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ABSTRACT:

Magnetic hyperthermia is a promising tool as an adjuvant therapy for multimodal cancer treatment.
However, the heating efficiency of magnetic nanoparticles in biological conditions is not yet fully
understood, especially regarding their dispersion state. In this work, dynamic light scattering (DLS) and
hyperthermia experiments were coupled to highlight the role of the aggregation of iron oxide
nanoparticles on their heating properties induced by an alternating magnetic field. Bare, poly(acrylic
acid), and poly(acrylic acid-co-maleic acid) coated nanoparticles were studied. More precisely, the
interparticular interactions were investigated by varying the ionic strength and the pH. Our results show
that the specific loss power (SLP) of nanoparticles in small and loose aggregates is similar to that of well
dispersed nanoparticles while the formation of large and dense aggregates observed by DLS can be
correlated to a decrease of the SLP of the nanoparticles. However, at intermediate aggregation states,
DLS experiments alone do not allow to fully comprehend the heating properties of magnetic
nanoparticles. Small angle X-ray scattering experiments (SAXS) were performed to get information
about the inner structure of the aggregates: the closer the nanoparticles in the aggregates, the less they
heat the surrounding medium. These results shed a new light on the negative influence of the

interparticular interactions in aggregates on the particles heating efficiency.
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INTRODUCTION

Magnetic hyperthermia is a phenomenon of great interest for materials and medicine applications.
Indeed, the ability to convert electromagnetic energy into heat at a nanoscale with magnetic
nanoparticles (NPs) opens up new perspectives for various applications. The best known is probably the
destruction of tumor cells by heating them up to their apoptosis threshold. This strategy is currently

under development '™

and it uses simple theoretical models that have been developed during the past
decade °. Alternative strategies in cancer treatment using heating induced by an alternating magnetic
field are also emerging. They propose to use heating at the nanoscale to release drug molecules in their
surrounding environment %7,

If Rosensweig’s model 7 is very efficient to predict basic features of hyperthermia, it does not yet take
into account the complexity of the surrounding medium in which the NPs are immersed. For instance, on
the one hand, Haase & Nowack ® demonstrated that magnetic dipolar interactions between NPs in a
ferrofluid of increasing NPs concentration have a negative influence on the heating power (also often
called specific loss power (SLP)). On the other hand, Mehdaoui et al. * showed through simulations that
the same dipolar interactions between NPs of low magnetic anisotropy could lead to an increase of the
SLP. These studies on model systems show the importance of the mean interparticular distance between
the NPs on their heating efficiency, but the mechanisms of this influence are little described and
understood. Despite this lack of knowledge on complex systems where nanoparticles interact, this
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question rarely is the main subject of studies. This fact is underlined in a recent review
experimental studies refer to these misunderstood interactions to explain noteworthy unexpected results
for complex systems. For instance, it has been reported that NPs highly concentrated in liposomes see

their SLP increase !'

, whereas other authors report a decrease of the SLP of NPs confined in a
polystyrene matrix 2. Moreover, de Sousa et al. suggested that the dispersion state of NPs could affect
their SLP by showing that NPs functionalized with citrate ligands have a reduced heating efficiency '°.

In this study, we intend to highlight the relationship between the dispersion state of NPs and their
heating power in water through different model systems consisting of maghemite nanoparticles with an
average diameter of approximately 12 nm and with three different surface functionalizations : native
surface (positively charged) and surface functionalized either with poly(acrylic acid) or with poly(acrylic
acid-co-maleic acid). The first system will be used as a reference system to put forward the role of the
functionalization. The latter systems are particularly interesting for their tunable aggregation controlled

by the pH and their broad domain of colloidal stability in terms of ionic strength 4.

MATERIALS AND METHODS



Materials

Magnetic nanoparticles (NPs)

Aqueous dispersions of maghemite NPs (y-Fe2Os;) were synthesized by coprecipitation following
Massart’s synthesis pathway !°. The NPs size polydispersity was then reduced by size sorting based on
destabilization of the dispersion by an increase of the ionic strength '°. The final pH is around 1.8,
ensured by nitric acid.

The size and polydispersity of the NPs were characterized by TEM (fig. 1). The analysis of the pictures
lead to a normal size distribution of median diameter dp = 11.7 nm and a standard deviation value of 3.7

nm. These values are in good agreement with DLS and magnetization measurements (Silll).

@#6?. &2 “ av% % "‘ 1o '“”‘3;
£ o % 85 0w
4 o Lo OWetan 3
. Y e e %ﬁg{,( e 3 | dg=11.7 nm
& 3% . 'E'f g &_.,i-,%rg' ."3&5 > — S = 37 nm
@ L il ‘e g8 e =X
s; g o G’;::; ¥ 2% & 8
~ . [ )
% ;g“,_.‘e‘m ’E:ﬁ 2 7
6 a® g8 U o, W T =«
Bt K o o 23
b Y @ ode o
eaer o 5 v oes B T -
fa ;: ’ S Q‘&i ga!‘: °
3 1
b, L °h. . e B QA
o SR | o, P®S 100nm © 0 5 10 15 20 25 30
o e o 4 6 H
5 f a‘“.':' st S e —— Diameter (nm)

Figure 1: Left: TEM picture of the NPs; right: size distribution obtained by TEM pictures analysis

(red line: normal distribution model, with dy = 11.7 nm and standard deviation of 3.7 nm)

The concentration of the maghemite nanoparticles in the dispersions was measured with two techniques.
Measurements of the iron content (after dissolution of the NP by concentrated HCl) were performed by
atomic absorption spectroscopy (Aanalyst 100, Perkin-Elmer). Maghemite content was also obtained by
UV-visible spectroscopy with the help of a master-curve (between 450 and 700 nm !7) for dispersions

diluted in water (Avaspec 2048/Avalight DHC, Avantes). Both methods lead to coherent results.

Nanoparticles coating
Two types of functionalization were studied: polyacrylic acid (PAA) and poly(acrylic acid-co-maleic

acid) (PAAMA) (1:1 mole ratio of (acrylic acid):(maleic acid)) coatings. PAA (sodium salt, 2100 g.mol



!, Sigma-Aldrich), and PAAMA solution (3000 g.mol!, 50 wt. % in H>O, Sigma-Aldrich) were used as
received. Both coatings were performed by precipitation-redispersion following the procedure described

for PAA in '8,

Acidity & ionic strength control

An automatic titrator (MTP2 autotitrator, Malvern) was used to adjust the pH or the ionic strength of the
samples. The acidity of the solutions was adjusted by adding 0.10 mol.L' nitric acid or
tetramethylammonium hydroxide solutions (TMAOH). The ionic strength of the solutions was adjusted
by adding concentrated (1.0 to 5.0 mol.L") ammonium chloride solutions. These solutions were
prepared by dissolution of ammonium chloride (NH4Cl, Sigma-Aldrich, used as received) in distilled

water.

Dynamic Light Scattering (DLS) & Specific loss power (SLP) measurements

A DLS apparatus (Malvern Nano-ZS, wavelength A = 656 nm, scattering angle 6 = 173°) and a
commercial generator of oscillating magnetic field (magneTherm, nanoTherics, alternating magnetic
field at 333 kHz with an amplitude of 9 mT) were set up in series. The circulation of the sample through
the two measuring cells was ensured by the peristaltic pump of the MPT2 autotitrator in order to record
concomitantly the hydrodynamic diameter of the objects dispersed in water and their SLP (fig. 2). DLS
intensity autocorrelation functions (Gz(t)) were fitted by the sum of two exponential functions to extract
the contributions of isolated and aggregated nanoparticles (eq 1). Note that the contributions are thus

considered as intensity weighted ones.

Gz(t) — A) +Ale—2D1q21 +A2e—2D2q2t (1)
where Ay is a constant corresponding to uncorrelated fluctuations, Ajand A» are the intensity weights of
isolated and aggregated NPs, respectively. Coefficient D1 and D2 correspond to the diffusion coefficients

of isolated and aggregated NPs, respectively. They are related to the hydrodynamic diameter du using

o . KT . : . .
the Stokes-Einstein equation: d,, = ——. q is the scattering vector, defined as q = 4L;nsm(q/ 2), with

3phD,
n the refractive index of the solvent, A the laser wavelength, and 0 the scattering angle.

The isolated nanoparticles diameter was set as the first contribution to the fit. Ao, A1, A2, and dn> were
adjusted to fit the experimental data Go(t) with equation 1. The intensity-weighted contributions of

isolated (%oisolated) and aggregated (%oaggregated) NPs were determined using equation 2.



L : %aggregated = L (2)
A+A At+A

The average diameter was then calculated with the intensity-weighted contribution of each diameter (eq

3, 0.
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After adding a solution in the main reservoir, the dispersion was pumped through the whole loop for
about 5 minutes to homogenize the dispersion, which allows to recirculate approximately 10 times the
total sample volume. The pump then stopped and the temperature was monitored in the SLP
measurement cell. A temperature equilibrium lasting at least 30 seconds was required prior to
performing DLS and SLP measurements. The volume of solution added to the sample was controlled by
the autotitrator and accurately recorded. The dilution induced by the addition of solution was taken into
account to calculate the exact NPs concentration during the whole experiment.

A non-metallic optical fiber thermometer (Fluoroptic, Luxtron) was used to record the temperature
evolution in the samples induced by the application of an oscillating magnetic field. The initial rise of
temperature was approximated by a linear increase as a function of time (dT/dt). The SLP of the

nanoparticles in the sample was then calculated according to equation 4:
SLP=C, XWXC(Jj—-[ 4)

where C, is the specific heat capacity of the solvent and w is the weight fraction of NPs in the sample. A

value of Cp, = 4184 W.K!.g"! was used in water.

acid, base or salt
addition
A 4
¢ pump |
pH probe
main reservoir: addition of acid, DLS SLP
base or saline solution, measurement measurement

monitoring of the pH

Figure 2: Schematic of the coupling of DLS and SLP measurements



SAXS experiments

Different dispersions were analyzed by small angle X-ray scattering (SAXS) measurements on the
SWING beamline of the SOLEIL Synchrotron (Saint Aubin, France). The measurements were
performed at an energy of 7 keV (A = 1.77 A), with a two dimensional CCD detector localized at a
distance of 3.5 or 1 m from the sample in order to achieve a scattering vector (Q) range of 0.002 A-! —
0.3 A!. Standard correction procedures were applied for sample thickness, X-ray beam transmission,
empty cell signal subtraction, and detector efficiency to obtain the scattered intensity in absolute scale
(cm™). The software Foxtrot® was used to achieve such data reduction.

The samples for SAXS were prepared by batch, by adding some base (resp. acid) to initial dispersions of
bare NPs (resp. coated NPs) until the desired pH was reached.

RESULTS

1) Effect of ionic strength:

Bare NPs are easily destabilized by an increase of the ionic strength. Typically, for a dispersion
containing 4 wt. % of NPs, above a concentration of 0.4 mol L™ of nitric acid, more than 50 % of the
NPs are flocculated '°. Therefore, only PAA and PAAMA coated NPs have been studied in this
paragraph. Their SLP and hydrodynamic diameter are plotted versus NH4Cl concentration on fig. 3. This
figure shows that PAA coated NPs are stable on the whole range of investigated ammonium chloride
concentrations since the hydrodynamic diameter remains constant (around 45 nm), from 0.001 to
1.0 mol L'!. This is consistent with previous results '*. Concomitantly, the SLP also remains constant in
the whole ionic strength range.

Regarding PAAMA coated NPs, a strong aggregation (characterized by a steep increase of the
hydrodynamic diameter) is triggered when the ionic strength reaches a value between 0.10 mol.L! and

0.50 mol.L"!. Simultaneously, a decrease of 45 % of the SLP is observed.



10000 25.0 10000 25.0

L I T I =
I S l 20.0 = | 20.0
1000 | [ 1000 - T
2 (%] — 7}
c [ b4
£ 150 ° E 150 ©
< s -~ L 3
) b I ]
100 & 100 <
. T~ o = 10.0 1 10.0
T | | | | | n
10 5.0 10 ‘ 5.0
0.001 0.01 0.1 1 0.001 0.01 0.1 1
[NH,CI] (mol.L) [NH,CI] (mol.L%)

Figure 3: SLP (open circles — right scale) and hydrodynamic diameter, dy, (filled squares — left scale)
versus NH4Cl concentration. Left: PAA coated NPs, right: PAAMA coated NPs, (maghemite mass
fraction: 0.5 to 0.3 wt. %).

2) Effect of pH :

The aggregation of the NPs was controlled by varying the pH. Indeed, this parameter changes the charge
density of the native surface or of the polymer coating through acid-base reactions. It is thus possible to
tune the charge born by the NPs, that is responsible for the interparticular repulsions. The total ions
concentration in the samples remained below 0.05 mol.L-!. Under these conditions, the aggregation is

mainly due to pH variations rather than ionic strength variations, even for bare nanoparticles.

a. Bare NPs

The results obtained for bare nanoparticles are reported on figure 4. Starting from acidic pH, the
dispersion was progressively destabilized by adding a base, TMAOH. DLS was used to record
correlation functions Ga(t) at the different pH. From G»(t), we determined for each pH both the average
hydrodynamic diameter and the contribution and hydrodynamic diameter of isolated well dispersed (22.2
nm) and aggregated nanoparticles. The size of the aggregates was estimated at 56 nm between pH 2.1 to
3.8. It increased then progressively from 80 nm at pH = 4.5 up to 230 nm at pH = 5.3. A complete
aggregation is observed at pH 7.1, with no isolated detectable nanoparticle and large aggregates that tend
to flocculate. Note that at pH 7.1, the micrometric size determined with DLS is unsignificant.

Between pH 2.1 and 3.8, the analysis of the correlation functions highlight the growing contribution of
the aggregates (from 7% to 47%) to the scattered intensity, and the diminution of the contribution of
isolated nanoparticles (from 93% to 53%). For pH values above 3.8, aggregates become larger and their

contribution is preponderant in the solution.



Interestingly, the SLP of the nanoparticles remains constant from pH 2.1 to 5.5 (around 20 W.g"). An
SLP decrease is detected at pH 7.1, where a complete aggregation of the NPs is observed, with no

1solated NPs detected.
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Figure 4: A: SLP (open circles-right scale) and average hydrodynamic diameter, dy, (filled squares- left
scale) versus pH for bare nanoparticles (maghemite mass fraction: 0.40 to 0.37 wt. %) — B: Relative

contributions of isolated NPs (%oisolatea, Open diamonds) and aggregates (Yoaggregatea, triangles) versus pH

b. PAAMA coated NPs



The same experiment was achieved for PAAMA coated NPs, starting from pH 7 down to 1.5. According
to the average diameter, PAAMA coated NPs are stable over a large pH range, from pH 7 to 2.8 (figure
5). However, between 3.2 and 2.8, small aggregates (smaller than 60 nm) are detected (fig. 5 down).
They do not influence the SLP, that remains constant (20 W.g!) down to pH = 2.8. Then, an abrupt
decrease of the SLP is measured, from 20 W.g ™! to 6 W.g! between pH = 2.8 and 1.5, while the sizes and

the contribution of the aggregates increase drastically.
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Figure 5 A: SLP (open circles — right scale) and averaged hydrodynamic diameter, dpu, (filled squares —
left scale) versus pH for PAAMA coated nanoparticles (maghemite mass fraction: 0.45 to 0.30 wt%) — B:
Relative contributions of isolated NPs (Yoisolated, 0Open diamonds) and aggregates (%oaggregated, triangles)

versus pH

c. PAA coated NPs

A similar experiment was achieved with PAA coated NPs, starting from pH 8.1 (fig.6).



Contrary to bare and PAAMA NPs, aggregates around 70 nm are initially present (%oaggregated around
30 %), which corresponds to very small aggregates of 2-3 NPs, probably formed during the coating
process. They remain stable afterwards. Interestingly, the initial slight aggregation does not influence
significantly the SLP values, which is equal to that of well dispersed bare or PAAMA coated NPs.
The titration of PAA coated NPs induces no further aggregation while decreasing pH from 8.1 to 4.5
(fig. 6), as evidenced by the constant contribution of aggregates and the constant dy. Between pH 4.5
and 3.8, a slight aggregation occurs (%oaggregated and dn increase). This has no influence on the SLP. Then,
the average hydrodynamic diameter increases sharply from pH 3.8 to 2.5, where a flocculation is
observed.
A decrease of the SLP is only detected when aggregates are large and preponderant in the dispersion, at
pH lower than 3.5. Contrary to PAAMA coated NPs where the minimum SLP value was 5 W.g"!, the
SLP of PAA coated NPs decreases only from 20 to 10 W.g™L.
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DISCUSSION

Colloidal stability and SLP

a) Colloidal stability

We first investigated the stability of PAA and PAAMA coated NPs as a function of the ionic strength.
PAA coated nanoparticles are stable up to 1.0 mol.L"! of NH4Cl, while PAAMA coated NPs are stable at
ionic strengths below 0,1 mol.L™!. This stability can be explained by the number of charges per unit of
NPs surface, that increases drastically (roughly 20 titrable groups per square nanometer for PAA %) in
comparison to bare NPs (1.5 charge.nm™). This strengthens the electrostatic repulsions that persist even
at high ionic strength'®. This is an important result, as in vivo conditions often involve high ionic
strengths and it is difficult to stabilize such NPs because of their small surface over volume ratio.
Surprisingly, we found that PAAMA coated NPs were more sensitive to the ionic strength, which had
never been demonstrated before. The difference between PAA and PAAMA is probably due to their
different structures and conformation at the NPs surface.

As a reference, we chose to study the aggregation of bare NPs with native surface charges when the pH
is increased and its influence on the SLP. At acidic pH (i.e. below the point zero charge of 7), these NPs
bear surface oxonium groups, -OH>*, which ensures the colloidal stability of the dispersion through
electrostatic repulsive interactions. DLS measurements indicate that the aggregation remains limited
from pH 2 up to 4. When the pH is increased, these groups are deprotonated and the surface becomes
neutral. The remaining interparticular interactions are then purely attractive (van der Waals and magnetic
interactions) and the NPs flocculate. Interestingly, the SLP remains constant until the complete
aggregation of the bare NPs is observed. Thus, the precise role of the aggregation cannot be clearly
elucidated by using DLS experiments only since the partial aggregation of the NPs measured by DLS

does not induce a significant effect on the hyperthermia efficiency in this case.

The two kinds of coated NPs display a similar behavior in terms of colloidal stability. Indeed, they both
bear the same functional groups: carboxylic acids. At basic pH, these groups are deprotonated and
display a negative charge (-COO"). Only their molecular weight and their linear charge density vary
between PAA and PAAMA. These groups ensure the colloidal stability of the dispersion through
electrostatic repulsive interactions. [f PAAMA coated NPs are well dispersed at basic pH, PAA coated

11



NPs exhibit a contribution to the scattered intensity that can be attributed to the presence of small
aggregates made of 2-3 NPs. Their formation does not influence the SLP values, which is identical to
that of uncoated or PAAMA coated NPs when well dispersed (almost 20 W.g™!).

As for the pH effect on the PAA or PAAMA coated NPs, a sudden aggregation of the coated NPs was
observed when decreasing the pH (below 4.0 for PAA, below 2.6 for PAAMA). This occurs over a very
narrow pH range (1 pH unit), contrary to bare NPs that aggregate over more than 3 pH units.

A similar effect of aggregation is noticed for uncoated and PAA coated NPs on their SLP. Namely, the
SLP value decreases from 20 W.g! to 10 W.g™!, from well dispersed to fully aggregated states. For
PAAMA coated nanoparticles, the decrease is even more significant: a decrease from 20 W gl to S W g

!'is measured between the two extreme pH values.

SAXS experiments:

In order to get a better insight into the structure of the aggregates, SAXS experiments were performed to
characterize more precisely the NPs aggregates and to get a finer description of the interparticular
interactions.

The reference diffractogram for non-aggregated and non-interacting bare NPs at pH = 1.9 can be fitted
by the form factor of a normal distribution of polydisperse hard spheres (mean diameter: 10.8 nm,
standard deviation 4.1 nm, i), in good agreement with TEM analysis. Experimental structure factors
were calculated by dividing the diffractograms by this experimental form factor of well dispersed
nanoparticles.

For the three systems, we focused on the two extreme states, i.e. well dispersed NPs displaying the

highest SLP and aggregated NPs displaying the lowest SLP (figure 7).

For bare and PAAMA coated NPs, the well dispersed state is characterized by the same form factor. In
the case of PAA coated NPs, an increase of the scattered intensity at small Q is observed. The
corresponding aggregation number can be calculated by dividing the asymptotic value of the scattered
intensity for Q = 0 by the similar value obtained for the form factor. A number of 3 is obtained, which is
coherent with DLS measurements.

The SAXS diffractograms of aggregated states indicate for the different systems (bare, PAA, and
PAAMA coated NPs) an aggregation (increase of the intensity at very low Q) into objects that are bigger

than 300 nm, that is the maximal characteristic size possibly measurable, which corresponds to the

12



smallest accessible Q. For bare NPs, the exponent n = 2.1 of the initial power law I a Q" can be taken as
an indication of the low compactness of fractal aggregates. This is confirmed by the very small and
smooth interaction peak displayed by the structure factor, around Q* = 0.052 A™!, that is the reciprocal
length of d* = 271/Q* = 12.1 nm. d* can be interpreted as the mean contact distance between two NPs,
that amounts to the diameter of a single particle (11.7 nm). The aggregation is achieved without

conspicuous local structuring: the mean interparticular distance does not appear to be well defined for

these loose fractal aggregates.
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Figure 7 : SAXS diffractograms (up) and structure factors (down) of bare (left), PAA (middle), and
PAAMA (right) coated NPs at two pH values (well dispersed (black circles) and aggregated (red

squares) states). Maghemite mass fraction around 0.5 wt. %.

For PAA coated NPs (slightly aggregated at pH = 6; figure 7, middle), lowering the pH induces further
aggregation, as seen on the diffractogram at pH 2. Similarly to bare NPs, the initial exponent of the
power law is around 2.1. The small and smooth interaction peak in S(q) leads to a mean contact distance

of about 12.6 nm, slightly higher than for bare NPs due to the adsorbed polymer layer.
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For PAAMA NPs, upon the decrease of pH, the formation of denser aggregates can be noticed with an
increase of the scattered intensity at low Q, with an initial power exponent of 2.4 at pH 2. In the
intermediate Q range (0.02 A"l < Q), the scattering of the large structures, which is preponderant at small
Q, is dominated by the scattering of objects organized at a smaller scale. In this Q range, the
experimental structure factor can be modeled as an dispersion of hard spheres of 0.10 - 0.15 volume
fraction. This leads to the appearance of a sharp interaction peak at q* = 0.052 A’!, corresponding to
d* = 12.1 nm. This d* value is again close to the contact distance between two NPs, with a denser

packing than for PAA coated NPs.

b) SLP

Several conclusions can be drawn from this work concerning the influence of the aggregation on the
SLP.

Firstly, in the systems studied here, the maximum SLP does not depend on the coating on the NPs.
Indeed, the same values were measured for bare, PAA coated and PAAMA coated NPs when well
dispersed. As long as no aggregation was observed, the ionic strength did not influence the SLP either.
This screening of the long-range electrostatic interactions does not have an effect on heating efficiency,
which had not been not clearly evidenced yet. It can be easily understood since the electrostatic
repulsions are not explicitly related to the hyperthermia mechanisms.

Secondly, we demonstrated here an important correlation between the aggregation state and the SLP of
the NPs. The aggregation of NPs induces an increase of magnetic interactions between nanoparticles,
resulting in certain conditions in a decrease of hyperthermia efficiency. These interactions can be
twofold. Magnetic dipole-dipole interactions such as modeled in ® and *’ref 22 plutét ! (tan et al) can
lead to a decrease of the heating efficiency of NPs. Here, the local concentration of NPs in the
aggregates deduced from the SAXS (volume fraction around 0.10-0.15) corresponds to a concentration
at which a significant decrease of the SLP can be expected, according to the simulations performed by
Tan & al. 2. Another factor should be taken into account: the demagnetization field. It is indeed induced
inside the aggregates by their own magnetization and it reduces the local magnetic field, which leads,

therefore, to a decrease of the SLP.
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The results presented in this article can be summarized by the next three points. Firstly, when only small
oligomers made of a few particles are formed (an aggregation number of 3 was found for PAA coated
NPs), the SLP does not differ from a well-dispersed state. In this case the NPs are not numerous enough
in the aggregates to cause strong enough interactions to affect the SLP.

Secondly, in some cases, the hydrodynamic diameter measured by DLS increases whereas the SLP
remains constant. This effect is particularly noticeable in the case of bare NPs where the aggregation
processes over 3 pH units but can also be observed for PAA and PAAMA NPs. It could be explained
either by the small number of particles in aggregates or by a loose structure at the early stages of
aggregation in which the NPs are too far from each other to interact strongly, as magnetic dipolar
interaction energy decreases as a function of the distance between the particles centers to the power of 3
22 In the limit case of strong magnetic coupling, for 10 nm particles, this interaction can be estimated at -
1.2 kT when NPs touch and - 0.15 kT when at a distance of 20 nm. Thus, this becomes rapidly negligible

compared to the thermal energy.

Thirdly, the SLP decreases drastically when the aggregates grow denser. This occurs when the
neutralization of the NPs surface is complete or when the repulsive electrostatic interactions are
completely screened for PAAMA coated NPs. The negative influence of the magnetic dipolar
interactions between NPs in the aggregates then reach their maximum because the nanoparticles are in
contact. It results in a significant decrease in SLP, all the more important that the inner structure of the

aggregates is compact.

CONCLUSION

In this study, the coupling between DLS and SLP measurements led to the discovery of a correlation
between the aggregation state and the heating properties of the NPs. Indeed, we showed that, whatever
the nature of the surface of the NPs (coated or not), their colloidal stability and the morphology of the
aggregates must be taken into account to comprehend the evolution of their SLP. Nonetheless, the
indication we obtained by DLS about the aggregation is not sufficient to explain the SLP measured
simultaneously. Comparing DLS and SAXS experiments highlights the different structures of the
aggregates formed by varying the pH. While DLS data provide a good comprehension of the overall
aggregation state, the precise inner structure of the clusters can be determined by using SAXS

experiments.

15



Complementary studies are however necessary to link the strength of the aggregation, characterized by
the compactness of the aggregates determined by SAXS, with the SLP decrease. These results can be of
great interest for instance for biological application. The use of the PAA coating described here would
enhance advantageously the stability of the NPs when used at a pH higher than 4.0. We hope that this
work will give ground to entail numerical simulations that could use SAXS spectra as input parameters

to get a deeper understanding of the mechanisms involved in the SLP decrease.

ACKNOWLEDGMENTS:

We acknowledge SOLEIL for provision of synchrotron radiation facilities and we would like to thank

Dr. Javier Perez for assistance in using beamline SWING.

16



Supporting Informations Available

SI-1: Magnetization curve for bare nanoparticles. Langevin fit of the magnetization curve

SI-2: Dynamic light scattering correlation function for bare nanoparticles with corresponding fit at three
pH values. Table containing the fit parameters.

SI-3: Form factor of bare nanoparticles obtain by SAXS, and the fit corresponding to normal distribution

of polydisperse hard spheres.
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SI-1 Magnetization curve for bare nanoparticles
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SI-2 Dynamic light scattering correlation function for bare nanoparticles with corresponding fit at
three pH values.
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Table 1: Parameters of the fit:
pH AO Al Dl (Hmz-s-l) dHl (nm) %isolated A2 D2 (Hmz-s-l) dH2 (nm) %aggregated deean (nm)
2.1 |6.06E-04(0.91| 4.41E-11 22.29 0.94 (0.06| 1.69E-11 58.04 0.06 24.33
4.08|5.24E-04 |0.35| 4.41E-11 22.29 0.37 |0.60| 1.71E-11 77.71 0.63 57.45
5.2 |2.39E-03(0.21| 1.27E-11 57.42 0.22 |0.75| 3.41E-12 | 288.60 0.78 238.15

SI-3 Form factor of bare nanoparticles obtain by SAXS
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