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Abstract: The treatment of tumors via hyperthermia has
gained increased attention in the last years. Among the
different modalities available so far, magnetic hyperther-
mia has the particular advantage of offering the possibility
of depositing the heating source directly into the tumor.
In this study, we summarized the present knowledge we
gained on how to improve the therapeutic efficiency of
magnetic hyperthermia using magnetic nanoparticles
(MNPs), with particular consideration of the intratumoral
infiltration of the magnetic material. We found that (1)
MNPs will be mainly immobilized at the tumor area and
that this aspect has to be considered when estimating the
heating potential of MNPs, (2) the intratumoral distribu-
tion patterns via slow infiltration might well be modu-
lated by specific MNP coating and magnetic targeting, (3)
imaging of the nanoparticle depositions within the tumor
might allow to correct the distribution pattern via multiple
applications, (4) multiple therapeutic sessions are feasi-
ble because MNPs are not delivered from the tumor site
during the heating process, (5) the utilization of MNPs that
internalize into cells will favor the production of intracel-
lular heating spots rather than extracellular ones, (6) uti-
lization of MNPs functionalized with chemotherapeutic
agents will allow us to exploit the additive effects of both
therapeutic modalities, and (7) distinct cytopathologi-
cal and histopathological alterations in target tissues are
induced as a result of magnetic hyperthermia. However,
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the accumulation at the tumor via intravenous applica-
tion remains a matter of challenge.

Keywords: cancer; magnetic hyperthermia; magnetic nan-
oparticles (MNPs); nanotechnology; nanotherapy; SPION.

Background

Hyperthermia, using a transient increase in temperature
at the target region, has been considered a promising tool
to treat tumors. Different heating strategies that are based
upon the utilization of infrared light, radiofrequency
radiation ultrasound, microwave heating, etc. have been
suggested. Several strategies have been developed so
far: whole-body hyperthermia deals with the applica-
tion of hot air or water; via local hyperthermia, the tumor
region is exposed to electromagnetic waves (microwaves
or radiowaves). Local hyperthermia only addresses small
areas, such as the tumor per se. Regional hyperthermia
heats organs or other larger parts of the body. The first
mentioned strategy is particularly applicable when single
tumors in the early stages of cancers are present. Whole-
body or regional hyperthermia are mainly applied when
treating tumors and local or distant metastases [38].

To kill tumor cells, the dose of applied temperatures,
described as the area under the temperature-time curve, is
of uttermost importance: the application of temperatures
between 43°C and 45°C for 60—-90 min refers to hyperther-
mia per se, whereas temperatures higher than 50°C for
several minutes are designated as “thermoablation” [15].

Although most of the mentioned modalities for
heating of tumors utilize external heating sources that
demand high efforts in appropriate focusing of the energy
source in question, the application of magnetic materials
right to the tumor area is expected to improve the selec-
tivity of the treatment modality. The reason being, using
internal sources, the heating doses can be deposited using
minimal control and be selectively localized within the
tumor area [17].

Typically, the magnetic materials are made up of an
iron oxide core in the nanometer range and a coating
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material such as chain-like polymers, surfactants, pro-
teins, etc. [13]. Such nanoparticles (MNPs) usually exhibit
a superparamagnetic behavior. During the exposure to an
alternating magnetic field, the magnetization vector of the
MNPs with diameters smaller than 40 nm — together with
distinct magnetic field parameters — will relax according
to the direction of the applied external alternating mag-
netic field (Neél relaxation) and/or the whole MNP will
rotate (Brown relaxation) [4]. The heating capability (the
so-called heating potential) of the magnetic material will
strongly depend upon its structural features, such as size,
shape, and microstructure, and the features of the exter-
nal magnetic field [25].

Different application routes for MNPs have been con-
sidered so far. A high potential for clinical translation is
associated with the intratumoral infiltration of MNPs.
Hereto, particularly slow infiltration is beneficial to cope
with the high interstitial pressure of the tumors. Doing so,
the amounts of magnetic material can be easily controlled
and it will allow the doctors to deposit rather high nano-
particle amounts. One disadvantage of this strategy is the
production of mostly heterogeneous nanoparticle distri-
bution patterns, which might lead to regions of tempera-
ture underdosage [18].

The aim of the present paper is to give an overview
of ways to improve the therapeutic efficiency of magnetic
hyperthermia. We will first consider the situation related
to the intratumoral application and then the intravenous
application of the magnetic material.

The degree of immobilization of
MNP in tumors determines heating
behavior

The selection of MNPs exhibiting a sufficient heating
capacity (specific absorption rate, SAR) in vivo is important
to achieve the desired temperatures. In particular, single-
core MNPs were shown to exhibit higher SAR values than
the multicore MNPs of the same core size. Multicore MNPs
manufactured via different synthesis routes showed dif-
ferent SAR, although they exhibited comparable core and
hydrodynamic sizes. We also noted the highest SAR values
for MNP suspensions in water but a strong reduction of
the SAR after the immobilization of MNPs in polyvinyl
alcohol (PVA) was present. Generally, MNP embedment
in PVA leads to a higher immobilization of MNPs com-
pared to agarose gels. This differential finding is the result
of the polymerizing agents that the MNPs are embedded
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in. They should possess pore diameters suitable for effi-
cient immobilization of MNPs in question depending on
their structural parameters. Taken together, this means
that immobilization of MNPs, independent of their phys-
icochemical properties, can distinctly affect their SAR.
Similar processes are supposed to take place in vivo, par-
ticularly when MNPs are sticking to cells and tissues [25].

We also injected magnetic multicore MNPs into exper-
imentally grown tumors in mice and exposed them to an
alternating magnetic field (H=25 kA/m, f=400 kHz). The
magnetic characterization of the removed tumor tissue
confirmed that the particles are not able to rotate, and
a temperature increase due to Brown relaxation can be
nearly neglected [9]. The correct estimation of the heating
potential of MNPs under “real” conditions will help in
designing formulations with even better suitability for
magnetic heating purposes.

The intratumoral temperature
pattern might well be influenced by
the nanoparticle coating

The intratumoral infiltration of MNPs (fluidMAG; Chemi-
cell, Berlin, Germany; clustered iron oxide particles with
core diameter of 10 nm [24]) coated either with polymeric
Arabic acid (ARA, carboxylic end-groups) or with polyeth-
ylene imine (PEI, amine end-groups) showed a tendency
to differ in their distribution pattern after infiltration into
fibrosarcoma (HT1080) tumors. The MNPs with a car-
boxylic end-group functionalization exhibited a rather
diffuse distribution pattern, whereas the amino function-
alized ones exhibited a more localized one (Figure 1A,
B) as revealed via micro CT (mCT) imaging. The effects
seem to be associated with the distribution pattern per se
rather than the changes in the physicochemical features
dependent on nanoparticle surroundings (Figure 1C-E).
Accordingly, the more localized distribution patterns of
the PEI-coated MNPs result in comparably higher tem-
peratures vs. the ARA-coated ones. Therefore, the intratu-
moral distribution pattern might be influenced by specific
nanoparticle coatings containing defined end-group func-
tionalizations, which lead to distinct temperature distri-
butions in tumors.

The accumulation of MNPs at the tumor area might
well be increased by magnetic targeting. We could show
that magnetically based cellular MNP uptake by human
adenocarcinoma cells is because of suitable magnetic
field gradients that intensify the temperature increase
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Figure 1: The nanoparticle end-group functionalization might influence their distribution pattern in tumors (HT1080) after slow infiltration.
Intratumoral injection of 1 ug fluidMAG-ARA (A) and fluidMAG-PEI (B) per 1 ul tumor volume into three different mice. Cumulative equivalent
minutes for 90% of the tumor volume at a temperature of 43°C; mCT images of mice to visualize MNP distribution in the tumors (dorsal
view); temperature at 60 min exposure analyzed by NIRF thermal imaging (lateral view); temperature at 60 min exposure in percentage of
tumor area. (C) Hydrodynamic diameter of fluidMAG-ARA and fluidMAG-PEI after 24 h incubation in dH,0 and culture medium, respectively.
Strong agglomeration of fluidMAG-PEI after incubation in culture medium. (D) £ Potential of fluidMAG-ARA and fluidMAG-PEI after 24 h
incubation in dH,0 and culture medium, respectively. Strong potential reversal for fluidMAG-PEI/750 after incubation in culture medium. (E)
SAR of fluidMAG-ARA and fluidMAG-PEI for fluid and immobilized (in 10% PVA) MNPs. Strong loss of SAR after immobilization in 10% PVA for

fluidMAG-ARA. (C-E) Mean and standard deviation of n=5 (hydrodynamic diameter) and n=3 ({ potential and SAR), respectively.

generated during magnetic heating [20]. These strate-
gies will provide new means to avoid the occurrence of
regions of temperature underdosage during magnetic
hyperthermia.

Imaging of nanoparticle depositions
in tumors

Alternatively to mCT imaging, magnetorelaxometry may
be an appealing system to non-invasively quantify and
identify nanoparticle accumulation in tumors. Magne-
torelaxometry (MRX) measurements using a multichannel
vector magnetometer system with 304 superconductive

quantum interference devices allow the reconstruction
of the position and magnitude of the magnetic moment
from measured spatial magnetic field distributions by a
magnetic dipole model fit applying a Levenberg-Marquadt
algorithm. Therewith, the center of gravity and the total
amount of MNP accumulation could be assessed [10].
Researchers have suggested the utilization of mag-
netic resonance imaging (MRI) for delineation of iron
oxide deposits in tumors (e.g. [5]). Nevertheless, and apart
from the occurrence of susceptibility artifacts at the tumor
region via MRI that results from the use of high amounts of
iron to obtain the appropriate local temperatures, MRI and
magnetic hyperthermia are based on different and even
counteracting parameters, which makes it challenging
to combine them. This means that despite the versatility
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of MNPs, a combination of multiple modalities (e.g. tar-
geting, diagnostics, therapy) to one carrier has distinct
limitations [16]. Appropriate imaging of local nanoparticle
distributions at the tumor area (e.g. via X-ray, CT imaging)
will allow the doctors to correct the distribution pattern
via additional nanoparticle applications.

MNP exposure to an alternating
magnetic field does not release
MNPs from the tumor

In past investigations, we showed that exposure to an
alternating magnetic field does lead to a delivery of MNPs
from the tumor site to other organs such as the liver and
spleen. In particular, intratumoral deposition allowed
for MNPs to remain stuck at the tumor at least for 7 days.
At this time point, a few MNPs were detected in the liver
and spleen and <1% of total injected MNPs were excreted.
Additionally, the exposure to an alternating magnetic
field and the induction of apoptosis did not affect MNP
accumulation. Consequently, localized magnetic heating
therapy of tumors might be applied periodically for better
therapeutic outcome [19].

Behavior of MNPs internalized
in tumor cells

Using intratumoral injection, MNPs are infiltrated in the
tumor region and will bind to the components of the
extracellular matrix and/or the cell surface (own unpub-
lished observations). This binding behavior is of electro-
static nature and is influenced by the constitution of the
surface coating. If one allows the MNPs to be internalized
into cells, e.g. by reasonably extending the time between
application and treatment, a higher cell-killing potential
is expected because the extracellular heating spots will
be transferred to locations inside the cells. In this context,
we pre-labeled the cells before implantation as tumor
xenograft in mice, measured the temperature at different
points, and elucidated the effectivity of treatment via his-
tology and biocompatibility via blood sample analysis.
From the methodical point of view, BT-474 adenocar-
cinoma cells were labeled with MNPs (fluidMAG-D, clus-
tered iron oxide cores with diameters of 10 nm and dextran
coating; concentration, 0.13 mg Fe/cm? growth area;
incubation time, 24 h) according to [8]. Severe combined
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immune-deficient (SCID) mice were divided into four
groups with 5 mice each: group 1, mice with non-labeled
BT-474 tumors without magnetic heating; group 2, mice
with labeled BT-474 tumors without magnetic heating;
group 3, mice with non-labeled BT-474 tumors with mag-
netic heating; group 4, mice with labeled BT-474 tumors
with magnetic heating. Experiments were started when
tumor volumes reached approximately 200 mm?®. For mag-
netic heating of tumors, mice were exposed to an alternat-
ing magnetic field (frequency, 400 kHz; magnetic field
strength, 24.6 kA/m) for 300 s. Rectal and intratumoral
(central, dorsal, ventral) temperatures were monitored
during magnetic heating via thermocouples. Mice were
sacrificed by CO, 2 h after tumor treatment. Subsequently,
the blood and internal organs, such as spleen, liver, lung,
etc., were extracted for iron analysis via atomic absorption
spectrometry. Non-treated animals served as control for
normal iron in the blood. All experiments were approved
by the regional animal care committee and were in accord-
ance with international guidelines on the ethical use of
animals.

The treatment of animals resulted in a significant
(p<0.03, univariate variance analysis) increase in tempera-
tures in the tumor containing labeled cells compared with
non-labeled ones. Furthermore, temperatures in tumors of
mice with MNPs rose significantly (p<0.02) compared with
the corresponding rectal temperatures (see Figure 2).

Interestingly, no distinct differences in blood param-
eters among the animal groups were detected (Table 1).

12

10 —

Temperature difference (°C)

Rectal Ventral Central Dorsal

Figure 2: Temperature increases during magnetic heating of adeno-
carcinoma (BT-474) xenografts in mice.

Xenografts consisted of labeled tumor cells. Exposure time: 300 s
in an alternating magnetic field (frequency f=400 kHz, amplitude
H=24.6 kA/m). Temperature differences with respect to the situa-
tion before starting the heating procedure. *Significantly different
with p<0.05. Light bars: tumors with MNPs, dark bars: tumors

without MNPs. Mean and standard deviation of n=5.
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Table 1: Hemograms of mice after magnetic heating of BT-474 breast adenocarcinomas.
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| 1l 1] 1\
Differential hemograms
Iron (mg Fe/l) 3924128 4181130 445128 4601123
Erythrocytes (10'?/1) 9.340.8 10.04+0.8 10.3+1.3 10.740.2
Hemoglobin (mmol/l) 8.340.2 9.240.9 9.240.8 9.540.2
Hematocrit (%) 39.0+1.5 41.5%5.2 42.113.1 41.4+1.6
Leucocytes (10°/1) 1.311.0 3.1+3.3 2.4+1.7 1.8+1.1
Lymphocytes (%) 74.9%£5.1 72.8116.1 72.9+20.7 83.918.6
Monocytes (%) 14.9+4.1 3.5+1.8 13.41+1.6 9.4+10.1
Neutrophilic granulocytes (%) 6.61+5.8 0.940.8 0.610.6 0.9+0.8
Eosinophilic granulocytes (%) 0.0£0.0 0.410.5 0.310.3 0.1£0.2
Basophilic granulocytes (%) 5.1+2.9 22.6+15.6 12.8+22.1 6.314.1
Thrombocytes (10°/1) 632.0+384.5 792.7t479.2 1188.0+£135.9 1109.6+268.6
Sera

Creatinines (umol/l) 28.0+6.2 30.7+7.2 24.4+0.9 22.0+4.0
v-Glutamyltransferases (umol/s) <0.07 <0.07 <0.07 <0.07
Glutamate dehydrogenases (umol/s) 549.5+171.8 836.5+17.7 773.7t480.7 832.3+425.7
Lactate dehydrogenases (umol/s) 14.148.1 26.9+7.6 18.317.4 14.6%4.2
Total bilirubin (umol/1) <1.7 <1.7 <1.7 <1.7
Direct bilirubin (umol/l) <1.8 4.2 <1.8 <1.8

I, mice without MNPs or MWF; Il, without MNPs and with MWF; 111, with MNPs but without MWF; IV, with MNPs and MWF. Mean and standard

deviation of n=5.

This is an indication that magnetic heating of fully labeled
tumor cells is highly biocompatible. Also, the blood iron
contents remained constant in all animal groups and
no increase of iron was found in the organs (Figure 3).
Therefore, magnetic heating of labeled tumor cells does
not induce a systemic delivery of MNP at least at 2 h after
treatment.
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Figure 3: Magnetic hyperthermia of labeled cells does not induce a
systemic release of iron into the organism.
Iron oxide content of different organs of BT-474 tumor-bearing SCID
mice. Mean and standard deviation of n=5.

Labeled cells that have been implanted as xenografts
in mice and that finally formed a tumor tissue were mac-
roscopically dark after histological processing (Figure 4).
This observation indicates that internalized MNPs have
not been degraded during tumor growth times of 77432
days, independently of the heating procedure. Therefore,
MNPs internalized into tumor cells are able to remain for a
long period. Rather, nanoparticle “dilution” could poten-
tially occur as a result of cell division. Accordingly, the
organs (heart, liver, lung, kidney, spleen) of the different
mice groups revealed no significant differences in their
iron contents with respect to the controls.

All tumors were histologically categorized to belong
to the group “G-3” of ductal breast cancer. This means
that the used BT-474 tumor xenograft is a highly malig-
nant, low-differentiated tumor with metastatic potential,
prominent nuclear polymorphism, and tubuli forma-
tion. Treated labeled tumor cells exhibited the highest
proportion of necrotic tissue in comparison to the other
groups (semi-quantitative scoring: +0.5, +0.6, and +1.0;
see Table 2, Figure 4). In labeled cells, no differentiation
between cytoplasma and cell nuclei was possible. In the
other animal groups (controls for MNPs, the magnetic
field, the therapeutic outcome), only very small areas
of avital tumor tissue were detected. All tumor samples
revealed signs of desmoplasia and hyalinosis (Figure 4).

In conclusion, it seems favorable to modulate the
intratumoral application in such a way that MNPs are
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Figure 4: Effects of magnetic heating of adenocarcinoma (BT-474) xenografts in mice after magnetic labeling of tumor cells.

(A) No MNPs (-MNPs) no exposure to an alternating magnetic field ((-AMF, parameters), bar: 500 um; (B) +MNPs, +AMF, bar: 500 um;

(C) +MNPs, -AMF bar: 50 pum; (D) -MNPs, +AMF, bar: 50 um; (E) +MNPs, -AMF, bar: 50 um; (F) +MNPs, +AMF, bar: 50 um; (G) -MNPs, -AMF,
bar: 50 um; (H) +MNPs, -AMF, bar: 50 um. (A—F) Hematoxylin and eosin staining and (G—H) Prussian blue.

Table 2: Histological analysis of tumor sample xenograft in SCID mice and stained with hematoxylin and eosin.

Grading Brown pigmentation and hemosiderin Necrosis Avital tumor tissue Desmoplasia and hyalinosis
+MNPs, +AMF G-3 +1.4 +2.4 0 +1.0
+MNPs, -AMF G-3 +1.2 +0.6 +0.2 +1.0
-MNPs, +AMF G-3 0 +1.0 +0.8 +1.0
-MNPs, -AMF G-3 0 +0.5 0 +1.0

Semiquantitative scoring of features defined in the table (0, not present, to 3, highly pronounced). The malignancy was graded by the

degree of de-differentiation (grading, G1to G3).

internalized into the target cells. This strategy offers the
advantage of induction of intracellular heat spots, which
increases the therapeutic efficacy as well as the possibility
of multiple therapeutic sessions because the MNPs remain
in the cells for a long period.

Design of MNPs as multifunctional
tools for magnetic hyperthermia in
combination with chemotherapy

The behavior of MNPs internalized into cells has an impli-
cation for the utilization of MNPs that have been function-
alized with chemotherapeutic agents. The combination
of both localized chemotherapy and localized magnetic
heating based on the simultaneous use of MNPs as drug
carriers and as therapeutic agents is rare. From the combi-
nation strategy, advantage can be taken from the already
observed additive effect of hyperthermia in combination
withchemotherapy,incomparisontorespectivesingletreat-
ments [14, 37]. Few examples reported up to now represent

the design of cisplatin- [2, 21] or doxorubicin- [28, 29]
loaded MNPs. Apart from that, the largest number of
studies are dealing with drugs coupled to MNPs exclu-
sively for magnetic drug targeting purposes. In this
context, most studies refer to mitoxantrone (e.g. [1]) or
doxorubicin (e.g. [34]) as chemotherapeutic agent.
Cisplatin is one of the most potent antitumor agents
in a wide variety of solid tumors. It interacts with DNA
to form DNA adducts, primarily intra-strand cross-link
adducts, which activate several signal transduction path-
ways, including ATR protein kinase (Ataxia telangiecta-
sia and Rad3 related), p53, p73, and mitogen activated
protein kinase (MAPK), leading to apoptosis activation
[31]. We showed that cisplatin can be adsorbed to MNPs
by simple incubation (e.g. 13.4+2.2 mg cisplatin/g Fe). In
the presence of water and using hyperthermal (42°C) or
thermal ablative (60°C) temperatures, cisplatin did not
desorb from the MNPs. Nevertheless, when exposed to
salts (buffer) or serum albumin, cisplatin was released
from the MNPs to a degree of 50% and 25% of the total
amount of adsorbed molecules. The facilitated desorption
of cisplatin from the MNPs in biological media implicates



DE GRUYTER

its primary utilization for intratumoral deposition of the
magnetic material because exposure to blood would result
in premature desorption of this chemotherapeutic agent
before accumulating at the tumor region due to of the
presence of serum albumin [21].

Another alternative is the design of multimodal MNP
probe based on the chemotherapeutic agent mitomycin C
(MMC). MMC also shows additive toxic effects when com-
bined with heating treatments [37] and is already being
used in clinical breast cancer therapy. Studies synthe-
sizing MMC prodrugs reported the covalent binding of
MMC to polymers using the cross-linker carbodiimide to
connect amino-carboxyl groups. In this context, Kojima
et al. [22] conjugated MMC through a carbodiimide-cat-
alyzed reaction onto activated cationic charged dextran.
They postulated that a 1 mg conjugate was estimated to
contain ~100 ug MMC as determined from spectrophoto-
metric analysis. A few years later, the same group devel-
oped a MMC-dextran conjugate with anionic charge again
using the carbodiimide coupling procedure [35]. Hereto,
the coupling efficiency was similar to the first study, using
~8% (w/w) MMC with respect to the whole MMC-dextran
conjugate. Apart from dextran as conjugation partner,
Song et al. [32] coupled MMC with N-succinyl-chitosan
or carboxymethyl-chitin (carbodiimide method) to get
a macromolecular prodrug for avoiding the undesirable
side effects of MMC after systemic application. An MMC
binding of ~120 ug MMC/mg N-succinyl-chitosan and
carboxymethyl-chitin, respectively, could be achieved, as
measured with spectrophotometric methods. Although
these coupling efficiencies with non-nanoparticle-asso-
ciated polymers are very promising, it should be kept in
mind that the reactive groups (-OH, -COOH, etc.) of those
polymers also react with the magnetite/maghemite cores
of MNPs, forming stable shells [23, 27]. Consequently,
comparatively fewer free reactive groups are supposed to
be available when coupling a chemotherapeutic drug to
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an MNP as compared to simple polymer coupling on free
polymer molecules. Therefore, a lower coupling efficiency
for MMC-MNPs is likely to occur. In addition, MMC is unsta-
ble at both acidic [39] and alkaline [3] pH. Therefore, it is
imperative to determine the change in drug concentration
(drug degradation) during the synthesis procedure and in
in vitro and in vivo experiments. These aspects have not
been sufficiently considered by some groups up to now.

To assess a potential degradation of MMC during cou-
pling reactions, it is important to (1) perform degradation
measurements on the pH-sensitive MMC with each cou-
pling procedure and (2) time-, pH-, and media-dependent
stability measurements on MMC should be carried out to
previous coupling investigations.

To distinguish a covalent coupling from an unspecific
adsorptive binding, a comparative experimental approach
in the absence of the respective cross-linker (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) or glutardial-
dehyde) is beneficial along with each coupling procedure
(control of adsorptive binding). Furthermore, an equimo-
lar MMC solution could serve as control for degradation
of pH-sensitive MMC during experimentation (control of
MMC stability). The MMC concentration bound to carboxy-
methyl-dextran (CMD) and MNPs can be determined indi-
rectly by measuring unbound MMC in the supernatant and
the washing solutions using spectrophotometric and ana-
lytical HPLC methods. MMC determinations in the super-
natants instead of direct determinations of MMC coupled
to MNPs are necessary due to the high absorption prop-
erties and consequently the pronounced signal overlay
of MNPs on the MMC signal as shown via spectrophoto-
metric experiments (own unpublished results). In this
context, covalent coupling is only indicated when MMC
amounts in supernatants were lower than in the absence
of the cross-linker (control of adsorptive binding) and the
control of MMC stability (see Table 3). In contrast, adsorp-
tive binding can be expected, when MMC concentrations

Table 3: Hypothetical example of MMC determinations in the supernatants after coupling or adsorptive binding reactions toward iron oxide

MNPs (here, 5 mg) in the presence or absence of a cross-linker.

Adsorptive binding of MMC Covalent coupling of MMC
toward MNPs (mg MMC/ml) toward MNPs (mg MMC/ml)
Control of MMC stability 6 6
MMC coupling approach to MNPs without cross-linker (Control 4 5.5 (<6)
of adsorptive binding)
MMC coupling approach to MNPs with cross-linker 4<x<6 4 (<5.5)

Here, MMC is stable with 6 mg/ml (control of MMC stability). The exemplary calculation of an adsorptive binding revealed a MMC binding
toward MNPs of 2 mg MMC/5 mg MNPs (control of MMC stability minus control of adsorptive binding). The exemplary calculation of a cova-
lent coupling of MMC toward MNPs showed that 1.5 mg MMC/5 mg MNPs had covalently coupled and that additionally 0.5 mg MMC/5 mg

MNPs was adsorptively bound.
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in supernatants with cross-linker were similar or higher in
comparison to supernatants without cross-linker, but still
lower than the MMC stability control.

MMC can be coupled to nanoparticles functionalized
with arachidonic acid (e.g. fluidMAG-ARA) using the car-
bodiimide method. Carbodiimides (here, EDC) represent
a binary covalent binding system. They are known to
react with carboxyl groups of MNPs to give highly reactive
O-acylisourea derivatives, which themselves react readily
with amino groups of the ligand (here, MMC). To couple
MMC to the carboxyl groups of fluidMAG-ARA, the carbo-
diimide method via the one-step (without removing EDC)
or the two-step (removing EDC) coupling procedure can
be performed. In this context, it is important to adapt the
concentrations of reactants, solvents buffers, pH values,
and incubation times (Table 4). Besides the coupling pro-
cedures using EDC alone, EDC together with N-hydroxysul-
fosuccinimide sodium salt (sulfo-NHS) as cross-linker can
be added. Sulfo-NHS is known to enhance the coupling
efficiency by preparing amine-reactive esters of carboxy-
late groups (stabilizes the unstable ester O-acylisourea
[12]) for chemical labeling with primary amines of MMC
molecules to form amide cross-links (Figure 5) at neutral
pH values [in 0.1 M phosphate buffered saline (PBS)
buffer, pH 7.4]. Complementing the approaches with car-
bodiimide, the utilization of covalent coupling reactions
glutardialdehyde as cross-linker is another potential strat-
egy (Table 5, Figure 5). We observed that the best stability
of MMC was achieved for the composite solvent ddH,0/
methanol (2:1; pH 7.0). A similar situation was found for
hyperthermal temperatures of 43°C within the therapeutic
period of 0.5 h. No MMC was lost at pH 5.0 after 2 h of incu-
bation, representing the relevant period for coupling pro-
cedures, whereas 30% degraded within 24 h. In contrast, a
rapid degradation of MMC was observed in ddH,0, pH 5.0.
At longer incubation periods of 24 h in ddH,0, pH 5.0, only
10% of the included MMC remained stable.

The highest covalent coupling efficiency was 14.4 ug
MMC/mg fluidMAG-ARA using the one-step method.
Without consideration of controls for adsorptive binding
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(reactions without EDC: 9 ug MMC/mg fluidMAG-ARA
binding efficiency), a covalent coupling efficiency (reac-
tions in presence of EDC) of 23.4 ug MMC/mg fluidMAG-
ARA instead of 14.4 ug MMC/mg fluidMAG-ARA would
have been supposed (Table 6).

Our own studies showed that the covalent coupling
of MMC to non-nanoparticle-associated CMD (MMC-CMD)
and the analysis of the coupling products MMC-CMD
yielded an apparent covalent MMC coupling to CMD of
9.5 ug MMC/mg CMD. Nevertheless, also in the sample
without the cross-linker EDC (control of adsorptive
binding), we found a concentration of 9.8 ug MMC/mg
CMD. Furthermore, a loss of 3.6 ug MMC, in comparison
to initial MMC amounts, was detected in the control of
MMC stability (equimolar mass of MMC in 0.1 M 2-(N-mor-
pholino)ethanesulfonic acid sodium salt (MES) buffer,
pH 5.0, without CMD or EDC), representing MMC degra-
dation during the coupling procedure. Consequently, an
adsorptive binding of 6.2 ug MMC/mg CMD can be postu-
lated, but no covalent coupling. In contrast, when con-
sidering approaches for covalent coupling (MMC in the
presence of EDC and CMD), without the aforementioned
controls for adsorptive binding and MMC degradation,
a covalent coupling of 9.5 ug MMC/mg CMD would have
been expected (Table 6).

In own investigations, the most promising coupling
parameters were found in relation to the one-step method
with 20 mg fluidMAG-PEI, 30% glutardialdehyde (w/v),
and 2 mg MMC/ml ddH,0 and methanol (2:1, pH 7.5)
incubated for 16 h. After subtracting the degraded MMC
amount as determined from the MMC stability control
together with the MMC adsorptively bound to fluidMAG-
PEI, a covalent coupling of ~32.4 ug MMC/mg fluidMAG-
PEI could be calculated (Table 6). This result could be
confirmed using six reproducibility measurements. In
contrast, considering a MMC stability control with equi-
molar masses of glutardialdehyde, 0 ug MMC/mg MNP
was obtained (see Table 7). Obviously, spectrophotomet-
ric or HPLC analysis were enormously challenging in pres-
ence of glutardialdehyde, which means that the coupling

Table 4: Experimental conditions during the covalent coupling procedures of the amino groups of MMC to the carboxyl groups of fluidMAG-
ARA (5 mg; shell: polymeric ARA) by the carbodiimide method using EDC as cross-linker.

Method EDC MMC

¢ (mg/ml) Solvent pH t (min) ¢ (mg/ml) Solvent pH t (h)
One-step 4.5 0.1 m MES 5.0 - 0.4 0.1 m MES 5.0 0.45
Two-step 22-73 0.1 m MES 5.0, 6.5 10-240 0.1-6.1 ddH,0/methanol or 0.1 m MES buffer 5.5 2-14

Listed are EDC and MMC concentrations added to the different solvents at defined pH values over diverse incubation times during a one-
step (without removing EDC) or two-step (removing EDC) step coupling procedure.
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Figure 5: Design of multifunctionalized MNPs for magnetic hyperthermia and chemotherapy with MMC.

(A) Reactions of fluidMAG-ARA after activation with the cross-linker EDC, including the activation of MNPs as an NHS ester for covalent
coupling of MMC (modified from Thermo Scientific, Pierce Biotechnology user manual for NHS and sulfo-NHS reactions). (B) Reactions

of fluidMAG-PEI and MMC after activation with the cross-linker glutardialdehyde. The side product “MMC-MMC” was separated from the
product MMC-fluidMAG-PEI and the second side product fluidMAG-PEI-fluidMAG-PEI during the washing procedures. MMC-fluidMAG-PEI
and fluidMAG-PEI-fluidMAG-PEI cannot be separated from each other during the protocols used in this study. Scheme used with permission

from Thermo Fisher Scientific, copyright 2015.

Table 5: Experimental conditions during the covalent coupling
procedures of the amino groups of MMC to the amino groups of
fluidMAG-PEI (5 mg; shell: polyethylenimine) by the glutardialde-
hyde (cross-linker) method.

Method Glutardialdehyde MMC

c (%) t(h) ¢ (mg/ml) t(h)
One-step 1.4-27.8 0 1.9-2.6 1.4-16
Two-step 15 3 3.3-6.7 14

Listed are glutardialdehyde and MMC concentrations in 33.3%
methanol (pH 7.5) over diverse incubation times during a one-step
(without removing the cross-linker) or two-step (removing the cross-
linker) step coupling procedure.

reagent might support MMC degradation or impair accu-
rate measurements.

Within the current investigations, we were able to
covalently couple ~15 g MMC/mg fluidMAG-ARA using
the carbodiimide method and around twice as much onto

Table 6: Covalent coupling efficiencies of MMC toward iron oxide
MNPs or CMD as determined by the use of appropriate controls
together with corresponding estimations without controls.

Hg MMC bound/
mg MNP or CMD
determined with
appropriate controls

1g MMC bound/
mg MNP or

CMD estimated
without controls

FluidMAG-ARA 14.4 23.4
Free CMD 0.0 9.5
FluidMAG-PEI 32.4 32.4

For further details, see text.

fluidMAG-PEI using the glutardialdehyde method. Owing
to the consideration of appropriate controls (control for
adsorptive binding and MMC stability) and dedicated
experimental conditions, a chemical binding of MMC
toward MNPs took place. In contrast, past studies dealing
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Table 7: Significance of appropriate controls during the estima-
tion of coupled MMC to MNPs (here, fluidMAG-PEI, or PEI) using the
glutardialdehyde method.

MMC content (ug)/mg Corresponding MMC content (ug)
PEI? without PEI®
MMC+GA MMC-GA MMC stability MMC stability

control-GA control+GA
23.749.1 0t4.5 0+3.2 23.1+7.9

Glutardialdehyde (GA) method: 100 ug MMC was added to 1 mg PEI
in the presence of GA (30% of the cross-linker) in 33.3% methanol
(pH 7.5) incubated >16 h during a one-step coupling procedure
(without removing the cross-linker). MMC concentrations that are
supposed to be covalently coupled per mg PEI (MMC+GA) are listed
together with the MMC concentrations adsorptively bound per mg
PEI (MMC-GA). The MMC amount is the amount that was degraded
both after the incubation (MMC stability control-GA) and in the pres-
ence of GA after incubation (MMC stability control+GA). Mean and
standard deviation from six coupling procedures.

aMeasured indirectly; "Measured directly (for further details see text).

with the binding of MMC toward polymers did not perform
the necessary controls. We were able to show that suita-
ble controls are essential to study MMC stability and the
occurrence of adsorptive binding of MMC toward the poly-
meric reaction partner to substantiate the coupling effi-
ciencies of MMC to the respective polymer. Therefore, on
the basis of the evidence presented in this investigation,
it can be concluded that we were able to covalently bind
MMC to MNPs with the help of correct controls for MMC
stability and adsorptive binding.

Impact of magnetic heating of cells
and tissues

With regard to the impact of magnetic heating, former
studies revealed that it modifies the normal structure
of phospholipids, proteins, and nucleic acids. Ulti-
mately, the integrity of cellular structures deteriorates
[6, 7]. Nevertheless, only little has been known con-
cerning the protein expression of anti-apoptotic B-cell
lymphoma 2 (BCL2), fibroblast growth factor receptor 1
(FGF-R1; plays an important role in promotion of tumor
growth, differentiation, survival, and angiogenesis),
and heat shock protein (HSP70; protein chaperon and
modulator of protein folding) after short-time magnetic
thermoablative tumor treatment. In our recent study,
immunohistochemical analysis of tumor tissue slices
revealed a distinct downregulation of BCL2 and FGF-R1
on the protein level, whereas the HSP70 level remained
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unchanged. At the same time, tumor tissue exhibited
large apoptotic and necrotic areas in regions with high
MNP concentration [33].

Importantly, multidrug resistance-associated proteins
(MRPs) are known to be responsible for many therapeutic
failures in current oncological treatments. The combina-
tion of different effectors such as hyperthermia, iron oxide
MNPs, and chemotherapeutics is able to downregulate
the presence of MRP-1 and MRP-3 at the cell surface, as
revealed for an adenocarcinoma cell line. The different
MRP-1 and MRP-3 expression levels were not associated
with de novo mRNA expression, but rather with an altered
translocation of MRP-1 and MRP-3 to the cell membrane
as a result of reactive oxygen species production and with
shifting of intracellular MRP storage pools, changes in
membrane fluidity, etc. at the protein level. These results
could be used to develop new treatment strategies by
repressing mechanisms that actively export drugs from
the target cell, thereby improving the therapeutic outcome
in oncology [11].

Challenges of accumulation of the
magnetic material at the tumor area
through intravenous application

In general, the accumulation of MNPs via injection into
the veins might be an alternative to intratumoral infiltra-
tion, in particular in terms of facilitating a homogeneous
distribution throughout the vital and vascularized area
of the tumor. This is because tumor vessels differ from
normal ones in relation to their shape, defectiveness
(poor alignment of endothelial cells etc.), and leakiness.
The lack of a lymphatic system in tumors is additionally
expected to improve nanoparticle retention in tumors. To
facilitate their extravasation from the vascular system into
the tumor interstitium, MNPs should be smaller than 200
and 400 nm [26], a requirement that counteracts with the
specifications for MNPs with higher heating potential [25].

Another important feature deals in the recognition of
MNPs by macrophages as a result of adsorption of immu-
noglobulins, albumin, and components of the comple-
ment system. For this reason, most of the intravenously
injected MNPs are taken up by the mononuclear phagocyte
system (MPS; formerly designated as reticulo-endothelial
system) before having the opportunity to reach the tumor
site. Accordingly, in most cases, <3% of the injected dose
will ultimately reach the tumor site [16]. In this context,
people have tried to use polyethylene glycol (PEG) to
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reduce recognition via the MPS and prolong the blood cir-
culation time.

Using magnetorelaxometry, we could show that the
presence of serum albumin (e.g. in the blood) induces
nanoparticle aggregation and that its strength depends
crucially on the type of coating. Therefore, the observed
aggregation behavior was related to the mechanism
of agglutination of MNPs by serum compartments, for
example IgG. Interestingly, no aggregation was induced
for MNPs coated with dextran, polymeric ARA, or sodium
phosphate, respectively [30].

To analyze the potential to use PEG-coated MNPs
with a sufficient absorption rate for intravenous applica-
tion and their enrichment at the tumor site via the tumor
vascularization, we investigated the biodistribution of
amino-PEGylated MNPs and their preferential sites of
accumulation in SCID Balb/c mice carrying T24 bladder
tumors between the hind legs. After intravenous injection
(250-500 pg Fe/animal), we analyzed the nanoparticle
distribution at two different points in time by magnetic
particle spectroscopy. Moreover, the opsonization of
MNPs after their application in vivo was investigated by
pre-incubating MNPs in mouse serum. Afterward, the
impact of opsonization on the biodistribution was ana-
lyzed. A special targeting magnet (B, 0.64 T at the surface;
gradient, 10 T/m) for an increased enrichment of MNPs in
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the tumor was sought to facilitate intratumoral nanopar-
ticle accumulation.

We found that amino-PEGylated MNPs (D,=164 nm
and negative { potential, both in water) enrich mostly
in liver (41% of the injected dose) and lungs (16% of the
injected dose) at 1 h after application. Interestingly, 1% of
the MNPs accumulated in the lungs after 24 h of applica-
tion. Unexpectedly, no tumoral MNP accumulation even
via magnetic targeting could be detected (24 h after injec-
tion). This means that the recognition of MNPs via the MPS
was still too fast to give the MNPs a chance to approach
the tumor and get attracted by the magnet.

Pre-incubation of amino-PEGylated MNPs in serum
(D, =50 nm in water and >1 um in serum; { potential, posi-
tive in water and negative in serum) displaces the preferen-
tial accumulation from lungs to the liver. Accordingly, no
nanoparticle pre-incubation in serum leads to accumula-
tion in the lungs (also macroscopically visible) (Figure 6).

Taken together, it is challenging to modulate the accu-
mulation of magnetic material by their injection into the
vessel system. Hereto, the amounts accessing the tumor
tissue are distinctly controlled by pharmacodynamics
laws. In this context, more research should be under-
taken to unveil dedicated strategies on how to better
modulate the pharmacodynamics of MNPs. More details
on this topic can be extracted from [16]. One strategy is
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Figure 6: Intravenously applied MNPs were cleared from the bloodstream primarily by liver and lungs possibly through the MPS, and pre-

incubation in serum influences biodistribution.

(A) Biodistribution after intravenous application, (B) Hydrodynamic diameter of amino-PEGylated MNPs in water. (C) Biodistribution after
intravenous application, (D) Hydrodynamic diameter of amino-PEGylated MNPs in water before and after incubation in mouse serum.
Administration of 18 g Fe/kg body weight. Mean and standard deviation of >2.
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the utilization of external magnetic field gradients to con-
centrate the amount of magnetic materials in the tumor
before being cleared by the monocyte phagocyte system.
In this context, a high accumulation of chemotherapeutic
drugs (e.g. mitoxantrone) previously bound to nanoparti-
cles could be achieved [36].

Conclusion

In conclusion, there are several means to increase the thera-
peutic efficiency of magnetic hyperthermia: (1) by distinctly
assessing the heating potential of immobilized MNPs and
not purely in water as has been done in the past; (2) the
intratumoral distribution pattern might well be modulated
by specific nanoparticle coating and magnetic targeting; (3)
by imaging nanoparticle depositions to correct the distribu-
tion via multiple applications; (4) by performing multiple
therapeutic sessions, as MNPs are not delivered from the
tumor site during the heating process; (5) by the utilization
of MNPs that internalize into cells to induce intracellular
heating spots rather than extracellular ones; (6) utilization
of MNPs functionalized with chemotherapeutic agents to
favor the additive effects of both therapeutic modalities. We
have observed dedicated cytopathological and histopatho-
logical alterations in tumors due to hyperthermia after
intratumoral application of the magnetic material. Never-
theless, their accumulation at the tumor via intravenous
application remains a challenge.
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