the absence of a magnetic field. The distribution has been normalized by the mode and presented as normalized frequency. The average
value for the 100 measurements made was d = 5.6 = 0.94 nm.

This journal is © The Royal Society of Chemistry 2024 Soft Matter, 2024, 20, 3732-3741 | 3735
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Fig. 3 (A) TEM of nanocomposites produced at a SPION: polymer mole ratio = 1 in the presence of a magnetic field shows two populations: densely
loaded aggregates (grey circles) and empty micelles (white circles). Inset: Magnified image of a densely loaded aggregate shows SPIONs are tightly
packed and are locally arranged in arrays, (B) size distribution of SPION nanocomposites synthesized in the presence of a magnetic field (grey: entire
population, black: densely loaded aggregates only). Inset: Densely loaded aggregates synthesized in the presence of a magnetic field appear to follow
Gaussian size distribution, (C) there are two characteristic interparticle distances for SPIONs in densely loaded aggregates synthesized in the presence of
a magnetic field. The grey bars correspond to the distances between particles within a particle chain. The black bars correspond to the distances between
particles in adjacent particle chains. Disordered particles were not considered in these measurements. Both distributions have been normalized to their

respective modes. The average value for the 100 measurements made was d = 3.72 & 0.61 nm and 7.28 + 0.81 nm, respectively.

Fig. 4

(A) TEM images of an example a SNC-St, with (B) increased ordering indicated by the formation of periodic linear arrays (yellow lines), (C) fast

Fourier transform (FFT) of (A). The diffraction spots (green arrow) and outer elliptical halo indicating directional semi-periodicity (yellow) in the FFT are
consistent with reports of short range order,* (D) FFT of a SNC shown in Fig. 2. No diffraction spots are observed in these samples.

alignment can trigger the formation of uniformly sized, linearly
aligned SPION arrays.>! During aggregation, SPIONs will spon-
taneously align their easy axes to minimize their free energy by
dipole coupling. These SPION arrays may then form densely
loaded aggregate through nucleation and growth mechanisms.
SPION arrays interact via strong dipole-dipole interactions that
are stronger than those of SPIONs not exposed to a magnetic
field. Array aggregation will depend on the competition
between dipole coupling within the existing aggregate and that
with the incoming SPION array, as aggregates will attempt to
minimize their overall free energy. To integrate a new SPION
array into the aggregate, SPIONs must either internally realign
their magnetic dipoles or physically arrange the incoming array
to minimize the resulting free energy. Beyond a limiting size,
strong internal dipole coupling within the existing densely
loaded aggregate may repel addition of new SPION arrays.
Additionally, steric limitations for SPION arrays magnetic field
much higher than those for individual SPIONs. Thus, the shift
from log normal to Gaussian size distribution and the increase

3736 | Soft Matter, 2024, 20, 3732-3741

in ordering in the presence of magnetic fields observed in
densely loaded aggregates may result from SPION arrays com-
prised of individual SPIONs aligning their magnetization with
the rotating magnetic field of the stir bar against thermal
fluctuations.

In addition to the application of a magnetic field during
synthesis, emulsion solutions also experienced increased and
longer mixing during the solvent evaporation phase resulting
from magnetic stirring compared to solutions that were left on
a rocker during the solvent evaporation phase. This may have
resulted in changes in emulsion droplet size, solvent evapora-
tion rates, and solvent concentration profiles. For example,
faster solvent evaporation should increase the formation of
non-equilibrium structures as a result of kinetic trapping.

Thus, magnetic forces combined with enhanced mixing
likely account for the statistically significant size increase
observed in the densely loaded aggregates associated with
SNC-Sts vs. SNCs, as aggregate growth is stabilized against
thermal fluctuations by magnetic forces. This phenomenon

This journal is © The Royal Society of Chemistry 2024
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has been previously observed in solution®” in the absence of
BCPs and may be augmented by short-range, attractive van der
Waals forces between NPs. Thus, the combination of the
attractive magnetic and van der Waals forces, aided by the
presence of BCP that serves as an entropic barrier to reconfi-
guration, likely stabilizes semi-ordered NP aggregates so that
structure is maintained even after the external magnetic field is
removed. In these structures the BCP may intercalate between
linear arrays as well as coating the surface of the aggregate and
intercalating within the first few NP layers. The preserved
internal structuring observed here is highly desirable because
increased ordering can lead to enhanced magnetism.*'

Effect of magnetic field exposure after SPION aggregate
synthesis

To determine whether transformation to more ordered struc-
tures can be induced post-synthesis, we exposed SNCs synthe-
sized in the absence of an external field to a permanent magnet
field (0 < magnetic field (Oe) < 5000) (Fig. S3, ESIi). Samples
in test tubes were placed on the surface of a permanent magnet
for 9 hours, giving rise to two experimental populations: a
sample of composites that accumulated near the magnet sur-
face (i.e., SNC-P) and composites remaining in the supernatant
(i.e., SNC-S) (Fig. 5). Because the magnetic field declines as 1/d*
(where d = separation distance),'” it is possible that particles in
the supernatant included larger aggregates that did not diffuse
sufficiently close enough to the magnet to be trapped or
aggregates less enriched in SPIONs, ie., empty micelles,
SPION-micelles with inherently lower loading, or less densely
loaded aggregates.>'

The percent of densely loaded aggregates and micelles (i.e.,
empty or SPION) and their sizes were quantified in both SNC-P
and SNC-S samples (Table 1). The percentage of densely loaded
aggregates in the SNC-P sample increased (39.5%) after mag-
netic exposure relative to the population prior to magnetic
exposure (8.5%) and the population in the SNC-S sample
(8.1%). With post-synthesis magnetic field exposure, densely
loaded aggregates displayed log normal size distributions with
mean sizes of ~50.2 + 21.0 nm and ~54.6 + 22.0 nm for the

Fig. 5 TEM of nanocomposites produced at a SPION: polymer mole
ratio = 1 in the absence of an applied magnetic field then separated
magnetically into (A) SNC-P and (B) SNC-S samples. Insets: Magnified
images of densely loaded aggregates show limited internal ordering (i.e.,
chaining) and tightly packed NPs.

This journal is © The Royal Society of Chemistry 2024
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SNC-P and SNC-S samples, respectively (Table 1). There was no
statistically significant difference in mean densely packed
aggregate size (significance level of o = 0.05) between the
SNC-P, SNC-S, and SNC samples. Furthermore, there was no
obvious difference in SPION arrangement within the densely
loaded structures in either magnetically treated sample relative
to the control. Thus, although magnetic field exposure post-
synthesis enriched the pellet with densely loaded aggregates, it
did not change mean size or visible internal ordering, unlike
magnetic field exposure during synthesis. As these structures
are derived from SNC samples not exposed to fields, BCP
arrangement is expected to be similar with hydrophobic chains
interacting with the NP aggregate surface and possible inter-
calating with selected NPs. Structures that appeared to have
‘fused’ via polymer bridges were occasionally seen in the SNC-P
samples, but not in control samples (Fig. S4 and S5, Supple-
mental Results and discussion, ESI%). Further investigation
necessary to determine the origin of these fused structures is
beyond the scope of this investigation.

The accumulation of more densely loaded aggregates in
SNC-P is consistent with the larger magnetic force experienced
by these nanocomposites compared to the smaller, individual
SPIONs or SPION micelles and the higher diffusivity of the
latter relative to the former. Previously, we have shown that
magnetic forces on the order of 0.1-0.2 pN are required to
capture similar nanocomposites®** and that neodymium mag-
nets can capture particles within ~2 pm of their surfaces.*®
The absence of significant size change in the pellet or super-
natant can be explained by structure stabilization engendered
by strong van der Waals forces, dipole-dipole interactions
between SPIONs, and entropic stabilization provided by the
BCPs. These results indicate that magnetic forces applied after
composite formation were not sufficient to break BCP entropic
barriers to change composite size, at least at the strengths
investigated here. Based on the test tube thickness and the
magnet employed, exposure resulted in a magnetic field gra-
dient of 2000 < magnetic field (Oe) < 5000 across the entire
sample (Fig. S3, ESIi), which would vary in the z dimension
during composite diffusion. Although the densely loaded aggre-
gate population in the SNC-P sample was enriched, the lack of
complete removal of densely loaded aggregates from the SNC-S
most likely resulted from field variation in the z dimension.
Additional research is needed to optimize the magnetic field
gradient, exposure time, and sample orientation for more
efficient size-based magnetic concentration.

Effect of magnetic field exposure on SPION ordering and
spacing®®

To confirm the impact of external magnetic fields on inter-
SPION distance and organization in densely loaded SPION-PS-
b-PEO aggregates, small angle X-ray scattering (SAXS) experi-
ments were performed. The spectra measured for SNC-St
samples were compared to those measured for SNC, SNC-P,
and SNC-S samples (Fig. 6). As in our earlier work, the spectra
have a strong feature near ¢ ~ 1.1 nm™ " - in this case a rather sharp
peak - that arises from the arrangement of the closely-packed,
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Fig. 6 (A) SAXS spectra of SPION aggregates stabilized by PS-b-PEO and

produced in the absence of a magnetic field: SNC (black), SNC-P (red) and
SNC-S (blue) after post-synthesis exposure to a magnet. (B) SAXS spectra
of SPION aggregates stabilized by PS-PEO and produced either in the
absence (SNC, black) or presence (SNC-St, red) of a magnetic field.

~5 nm particles within the densely loaded aggregates. The
increasing intensity at lower ¢ is associated with scattering
from the empty micelles, SPION micelles, and the aggregates
themselves.

All samples made in the absence of a magnetic field display
a peak at the same location, g = 1.10 A™, irrespective of
whether they were exposed to a magnetic field post-synthesis.
This value of g corresponds to a characteristic spacing d =
2n/q = 5.7 nm. Complementary TEM results yield an average
interparticle spacing of 5.61 £ 0.94 nm for these samples. The
latter value is in good agreement with the SAXS value. The full
width at half max (FWHM) of these peaks are all close to
~0.11 nm™ ", suggesting the interparticle distance does not
vary significantly in the particles that contribute to this peak.
SPIONs are coated with an oleic acid capping ligand with a
molecular size of ~2 nm, thus nanoparticles are likely not
directly touching in these samples.

In contrast, the SNC-St samples produced in the presence of
the magnetic field show a peak at a slightly lower value
g = 1.05 nm ™, corresponding to d = 5.98 nm. The full width
at half max of these peaks is ~0.10 nm . The increase in
distance observed in SAXS is consistent with the presence of a
longer spacing length scale observed between the adjacent
chains of aligned particles. Given the broad distribution of
particle spacings (Fig. 3C) and the presence of less well-
organized particles within the aggregates; however, it is not
surprising that we do not see two peaks - one corresponding to
each interparticle spacing observed in TEM. Finally, the SAXS
results confirm that the TEM images are representative of the
aggregates throughout the solution.

Effect of external magnetic fields on magnetic nanocomposites

To establish structure-property relationships between SPION
aggregates with and without magnetic field exposure, magne-
tization was studied as a function of temperature (zero field
cooled (ZFC) and field cooled (FC) curves) and externally
applied magnetic field (—10 kOe to +10 kOe) at temperatures
of 300 K and 5 K in a SQUID magnetometer. The magnetic
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behaviour of non-interacting SPIONs in zero applied field is
determined by the competition between two energy scales: the
anisotropy energy associated with the effective anisotropy field,
H.g, arising from a combination of shape anisotropy and
crystal-field (or spin-orbit) interactions within the SPION, and
thermal energy, kg7. When the anisotropy energy, given by
E, = mHe (where m is the magnetization of the SPION), is
much less than kpT, the magnetization of an individual SPION
fluctuates randomly in space, mimicking the behaviour of a
paramagnetic spin. This is typically referred to as the super-
paramagnetic regime. As temperature decreases, however, E,
will dominate, freezing the SPION magnetization into an
orientation determined by the magnetic anisotropy. This low
temperature regime is often referred to as the “ferromagnetic”
phase in the literature, and the transition temperature between
these two regimes, where E, = kg7, is known as the blocking
temperature,’” Tg. The coercive field (Hc) required to unblock
the thermally trapped SPIONs also depends on the temperature
in the same manner. We note that this low temperature regime
is distinct from the ferromagnetic phase transition governing
the magnetic ordering of spins within the SPION nanoparticle
that give rise to its overall magnetic moment, which is typically
over 500 °C.*®

However, when analysing SPIONSs in close proximity, such as
in densely loaded aggregates, dipole-dipole interactions (Eqq4)
become relevant. As a result, Ty is proportional to an additive
function of E, and Eqq, and Hc is also altered.® These dipole
interactions can align head-to-tail in-line or in vertical ferro-
magnetic (parallel) or anti-ferromagnetic (antiparallel) arrange-
ments (Fig. 7). Effective Eqq decreases (and free energy
increases) in the order of head-to-tail in-line > antiferromag-
netic > ferromagnetic orientation. Thus, head-to-tail in-line
orientation is energetically most-favoured during SPION assem-
bly in 1D, and results in the highest Tg. Similarly, effective E,
and therefore Hc for in-line or ferromagnetic orientations is
higher than that of antiferromagnetic orientations. However, in
a 3D cluster of SPIONSs, this relationship is much more
complex. Similar to Tp, Hc of the interacting system is
also influenced by the dipole coupling between SPIONs and
depends on the dipole-coupled shape anisotropy and volume.**
Thus, measurements of Ty and H can provide critical informa-
tion on the structure of magnetic field treated and untreated
densely loaded aggregates present in the SNCs, as well as
insights into their structure-property relationships.

High .
A In-line

Egq | Anti-ferromagnetic ““‘
2000

Ferromagnetic

Fig. 7 SPION dipole—dipole coupling arrangements available in 1D.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm00008k

Open Access Article. Published on 12 April 2024. Downloaded on 1/23/2025 7:57:04 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 2 Blocking temperature (Tg) and coercivity (Hc) of dispersed
SPIONs and densely loaded aggregates in the presence and absence of
a magnetic field®

Sample Ts (K) H¢ (Oe)
Dispersed, individual SPIONs 8 50
SNC 16 67
SNC-St 20 78
SNC-P 24 50
SNC-S 16 67

“ Normalized standard deviation of magnetic measurement fits are
reported in Table S1 (ESI).

We investigated the difference in magnetic properties of
dispersed SPIONs and SNC, SNC-St, SNC-P, and SNC-S samples
(Table 2 and Fig. S6-S11, ESI}). Individual SPIONs were dis-
persed in a PMMA matrix to prevent interactions during test-
ing. Dispersed SPIONs lack ordering and have the lowest Tg.
The SNC samples have increased ordering and dipole-dipole
interactions, and thus have a Ty double that of dispersed
SPIONs. SNC-St and SNC-P samples follow the same trend of
increased Ty with increased ordering. Interestingly, this trend
is not observed in the SNC-S sample, which exhibits the same
T as the SNC sample. The differences in Hc¢ are too small to
reveal statistically significant structural/magnetic insight for all
the samples.

Effect of magnetic field exposure on polymer properties

SQUID results suggest increased magnetism and dipole cou-
pling for samples exposed to magnetic fields either during or
post synthesis. Such dipole coupling has the potential to
disrupt polymer chain interactions, especially of glassy PS
blocks in the BCP. Stronger dipole coupling, such as that
observed in more aligned samples like the SNC-St, should exert

T,

)
S

e (
N
o

Fig. 8 Melting (T,) and glass transition (T,) temperatures for pure PS-PEO
polymer, SNC, SNC-P, SNC-S, SNC-St samples, and PS-PEO micelles.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Soft Matter

greater disruption on polymer networks and therefore the glass
transition temperature (T,). Thus, to evaluate the potential
influence of dipole coupling on polymer properties, we exam-
ined the T, of SNCs formed in the presence and absence of
fields and exposed to fields post-synthesis (Fig. 8 and Fig. 512,
ESI). All differential scanning calorimetry (DSC) thermograms
collected showed no evidence of hysteresis between replicate
runs, suggesting that the transitions are both reversible and
repeatable.

Pure PS-PEO polymer examined as a control exhibited a
melting transition at 53.4 °C, which was not observed in any of
the SNC samples tested. SPION nanocomposites yielded glass
transitions even with relatively slow rates of cooling, suggesting
easy supercooling. The SNC sample displayed a T, of 27.4 °C,
whereas the SNC-P and SNC-S samples show T, values of 27.4
and 26.7 °C, respectively. Since these values are largely
unchanged from the SNC sample, it is likely that magnetic
exposure post-synthesis does not produce a systematic change
in polymer chain interactions. The SNC-St sample exhibited a
Ty of 8.6 °C, a marked decrease of nearly 20 degrees from the
other SNC samples investigated. Glass transitions are directly
dependent on dynamic intermolecular forces, so a sharp
decrease in T, suggests that changes introduced into the
structure of SNC-St either reduce the overall intermolecular
force strength or increase the free volume of the system.
Increased ordering seen in TEM can cause a decrease van der
Waals forces, leading to the noticeable decrease in T,. Similarly,
when a sample of pure micelle structures with no SPIONs is
tested, there is an increase in T, (up to 40.9 °C) suggesting the
opposite is happening. This is likely results from the lack of
SPION encapsulation changing the packing and volume frac-
tions. The observation of a single T, suggests that the BCPs
behave as statistical polymers in this confinement regime. If
the different polymer domains were still distinct, we would
expect the T, to be around —55 °C (Lindeman’s criterion
verified by experiments of confined PEO, e.g., in ref. 40), which
is not the case. These data suggest the possibility of single
chain confinement between nanoparticles and nanoparticle
arrays.

Conclusions

This work examines the role of magnetic field on ordering,
magnetic properties, and structural properties of polymer
stabilized SPION aggregates synthesized by the interfacial
instability method. Magnetic field application was shown to
induce magnetic ordering and structural changes through a
combination of TEM, SAXS, SQUID, and DSC measurements.
Specifically, semi-periodic ordering of SPIONs with transforma-
tion to larger aggregate sizes, higher magnetic response, and
lower T, was observed in SNC-St samples, whereas magnetic
response enhancement with undetectable structural change was
observed in SNC-P samples. These data show that magnetic field
application can alter the magnetic properties of the aggregate,
which could directly impact their efficacy in magnetic cell sorting
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or magnetic resonance imaging applications. Additionally, our
T, observations combined with SAXS data suggest that BCP
blocks are confined between NPs and NP arrays, behaving as
statistical polymers, which may afford opportunities to study
and alter single chain dynamics.

Although modifications in morphology and structure have
previously been achieved by changing reaction conditions, such
as using different stabilizing polymer compositions®' or
concentrations,”® these methods are severely limited in con-
trolling magnetic order in colloidal SPION aggregates. The use
of magnetic fields provides a unique opportunity to manipulate
magnetic structure, in addition to physical structure, of densely
loaded aggregates that could potentially be applied to compo-
sites of differing composition. Further, diverse structural and
magnetic modifications can be achieved, depending on the
timing of magnetic field application (ie., during or after
synthesis), enabling experimental exploration of super-
ferromagnetic and spin-glass phases of SPION assemblies. As
a result, this technique offers enhanced capability to tailor 3D
SPION aggregate structure and properties, by employing inher-
ent properties of SPION constituents. As such, this approach
could enable SPION aggregates to be harnessed for applications
in targeted hyperthermia, separations, magnetic resonance
imaging, or photonics.
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