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Recent clinical trials of magnetic hyperthermia have proved, and even hardened, the Ankinson-Brezovich
restriction as upon magnetic field conditions applicable to any site of human body. Subject to this re-
striction, which is harshly violated in numerous laboratory and small animal studies, magnetic hy-
perthermia can relay on rather moderate heat source, so that optimization of the whole hyperthermia
system remains, after all, the basic problem predetermining its clinical perspectives. We present short
account of our complex (theoretical, laboratory and small animal) studies to demonstrate that such
perspectives should be related with the hyperthermia system based on hard-magnetic (Stoner-Wohl-
farth type) nanoparticles and strong low-frequency fields rather than with superparamagnetic (Brownian
or Neél) nanoparticles and weak high-frequency fields. This conclusion is backed by an analytical eva-
luation of the maximum absorption rates possible under the field restriction in the ideal hard-magnetic
(Stoner-Wohlarth) and the ideal superparamagnetic (single relaxation time) systems, by theoretical and
experimental studies of the dynamic magnetic hysteresis in suspensions of movable hard-magnetic
particles, by producing nanoparticles with adjusted coercivity and suspensions of such particles capable
of effective energy absorption and intratumoral penetration, and finally, by successful treatment of a

mice model tumor under field conditions acceptable for whole human body.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Last two decades witness exponentially growing interest in
magnetic hyperthermia of cancers. The underlying idea, that was
proposed many years ago [1], is simple - to destroy tumor ther-
mally by its local heating above the physiological temperature
with the use of small magnetic particles delivered inside malig-
nant area and absorbing there the energy of externally applied AC
magnetic field. However, practical implementation of this idea
appeared not so simple, especially by comparing modest practical
achievements with enormous amount of published papers. The
main body of performed studies are with stable colloidal suspen-
sions of ultrasmall single-domain magnetic nanoparticles, the
approach, originated [2,3] as “magnetic fluid hyperthermia”
(MFH). It should be mentioned here that particulate systems of
magnetic fluids are soft-magnetic not only in liquid but also in
frozen state, which is characteristic of superparamagnetic (SPM)
particles with thermally unstable magnetic moment orientation.

Abbreviations: MFH, magnetic fluid hyperthermia; SPM, superparamagnetic; HM,
hard-magnetic; SAR, specific absorption rate
* Corresponding author.
E-mail address: bekas@itmo.by (B.E. Kashevsky).
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Both internal (Neél) and external (Brownian) thermofluctuation
mechanisms of magnetization relaxation can be involved in MFH.

Preclinical examination of the method feasibility includes
laboratory studies of the AC field energy absorption and small
animal studies of the antitumor effects of local magnetic hy-
perthermia. The inventors of MFH were the first to thus demon-
strate its feasibility [2-6], to develop a magnetic field applicator
for medical use in any part of human body [7], and to perform
clinical experiments with tumors of different location [8-12].
These achievements are widely referred to support the importance
of ongoing laboratory and small animal studies, but hardly ever
to learn a lesson about conceptual restrictions of magnetic hy-
perthermia in whole, and MFH particularly. The basic is the
restriction on the magnetic field conditions that can be safely
applied to any site of human body without the side effect of in-
tolerable non-specific heating of conductive human body by eddy
currents. Besides, seemingly advantageous stability of magnetic
colloids is found inappropriate for localized hyperthermia because
colloidal particles gradually leave the intended area. A gel-forming
coating is employed to trap the particles [12]. This implys that
laboratory data on the energy absorption, mostly obtained in li-
quid systems, may be misleading as for practical application.
Moreover, this questions the idea [13] of enhancing the energy
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absorption by choosing Brownian, not Neél magnetic nano-
particles. As a matter of fact, subject to the magnetic field limita-
tion, magnetic hyperthermia can relay on rather moderate heat
source, so that optimization of the whole hyperthermia system
remains, after all, the basic problem predetermining its clinical
perspectives.

Over some years, we have been studying the alternative hy-
perthermia system based on the use of intrinsically athermal hard-
magnetic (HM) nanoparticles with pronounced stationary mag-
netic hysteresis. Here we summarize our previous and novel
findings and came to conclusion that namely HM nanoparticles,
rather than SPM nanoparticles, provide reliable basis for practical
magnetic hyperthermia.

2. Allowable fields and achievable energy absorption

In order to allow the local heating by magnetic particles, the
non-specific heating of the electrically conductive body by the AC
magnetic field should be avoided. Naturally, the pattern of tem-
perature increment will depend on the distribution of tissue
electric conductivity and the heat transfer peculiarities. However,
the concept of the AC field limitation is easily understood [14]
from the simple model of a homogeneous cylindrical body affected
by uniform AC field. At a cylindrical layer of tissue with the radius r
under the AC magnetic field with the frequency f and the ampli-
tude Hy the eddy currents produce heat with local power density
w~(rHyf)?, which gives, in the field-affected cylindrical volume
with the length equal to the radius R, the total absorption power
W~R3(H,f)?. This simple estimation indicates that magnetic field
conditions are represented by the amplitude-frequency product
Hof, and the heating power increases with the increase of the di-
mension of the affected region. Purposeful studies of the tolerable
AC magnetic fields were performed as far as in 1984 [14] in con-
nection with the idea of local hyperthermia with metallic inclu-
sions. In this work the concept of the whole-body restriction was
introduced that indicates the field conditions tolerable in pro-
longed application to any part oh human body. In experiments
with volunteers, a single-turn electric coil around the thorax, the
prolonged application of AC magnetic was found tolerable if its
frequency-amplitude product did not exceed the value of
485 x 10% A/(ms). More relevant to practical magnetic hy-
perthermia data can be found in clinical experiments [10] with
magnetic field applicator [7] that represents a huge electromagnet
with a ferrite magnetic circuit, the patient body between its flat
poles. The applicator was design to produce magnetic field with
the frequency of 100 kHz, and the amplitude of up to 18 kA/m. The
tolerated by patients field amplitudes were reported in the range
3-5 kA/m in pelvic region, up to 8.5 kA/m in the upper thorax, and
3.8-13.5 kA/m (median: 8.5 kA/m) in the head. That is, the toler-
able frequency-amplitude product for different patients and dif-
ferent body regions was in the range of (3-13.5) x 108 A/(ms), the
lower level smaller than that established in experiments with
single-turn electric coil [14]. In our opinion, at the research stage,
it is not appropriate to reduce requirements to magnetic hy-
perthermia systems by considering small parts of human body and
small exposure times. We accept Hyf = A = 4 x 10% A/(ms) to be
the reference value for appraisal of magnetic field-particle sys-
tems considered at the research stage for magnetic hyperthermia.
This limitation is harshly violated in all publications that report
high energy absorption, as it is illustrated in Fig. 1 which plots
reported [7,15-25] specific energy absorption rate (SAR) vs. the
violation degree of the magnetic conditions limitation. Note, that
in case of MFH system developed for clinical use, the SAR at the
boundary of acceptable magnetic fields is only about 4 W/g [7].
This small SAR strongly reduces the range of possible magnetic
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Fig. 1. Reported SAR vs. the used magnetic field conditions. Dots are marked by the
numbers of corresponding references. Dot [this work] presents the data of this
study (see below).

hyperthermia targets and sharpens the methodological question,
so far practically avoided, to what extent the efficiency can be
increased of the energy absorption by magnetic particles under
restricted magnetic fields. To obtain simple and reliable estima-
tion, in the perplexed world of magnetic nanoparticles, we can
count on two marginal cases corresponding to the idealized
(Stoner-Wohlfarth) system of athermal single-domain uniaxial
HM particles and the idealized monodisperse system of SPM
particles with single magnetic relaxation time. In the first case, the
absorption is maximum if the particles are oriented along the field
polarization axis and magnetic reversal proceeds by abrupt mag-
netic jumps between opposite directions of the anisotropy axis.
The hysteresis loop is the perfect rectangle with the area 4cu,l,H,
(uq is the vacuum magnetic permeability, c is the particle volume
concentration, I, is the particle magnetization, and H,, the coercive
force), and SAR achieves its maximum value (I} = I,/p, the particle
specific magnetization).

SARjy = 4ol ()

at the field amplitude Hy = H. and the maximum allowable fre-
quency f = A/H.. It is worth to notice that SAR in Eq. (1) does not
depend on the coercive force. Only the particle specific magneti-
zation and the squareness of hysteresis loop is important.

Consider the ideal SPM system with the particle volume V,
the particle number concentration n, and the magnetic relaxation
time z. The amplitude of the field remains within the linear region
of the system static magnetization, which implies small Langevin
parameter, & = uol,VHp/kT < 1 (k is the Boltzmann constant, and T
the temperature). In such a case, the absorption power density w
is given by the well-known relations [13]:

2xfr _ yonIbZVZ

g2
W = mugy' g™, X )(01 " (27Zf1)2, X0 3IKT @)

Here, y, is the steady magnetic susceptibility, and y” is the ima-

ginary part of the dynamic magnetic susceptibility. The absorption

power in Eq. (2) can be easily rewritten in the following form:
2afr

1+ 2afr)?

1
w = gﬂ'ﬂOACIbe

As it follows from the extremum condition dw/df = 0, the ab-
sorption power reaches the maximum value w = (1/6)zuyAclg, at



B.E. Kashevsky et al. / Journal of Magnetism and Magnetic Materials 380 (2015) 335-340 337

the frequency f = 1/(2z7), the corresponding maximum SAR.
1,
SAR%py = g”f‘olefo' 3)

Egs. (1) and (3) indicate that subject to the field limitation the
ideal HM particles are much better energy absorbers as against the
ideal SPM particles (SARgp, [SARY,, = 7&/24). Eq. (1) represents
the absolute maximum of SAR theoretically possible in magnetic
hyperthermia applicable to any part of human body. Say, if mag-
netite nanoparticles (I; = 92 A m?/kg) had a square hysteresis loop,
they would provide SARy,,, = 185W g™\,

3. Feasibility of magnetic hyperthermia in limited
magnetic field conditions

Unlike ultrasmall SPM particles, their both spatial and or-
ientational motion dominated by thermal diffusion, the behavior
of HM nanoparticles is dominated by the regular magnetic inter-
actions as far as the magnetic anisotropy energy, the Zeeman en-
ergy, and the energy of the interparticle dipole-dipole interactions
overpower thermal energy. The possible use of HM nanoparticles
for hyperthermia arouses a number of questions related with
physical chemistry (producing appropriate nanoparticles), colloi-
dal chemistry (stabilization of magnetic suspensions and their
intratumoral penetration), and physics (dynamic magnetic hys-
teresis in HM systems with mechanically movable particles).
Importance of understanding the role of the interconnected pro-
cesses of the internal orientational dynamics (orientational beha-
vior of the particle magnetic moment inside the crystal matrix)
and the external orientational dynamics (mechanical rotation of
particles in viscous liquid under electrodynamic torque) is seen
from the Stoner-Wohlfarth theory of magnetic reversal in uniaxial
particles: when aligned in the AC field direction, such particles
absorb four times more energy as against randomly oriented, and
transversely oriented particles do not absorb energy at all. Me-
chanical orientation of the movable HM particle in the AC mag-
netic field should be considered an independent variable, addi-
tional to the magnetic moment orientation. Our studies based
upon the generalized Stoner-Wohlfarth model of magnetic re-
versal in movable particles [26] have brought an important con-
clusions: depending on the field-liquid-particle system para-
meters, the magnetization dynamics proceeds by either mechan-
ical rotation of particles or internal Stoner-Wohlfarth jumps of
their magnetic moments, the latter regime appearing in the AC
field with the amplitude above the particle coercivity and with
the frequency above the critical value f* ~ 5 x 10_4/401,)1-1,:/001 (n, the
liquid viscosity and «a, the particle hydrodynamic form-factor). It
was shown that in this regime the particles are steadily orientated
along the field polarization direction, the dynamic hysteresis loop
is rectangular, and the energy absorption takes on the maximum
possible value (1). Hence, to achieve maximum absorption in
suspension of HM particles one have to ensure conditions Hy > H,,
and f> f* Finally, to avoid any essential influence of thermal
fluctuations of the particle magnetic moment upon magnetic re-
versal, the energy of the particle magnetic anisotropy should be
large as against the thermal energy kT. Taking into account the
results of many studies of magnetic reversal in single-domain
uniaxial particles with the finite anisotropy energy (for example
[27]), we write this condition as ¢ = u,l,H.V[kT > 400, the particle
volume V to be in the single-domain range. Conditions f> f* and
¢ > 400 imply that the particle coercive force should be limited

from both below and above, namely,
H, < 10%(anA[5u,ly)' %, H, > 400 KT/ul,V. (4)
The condition for this range to exist reads:

1/2
anAugly ! v 51
5 4kT ~ (5)

It involves the particle shape, volume and magnetization. In
case of spherical particles with magnetization of magnetite
(I, = 480 kA/m) in water (5 =0.001 Pas) Eq. (5) demands the
particles with diameter above 53 nm. For 53 nm particles, the
range of proper coercivity shrinks to the point H. = 440 Oe.

The above presented evaluation based on the minimalist
Stoner-Wohlfarth model gives a helpful notion as about the
proper hyperthermia system with HM nanoparticles. The adequate
experimental method to examine such systems, at both research
and development stages, is measuring the loops of dynamic
magnetic hysteresis. The loops not only quantify the power of
energy absorption (equal to the product of the field frequency and
the loop area) but also shed light upon the physics of the under-
lying orientational processes in the heat producing systems of HM
nanoparticles, which is the basic advantage over the commonly
used calorimetry. The dynamic hysteresis technique was first de-
veloped to study the dilute systems of needle maghemite particles
(1000 nm long, 100 nm in diameter) in very viscous liquid [28].
Experiments in the field with the frequency of 430 Hz and the
amplitude of up to 1.1 kOe had confirmed predicted noticeable
increment of the squareness of the dynamic hysteresis loops, and
hence the increment of the energy absorption, in the liquid dis-
persion as against the disordered solid dispersion (Fig. 2).

The needle maghemite particles proved rather efficient energy
absorbers with specific heat production g, =8]J/kg in each
field variation period at the field amplitude H, = 56 kA/m [28].
At the allowable frequency f=A/H,=7.15 kHz this gives
SAR = q,f = 57.2 W/g, more than tenfold higher as against SAR
obtained [7] in the clinical MHF system. Their drawback, from our
experience, is poor penetration about tumor. An optimistic sug-
gestion was that needle shape and big size of particles may be the
cause. Needles could be easily trapped by the tissue and could
initiate, due to the strong interparticle magnetic interactions, the
formation of solid plugs. Our hope for smaller quasispherical HM
nanoparticles came true. Using a fairly simple method of produ-
cing spherical high-coercivity particles, which consist of ferric
oxides with some amount of cobalt (introduced for increasing the
particle coercivity) we were able to produce HM nanoparticles of
around 60 nm in diameter with the coercive force and the specific
energy absorption close to those of the above considered needle
maghemite [29,30]. The only requirement to ensure relative
stability of the suspension of these hydrophobic particles in
physiological saline solution and their intratumoral penetration
is intensive dispersing of the dry powder with appropriate
biocompatible admixture. Let us illustrate this statement by the
following sampling studies. The biocompatible polymer,
polyvinylpyrrolidone (M.w 12,600 4+ 2700), was employed as the
suspension stabilizer to reduce the hydrophobic aggregation of
particles. The magnetic suspension homogenization was effected
by the mechanical disperser KIA 10 basic.

The rat model tumor (see [30]) served for the penetration
studies. The particle distribution upon injection was visualized by
a clinical X-ray device. The structure of magnetic particles in
prepared suspension was visualized with optical microscope in
thin layers formed by manual compressing the suspension droplet
between glass plates. Our main finding is that the stabilised sus-
pension of quasi-spherical hydrophobic magnetic nanoparticles is
capable of spreading homogeneously enough about tumor upon
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Fig. 2. Dynamic hysteresis loops in liquid (A) and solid (B) dispersions of needle maghemite particles with volume content of 0.001(with permission from Ref. [28]).

Fig. 3. X-ray pictures of the quasispherical FM nanoparticles inside a tumor (in rat), taken just after introduction (left) and two weeks later (right) demonstrate that the

particles remain at the site of injection in growing tumor.

slow injection with a siring, and the injected particles do not move
from the site of injection (Fig. 3).

Visualization of the structure of magnetic particles (Fig. 4)
highlights the role of the stabilizer. Without stabilizer, the hy-
drophobic interactions lead to formation of huge aggregates. Upon
smashing between glasses, these aggregates form thick rods
(Fig. 4, left) that characterize the size of aggregates, too large for
intratumoral penetration. The stabilizer (Fig. 4, right) reduces hy-
drophobic interactions, and the structure is dominated by the

magnetic dipole interactions, these interactions producing small
aggregates with presumably compensated magnetic moments, the
aggregates entrapped in a fragile particulate mesh network cap-
able of preventing the suspension from gravitational segregation.

One more question we reckon among prerequisites of ferro-
magnetic hyperthermia is the influence of the inevitable in real
conditions magnetic aggregation as upon the energy absorption.
Experiments with different-viscosity liquid carriers and different
concentrations of particles did not show significant differences of

Fig. 4. Structure of a magnetic suspension in thin layer without (left) and with stabilizer (right).
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Fig. 5. Specific energy absorption in one period of field variation measured (dots)
as function of the field amplitude in suspensions of HM nanoparticles with dif-
ferent concentrations (1, 5, and 10 vol%).

Fig. 6. The picture of recovered animals. Scars mark thermally destroyed tumors.

the specific energy absorption in fields of interest, that is, above
the particle coercive force. An illustration of this statement is Fig. 5
that presents specific absorption per field variation period mea-
sured in different-concentration suspensions of the type used in
hyperthermia experiments with small animals. Importance of this
result consists in proving the possibility to use laboratory data to
plan and analyze the hyperthermia procedures.

Finally let us present a short account of our in-vivo studies [31] of
the antitumor activity of the ferromagnetic hyperthermia performed
in physiologically acceptable fields (f= 3700 Hz, H, < 56 kA/m).
The previously described [30] automated setup was capable of con-
trolled maintenance of the tumor temperature at a given point that
was chosen just under the lower tumor pole in healthy tissue. The
field—particle system produced SAR=25W/g with amplitude/fre-
quency product well below the allowable one (Hyf < A/2). Never-
theless, it ensured heating the edge of 0.5-1/5cm’ tumors to the
prescribed 44 or 44.5 °C. The antitumor effect of hyperthermia itself
and in combination with chemotherapy (cyclophosphamide, 50—
200 mg/kg one week prior to the treatment) was studied at the
mice-Erlich adenocarcinoma bearers. About 100 mice were treated.
The main results are the following: the developed regime of con-
trolled magnetic hyperthermia (44 °C under lower pole/20 min) is
safe; the complete recovery after pure hyperthermia in different
series amounts up to 25-50%; in combination with chemotherapy

hyperthermia lead to complete recovery in up to 80% of cases. The
picture of recovered animals is presented in Fig. 6.

4. Conclusion

Unambiguous conclusion from our theoretical, laboratory and
small animal studies is that HM nanoparticles provide more reli-
able basis for practical magnetic hyperthermia as against SPM
nanoparticles. Their basic advantage over SPM nanoparticles lays
in much more effective specific energy absorption at any given
magnetic field conditions that determine the background level of
the unspecific tissue heating, and put limit upon the heat source
achievable in magnetic hyperthermia. To get maximum SAR, the
magnetic hyperthermia system with HM nanoparticles must
be adjusted in terms of the particle volume and coercivity, and the
field amplitude and frequency. In the adjusted system, HM nano-
particles are stationary aligned in the AC direction; the energy
absorption is of pure solid-body nature and takes on its maximum
possible level. If the hydrophobic interparticle interactions of the
HM nanoparticles in the heat-producing suspension are suffi-
ciently weakened by an appropriate dispersing agent, the mag-
netic aggregation of HM nanoparticles does not affect the AC field
energy absorption, and does not prevent the penetration of
particles about the tumor volume. The main characteristic that
determines the effectiveness of the otherwise adjusted HM
nanoparticles is the squareness of the magnetic hysreresis loop in
the aligned particulate system. Improvement in the loop square-
ness is the main way to further improvement of the magnetic
hyperthermia system with HM nanoparticles.
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