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ABSTRACT

Magnetic nanoparticles, and in particular iron oxide nanoparticles (mainly magnetite and
maghemite), are being widely used in the form of aqueous colloids for biomedical applications.
In such colloids, nanoparticles tend to form assemblies, either aggregates, if, the union is
permanent, or agglomerates, if it is reversible. These clustering processes\ have a strong impact
on the magnetic nanoparticles properties that are often not well understood.

In this review, the causes and consequences of ' magnetic nanoparticles
aggregation/agglomeration are reviewed and discussed. Special attention has been paid to the
impact of the magnetic nanoparticles aggregation/agglomeration on their magnetic properties and

%
heating properties, when exposed to an alternating’ magnetic field in the frame of magnetic
hyperthermia.

In addition, a model system with magnetic,nanoparticles of two different sizes coated with
three different molecules (oleic acid, mese-2,3-dimercaptosuccinic acid and poly(maleic

anhydride-alt-1-octadecene) has been characterised and the results used to support the ideas

reviewed. N
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1. Introduction

Magnetic nanoparticles (MNPs) are among the most interesting and promising materialsin the
field of nanoscience, with some examples already in the market and other applications”being
investigated in different fields like biomedicine, catalysis, environment, data storage, sensing,
rheology or magnetic inks."*® From all the possible different miagnetic .materials, those
composed by magnetic iron oxides (mainly magnetite and maghemite) are-especially relevant for
the development of biomedical applications. This fact is a direct eonsequence of the existence of
metabolic pathways able to transform the iron released fromthe particles into safe forms that can
be further used by the organism.* Hence, iron oxide MINPs have.been able to reach the clinical
practice through approval by regulatory agencies; such»as ¢|e Food and Drug Administration
(FDA) of the USA.=> The magnetic propefties of these particles have allowed them to play a
fundamental role in several biomedical applications. Among others, they are being studied as
carriers in drug delivery systems, heat generators for cancer treatment by magnetic hyperthermia

and contrast agents for magnetic resonance imaging (MRI).

These nanoparticles are generaj\ly used in the form of colloids, also termed dispersions (or sols
for solid-liquid systems), .that consist on particles with sizes between 1 and 1000 nm
homogenously dispersedin.a liquid medium whose properties depend on the size, shape, surface
charge, conformational properties and interaction forces.® For particulate systems in which the
size exceeds A umdt is.usual to refer to them as suspensions, though the two terms are often used
interchangeably. Insthe absence of specific coatings, MNPs that form part of a colloid tend to
gather forming groups of several magnetic cores generally called aggregates or agglomerates
(Fig. 1).” These assemblies of MNPs may be caused by either strong or weak physical

interactions. In the former case, the magnetic cores will remain together permanently forming
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aggregates, while in the second case, reversible processes may occur forming: alterable
agglomerates. These processes generally lead to a mixture of isolated nanoparticles and

nanoclusters composed of a variable number of MNPs.

Figure 1. Schematic representation of the formation of the aggregation and agglomeration

processes of MNPs in colloidal suspensions:

The clustering process is frequent.and very often unavoidable when nanoparticles are dispersed
in a liquid phase,®® whether if pre-synthesized hydrophobic MNPs are transferred to water or if
they are directly obtained' into E for example by co-precipitation or hydrothermal synthesis.
Moreover, although MNPs water phase stabilization is a necessary step, frequently it is not
sufficient for providing MNPs stability in biological media. In fact, application of MNPs in
biomedicine generally requires their contact with biological environments such as serum, blood
or other physiological fluids, which are known to be extremely complex systems. These
interactions of MNPs with components of biological system result in the formation of the so-
called “biomolecule corona”, of which protein corona (PC) is the one that has been mostly

studied. Currently, it is accepted that PC formation is inevitable and that almost all MNPs once

it contact with biological milieu will adsorb in some degree proteins.’® Hence, MNPs acquire a
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new identity with altered size, aggregation state and interfacial properties, among others."* In
most cases, the properties of these MNPs will significantly differ from the original ones.*2\lt is
widely known that the adsorbed PC can alter the colloidal stability of the MNPs,"* and that the
size and morphology of the aggregates can strongly affect MNPs interaction with célls.** The
composition of the PC can also drive the cellular internalization, the MNPs fatei@and modulate the
toxicity.™*® To diminish the adsorption of PC and the agglomeration-of-the MNPs, these are
generally modified with polymers such as poly (ethylene glycol) (PEG) that provides steric
hindrance.

Colloidal stability is governed by the balance between attractivesinteractions (magnetic, dipolar
and Van der Walls) and repulsive interactions (electrostatic and steric), which can change with
shifts in pH, ionic strength or ¢ medium * composition. In order to prevent
agglomeration/aggregation, MNPs need to be stabilized either by electrostatic or by steric
repulsion. If the MNPs are electrostatically stabilized, repulsive forces originating from MNPs
with likewise charge on the surface disperse them in an aqueous solution. Salt can screen the
charge of the MNPs, allowing ‘attractive forces between MNPs to prevail, ultimately leading to
instability and aggIomeration/ag;regation.17’18 Steric stabilization can be achieved by attaching
macromolecules to the surface of'the MNPs, such as dextran, poly (vinyl alcohol) or PEG among

19,20

others. This stabilization‘is.less sensitive to the presence of salts,”™“" which is an advantage in the

case of biomedical applications where MNPs can be in contact with complex media as blood or

in intracellularenvironments.?!?2

Theraggregation/agglomeration of MNPs has a strong impact on the properties of the particles.
For example, in the case of multi-core particles, where several magnetic cores are assembled

forming a defined structure, the separation between cores will strongly affect the magnetic
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interactions among them and therefore have a strong influence on the magnetic behaviour.of the
whole particle. There are other factors that influence the properties of MNPs and. their potential
use in many applications, such as their composition, shape and sizeddistribution, but
aggregation/agglomeration is particularly difficult to study, sometimes overlooked, and still not
well understood.

This  topical review aims at describing the interrelationship between the
aggregation/agglomeration and the magnetic properties of iron oxide MINPs. Special attention is
also paid to the consequences of aggregation/agglomeration in the frame of magnetic
hyperthermia studies. In many cases, contradictory results are found in the literature as a result of
the multitude of parameters that affect the magnetic properties of a given set of MNPs and the
little attention being paid to standardization in the synthesis and characterisation. Therefore, in
this review, in addition to a critical summary. of already published results on the impact of
aggregation/agglomeration on the magnetic and heating properties of nanoparticles, a model
system has been prepared and characterized for comparison with the already existing data. Our
model system is based on MNPs of ‘different sizes (14 and 22 nm) coated with different
molecules. Particles with very na\rrow size distributions have been prepared by the same thermal
decomposition method and with'the same reactants and solvent, only differing in the temperature
ramp, thus avoiding biased results due to different synthetic procedures. The as-prepared oleic
acid coated MINPs (NP14ole, NP22ole) are hydrophobic and their surface has been modified to
transfer them to water. For this purpose, two coatings, that are known by their extended use in
biomedical applications have been chosen.2*#4%2627 Meso-2,3-dimercaptosuccinic acid (DMSA)
has been used to prepare samples NP14DMSA and NP22DMSA; and poly(maleic anhydride-alt-

1-octadecene) (PMAO) has been used to prepare samples NP14PMAO and NP22PMAO. It is
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especially interesting that for each core size, the same batch of nanoparticles has been‘employed

for all the coatings (Fig. 2). Along this work, we have also discussed one of the main problems

oNOYTULT D WN =

that the research community working on MNPs for magnetic hyperthermia isfacing, the lack of
10 standardization procedures that allow an easy comparison of the results. between different

research groups.

Figure 2. Simplifiedschart on.the synthesis of the nanoparticles studied with the labels employed

44 in this work.
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2. MNPs coating: effect on the aggregation

To stabilize the MNPs against agglomeration/aggregation and to provide biocompatibility,
MNPs are coated with different molecules either during the synthesis (in situ). or in‘a different
step after the synthesis.”®*® Small molecules or polymeric protective ligands such'as DMSA,
dextran, chitosan, PEG, poly(lactic-co-glycolic acid) (PLGA), are used/to interact with the MNPs
and reduce the interparticle surface interactions.*® Generally, MNPs madified with longer or

bulkier ligands are more resistant to agglomeration than those madified with small ligands.

When the initial MNPs are hydrophobic, as those synthesized by.thermal decomposition, two
general approaches to render the MNPs hydrophilic are most frequently used. The first approach
is the exchange of the surfactant (i.e. oleic acid) with another ligand molecule, that carries a
functional group reactive toward the MNPs surface in“one end, and in the other a hydrophilic
group.*? The alternative approach issthe addition of an amphiphilic ligand with one end being
hydrophobic that will interact by hydrophebic interactions with the initial ligand that covers the
surface of the MNPs; this way, the hydrophilic tail remains exposed into the aqueous solution,

conferring hydrophilicity and sta@ity (Fig. 3).
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34 Figure 3. The most commonly used approaches to render MNPs hydrophilic. (up) Ligand
36 exchange where hydrophobic suifactant molecules are replaced by molecules with hydrophilic
38 groups. (down) Ligand addition where hydrophobic end of an amphiphilic ligand (e.g. polymer)
intercalates in the hydrophobic molecules of the surfactant that covers NP and the hydrophilic

43 part is exposed outside.

In the first approach, the binding ability of the ligand to the MNPs surface is crucial to ensure a
52 stable dispersion. Typically, hydrophilic ligands with the anchoring groups such as dopamine (or

54 its derivatives),*! carboxylic acids,* phosphine oxides,* or amines* are employed as they
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generally have a good affinity for iron oxide surface. For example, PEG-derived phosphine oxide
(PO-PEG) ligand has been demonstrated to displace oleic acid ligands in the MNPs synthesized
by thermal decomposition, obtaining water-dispersible MNPs.= Similarly, DMSA forms a stable
coating with the particles surface through its carboxylic chelate bonding. Further stabilization
comes from the ligand cross-linking, by forming intermolecular disulphide cross-linkages among
the bonded DMSA.** This method renders MNPs with relativély low=aggregation, and the
hydrodynamic size can be almost unaltered if the ligand is small. One disadvantage is the
possibility of agglomeration if the ligand bears other functional groups that can crosslink with

those of other MNPs.

The second approach to modify hydrophobic MNPs'is by ;ddition of an intercalating ligand;
PEGylated phospholipids and amphiphilic “pelymers (i.e. poly (maleic anhydride-alt-1-
octadecene, PMAO) are widely used assMNPs stabilizers.®*® During the coating process, if the
parameters are finely tuned, the agglomeration is almost avoided,*® although the hydrodynamic

size is increased.

We have used our model systea to study the influence of coating on the aggregation of the
material. For this purpose, particles with two different sizes (14 and 22 nm) coated with three
different molecules have been selected (Fig. 2). Aggregation has been evaluated measuring the
hydrodynamic.diameter_(Dryq) by dynamic light scattering (DLS) of the as-prepared oleic acid
coated MNPs, together with the same particles after surface modification with either DMSA or
PMAO /(Table 1, Fig. 4). Core sizes have also been measured by TEM (Dtenm) for comparison
with the hydrodynamic diameters (Table 1, Fig 5). In most cases, a monomodal distribution in

intensityshas been obtained in the Dpyq.

10
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Sample DT(En“ﬁnl;(s'd' D(';;ﬁ,’])?bql
NP14ole 14+1 15, 0.15
NP14DMSA 14+1 28,0.17
NP14PMAO 14+1 46, 0.27
NP220le 22+3 101, 0.17
NP22DMSA 22+3 101, 0.14
NP22PMAO 22+3 137,042 ~

Table 1. Sizes of the samples ® Mean core size measured by TEM and standard deviation,

aggregate size as Dnyq, (Z-average) measured by DLS and polidispersity index (Pdl).

MNPs coated with oleic acid and dispersed in hexane{NP14ole) exhibit a Dnyq of 15 nm, almost
the same as the inorganic core size measured by TEMy which means that there is no
aggregation/agglomeration, or it is negligible;.and thessample consists of single-core particles.
However, 14 nm MNPs coated with DMSA (NP14DMSA) or PMAO (NP14PMAOQO) in water
are slightly aggregated and the polidispersity index and the intensity vs. size curve of
NP14PMAO suggest a non-modal, distribution with a slightly larger aggregate size than

NP14DMSA (Fig. 4, left).
~

The larger 22 nm-core /MNPS display very close values of Dnyg independently of the coating,
slightly higher with-.PMAQO, again (Fig. 4, right). These results indicate that the initial stock
dispersion of oleic-coated MNPs is already aggregated and that the subsequent processes of
ligand exchange or polymer.encapsulation are not reducing the size of the aggregates. The reason
for this may lie in"the bigger particle size that enhances the interactions among particles already
withethe “initial oleic acid coating. Thus, the coating procedure occurs around the initial

aggregates.

11
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Figure 4. Hydrodynamic size distributions as a function of the

core size of 14 (left) and 22 nm (right).
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Figure 5. Selected TEM micrographs of the MNPs with core sizes of 14 nm (upper row) and 22
nm (lower row) coated, from left to right, with oleic acid, PMAO and DMSA. All images are at

the same scale.

TEM results are qualitatively consistent with DLS measurements of aggregate size: isolated
MNPs are observed in the NP14ole sample, while all the other:sampleséshow some degree of
aggregation. In samples NP14DMSA and NP14PMAO, isolated particles (around 4 % in both
cases, as estimated from the TEM micrographs of Figure 6 and Section S1 of the supporting
information) can be observed together with small aggregates formed by 2 or 3 particles and
larger ones of around 100 nm that contain:dozens of them. NP22ole sample, not subjected to
surface modification, is already aggregated, in agreement with DLS results. NP22DMSA and
NP22PMAO show similar aspects withieven larger aggregates in the upper limit and a lower
proportion of isolated particles than in the 14 nm samples (around 3 % in NP22DMSA and 1 %
in NP22PMAO, as estimated from the TEM micrographs of Figure 3 and Section S1 of the

supporting information).

In the TEM micrographs of the DMSA and PMAO samples the organic coating can be observed
as a continuouslayer covering the aggregates (Fig. 6), reinforcing the idea that during the
process of transference to. water aggregates, and not agglomerates, are formed. An interesting
point about this ebservation is that the contribution of the organic coating to the size of the
aggregate is relatively small if compared to the contribution of the core sizes forming it (see Fig.
6 and supplementary Section S1.3 and S1.4), even when considering non-aggregated particles.

This is a very important feature to keep in mind when interpreting Dnyq values obtained by DLS

13
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or other means, because very often Dyyq values are used to deduce the thickness of the ceating
(subtracting TEM sizes from them). Our results show that aggregation is a plausible cause of the

size increase that must be considered.

Comparing PMAO with DMSA for the 14 nm MNPs it seems that distances between individual

MNPs within the aggregates are longer with the polymer (ca. 5 nm),than with DMSA (ca. 1.5
~

nm), as can be appreciated in Figure 6 and supplementary sections,S1.1 and S1.2. By contrast,

for the 22 nm MNPs the distance between individual MNPs in aggregates with both coatings

seems to be very similar (Fig. 6).

14
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Figure 6. Selected TEM micrographs of the nanoparticles with core sizes of 14 nm (upper.row)
and 22 nm (lower row) coated with PMAO and DMSA. Organic coating can be observed with a
light grey contrast around and between the darker iron oxide cores. All images.are at the same

scale.

Therefore, it can be concluded that when MNPs with the same core and even from the same
~
batch are subjected to surface modification procedures, the MNPs.may form aggregates with

different sizes and arrangements.

3. Magnetic interactions and their impact on the.magnetic properties of the colloids
%

In addition to the previously described forces among particles forming a colloid (electrostatic,
Van der Waals, etc.), the case of MNPs stands out because of the existence of additional forces
among the particles that appear as'a consequence of their magnetic properties (Fig. 7). In
particular dipole—dipole interactions or exchange interactions are favoured by aggregation or
agglomeration processes and have a strong impact on the collective magnetic properties of the
materials. Therefore, when interparticle distances decrease, these two types of interactions may
appear resulting in the alteration of the magnetic properties when compared to a non-interacting

system.

15
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Figure 7. Schematic representation of the two types of magnetic interactions that occur among

MNPs (Left) short-range exchange interactions and (Right) Long-range dipolar interactions.

Dipole-dipole interactions are long-range. interactions whose strength depends on the
interparticle distances. As a result of aggregation processes, these distances degrease, dipolar
interactions increase and a colléctive magneticistate is formed. Depending on the orientation of
the particles forming the aggregate/agglomerate, either random orientation or with alignment of
the magnetic moments (e.g. forﬁ'ring chains), the collective properties of the material may be

significantly different.’’

In particular, it has been shown that increasing dipole-dipole interactions can have a significant
influence on DC (direct'current) measurements, resulting on a change of the hysteresis loop, that
depends on:the hanoparticles arrangement (Fig. 8),%% and a shift of the ZFC (Zero Field Cooled)
maximum. towards higher temperatures when compared to non-interacting materials.*® A similar
displacement of the blocking temperature appears also on AC (Alternating Current)

measurements of interacting nanoparticles (Fig. 8).%°

16
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46 Fig. 8. (A) Field. dependent magnetization curves corresponding to different spatial
48 arrangements (bidimensional chain, hexagonal lattice, and ring; 3D cube) of the same amount of
50 particles, N.= 8; and for the easy anisotropy axes randomly distributed into a cone of angle a =
90°..The black line stands for the case of noninteracting particles. Reprinted with permission

55 from_ref. 38b. (B and C) Temperature dependence of the (B) In phase and (C) Out-of-phase

17
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susceptibility at different frequencies ranging from 15 Hz to 10 kHz for noninteracting.(open
symbols) and interacting (solid symbols) y -Fe,Os; nanoparticles. Reprinted  Figure with

permission from ref. 40Db.

Exchange interactions involve the coupling of the magnetic moments.from two neighbour
atoms in a quantum mechanical way, forcing their magnetic moments to align either in a parallel
or antiparallel way. This type of interactions is especially relevant in the case of multi-core
particles prepared directly with a controlled aggregation of thecores forming nanoflowers.** In
these materials, there is a crystal continuity at the core ingerfaces that allows a cooperative
behaviour due to exchange interactions between the cores,/ resulting in an enhanced susceptibility
while maintaining superparamagnetic behaviour.** Exchange interactions are also responsible for
the displacement of the blocking temperature in‘eomparison with non-interacting nanoparticles.*®
Interestingly, it has been reported.that the same MNPs without coating or coated with DMSA
present very different aggregation with small differences in DC magnetization measurements in
solid state, but largely different magnetic moments when they are measured in liquid dispersion
through a method relating the:magnetic force and the movement of a droplet under a magnetic

field gradient.*

In conclusion, magnetic interactions between particles become a critical factor that affects the
magnetic/properties<of the materials and, thus, the applications of MNPs.***® This is especially
relevant in.the case of biomedical applications where particles may end up enclosed in cellular
endosomes where they are highly concentrated, and therefore the magnetic interactions between

them become very strong.

18
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To study only the influence of coating on the aggregation and therefore the magnetic‘properties
of the material, particles with two different sizes (14 and 22 nm) and three coatings (ole, DMSA
and PMAOQ) from our model systems (Fig. 1) were magnetically characterized. The ‘magnetic
properties have been measured on highly diluted samples, so agglomeration due to concentration
was avoided. All the samples display superparamagnetic behavior (Fig. 9) at reom temperature
and similar coercivity at 5 K (NP14ole: 430 Oe; NP14DMSA: 345 Og; NP14PMAOQ: 375 Oe;
NP220le: 330 Oe; NP22DMSA: 315 Oe; NP22PMAO: 330 Oe). Field dependent magnetization,
M(H), curves at 5 K and room temperature do not show any variation due to the coating (Fig. 9).
Mass susceptibilities calculated from the M(H) curvesare slightlyslarger with PMAO and DMSA
than with oleic acid, for a given core size (Table/2) indicating collective behavior for particles
within the aggregates and that PMAO and DMSA coated particles within the aggregate are in

closer contact.

samplely, | ymess (Mkg™)® (T}E')?éi (104§??ﬁa)<c>
NP14ole 0.0008 190 4.6
NP14DMSA. 0.0014 210 5.0
NP14PMAO 0.0014 220 5.3
NP220le 0.0004 n.d. n.d.
NP22DMSA 0.0021 n.d. n.d.
NP22PMAO 0.0022 n.d. n.d.

Table 2. Maghetic properties of the samples: @ mass susceptibility (ymass) obtained from the
slopes of the, M(H) curves measured by VSM, ® blocking temperature (Tgpc) as the maximum of
the ZFG curves imeasured by VSM, © anisotropy constant (Kanis) estimated from Tgpc values
through the expression Kanis = 25 ky Tgpc / V (ks = Boltzmann constant, V = volume of the

particle assuming spherical shape).

19
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N

Figure 9. Field dependent magnetization at 5 K and room temperature (r.t.) of the 14 nm (up)
and 22 nm (down) MNPs coated with oleic acid (blue), PMAO (black) and DMSA (red). For a

given size, there are no apparent differences between particles with different coatings.

From_Zero-field-cooled (ZFC) and field-cooled (FC) measurements of Figure 10, higher
blocking temperatures (Tg) are observed for the larger aggregate sizes determined by DLS,

following the trend NP14PMAO (220 K)> NP14DMSA (210 K) > NP14ole (190 K). These

20
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results are also consistent with TEM observations and the mass susceptibilities calculated, from

the M(H) loops (NP14PMAO = NP14DMSA > NP14ole) (Table 2). These data.agree with the

oNOYTULT D WN =

expected tendency of shifting Tg to higher temperatures with increasing dipole interactions
10 mentioned before.*’ It has not been possible to determine the blocking temperature of the 22 nm

particles from the ZFC/FC curves as their maximum is out of the measured temperature range.

15 .

Figure 10. ZFEC/FC of the 14 nm (left) and 22 (right) samples. From top to bottom: oleic, PMAO
49 and DMSA coatings. Blocking temperatures (Tg, as the maximum of the ZFC curve, indicated
51 with an arrow) change with aggregate size, in the 14 nm MNPs following the trend: NP14ole <
>3 NP14DMSA < NP14PMAO. Blocking temperature is not reached at T < 300 K in the 22 nm

56 MNPs.

21
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In AC magnetic susceptibility measurements, the smaller particles (14 nm), presented @ in,phase
susceptibility (x’) maximum, accompanied by an out-of-phase susceptibility (x’”) maximum at
slightly lower temperatures, indicative of a magnetic relaxation phenomenon of ‘magnetic
blocking of superparamagnetic particles. The temperature dependence of the out-of-phase
susceptibility, ¢’’(T), becomes zero at 300 K for particles with both coatings, indicating that
these samples are superparamagnetic at room temperature (FigureA1). As'tn the ZFC/FC curves,
the complete maximum, associated to the magnetic relaxation phenemenon, was not observed for
the larger particles (22 nm), having a positive value for the out-of-phase susceptibility at 300 K

(Figure 11).

Figure 11. Temperature, dependence of the out-of-phase susceptibility (y’’) scaled to its

maximum;

22

Page 22 of 42



Page 23 of 42

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-119885.R1

The y’* (T) profile can be interpreted as a measure of the interaction degree, because all the
particles would have the same particle size distribution and effective anisotropy.. In the case of
NP14DMSA and NP14PMAO, diluted in agar to diminish the degree of magnetic interactions
between aggregates, the ’’(T) maxima are located T = 70 K and 100 K, respectively (Figure 11).
These results indicate that for this specific core size, PMAOQO particles show athigher degree of
dipolar interactions among the cores. These results show a good correlation with the DLS
analysis showing larger aggregate sizes with PMAO than with DMSA. The strength of magnetic
interactions is influenced by the number of particles into the aggregates, the number of particles
close enough to interact: therefore larger aggregates have more MNPs closer, so magnetic

interactions are stronger. IS

From the results of our model systems, it can be.concluded that in this case, with the relatively
small clusters studied in this work (average size < 200 nm), small differences in aggregation
cause differences in magnetic, properties such as AC susceptibility, coercivity or blocking

temperatures.

4. The case of magnetic hyperthermia: effect of the aggregation on the heating properties

MNPs are being used.in the frame of localized cancer treatment given their capacity to produce
heat under the exposure of an alternating magnetic field (AMF). MNPs localized in the tumour
area.are able to induce cell death or alter the growth and differentiation of the cancer cells

through the increase of the local temperature.

23
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The heat generated by MNPs under AMF is influenced by different parameters such as the size,
shape, crystal structure, saturation magnetization, and magnetic susceptibility. In addition, it has
been largely demonstrated that magnetic heating is affected by particle distribution, coating,
surrounding environment, confinement or aggregation, among other factors that can affect
magnetic relaxation processes and, therefore, heating capabilities.*® Therefore it is important to
know the effect of aggregation or agglomeration processes that affect the-heating properties of
the materials. However, only relative few studies have investigated.the clustering effects and the
formation of particle arrangements of defined geometries that may take place when the colloid is

under the action of a magnetic field.*®

The effect of clustering on magnetic properties ‘due‘to surf;ce modification has been studied
comparing hydrophobic MNPs as directly obtained by the thermal decomposition method with
the same MNPs after water transfer with. DMSA. In all cases, nanoclustering of MNPs with
randomly oriented easy axes affects the blocking temperature and is detrimental to their heating
ability (evaluated through the specific.absorption rate, SAR, of the nanoparticles).”® Magnetic
interactions have been studied:changing the concentration of MNPs in liquid or gel dispersions.
An increase in concentration/causes a reduction of the average inter-particle or inter-aggregate
distance and previously reported examples have shown a non-monotonic dependence of the
heating ability awith concentration, attributed to the influences of the effective magnetic
anisotropy and dipolar interactions.”® Experimental evidences and Monte Carlo modeling have
also revealed the effects of the concentration on the magnetic susceptibility and hysteresis losses
of ferromagnetic particles, thus implying a considerable reduction in specific heating power

because of the interparticle aggregation with the concentration.=*
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The evolution of SAR with the formation of particle arrangements of defined geometries has
been analyzed for special arrangement of nanocubes, formed by single nanocubes, dimers,
trimers and centrosymmetric clusters.”® The controlled clustering occurred4during the. water
transfer of iron oxide nanocubes (IONCs) in the presence of the amphiphilic poly(maleic
anhydride). The anisotropic structures formed with two and three IONCs shawed higher SAR
values than the individual nanoparticles and centrosymmetric cluster..The responsible of this
increment in SAR value is in fact, not the variation of the Ms observed,-but rather the magnetic
dipolar effect induced by the specific arrangement of nanocubes into dimers, trimers and
centrosymmetric clusters. Similar findings have been obtained, comparing the effect of the
formation of different geometric arrangements in the magnetie hyperthermia properties.> MNPs
where embedded in silica nanoworms (1D arrangement).and encapsulated 2D polymer spheres of
PLGA. The improved SAR behavior was obtained for. 1D nanoworms and 2D polymer spherical

arrangement compared to that of single particles and randomly agglomerates of MNPs.

In the same way, chain like arrangement driven by anisotropic interactions of MNPs when
aligned with the magnetic field,swas reported to improve SAR values in comparison with the
randomly distributed system.=® Experimental calorimetric measurements on 44 nm ferromagnetic
spherical magnetite nanoparticles forming long chain configuration in high agar viscosity media
oriented by a magnetic field revealed that the area of the hysteresis loops increases with the
length of the chain because of the preferential orientation along the chain due to dipolar
coupling: After some length (around 8 particles) further chain growth do not show heating
performance. improvement. This model also showed how centrosymmetric assemblies composed
of ‘eight nanoparticles renders smaller hysteresis loops in comparison with the chain like

configuration. A qualitatively similar enhancement in SAR values was observed when magnetic
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nanospheres of 200 nm were aligned and immobilized in a hydrogel.*® In that case, heating was
higher when the alternating magnetic field was parallel to the nanosphere alignment than
perpendicular to it and, in both cases, higher than with non-aligned nanospheres. Experiments
with layer-by-layer two-dimensional assemblies of 12 nm maghemite nanoparticles suggest that
energy flux density vector is playing an important role in the observed behaviour with assembled

MNPs and oriented alternating magnetic fields.** ~

Finally, the influence of agglomeration on magnetic properties and heating efficiency have been
studied through changes in the pH or the salt content ofithe medium, which affects the colloidal
stability of nanoparticle dispersions and can be controlled, to some extent, in order to prepare

>
54" Inter- (long distance) and intra-aggregate (short

agglomerates of defined average sizes.
distance) interactions resulted in magnetizingrand demagnetizing effects, respectively and
consequently, the heat dissipation pewersunder AMF strongly reflects such different interacting

phenomena. In fact, the increase in aggregate size leads to a progressive reduction of SAR values

related to demagnetizing effectsmediated by intra-aggregate dipolar interactions."

The heating properties of the 14\and 22 nm nanoparticles coated with either DMSA and PMAO
(Fig. 1) from our model systemsshave been measured. An AMF (f = 838 kHz, H = 20.05 kA/m)
and a concentration of 0.5.mg/mL have been used. This concentration was chosen as it has been
discussed that antincrease.0f the concentration can lead to an increase of interparticle interactions
and a decrease.in SAR values.”® The 14 nm nanoparticles, either coated with PMAO and DMSA,
present the same SAR values (20 W/g). This indicates that neither the coating nor the differences
that it causes in the magnetic properties have a noticeable effect on the heating capabilities of the
nanoparticles with the smaller cores of around 14 nm. Different results have been published by

Coral et al. for MNPs with 10 nm and 18 nm of core size and with larger aggregate sizes and

26

Page 26 of 42



Page 27 of 42

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-119885.R1

lower SAR values after the particles were coated with DMSA.*® The reason for the different
relationship between aggregate sizes and SAR values observed in those warks (inverse
correlation) and in our case for the 14 nm MNPs (no correlation) may lie in the.different applied
field conditions (H = 15.4 kA/m and f = 435 kHz in Ludwig et al.;*® 52.0kA/m and 260 kHz or
35.6 kA/m and 145 kHz in Coral et al.=) compared with the present wark (H =20.05 kA/m and f
= 838 kHz) or in the concentration used during the SAR measurements, that were much more
diluted in our case (0.5 mg of Fe per mL for more than 3 mg of Feper mi in the case of Coral et
al.) to avoid inter-aggregate interactions. Nevertheless, although with the present data this issue
cannot be unambiguously clarified, a more plausible reason is thatthe alternating field amplitude
used, 20.05 kA/m, is enough to cause a maximum in the hysteresis cycle M(H) in both cases. It is
known that the heating takes place when<the alternating field conditions can turn the initially
reversible M(H) superparamagnetic behavior 1o, an irreversible hysteretic one, and that the SAR
value obtained is proportional to the hysteresis area. Given that aggregate sizes of NP14DMSA
and NP14PMAO, even if different, are both very small (28 and 46 nm, respectively), it is
possible that the field amplitude used exceeds the amplitude needed to reach the maximum in

N
both cases.

For the particles with.the larger.core size (22 nm), the SAR value obtained with the NP22PMAO
coating (175 W/g) is smaller than for the NP22DMSA (221 W/g Fe) which means that, under the
AMF conditions useddere; the slightly lower aggregate size in NP22DMSA (101 nm) compared
with NP22PMAO™(137 nm) has an impact on the SAR value. The dipolar interactions in the
aggregates of 22 nm nanoparticles are detrimental for the heating abilities of the particles and are
arguably more important in the system with the larger aggregate size. In contrast with 14 nm

MNRPs, the inverse correlation between aggregate sizes and SAR values observed with the 22 nm
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cores is consistent with the previous report by Coral et al.,» comparing oleic-coated MNPs and
the same particles after ligand exchange with DMSA. Other authors compared, particles with
magnetic cores obtained from the same synthesis that were further coated with three different
phosphorylated PEG coatings. Those three coatings yielded MNPs with different hydrodynamic
sizes that were inversely correlated to the SAR values as well.>” Although those results also
concur with our observation for the 22 nm MNPs, in that work the very-plausible relationship of
the measured hydrodynamic size and the degree of aggregation,was.not considered and the
differences of SAR values were explained as due to an inhibition of the Brownian relaxation

caused by the different lengths of the polymers used inithe coatings.

&
From the results of our model system, it can be concluded that the differences in the degree of
aggregation, even if they are small, can play an_important role in the heating capabilities of

MNPs under an AMF using commercialeguipment.

However, the lack of standardized conditions to perform SAR measurements (frequency and
field conditions, concentration, etc.) and the effect of different parameters on the heating
capacity of the materials (partiae size, shape, polydispersity, aggregation, etc.) that are not
always easy to characterize, make very difficult to compare results from different research
groups. An effort towards, the standardization should be promoted by the research community
working on magnetic.hyperthermia to be able to progress in the understanding of the critical
parameters that(influence the properties of materials. In this sense, this review shows the

important effect‘of surface modification on the heating properties of the materials.

5. Conclusions and future perspectives
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MNPs in water are very often aggregated, favoring the appearance of magnetic interactions
between particles. These interactions are a critical factor that may either improve 'or deteriorate

the magnetic properties and the applications of MNPs.

Differences in aggregation cause differences in magnetic properties, like DC and AC
susceptibility, coercivity or blocking temperatures. These variations, even if they are small like
in the example presented here with the DMSA and PMAO coated MNPS, ;e enough to originate
differences in the heating abilities of MNPs under AMF using commercial equipment. The lack
of standardized conditions to perform SAR measurements. (frequency and field conditions,
concentration, etc.) and the effect of different parameters en the heating capacity of the materials

: i ) : . & :
(particle size, shape, polydispersity, aggregation, etc.) that are not always easy to characterize,

make very difficult to compare results from different research groups.

Although nanoparticles aggregation is most often deleterious for the application of MNPs, it is
possible to control or even tune that clustering through the right choice of the synthetic
conditions and the surface modificationin order to minimize the problem of aggregation or to
transform it in an advantage. %us, magnetic properties can be enhanced engineering the
exchange interactions. by means.of the preparation of closely aggregated nanoparticles that
exhibit continuity «0f the crystal lattice across the core’s boundaries, as in the so called
nanoflowers synthesized by the polyol method. Another way is to engineer dipolar interactions
through surface modification, or manipulation with an external magnetic field, so MNPs became
arranged in an ©rderly fashion that favors cooperativeness between their magnetic moments

improving the'heating efficiency.
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More research to establish experimental procedures to engineer these interactions in a‘beneficial
way (paying special attention to those procedures that are robust, translatable, and easy to scale-
up) would be desirable. Also, an effort towards the standardization should bepromoted by the
research community working on magnetic hyperthermia to be able“to progress in the
understanding of the critical parameters that influence the properties of materials. In this sense,
this paper shows the important effect of surface modification for largesMNPs due to magnetic

interactions within the aggregates.
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