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In this work, we present the arrangement of Fe;O, magnetic nanoparticles into 3D linear chains and

its effect on magnetic particle hyperthermia efficiency. The alignment has been performed under a

40 mT magnetic field in an agarose gel matrix. Two different sizes of magnetite nanoparticles, 10 and
40 nm, have been examined, exhibiting room temperature superparamagnetic and ferromagnetic
behavior, in terms of DC magnetic field, respectively. The chain formation is experimentally visualized
by scanning electron microscopy images. A molecular Dynamics anisotropic diffusion model that
outlines the role of intrinsic particle properties and inter-particle distances on dipolar interactions has
been used to simulate the chain formation process. The anisotropic character of the aligned samples is
also reflected to ferromagnetic resonance and static magnetometry measurements. Compared to the
non-aligned samples, magnetically aligned ones present enhanced heating efficiency increasing specific
loss power value by a factor of two. Dipolar interactions are responsible for the chain formation of
controllable density and thickness inducing shape anisotropy, which in turn enhances magnetic particle
hyperthermia efficiency.

Magnetic particle hyperthermia (MPH) is a synergistic cancer treatment technique that takes advantage of heat
release by magnetic nanoparticles (MNPs) when exposed to an alternating magnetic field in the 100-1000 kHz
region. This excitation leads cancer cells either to a serious thermal shock or even to cell death’. The heating
efficiency of MNPs is quantified by the specific loss power (SLP) value determined as the power dissipation per
unit mass of the magnetic material. The SLP magnitude depends on different parameters, such as the intrinsic
magnetic properties (e.g. magnetization and magnetic anisotropy), the features of the dispersing medium (e.g.
viscosity, stability and concentration) and the field magnitude (amplitude and frequency)?.

MNPs, in general, may appear either as isolated nano-entities such as nano-spheres?, -cubes?, hexagonal poly-
hedrons’, or form larger aggregates such as rings®, or nanowires due to dipolar interactions between the particles’.
The configuration of MNPs in 2D or even 3D chains, has been proposed as an alternative way to control their
macroscopic magnetic response on demand®', Such chains directly affect the hysteresis losses'!, the effective
anisotropy' and susceptibility'®. Mobility of the MNPs within the colloidal dispersion is another important fac-
tor that affects the chain formation success rate, since diverse effects, such as magnetic, electrostatic, viscous,
gravitational and molecular interactions are involved'*. Magnetic dipole-dipole interaction preferably leads to
local arrangements at zero field or to chains under an appropriate external magnetic field drive'>'¢, Consequently,
the controlled assembly of MNPs into chains inducing shape anisotropy along the alignment axis may open an
alternative way to optimized heating efficiencies!”.

Depending on conditions, MNPs may arrange randomly or in order, according to the complex
three-dimensional magnetic dipolar coupling between them in conjunction with external field interaction'®. The
formation of chain arrays can be realized through the dispersion of MNPs in a gel matrix'®. The viscosity of the
system may be adjusted by the choice of the matrix material, dispersion concentration or temperature. A good
gel matrix candidate is agarose, one of the two major components of the polygalactoside agarose, with the sec-
ond one being agaropectine. Agarose gelation takes place only when constituent microstructures form ordered
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Figure 1. Structural (a) and magnetic (b) characterization of powder samples of 10 and 40 nm Fe;O, MNPs.
Green triangles indicate the reference peak positions of bulk magnetite.

regions (i.e. junctions)®. Remarkably, previous experimental studies outlined that a 3-4% agarose gel content has
a microstructure similar to hard tissues?! while lower content gels have porosities similar to soft tissues such as
the human brain?* mimicking in both cases different tissue properties.

In this work, we prepared Fe;O, MNPs chains in an agarose gel matrix and tested them for enhanced magnetic
particle hyperthermia efficiency against reference random dispersions. For this purpose, 10nm and 40 nm MNPs
were dispersed in hot agarose solution followed by cool-down gelation to ambient temperature under a static
magnetic field. We experimentally evaluate optimum parameters and conditions for successful chain formation
by tuning dipolar interactions, based on intrinsic magnetic profile of constituent particles, dispersion concentra-
tion and agarose content. The formation of chains is proven by scanning electron microscopy (SEM) images and
ferromagnetic resonance (FMR) spectroscopy. Simulation performed using an anisotropic molecular dynamics
model is in good agreement with the experimental results. Successful chain formation results to increased SLP
values by about a factor of two in the case of the 40 nm Fe;0, MNPs, as quantified by calorimetric experiments.
The enhanced heating efficiency results are successfully correlated to magnetic property theoretical calculations
in the frame of a modified Stoner-Wohlfarth model taking into account the temperature and frequency depend-
ence of the coercive field.

Results and Discussion

Structural and magnetic characterization of the 10 and 40 nm powder Fe;O, constituent MNPs was performed.
The corresponding XRD graphs are shown in Fig. 1a where the typical reflections of magnetite were detected
for both samples indicating the presence of single phase magnetite structure. 10nm MNPs present wider peaks’
width together with lower intensities as expected from their smaller crystallite size.

Hysteresis loops were recorded at 10 K and 300K (Fig. 1b) followed by a zero-field cooling/field cooling (ZFC/FC)
experiment at 5mT displayed in Fig. S1 of the supporting information. At room temperature, 40 nm MNPs pres-
ent a typical ferromagnetic (FM) hysteresis loop while 10 nm MNPs show almost zero coercivity resembling
superparamagnetic (SPM) behavior in terms of static magnetic field at 300 K. At low temperatures (10 K), both
samples show ferromagnetic behavior. Due to their small size, 10 nm MNPs present much lower saturation mag-
netization. The corresponding ZFC/FC curves confirm the different room temperature magnetic behavior of the
two particle systems (Fig. S1). It should be mentioned, that the magnetic variations, between the two systems,
due to size effects, appear suppressed due to aggregation effects apparent in powder samples composed of MNPs
synthesized by the proposed methodology (at absence of surfactants) as described in Methods section.

From the as synthesized 10 and 40 nm Fe;O, powders, we prepared chain samples, by dispersing them in an
agarose solution of varying content, 1-20 mg/mL (Fig. 2). When an external magnetic field is present, the particles
are subjected to an attractive force along the field direction and a repulsive force normal to it. When the particles
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Figure 2. Schematic representation of (a) reference sample (random), where the MNPs are fixed at random
positions in the agarose matrix and (b) magnetically aligned sample with MNPs’ chain formation (chain) in an
external field of 40 mT.

are allowed to aggregate, in the presence of the external field, linear aggregates are formed due to the anisotropic
character of the inter-particle dipolar interactions. With the axes of the pearl-chain-like clusters aligned along the
field direction. At relatively high particle concentrations, even more complex structures may arise. Another effect
that should not be neglected a priori is the interaction occurring between chain forming particles. At weak field
strengths, the degree of magnetization of the particles is proportional to the local field strength and so, the net
magnetization of the particles contained within a chain is enhanced by the presence of neighboring particles. This
effect leads to an increased range of the magnetic interaction between the aggregates as they gain in size.

A simple setup of an external magnetic field of 40 mT was used to align the MNPs in linear chains in an aga-
rose gel (Fig. S2a) while in Figs S2b-S2f the optimization of parameters used for chain formation are graphically
illustrated. After natural cooling down, the chains are quenched in agarose. For each chain-sample, a reference
random-sample was also prepared at the absence of the external magnetic field (Fig. 2).

The microstructure of aggregates may be visualized by SEM. An example is illustrated in Fig. 3 for 40 nm sam-
ple with MNPs concentration of 2 mg/mL and agarose content of 1 mg/mL. Figure 3a,b present the SEM images
of the random sample at different magnifications as solid aggregates of arbitrary size and shape. Figure 3¢ shows
SEM images of the magnetically aligned samples where linear chains appear relatively uniform in size and density
throughout the imaged area. Micrographs were taken at different sample areas revealing homogeneity over the
entire sample. Figure 3d depicts a SEM image at higher magnification of a typical chain, to further investigate
their morphological details. It is apparent from a series of such images of varying particle and agarose contents,
that, depending on particle concentration, chains are well separated from each other and each chain is practically
an “oriented” MNPs’ aggregate.

The corresponding images for the SPM sample of 10 nm are presented in Figure S3 where the particles show
a minor tendency for chain formation after exposed in an external field. This behavior is attributed to the much
smaller dipolar interactions between the 10 nm MNPs in the agarose gel®.

The comprehension of the field-driven thermally activated processes in MNPs is still among the cornerstones
of application developments in biomedicine. Thermal fluctuations introduce new intrinsic time scales compet-
ing with those of external driving forces necessitating a consistent out of-equilibrium thermodynamic theory,
applicable to MNPs, which radically complicates the design and optimization procedures in practice. For a ‘heat
assisted’ (i.e. MPH) cancer treatment modality, quantification of the specific heating rate in a system comprised of
MNPs with statistically distributed properties, such as those envisaged, remains an open problem. Since, hyster-
esis is proposed as the dominant mechanism giving rise to heating, the assumptions of small driving field ampli-
tudes and negligible inter-particle interactions should be reconsidered to go beyond linear response theory**-2¢.

To theoretically simulate the chain formation process in MNPs’ colloidal suspensions we implemented a 3D
Molecular Dynamics (MD) methodology based on an on-the-fly coarse-grain (CG) model” following the need to
account for microscopic time and length scales but also reach macroscopic time scales at low computational cost.
In this frame, simulation starts with (a) the motion of MNPs and (b) the interaction between individual MNPs. As
the simulation advances, MNPs form chains due to the magnetic dipole-dipole attraction induced by the external
magnetic field. The arrangement of the CG objects (single MNPs or aggregates) is dictated by (a) an anisotropic
diffusion model and (b) an effective short-range interaction between CG objects determined by the magnetic
dipole-dipole interaction. The term on the fly refers to the fact that, the CG objects of the simulation are not fixed
a priori at the beginning of the simulation but are redefined during its duration. Consequently, the number of CG
objects decreases with time and the simulation speeds up as the time advances, allowing calculation resolution
adjustments and much longer simulation runs yet requiring less computer power. Details of MD simulation are
included in Methods section and Supporting Information section.
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Figure 3. Typical SEM images for 40 nm MNPs with 2 mg/mL concentration and 1 mg/mL agarose content at
lower and higher magnification: (a,b) random sample and (c,d) chain sample.

The MD simulations revealed that the 40 nm nanoparticles assemble into linear chains parallel to the applied
field (Fig. 4). The simulation starts from a pre-equilibrated system containing a specific number of particles which
are randomly oriented (Fig. 4b, depicts the 2D projection for clarity reasons while the actual 3D space is presented
in Fig. S4a). In absence of an external magnetic field, the particles do not arrange as magnetic dipolar chains.
On the other hand, in the presence of a magnetic field, the magnetic nanoparticles acquire an effective magnetic
dipole moment i in the direction of the applied field, which induces the formation of linear chains of colloids
(Fig. 4c, the actual 3D space is also presented in Fig. S4b). As the simulation evolves with time (Fig. 4a), MNPs
driven by the field aggregate and chains with increasing width (number of adjacent nanoparticles) appear. The
same behavior was observed for all concentration values: For higher concentrations longer and wider chains
appear (Fig. 4a,c). In order to define the strength of interactions, the model assumes that all events, in which a
nanoparticle enters into the interaction region of a chain, will lead to instantaneous aggregation?. At each time
step At a random displacement in each direction is generated with a Gaussian distribution with zero mean and
variance 2D At where D; is the diffusion coefficient of the object (single particle or chain) in the direction of
motion (x, y, z). Also during each time step the distances between objects are checked in order to detect penetra-
tion of an object inside the region of aggregation of another object or to detect possible overlaps between them.
In Fig. 4a, each time snapshot (between two adjacent time steps) corresponds to a quasi-static condition during
which no MNPs enter into the interaction region of individual chains where stronger interactions between nano-
particles take place. Moreover, as shown at Fig. 4c, the spacing between the chains can be effectively tuned, since it
decreases with concentration. Results regarding the successful formation of chains, as well as information about
the length and the inter-chains distances, qualitatively agree with SEM findings (Fig. 4d).

On the contrary, the 10nm MNPs assembled into aggregates only with a minor tendency for chain formation
(Fig. S3) due to the presence of much weaker magnetic inter-particle dipolar interactions. This is due to the fact
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Figure 4. Molecular Dynamics simulations of chain formation of 40 nm MNPs for various concentration
values. (a) Time evolution of the average length of the chains: as the simulation evolves, chains with increasing
length appear. The length and density of chains increases with the particle concentration and is stabilized after
200 (case of 1 and 4 mg/mL) and after 400's (case of 2 mg/mL). (b) Projection in z-x plane of the randomly
oriented MNPs in absence of external magnetic field. (c) Projection in z-x plane of the chain formation of MNPs
in an external field of 40 mT. The dimensions of our 3D computational space were x =y =z=1L(d,) = (80d,)
where d, is the MNPs diameter of 40 nm. The number of MNPs was set to 380, 760, 1520 for the concentrations
of 1, 2 and 4mg/mL, respectively. (d) Corresponding experimental SEM images for three MNPs concentrations.

that, for small particles, the thermal energy k5T is much higher than the magnetic interaction energy whereas for
bigger particles the magnetic term prevails*>?’.

The dipolar coupling between magnetic nanoparticles in a chain induces magnetic shape anisotropy, which
depends on inter-particle distance (filling factor) within a chain and on the chain aspect ratio®. The shape ani-
sotropy contribution as the result of particles MNPs alignment (aggregation in a chain) can be revealed by FMR
experiments as a shift of the resonance when obtained in parallel (magnetic easy axis) and perpendicular (mag-
netic hard axis) to the long axis of chains®*. The FMR spectra for random and chain samples of 40 nm MNPs are
shown in Fig. 5 with the magnetic field applied parallel and perpendicular to the samples’ alignment direction.
For the randomly distributed MNPs (random sample), FMR spectra (blue lines) do not show any angular depend-
ence, i.e., they do not present any shift of the FMR spectrum. For particles aligned in chains (chain sample),
however, the resonance field (red lines) has a maximum when the magnetic field is applied perpendicular to the
chain axis (p=90°) and minimum at parallel configuration (p = 0°).

This angular dependence of the FMR line for the chain samples points towards the presence of uniaxial mag-
netic anisotropy with its axis parallel to the chain axis. A representative case of FMR spectra for the denser sample
(4 mg/mL) comprised of 40nm FM MNPs is given in Fig. 5 both for random and chain samples, while the com-
plete series of FMR spectra for all samples and concentrations is presented in Fig. S5.
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Figure 5. FMR spectra of random (blue lines) and chain (red lines) samples recorded at two orthogonal
configurations of the applied magnetic field with respect to the sample’s alignment direction. As
schematically shown in the inset, one configuration corresponds to ¢ = 0° (solid lines), where the field is parallel
to the chain axis (arbitrary for the random sample), and a second configuration refers to ¢ =90) (dashed lines),
where the field is perpendicular to the chain axis. The spectra were taken for chain and random samples with
4mg/mL concentration of 40 nm MNPs and 1 mg/mL of agarose content.

The distinction between the FMR spectra is depicted on the splitting of the resonance field when comparing
random and chain samples. This indicates that the magnetic shape anisotropy is different for different chain sam-
ples due to possible variation of filling factors or aspect ratios of the chains. Our FMR measurements confirm the
regular formation of magnetic chains as visualized in the SEM images (Figs 3 and 4d, and Fig. S3) and its effect on
hyperthermia efficiency is discussed in the corresponding section.

Static hysteresis loops were recorded at 1 T for the chain and random 40 nm samples at 1 mg/mL agarose con-
tent and 4 mg/mL MNPs concentration at 100 and 300K as shown in Fig. 6a, with the field applied parallel to the
alignment direction of the chain sample. In the case of the chain sample, the faster magnetization rise compared
to the random case, indicating that the susceptibility is larger3°'31. Furthermore, at T= 100K, the coercive field
increases to 285 Oe for chains from 228 Oe for the random sample. Such a feature signifies the shape anisotropy
induced by the chain formation, resulting to enhanced collective magnetic response and, thus, potentially to
increased heating efficiency™.

Additionally, minor hysteresis loops were recorded at 30 mT (Fig. 6b) for both chain and random samples. As
it can be observed in Fig. 6b, the hysteresis loop area of the chain sample (red loop) is larger than the random one
(blue loop) which indicates that the energy density dissipated by the MNPs in chain sample is higher than the one
of the random case. Based on the quasi-static magnetic behavior in 30 mT, i.e. the MPH magnetic field amplitude,
we may evaluate a qualitative threshold of heat energy dissipation based on hysteresis loop area, keeping in mind
that hysteresis loops increase in area under the dynamic conditions of MPH (kHz range).

Typical hyperthermia curves including heating and cooling cycles were recorded for all 10nm and 40 nm
samples with varying MNPs concentration and agarose content (the complete set of MPH is displayed in Fig. S6
and Fig. §7). There is a direct impact of collective magnetic features on heating efficiency, with MNPs covering a
complete range of features from superparamagnetism at one end and ferromagnetism at the other?*-?. In order
to validate our experimental findings for the successfully formed chains of 40 nm MNPs, we employed the heat
transfer module in COMSOL Multiphysics 3.5a%. The simulation is useful for understanding the basic features
between the chains and random nanoparticles in a viscous liquid. Figure S8 shows that the experimental hyper-
thermia curves of chains show improved heating efficiencies when compared to random samples in excellent
agreement with the corresponding simulations. The initial slope (directly affecting the SLP magnitude) of the
chain sample is steeper as compared to the random reference sample. The simulation is performed by using the
extended version of the classical model of Stoner and Wohlfarth for magnetic hysteresis accounting the tempera-
ture and frequency dependence of the coercive field*, we are able to estimate the hysteresis losses and reproduce
the corresponding hyperthermia curves T'(t).

The fundamental law governing all heat transfer is the first law of thermodynamics, commonly referred to as
the principle of conservation of energy. However, internal energy, U, is a rather inconvenient quantity to measure
and use in simulations. Therefore, the basic law is usually rewritten in terms of temperature, T. Assuming that
mass is always conserved and the heat transfer interfaces use Fourier’s law of heat conduction, which states that
the conductive heat flux, Q, is proportional to the temperature gradient, the equation governing pure conductive
heat transfer between interfaces if the velocity is set to zero, is obtained:

oT
C,— + V- (=kVT) =Q,
S ( )=Q M
where p is the density (kg/m?), C, is the specific heat capacity at constant pressure (J/(kg-K)), T'is absolute temper-
ature (K) and Q contains heat sources other than viscous heating (W/m?). The heat source, given by the hysteresis
losses, is set to our simulations equal to
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Figure 6. (a) Major magnetic hysteresis loops at 1 T of 40 nm MNPs at 100 and 300 K with the magnetic field
applied parallel to the alignment direction of random (blue lines) and the chain (red lines) samples at 100 and
300K. (b) Minor hysteresis loops of random (blue line) and chain (red line) samples recorded at 30 mT at 300 K.

Q=w-4-f, (2)

where A is the hysteresis loop area f is the frequency and w is the MNPs volume fraction which is equal to
the MNPs concentration divided to their density and represents the fraction of nanoparticles in the solution.
Specifically, for “hysteretic” MNPs where stronger magnetic interactions take place, power losses are attributed to
the hysteresis losses®*¢ with the following analytical expression for hysteresis loop area:

A(T) = 4alu‘oHc(T)Msat’ (3)

where A is the area enclosed by the hysteresis loop representing the amount of MNPs energy loss when the latter
are subjected to an external magnetic field and « is a coefficient including the shape deviation from a perfectly
square hysteresis loop and is equal to 0.5 for random oriented and 0.75 for aligned MNPs. The saturated magnet-
ization M, was taken by the minor hysteresis loop (Fig. 6b) and is equal to 18 Am?/kg for the chain sample and
8 Amz/kg for the random sample, while the coercive field is estimated from an extended Stoner-Wohlfarth model.
(See details for theoretical estimations at Supporting Information).

Additional degrees of freedom for successful chain formation and eventual superior heating performance
may be provided by taking into account pH variations and medium’s viscosity. Parameters affecting the dipolar
interaction are both the intrinsic magnetic dipole moment and their inter-particle distances. Intrinsic magnetic
moments are governed mainly by MNPs size resulting in our case either to SPM (10 nm) or to FM (40 nm) MNPs.
Inter-particle distances may be tuned via MNPs concentration and agarose content. In Fig. 7 the influence of
the parameters affecting dipolar interaction intensity on the heating efficiency is depicted. Figure 7 presents the
MNPs concentration dependence (1-4 mg/mL) of SLP for 10 nm and 40 nm MNPs in the case of random samples
and the corresponding dependence of chain samples at constant agarose content of 1 mg/mL and under AC field
of 765kHz and 30 mT. From Fig. 7 (open symbols) it seems that SLP values for 10 nm do not present significant
differences between the random and the chain samples. This may be ascribed to their intrinsic superparamagnetic
response (in quasi-static VSM measurements), resulting to milder influence of external magnetic field chain for-
mation effects. However, it should be noted that, in high frequency heating experiments, the nanoparticle systems
of 10 nm may also exhibit dissipation since wider hysteresis loops arise on the time scale of the experiment, yet
such an effect remains small since it initiates practically from SPM particles. As a matter of fact, we assume that
the thinner and shorter chains formed in the 10 nm MNPs aligned samples do not eventually manage to enhance
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Figure 7. MNPs’ alignment influence on magnetic hyperthermia efficiency as expressed by SLP values by
varying MNPs’ concentrations for two different configurations (random and chain) at 765 kHz frequency
and 30 mT field with MNPs sizes of 40 nm (solid symbol) and 10 nm (open symbol). For chain samples,
SLP values refer to measurements performed with the AC hyperthermia field applied parallel to the alignment
direction of the chain samples.

SLP values. In such a case, a greater, in magnitude, alignment magnetic field might lead to the formation of
thicker and longer chains even and resolve SLP increase issues.

On the other hand for the 40 nm MNPs chain samples (Fig. 7 solid symbols), there is a systematic enhance-
ment of heating efficiency, as illustrated by the SLP values, compared to corresponding values of random samples,
regardless of concentration. It is clear that in the 40 nm MNPs the SLP values are almost two times larger for the
chain samples as compared to their random counterpart. Accordingly, in agreement with the MD simulations,
SEM images and FMR measurements, we may surmise that the larger the MNPs’ concentration, the longer and
wider were the chains and this is readily reflected to the SLP values.

In an effort to examine the role of medium’s viscosity to the chain formation and thermal response, we have
measured the heating efficiency of a series of samples (random and chain) with varying agarose content, while
MNPs concentration was kept constant at 4 mg/mL. Figure S9 and S10 present the SLP values with agarose con-
tent from 0.5 to 20 mg/mL for the 40 nm and 10 nm MNPs respectively random and chain samples. One can
see that, starting from 1 mg/mL agarose content, different SLP values appear for random and chain samples. By
increasing agar content, in other words, solution viscosity, SLP values decrease for both samples. Solutions of
agarose content >5mg/mL, possess viscosity values that practically attenuate dipolar interactions and consequent
chain formation. However, in any case aligned chain samples present larger values than random samples. Similar
behavior was also observed at the lower frequency of 210kHz (supplementary section Fig. S9b). As expected, this
effect is practically not observed, for the 10 nm SPM MNPs, even at the high frequency (765 kHz) field (supple-
mentary Fig. S10) due to the formation of thinner and shorter chains.

Conclusions

The role of chain formation to further optimize the heating efficiency of magnetic particle hyperthermia was stud-
ied for 10 and 40 nm magnetically aligned Fe;O, MNPs. Thicker, denser and longer chains could be successfully
formatted in the case of the 40 nm MNPs as compared to their 10 nm ones, due to the presence of stronger dipolar
interactions. Chain formation induces shape anisotropy and results to magnetic heating efficiency enhanced by
up to a factor of two for the denser 4 mg/mL, 40 nm MNPs chain sample. Molecular Dynamics anisotropic dif-
fusion model used to simulate the chain formation process results to a very good agreement with experimental
SEM images. The chains’ width, length and density depend not only on MNPs size but on colloidal parameters of
the agarose solution as well. A modified Stoner Wohlfarth model was used to successfully simulate experimental
heating curve hyperthermia measurements. Critical parameters, such as size, alignment field intensity, colloidal
parameters and intrinsic magnetic properties such as magnetization, may be fine-tuned to optimize the heating
efficiency of aligned MNPs. Consequently, as an alternative to conventional material selection schemes, the path-
way in the magnetic particle hyperthermia material roadmap widens just by arranging the ‘proper’ particles at
the nanoscale.

Methods

Synthesis of particles. Magnetite nanoparticles were prepared by the aqueous co-precipitation of ferric and
ferrous salts at alkaline conditions at high temperature®. To receive superparamagnetic Fe;O, MNPs (average
diameter about 10 nm), FeCl, and FeCl; were dissolved in distilled water and heated up to 80 °C under continuous
stirring. At this point, a quantity of 0.1 M NaOH solution was rapidly added to obtain a pH of 10.5 and a black
dispersion, indicating the formation of nanoparticles. After 2 h ageing by slow stirring, the dispersion was cooled
down to ambient temperature followed by a sequence of washing and centrifuging cycles to obtain particles in
dried form or as a water dispersion. The replacement of iron reagents by Fe,(SO,); and (NH,),Fe(SO,), modifies
the nucleation process resulting in a significant size increase from 10 to 40 nm Fe;O, MNPs. i.e. single-domain
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ferromagnetic particles at ambient temperature. In both cases, the total concentration of iron reagents was 0.5 M
and the Fe" to Fe*' ratio was equal to the Fe;O, stoichiometry (1:2).

Chain formation in agarose. Chain formation at varying content gel matrix followed the MNPs synthesis.
In each case, the designated mixture of magnetite in different concentrations (10 or 40 nm) MNPs (1, 2, 4 mg/mL)
and different agarose content (0.5, 1, 2, 5, 10, 15, 20 mg/mL) was prepared in 1 mL of deionized water (two iden-
tical samples), homogenized with sonication and magnetic stirring in a water bath of 84 °C. Finally, one solu-
tion sample was subjected to a static magnetic field of 40 mT for 40 minutes (see the Supporting Information
Figure Sla for details) to induce the chain formation of the nanoparticles (chain sample) while a second solution
sample was left to cool down in the absence of a magnetic field, yielding the reference sample with random nan-
oparticle dispersion (random sample).

Structure and morphology. The structure of the MNPs was identified by X-ray powder diffraction (XRD)
using a two-cycle Rigaku Ultima + X-ray diffractometer with a CuK, radiation operating at 40kV/30 mA. We set
the two theta step to 0.05° and accumulated the signal for 3 s in Bragg-Brentano geometry. The chain formation
of MNPs in agarose was investigated by scanning electron microscopy (SEM) using Zeiss LEO 1530 SEM on Si
substrates. Prior to SEM, the specimens were exposed to a mild reactive oxygen plasma for partial removal of the
agarose. Such a treatment accounts for the surface imaging in SEM and does not affect the lateral distribution of
MNP chains or the number of Fe atoms per particle®.

Magnetic characterization. Magnetic hysteresis loops were recorded at 100 and 300K using an Oxford
Instruments 1.2 H/CF/HT VSM. Zero field cooling/field cooling (ZFC/FC) experiments were performed in a
temperature range of 10 to 300K at an applied field of 5mT using a Quantum Design Dynacool PPMS system.
Ferromagnetic resonance (FMR) measurements were obtained using a conventional Bruker X-band spectrom-
eter (ELEXSYS-II E580) which operated at microwave frequency of 9.5 GHz. The FMR spectra were recorded
by sweeping the magnetic field (B) as applied parallel to the Si substrate surface in two different configurations:
parallel (¢ =0°) and perpendicular (¢ = 90°) with respect to the alignment direction of the chain samples (the
chain axis) as it is schematically shown in the inset of Fig. 5.

Magnetic Particle Hyperthermia. Magnetic particle hyperthermia experiments were performed using
a 1.2kW Ambrell Easyheat 0112 operating at 210kHz and a 4.5kW inductive heater operating at 765 kHz both
under an AC induction field amplitude of 30 mT. Each measurement cycle included a heating and a cooling step.
The temperature was continuously recorded (0.4 s steps) using a GaAs-based fiber optic probe immersed in a vial
containing 1 mL of solution with the AC hyperthermia field applied parallel to the alignment direction of the
chain samples. The heating efficiency of MNPs is quantified by the specific loss power values (SLP) determined
from the power absorption per unit mass of magnetic material (in W/g) following a standardized procedure to
solely estimate the magnetic heating contribution®*, by using equation:

AT _my

At MyNPp, (4)

SLP = ¢

where c is the specific heat capacity of the sample, m; the ferrofluid dispersion mass, 71,y is the iron oxide mass
diluted in the dispersion and AT/ At is the fitted initial temperature gradient after inductive heating started.

Computational procedures. Two distinct computational procedures were implemented as follows:

(1) Molecular Dynamics Algorithm: In order to gain a better understanding about the driving force of chain
formation, we conducted Molecular Dynamics (MD) simulations by using the MagChain package?”. This
approach consists of two key parts: a) the first one is the diffusion model adopted to describe the motion of
the coarse-grain (CG) objects following the Brownian dynamics, where a chain containing s >1 particles

exhibits anisotropic diffusion. The diffusion coefficient for a single, isolated MNP is D, = Td , where 7 is

the viscosity of the fluid. A chain containing at least two nanoparticles exhibits anisotropic dlf%USIOIl, charac-
terized by a diffusion coefficient DS” in the direction parallel to the long axis of the chain and D;" in the direc-
tion perpendicular to the long axis. In order to deﬁne those coeflicients we used the following expressions

adopted from Ref. 41 (slender body theory) = —1 (2s) — —] and 2 — —[1 n(2s) + lwhere sis the
length of the chain (number of MNPs). b) The second one is the dipolar 1n1teract10n strength etween MNPs
with respect to the thermal energy expressed by the magnetic coupling parameter " = L where i, is the

magnetic dipole moment of the individual MNP at saturation. Each CG object is surroun&eﬁ by an aggregate
region in which the magnetic interaction between the CG object and a dummy single particle takes place.
This region depends on the size of the considered aggregate and on the magnetic coupling parameter. For
small chains the attraction radius increases with their size and tends to a constant value for larger chains. The
aggregate region is described by a spherical attraction zone at the poles of each MNP or aggregate. These
1
o 0Qrjdy+ 12+NP — L
The values of r,(s) are calculated by finding the distance at which the magnetic interaction energy E,,,,

between a chain of s particles and a single test particle is equal to —k,T (at the edge of the spherical attraction
zone). In the case of aggregation (i.e. when the MNPs are within the zone) of two nanoparticles we set

E,,
zones are defined by the radius r, given by the solution of equation-"% T =
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> 1, and a new “extended” nano-entity is created. In the case of aggregation of two CG objects, a new

CG. object is created (and the two previous CG objects are erased from the simulation) with length s, obtained
from adding the lengths of the two aggregating chains and located at the center of mass of the aggregating CG
objects. This was the case for the 40 nm MNPs while for the 10 nm MNPs we found that the above condition
for nanoentity formation is not satisfied since the thermal energy was much higher than the magnetic one:
E gl kgT << 1. As a result, the 10 nm system is not able to form linear chains but it forms aggregates due to
weak dipolar interactions. More details for this process appear in Supporting Information.
Stoner-Wohlfarth model based theory for hysteresis loop estimation: With a modified Stoner-Wohlfarth
model based theory for hysteresis loop estimation we may quantify the heating properties of MNPs systems
which are far from the linear response regime incorporating the role of finite temperature and frequency
on the coercive field. The ultimate outcome of this approach is the prediction of the specific loss power val-
ues and their direct comparison with experimental ones. Thus, we may unravel the decisive role of distinct
collective magnetic features and consequent magnetic tuning via dipolar interactions on magnetic heating
efficiency. Details for this procedure appear in Supporting Information section.
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