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ARTICLE INFO ABSTRACT

Magnetic nanoparticles (MNP) applied in magnetic fluid hyperthermia cancer treatment interact with cancerous
tissue in various ways. The impact of these interactions on MNP heating efficiency is hard to quantify and
strongly depends on the MNP mobility inside the cancerous environment. There, this MNP mobility is inhibited
by cell attachment and internalization. In this study, we model this impact and analyze the MNP heating under
gradual immobilization of MNP in acrylamide hydrogels with tailored mesh size. Our results confirm a clear
particle heating dependency on the state of immobilization of MNP. This state is related to the mean mesh size of
the respective hydrogel. From this, the contributions of Brownian and Néel relaxation mechanisms to the overall
particle heating are estimated. In fact, the heating efficiency decreases by up to 35% for the highest im-
mobilization state of MNP. This result is discussed in the context of the field-dependent Brownian and Néel
relaxation time, showing that the former significantly contributes to the heating efficiency even for small par-
ticles under the field parameters employed in this study.

Keywords:

Magnetic nanoparticles
Magnetic fluid hyperthermia
Ferrohydrogels

Phantom tissue gels

Particle immobilization

1. Introduction

Magnetic Nanoparticles (MNP) generate heat when subjected to an
alternating magnetic field (AMF) [1,2]. Such heat can be locally de-
livered at a target site, e. g. a tumor, and be used therapeutically for
hyperthermic tumor destruction [3,4] or as an adjunct in chemotherapy
[5,6] or radiation therapy [7,8]. The local delivery of heat via MNP is
known as magnetic fluid hyperthermia (MFH) and has been successfully
applied to glioblastoma brain tumors and prostate tumors in clinical
trials within the last decade [7,9]. Generally, cell death is induced at
temperatures higher than 43 °C for treatment durations longer than
10 min [2,10]. Usually, solutions containing freely dispersed MNP ea-
sily develop such high temperatures when they are exposed to an AMF.
In this case, both the Néel and the Brownian relaxation mechanisms
contribute to the overall heating of the MNP solution. However, MNP
are immobilized in a tumor environment as they inevitably interact
with cells, attach and agglomerate at the cell membrane from where
they are internalized into lysosomes [11,12]. Such intracellular MNP
generate much less heat compared to MNP freely dispersed in water
[13] or cell medium [14]. Concerning this issue, it was recently shown

that the inhibition of physical Brownian particle rotation upon MNP
immobilization is the dominating factor for the observed decrease in
heating [15].

To study the effect of particle immobilization in human tissue, hy-
drogels offer versatile possibilities to design tissue-equivalent phantoms
due to their biocompatibility, mechanical properties and especially
their tunable mesh sizes [16,17]. The incorporation of MNP into hy-
drogels leads to magnetically manipulable hybrid structures, so called
ferrohydrogels, with tunable properties depending on the crosslinking
density and softness of the hydrogel on the one hand, and on the shape
and magnetic properties of the MNP on the other hand. These ferro-
hydrogels offer promising possibilities in materials analysis and in
biomedical applications: Hydrogel-entrapped MNP can be used as
magneto-mechanical probes to non-invasively analyze the mechanic
properties of hydrogel networks [18]. Further, the deformation of fer-
rohydrogels in magnetic field gradients has been exploited to design
remote controlled drug and cell delivery systems [19]. Due to their
tunable heating properties, ferrohydrogels were also used for MFH in
tumor therapy [20] and thermosensitive drug delivery [21].

In the present study, we investigate the effect of gradual
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immobilization of MNP on their heating efficiency. Therefore, poly-
acrylamide ferrohydrogels with tailored mesh sizes in the range of the
hydrodynamic size of the MNP are synthesized. The MNP are in-
corporated inside these gels. The mean mesh size of the hydrogels is
determined from rheological measurements. The MNP characterization
is performed with transmission electron microscopy (TEM), dynamic
light scattering (DLS) and SQUID magnetometry. From the heating
measurements we estimate the contribution of Brownian particle re-
laxation to MNP heating and discuss its dependence on the field para-
meters employed in this study.

2. Material and methods
2.1. Particle synthesis and characterization

Iron-oxide MNP were synthesized via alkaline co-precipitation of
FeCl, and FeCl; salts in NH3 aq. (20%), according to the procedure of
Massart [22], and coated with sodium citrate, as previously reported in
[23].

Transmission electron microscopy (TEM) characterization of MNP
samples was conducted with a Zeiss LEO 906 TEM (Carl Zeiss GmbH,
Oberkochen, Germany) operated at 60 kV. Before each measurement,
1uL sample was dried on Cu/Rh-150 maxtaform-grids (Electron
Microscopy Sciences, Hatfield, PA, USA) for one hour. Particle core
diameters (dc) were determined from TEM images by manual mea-
surement employing the software PaintNET [24]. The resulting values
were fitted with the cumulative distribution function (CDF) of the log-
normal distribution probability density function (s. Appendix A).

The MNP hydrodynamic size was characterized by dynamic light
scattering (DLS) with a Zetasizer Nano S (Malvern Instruments Ltd.,
Worcestershire, UK). For that, 500 uL. MNP solution diluted to an iron
concentration of 1.2 ug(Fe)/mL was measured at 293.15K at a back-
scattering angle of 173° and the procedure was repeated in triplicate
The average hydrodynamic diameter was determined from fitting the
log-normal distribution probability density function (PDF) (s. Appendix
A) to the intensity-weighted MNP hydrodynamic size distribution.

For the MNP magnetic characterization, superconducting quantum
interference device (SQUID) magnetometry was carried out with a
Magnetic Properties Measurement System (MPMS; Quantum Design
Inc., San Diego, CA, USA) operated at 295K. For this, 60 uL. MNP
samples containing 6.5 wt-% mannitol were freeze-dried in 100 pL
polycarbonate capsules (Quantum Design Inc.). The magnetization,
M (H), was measured varying the magnetic field from —4000kA'm™!
to 4000 kA'm~'. The resulting M (H) data was normalized to the ab-
solute amount of iron per sample and fitted with the Langevin function
M(H) = Ms(coth(z)-1/z), with z=(=8)/s, &= pu,MsVeH/(ksT),
Ve = m/6-d¢ the MNP core volume and p, = 47-10~7 VsA~'m~! the
vacuum magnetic permeability. Furthermore, zero-field-cooled field-
cooled (ZFC-FC) measurements were performed on the same batch of
particles varying the temperature from 5K to 295K at constant mag-
netic field of 0.8 kA'm~'. The ZFC-FC curves were normalized to the
saturation magnetization Ms derived from fitting the Langevin function
to the M (H) data.

2.2. Hydrogel synthesis and characterization

Acrylamide (Aam, =99%), N,N’-methylenebisacrylamide (BIS,
99%), N,N,N’,N’-tetramethylethylene-diamine (TEMED, 99%) and am-
monium persulfate (APS, =98%) were purchased from Sigma-Aldrich.

For the preparation of hydrogels, Aam and the crosslinker BIS were
dissolved in deionized water (DI-H,0) at a volume fraction of v,,= 0.08
=((Maam + My15)/Pppam)! Miot/ Prizo)> With ppram= 1.3 gem 2 and py,0=
1.0 g-em 2 the density of polyacrylamide and water, respectively, and
Maam, Mprs and my,, denoting the masses of Aam, BIS and the total so-
lution mass. The crosslinking degree for different hydrogels was ad-
justed by variation of the crosslinker mole fraction
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a = npis/(npis + Naam) between a= 0 and a= 0.005 (s. Supplementary
Material S3 for further details). The free radical polymerization was
initialized by adding APS with a mass fraction of u = 0.002 and
TEMED to the polymer solution. After mixing all components in a glass
vial, the mixture was transferred to a cylindrical Teflon mold (diameter
d= 40 mm, volume V= 2.6 mL) and was kept for polymerization at
room temperature for at least 1 h. Then, the resulting gel was carefully
removed from the mold.

Rheological measurements were performed using an AR-G2 rhe-
ometer (TA Instruments, New Castle, DE, USA) with a plate-plate geo-
metry (d= 40 mm). A solvent trap filled with DI-H>O was used to adjust
the water vapor pressure and prevent solvent evaporation from the
hydrogel. Strain sweep experiments were performed at a frequency of
1 Hz in the strain regime 0.0002 < y< 0.02. Frequency sweep experi-
ments in the range of 0.1-100 Hz were carried out in the linear vis-
coelastic regime at a constant strain of 0.002. From these measure-
ments, the frequency dependent storage modulus, G’, and loss modulus,
G”, of the hydrogels are determined.

Vibrating sample magnetometry (VSM) measurements were con-
ducted on ferrohydrogel samples employing a EV 7 vibrating sample
magnetometer (MicroSense, Lowell, MA, USA) operated at T = 300K
with a magnetic field ranging from —1430 kA'm~! to 1430 kA'm .
Ferrohydrogel samples were prepared as described above in cylindrical
teflon moulds with a volume of approximately 55 pL with vpy= 0.08
and various crosslinker mole fractions ranging from a= 0.0005 to a=
0.005. The MNPs were added as suspension in water (partially repla-
cing water added for gel synthesis) to achieve a final MNP concentra-
tion of 300 pg(Fe)/mL. As a reference sample a dispersion of MNP in
water was measured.

TEM images of freeze-fractured, freeze-dried ferrohydrogel samples
were acquired with a Zeiss LEO 912 Omega (Carl Zeiss). For that, 55 uL
ferrohydrogel (vpoi= 0.08, o= 0.00075) with an iron concentration of
300 pg(Fe)/mL was frozen in liquid nitrogen, finely ground and placed
onto a copper grid with a carbon-hole film (Quantifoil® Multi A,
Quantifoil Micro Tools GmbH, Grof3lobichau, Germany). The ferrohy-
drogel on the copper grid was freeze-dried in a VTR 5036 vacuum
drying oven (Heraeus Holding GmbH, Hanau, Germany) overnight.

2.3. Calorimetric particle heating measurements

Calorimetric particle heating measurements were carried out with a
custom-built hyperthermia setup (Trumpf Hiittinger, Freiburg,
Germany), consisting of a DC generator, an AC-resonant oscillator and a
water-cooled copper coil. The field amplitude, Hy, and the frequency, f,
were set to Hy=40 kAm ™' and f= 270kHz. 1 mL samples were pre-
pared in 4 mL glass vials, which were wrapped in 1 mm thick Styrofoam
to reduce heat losses and placed in the 7-turn coil (s. Supplementary
Materials S1 for further details on the setup). Samples were exposed to
the alternating magnetic field for 30 min starting at an initial tem-
perature of T = 308.15 K (35°C). During exposure, the sample tem-
perature was recorded with a fiber-optic thermometer Luxtron 812
(LumaSense Inc., Santa Barbara, CA, USA). Sample heating curves are
shown in the Supplementary Material S2. The measured temperature-
time data, T (t), were fitted with the Box-Lucas function

t
T(t) = Tiser(1— —=)) + T
() = Tae(1=exp(=2)) + Ty @
from which the specific absorption rate (SAR) value was calculated
according to [25]:
¢ dT

SAR = =-=—|_,

o dt (2)

with the specific heat capacity of water, ¢ = 4.187 J (gK) ™!, the MNP
weight fraction, p, and dT/dtl(t —» O)=%, derived from the Box-Lucas
fitting parameters.

Ferrohydrogel samples were prepared as described above (cf.
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Fig. 1. (a) Exemplary transmission electron microscopy (TEM) image of MNP. (b) Particle core diameter distribution derived from TEM images for N = 755 particles
(crosses) with fit to the cumulative distribution function of the log-normal distribution (red line) (R? = 0.999) yielding dc = (8.9 + 1.3) nm with a log-normal
distribution width of 0 = 0.146. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Section 2.2) with the difference that a solution with MNP suspended in
DI-H,O was used instead of water. The final MNP mass in each 1 mL
sample was 300 pg(Fe). Further reference measurements were per-
formed on MNP dispersed in water and on hydrogels without MNP,
which served for comparison and background subtraction, respectively.

3. Results and discussion
3.1. Particle characterization

Characterization via TEM analysis yields a log-normal distributed
particle size with a mean core diameter of dc = (8.9 + 1.3) nm with a
log-normal distribution width of o= 0.146 (Fig. 1). The narrow size
distribution of the MNP demonstrates the monodisperse character of
the MNP. The MNP size reported here is in very good agreement with
the one reported previously for MNP synthesized with the same pro-
tocol [23].

The hydrodynamic diameter investigated via DLS results in
dy=(18.9+6.1) nm (Fig. 2).

The magnetization curve from SQUID magnetometry normalized to
the absolute amount of iron oxide per sample yields a saturation

10

Intensity-weighted signal [a. u.]

1000

Hydrodynamic diameter [nm]

Fig. 2. Intensity size distribution of the hydrodynamic diameter of MNP
(crosses) with a fit to the PDF of a log-normal distribution (red line) (R?= 0.979)
yielding dy= (18.9 + 6.1) nm.
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magnetization Ms=(445.9+7.1) kA'm ™! (Fig. 3a), which is about 93%
of bulk magnetite magnetization M®"¥= 476 kA'm ! [26]. Generally, a
lower-than-bulk M is expected for MNP caused by a magnetic dead
layer that consists of canted spins at the particle surface, which do not
contribute to the overall MNP magnetization [27]. Nevertheless, it was
recently shown that high magnetic field up to 4000 kAm ™' can even
align these canted surface spins [28]. As our magnetization curve is
measured in the same field range, such an effect could explain the high
saturation values close to bulk value as observed here.

ZFC-FC measurements on the same batch of particles show a peak
temperature in the ZFC-curve at T~ 87 K (Fig. 3b). Using the relation
25-kg Tnax = Kegr-Ve [29], we estimate an effective anisotropy constant
of K= 81 kJm ™2, which is in line with the value reported in a pre-
vious study for MNP synthesized with the same protocol [13].

3.2. Hydrogel characterization

3.2.1. Rheological characterization and determination of mesh sizes

The frequency dependent storage modulus, G’, and loss modulus,
G”, of hydrogels are determined by oscillatory shear experiments as
described above (cf. Section 2.2). Exemplary data for selected hydrogels
is shown in Fig. 4. For all hydrogels analyzed in this work, G’, re-
presenting the energy density stored by mechanic deformation, is sig-
nificantly higher than G”, which denotes the energy density dissipated
by viscos flow, indicating essentially elastic behavior of the hydrogels.

The moderate increase of the storage modulus, G’, with frequency
allows an estimation of the plateau storage modulus, Gp, by averaging
in the frequency regime 0.1-10 Hz [30]. In rubber elasticity theory, the
equilibrium shear modulus, G, of the hydrogel is connected to number
of elastically active polymer chains per unit volume, n.. For the hy-
drogels analyzed here, G is identified with the frequency-averaged
plateau modulus Gy, and according to the affine network model the
following expression is obtained [31-33]:
Gp~ G = ngksT 3)
with kg the Boltzmann constant and T the temperature (here room
temperature: 298.15K). For ideal networks, n, is connected with the
number of elastically active crosslinks per unit volume, i, by the
crosslinker functionality, f', (= 4 for in the case of BIS), according to
e = 2/f"nea [32]. The mesh size of the hydrogel, represented by the
distance between two elastically active crosslinks, ds, is calculated
by:
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Fig. 3. Magnetic properties of freeze-dried MNP immobilized in mannitol. (a) Magnetization curve (M) normalized to the iron oxide amount (¢) (crosses) and
Langevin fit (red line) (R? = 0.999) yielding Ms= (445.9 + 7.1) kA'm ™. (b) ZFC-FC curves normalized to the saturation magnetization, the peak maximum in the ZFC
curve is at T,,,= 87 K. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Results of the mean mesh size in dependence of the crosslinker mole
fraction of all hydrogels are summarized in Fig. 5 (s. Supplementary
Material S3 for a tabular summary).

The polyacrylamide hydrogels can be synthesized with tunable
mesh sizes in the range of (12.6+0.2) nm to (26.7+3.3) nm by variation
of the crosslinker mole fractions. The precise control over the mesh size
of polyacrylamide gels is described in literature before e. g. for poly-
acrylamide gels used for gel electrophoresis [34]. Wang et al. describe
the mesh size of photopolymerized polyacrylamide gels by gel elec-
trophoresis and rheology measurements. For hydrogels synthesized
with a slightly lower polymer volume fraction, vy~ 0.07, and ap-
proximately fivefold higher crosslinker mole fraction, a~ 0.025, they
observe a mean mesh size of 6.4 nm [35]. This is in good agreement
with our results, and confirms the decrease of the mesh size with in-
creasing crosslinker mole fraction.

3.2.2. VSM characterization of ferrohydrogels
The normalized magnetization, M/M;, curves of MNP inside PAAm
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Fig. 5. Mean mesh size d.s, representing the distance between two elastically
active crosslinks, in dependence of the crosslinker mole fraction a of the hy-
drogels. Dashed line is a guide to the eye.

hydrogels are similar (Fig. 6). Only at low fields the M/M; values differ
from the ones of MNP dispersed in water showing the highest M/M;.
Magnetization values gradually decrease with increasing crosslinker
mole fraction a. Such decrease is attributed to a gradual MNP im-
mobilization inside the hydrogels: MNP are gradually inhibited with
increasing a in their free physical rotation, which at low fields sig-
nificantly contributes to the full alignment of the MNP magnetic mo-
ments in the direction of the applied field [36]. At low fields, the in-
trinsic Néel relaxation of MNP is dominated by anisotropy, and the
MNP magnetic moment mainly aligns with the applied field by physical
rotation. Therefore, MNP in liquid suspension (water and polymer so-
lution) show a higher initial magnetization at low fields compared to
MNP immobilized in hydrogels.

3.2.3. TEM characterization of ferrohydrogels

The particle distribution and the network morphology of freeze-
fractured, freeze-dried ferrohydrogels are analyzed by direct imaging
TEM (Fig. 7). In all investigated gels it was observed that the particles
are homogenously distributed inside the hydrogel sample. Particle ag-
glomerates or deformations of the hydrogel matrix in the vicinity of the
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Fig. 6. Normalized magnetization, M/Ms, of MNP immobilized in ferrohy-
drogels (vpoi= 0.08) for various crosslinker mole fractions. Virgin curves for
MNP diluted in polymer solution (without crosslinker BIS added, = 0) and
water are also displayed.

Fig. 7. TEM image of a freeze-dried ferrohydrogel (vpo= 0.08, a= 0.00075).
MNP (visible as dark gray spots) are homogeneously distributed inside the
polyacrylamide network.

particles are not observed throughout all gels. The polymer phase
consists of strands and layers, which are arranged to a porous structure.

3.3. Particle heating efficiency in hydrogels

3.3.1. Results of particle heating efficiency in hydrogels

We gradually immobilize MNP in mesh size-tunable polyacrylamide
hydrogels (cf. Section 3.2 above) and measure the particle heating. The
SAR values in dependence of the mean mesh size are summarized in
Fig. 8a, normalized to the SAR value of MNP suspended in DI-H,O
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Fig. 8. (a) Normalized SAR values of MNP gradually immobilized in hydrogels
with decreasing mean mesh size. SAR values of MNP diluted in polymer solu-
tion (without crosslinker BIS added, a= 0) and water are also displayed. The
hydrodynamic diameter dy=(18.9+6.1) nm is denoted with a solid red line,
while the region of one standard deviation marked in dashed red lines. (b)
Probability density function (PDF) of the log-normal distribution of the hy-
drodynamic diameters. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

((343+7) Wg™~'(Fe)).

The SAR value decreases slightly by 7.3% for MNP suspended in the
polymer solution (= 0) compared to the SAR of MNP suspended in
water. For mean mesh sizes d > dy= 18.9 nm, a decrease in SAR values
by 10% to 20% is observed, while for d < dy the SAR values decrease
by up to 35%. In fact, the decrease of SAR values from 10% up to 35%
demonstrates the effect of MNP immobilization for mean mesh sizes
corresponding to the MNP hydrodynamic diameter within their first
size standard deviation, namely for mesh sizes between
deross = du + 0g;= 25.0 nm down to dcross = dy—0g,= 12.8 nm.

3.3.2. Heating efficiency decrease with viscosity

The MNP suspension in polyacrylamide solution without crosslinker
(a=0) is a complex (non-Newtonian) fluid with a zero-shear viscosity of
ny= (9.521+0.012) Pas, thus four orders of magnitude higher than
water (7,0~ 0.001 Pas) (s. Supplementary Material S4 for details).

However, for the translational or rotational diffusion of a nano-
scopic particle, it has to be taken into account that the length scales of
the polymer in solution must be similar to the characteristic size (e. g.
the radius) of the diffusing objects [37,38]. The polymer is typically
characterized by the correlation length, E, which is the average distance
of one monomer in a polymer chain to the next monomer of another
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chain [39,40]. It is well-established that the diffusion behavior of a
nanoscopic probe (e. g. MNP), depends on the correlation length that
can be estimated from [41]:

__X_ 1 X
3y—1 _ 3x—-1

= Cor gy Yool
Sln(;)

E=bv

“¥pol

(5)

with b = 1.6 nm the Kuhn length, y= 0.44 the Flory interaction para-
meter [32], C,= 8.5 the characteristic ratio [42], I= 0.154nm the
length of a C-C single bond and their bond angle 6=109.5° [32]. For
semi-dilute aqueous solutions of polyacrylamide in water, b, C,x are
experimentally accessible constants and [ and 6 are standard parameters
for organic compounds. From equation (5), we estimate a correlation
length of E= 51.7 nm for the hydrogels studied here. If the size of a
particle in the polymer solution is smaller than the correlation length,
the particle diffusion is dominated by the solvent (in our case water)
viscosity. Here, the correlation length of the polymer solution is larger
than the hydrodynamic diameter of the MNP (dy= 18.9 nm). Thus, for
the MNP in polymer solution, the effective nanoscopic viscosity is close
to that of water (the solvent). The slight reduction in the SAR value of
7.3% observed for MNP suspended in polyacrylamide solution is as-
cribed to a minor deceleration of the physical (Brownian) rotation of
the MNP, as a consequence of the solvent-dominated viscosity in the
non-Newtonian fluid on the particle scale.

A similar reduction in SAR value by approximately 15% was ob-
served recently by Cabrera et al. for iron oxide nanocubes with 14 nm
edge length dispersed in glycerol (macroscopic viscosity 7,,~ 0.1 Pa's)
[43]. The authors demonstrate a viscosity induced inhibition of Brow-
nian relaxation accompanied by a reduction of the remanence magne-
tization, Mg, and the saturation magnetization, Ms, determined from
dynamic AC-hysteresis measurements. However, glycerol is a New-
tonian fluid, for which the macroscopic and nanoscopic viscosity are
identical. An increase in fluid macroscopic viscosity therefore leads
directly to an equivalent increase in the nanoscopic viscosity, influen-
cing the physical rotation of the particles. Additionally, the anisotropy
energy is significantly higher for the 14 nm edge length nanocubes,
resulting in a stronger contribution of Brownian relaxation to particle
heating. This might explain why the drop in the SAR value observed by
Cabrera et al. is much higher compared to the one of the MNP measured
in polymer solution in this work.

3.3.3. Heating efficiency decrease with gradual MNP immobilization

The gradual immobilization of MNP inside the hydrogel allows for
quantification of the effect of MNP immobilization on particle heating,
which shows a decrease of up to 35% in SAR value for the smallest
mean mesh size of (12.6+0.2) nm. We expect that a maximum of 86%
of the MNP is immobilized, ascribed to hydrodynamic sizes higher than
the smallest gel mesh size investigated here (estimated from the PDF fit,
Fig. 8). Therefore, we attribute the observed reduction in SAR value to a
strong inhibition of the MNP Brownian rotation. This is in line with the
findings of Ludwig et al., which reported a reduction of SAR value by
approximately 50% for (12~15) nm iron oxide MNP immobilized in
10% polyvinyl alcohol (PVA) hydrogels [44]. Furthermore, AC-sus-
ceptibility measurements confirm the inhibition of Brownian rotation
for 12nm MNP upon immobilization inside cells [45]. Moreover, the
SAR value of MNP synthesized with the same protocol as the ones used
in this study was previously shown to decrease by up to 70% after MNP
internalization inside human adenocarcinoma SKOV-3 cells [13]. This
decrease for intracellular MNP can be attributed to a combination of
MNP agglomeration effects (inducing particle interactions which in-
fluence Néel relaxation) and immobilization effects (changing Brow-
nian relaxation) [14]. A recent study on experimental AC-magneto-
metry with 11 nm iron oxide MNP and micromagnetic simulation
explained the decrease of SAR for intracellular MNP mainly by ag-
glomeration and arising dipole-dipole particle interaction causing de-
magnetizing effects rather than immobilization effects [46]. Even
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though we cannot fully exclude agglomerations, in our present study,
the TEM images as well as the magnetization measurements indicate
that MNP were homogeneously distributed within the hydrogels
(Figs. 6 and 7) and therefore particle agglomeration effects were ne-
glected for the interpretation of the heating results. We attribute the
reduction in SAR to the inhibition of MNP physical rotation, i. e. im-
mobilization effects on their Brownian relaxation.

Strong AC (alternating current) magnetic fields - such as the one
employed here (Hy= 40 kA'm ™ ') - were shown to significantly influence
both relaxation times even for small particles sizes [47]. In the fol-
lowing, we will estimate the respective contribution of Néel and
Brownian relaxation to particle heating for the MNP investigated here
suspended in water based on relations taken from literature. Our esti-
mations are carried out for the mean hydrodynamic diameter, dy, and
the mean core size, dc, (reported above in 3.1) neglecting size-dis-
tribution effects leading to an effectively broad spectrum of relaxation
times. Yoshida and Enpuku derived the following expression from the
Fokker-Planck equation the for the AC-field-dependent Brownian re-
laxation time [48]:

B
J1 + 0.21-E(Hy)? ' 6)

with 3 = 39V4/(kg T) the field-independent Brownian relaxation time, 7
the viscosity, Vi = 7/6-dj; the hydrodynamic particle volume, Tthe
temperature and £(Hy) = mHy/(kgT) the reduced field parameter,
where m = u,MsVc is the magnetic particle moment. Equation (6) is
valid for £< 20. For our case ¢ is approximately 2.

The AC-field dependent Néel relaxation time can be expressed in
terms of the anisotropy field Hy = 2K.s/u Ms [49]:

Kot Ve H Y
w5 (Hp) = To‘exp( s C‘(l——o) }

i (Ho) =

kBT HK (7)

with &y = 19-exp((Ker V)/ (kg T)) the field-independent Néel relaxation
time, 7o = 10~ s the time constant [50] and K. the effective anisotropy
constant. Using Egs. (6) and (7) and applying the properties for the
MNP investigated here (cf. Section 3.1) as well as T= 313K (the sa-
turation temperature achieved during particle heating; s.
Supplementary Material S2) and 7=6.5310"* Pas (the viscosity of
water), a mean Brownian relaxation time of 5(Hy= 40 kAm™}) =
1.21ps and a mean Néel relaxation time of my(Ho= 40kA m™1) =
0.17 ps is calculated. Note that the MNP are dominated by Néel re-
laxation in ambient conditions. The effective relaxation time

1 _ B _ ™
o 1+% 1+

TR =

N

B

®

results in i (Hy= 40 kAm 1) = 0.15 us. Using Eq. (8) and knowing that
5 (Ho= 40 kA'm™Y)/5 (Hy= 40 kAm 1) =~ 7.12, we estimate the accel-
eration of the effective combined Brownian and Néel relaxation com-
pared to the respective isolated effect to rg ~0.127(Ho= 40 kAm™?')
resp. g ~0.887y (Hy= 40 kA m™~'). From this, we expect a Néel domi-
nated particle relaxation, however, also showing significant Brownian
contributions which explain the decrease in SAR by inhibition of the
Brownian rotation. Moreover, the particle heating efficiency is pro-
portional to the imaginary part of the complex AC-susceptibility,
reading [49]:

SAR oy :XO.LJC'T’

1+ @Qnfo)? ©)
with the initial susceptibility y, and the excitation frequency f. Ac-
cording to Eq. 9), the SAR is maximized for

2m-f*t=1= f* = 1/(2n-7), with the resonance frequencies f*(=
0.15ps) = 1,060 kHz, f* (= 0.17 ps) = 940 kHz and f* (5= 1.21 ps) =
130 kHz in our case. In order to estimate the effect of smaller and bigger
particles within the size distribution on SAR, we calculated y"(f, 7) for
four exemplary particle sizes: dc, dc—04¢, dc + e, dc + 204 (using the
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Table 1
MNP properties used for the estimation of x” (f, 7).

Size dc [nm]  dy [nm]  Ker  on(Ho) [ps] 7B (Ho) [us]  7r (Ho) [us]
[kJ/
m®]
dc 8.9 18.9 81  0.170 1.205 0.149
dc—04c 7.6 17.6 93  0.046 1.136 0.044
de + 0gc 10.2 20.2 72 0735 1.181 0.453
dc + 20qc 115 21.5 65  3.654 1.102 0.847

PDF fitting parameters, s. Appendix 5A). We assumed a fixed coating
thickness of 5 nm for the determination of the hydrodynamic diameter,
resulting in dgy = dc + 10 nm. The coating thickness is deduced from
the mean particle core and hydrodynamic sizes determined from TEM
and DLS measurement (cf. Section 3.1). Further, we assumed a size-
dependent effective anisotropy constant as follows [51]:

6
Ko (dc) = Kg + — K,
off (dc) = Kp € K 10)

with the bulk anisotropy value Kz (=11 kJ'm~2 for bulk magnetite
[52]) and the surface effective anisotropy constant K. Using the value
K determined from the ZFC-FC measurements (cf. Section 3.1), we

a

f=270 kHz

2 X

0.0 T T
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Frequency [kHz]
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s 2()
0.5
|
R
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100 1000
Frequency [kHz]
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calculated Kg=103.83 pJm ™2 For this Kg value, K. for the above-
mentioned exemplary sizes was approximated. The MNP properties and
the respective relaxation times used for the estimation of y  are listed in
Table 1.

Even though the values in Table 1 are approximations, they allow
the estimation of x"(f) at different particle sizes directly translating to
the SAR. For the following interpretation, we assume that y" () holds
for MNP dispersed in water (allowing both Brownian and Néel relaxa-
tion), )(” (zv) for MNP fully immobilized (allowing only Néel relaxation)
and )(" (13) for the MNP Brownian relaxation contribution to the effec-
tive relaxation. Fig. 9a shows that for the excitation frequency of
f=270kHz and the mean particle size dc, the curves for y"(%x) and
X" () nearly overlap and therefore not much change in SAR is expected
upon particle immobilization as the MNP relaxation is Néel dominated.
For smaller-than-average particles (condition dc—og. in Table 1,
Fig. 9b), the peak of y" (=) and yx"(z:) shifts to much higher frequencies
indicating that the resonance condition is not met for the excitation
frequency used in this work. For such small particles only a small
contribution to the overall SAR is expected. These particles are fully
Néel dominated and their immobilization would not have any effect on
the SAR.

For larger particles within the size distribution (conditions dc¢ + o4
and dc + 204. in Table 1, Fig. 9c and d), two things are observed:

b
f=270 kHz
- -2(5) dC' GdC
0 5; == 2"(%)
T 21(z)
K|
0.0 —/ :
10 100 1000
Frequency [kHz]
d
f=270 kHz
dC+2 O-d l"(TN)
05 c 7'(z,)
) 2'(%)
|
N
0.0 T T
10 100 1000

Frequency [kHz]

Fig. 9. Imaginary part of the complex AC-susceptibility x" (cf. Eq. (9)) versus frequency for different Néel and Brownian relaxation contributions and for the effective
relaxation as well as different particle sizes within the size distribution (s. Table 1): (a) mean particle sizes dc, (b) particles with dc—oq, (c) particles with dc + oy

and (d) particles with d¢ + 204.. The excitation frequency used for hyperthermia experiments, f=270kHz is marked in red. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

492



U.M. Engelmann et al. Journal of Magnetism and Magnetic Materials 471 (2019) 486—-494

Firstly, for higher particle sizes than dc, the peak in y"(zy) shifts rapidly heating is caused by a strong inhibition of Brownian relaxation.
to small frequencies, while y"(z3) shifts much closer to x"(zz) indicating Consequently, we expect that the Brownian relaxation contributes
an increase of Brownian contributions to particle heating (Fig. 9d). about 35% to MNP heating, which fits to our conclusion derived from
Such an effect was reported in literature before [2,53]. Secondly, the blocking of particle heating in the highest immobilization state and the
resonance condition for y"(f, r) is met and the overall SAR is sub- strongest inhibition of physical particle rotation.

stantially increased by predominantly Brownian contributions of larger The synthesized hydrogels prove to be an appropriate model for the
particles. If Brownian relaxation contributions are inhibited by particle design of tissue equivalent phantoms. Due to their tunable mesh size,
immobilization in hydrogels, the contribution of these particles to such gel phantoms can be employed to quantify the immobilization
particle heating is reduced. Even if the absolute number of larger par- effects not only on heating efficiency but also on magnetic resonance
ticles is low in the MNP suspension, their Brownian relaxation con- and magnetic particle imaging for a variety of MNP with different sizes
tributions to the overall SAR value are substantial. This fits to our ob- and surface properties.

servation that for the strongest immobilization state, the inhibition of
the Brownian relaxation causes a decrease of roughly one third in the
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4. Conclusions

We quantified the drop in heating efficiency for gradual im-
mobilization of MNP inside acrylamide hydrogels. These hydrogels are
synthesized with tunable mesh size allowing a continuous inhibition of
the Brownian particle relaxation with decreasing mesh size. The highest
drop in SAR value of about 35% is measured for MNP with a hydro-

dynamic size higher than the smallest gel mesh size investigated here. Declaration of interest
Based on estimations of the field-dependent relaxation time for the

MNP used in this work, we conclude that such a decrease in particle None.

Appendix A

A: Log-normal distribution probability density function

The log-normal distribution probability density function (PDF) is defined as

(n(d)-w)? )

PDF(d, u, o) = \/277r1-d-0.exp( P

(A1)
and the cumulative distribution function (CDF) is defined as
1 In(d)—u )
CDF(d, u,0) = —|1 + erf| ———| |,
@ #9) 2( ( V2o (A.2)

with the error function, erf(x) = 2/J7- fox exp(—t?)dt, and the parameters, u and o, from which the mean and variance are calculated with
dc = exp(u + 02/2) and oz¢ = exp(2u + 02)-(exp(c?)—1), respectively.

Appendix B. Supplementary material
Supplementary data to this article can be found online at https://doi.org/10.1016/j.jmmm.2018.09.113.
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