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Abstract The cancer treatment by local hyperthermia,
using a high frequency electromagnetic field is an exten-
sively studied subject. For this propose it was developed a
ferrimagnetic cement (FC) to be injected directly into the
tumor. In this study it was determined the FC injectability,
its capability to generate heat when placed within a mag-
netic field and its interaction with a modified simulated
body fluid using SEM/EDS and XRD. The FC biological
response was assessed by the intramuscular implantation in
rats and histological analysis of the surrounding tissues.
The results suggest that FC can be injected directly into the
tumor, its temperature can be increased when exposed to a
magnetic field and the surface of the immersed samples
quickly becomes coated with precipitate denoting its ionic
change with the surrounding medium. The histological
analysis revealed a transient local inflammatory reaction,
similar to the control material, only slightly more abundant
during the first weeks, with a gradual decrease over the
implantation time. Based on these results, we concluded
that FC might be useful for highly focalized thermotherapy,
with a good potential for clinical use.
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1 Introduction

The use of hyperthermia in oncology has been widely
studied in recent decades. This kind of cancer treatment
consists in the exposition of the affected tissues to tem-
peratures that can vary between 42 and 47°C, what is
achieved using different energy sources [1-3].

Current research focuses on its efficiency on several
fronts. These include neovascularization of a neoplasm,
with biological effects such as a decrease in the envi-
ronmental pH and hypoxia of the neoplasm tissues,
alteration of the biochemical mechanisms that regulate the
cellular absorption of certain drugs and the triggering of
immunological and apoptosis phenomena [4-8]. Some
studies have reported that the localized heating of a solid
tumor may apparently cause, in the long run, the
destruction of the metastases of the neoplasm [6-8]. The
methods currently available to produce hyperthermia are
generally limited by the inability to selectively target the
neoplasm cells, with the subsequent risk of affecting
adjacent healthy tissues. If these tissues are also attacked,
the induction of a selective immune response may be
hindered [9, 10].

In a previous study (Almeida, Cavalheiro et al.), it was
assessed a new method of neoplasm treatment by hyper-
thermia, the Highly Focalized Thermotherapy (HFT). This
method consist in the direct injection of a material into the
tumor and the subsequent exposition to an external high
frequency magnetic field that will heat the magnetic par-
ticles and subsequently, the neoplasm cells [11]. For this
purpose, Cavalheiro et al. [12] developed a material in the
form of an injectable paste. Successful in vitro studies were
performed to assess the biocompatibility of this material,
which was later used in vivo to treat solid tumors. Treat-
ments were effective in small tumors, with a significant
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reduction of the tumor, but the injection of larger quantities
in larger tumors was lethal to some animals, because of the
material toxicity.

In an attempt to overcome this problem, the same author
developed a new material to be used in the treatment of
tumors using the previously described methodology. The
composition of this new material, the ferrimagnetic cement
(FC), is similar to the silicon—calcium cements but with a
large amount of ferrimagnetic oxide. Over the past few
years, many in vitro and in vivo experiments have been
performed to establish the bioactivity of bioceramic
materials, such as calcium phosphate, bioglass, and the
silicon—calcium cements (the mineral trioxide aggregate,
the Portland-like cements). These materials are indicated to
use in orthopedics and in dentistry due to their osteocon-
ductivity and bone replacement capability [13—-15]. The
main aim of this study was to assess if FC has suitable
properties to be used in the HFT, determining its injecta-
bility, its specific heat capacity and, since FC will remain
in the organism throughout the treatment period, is nec-
essary to know the biological behavior of FC determined
by in vitro and in vivo studies.

2 Methods and materials

The material which is the subject of this study, a ferri-
magnetic silicate cement (FC), is a fine powder system
which has a chemical composition in weight percent, based
on oxides, corresponding to 10SiO,, 2Al,05;, 52Fe,03,
0.6MgO, 33Ca0, (SO; + K,0) R. At the maximum pow-
der/water combination ratio (3:2), the paste obtained flows,
enabling the product to be injected.

2.1 Injectability

The injectability of FC was assessed by the ejection of the
paste through disposable syringes, following a method that
was adapted from the method described in the literature
[16-18]. The injectable cement paste percentage was
defined as the percentage resulting from the difference
between the volume of expelled paste and the volume of
the paste that was initially in the syringe; thus, the injec-
tability percentage was calculated using the following
formula:

Injectable % = Volume of paste ejected from the syringe/

Total volume of paste before ejection

2.2 Specific heating power

After mixing the FC samples with water, small discs of the
solid material were placed in an isolated polyethylene tube
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with distilled water and exposed to a magnetic field
(10 kHz) in a vertical coil (diameter 11 cm, 12 turns),
using an induction system High Frequency Electronic
Furnace K10/RV (CALAMARI and Milan, Italy). The
variation of temperature was measured after 300 s of
exposure to the magnetic field, using a digital thermometer.
The specific heating power (P) was calculated according to
the following formula:

P =" (Cp;-m;)-AT/300,

where Cp; and m; are the specific heat capacity and
the mass of each material (polyethylene, FC, water),
respectively.

2.3 Characterization of the surface morphology
and qualitative and semi-quantitative analysis

2.3.1 Scanning electron microscopy/energy dispersion
spectroscopy (SEM/EDS)

The samples were prepared with the FC paste, in accor-
dance with the pre-established powder/liquid ratio [19],
which was placed in a 10 mm diameter and 5 mm high
round mould, thus obtaining regular surfaces for later
observation. After the material had set (98 min), the sam-
ples were removed from the mould. They were then divi-
ded into six groups, according to the different immersion
times in a simulated physiological environment (SBF),
after a preliminary study performed using the normal SBF
medium during 4 days. The ion concentration of normal
SBF, the synthetic plasma generally used in this kind of
test, is similar to that of blood plasma [20]. In this study,
after the preliminary evaluation using normal SBF, the
calcium (Ca) that exists in natural plasma was replaced by
strontium (Sr) to prepare the SBF Sr solution, thus enabling
the identification of the source of the occasional precipi-
tates that occur on the surface when the FC samples are
immersed in this environment, without confusing the Ca of
FC with that of the solution. Samples were immersed in
SBF Sr at 37°C, for 1, 6, 10, 24, and 43 h, respectively. The
control samples were not immersed. After the immersion
period the samples were placed on carbon conductive tape
in order to be observed and characterized using SEM and
EDS. The surface of the FC sample, which is insulated,
becomes conductive, due to the cathode deposit of a carbon
film [21, 22].

The morphological analysis of the samples surface was
performed using the SEM JEOL JSM-6301 (Joel Ltd,
Japan) with an accelerating voltage of 15 kV and a work-
ing distance of 15 mm, at different magnifications (200,
1000x, 2000x). It was also carried out an observation on
retro-diffused electrons, locating the elements of high
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atomic number (Sr, Fe) which, through this method, stand
out in the image. Calcium, silicon, phosphorus, iron,
magnesium, strontium, and carbon elements were accessed
through qualitative and semi-quantitative microanalysis of
the surface by EDS, using a Voyager system (Noran
Instruments, Inc, USA).

2.3.2 X-ray diffraction

X-ray diffraction (XRD) analysis of FC samples control,
prepared as described above, and FC samples immersed in
SBF Sr for 7 days, was performed by a X’Pert Philips
diffractometer, using CuK_1 radiation, Generator Settings:
50 mA, 40 kV with identification software PANalytical.
The start position was (°2Th.) 3,5221 and the end position
(°2Th.) 106,4421.

2.4 Measurement of the average size of the precipitates

Samples immersed for 10 and 24 h in SBF Sr were broken
up to observe their cross-section, approximately perpen-
dicular to the surface, viewing the crystals and enabling
their measurement from the initial surface, to determine the
average size of the precipitates formed. The variable
studied is a continuous quantitative variable [23], and the
average and standard deviations of each of the samples
obtained were ascertained.

2.5 In vivo biocompatibility study

In order to assess the biocompatibility of FC, samples of
this material and a control material were implanted in nine
female Wistar rats (with an average weight of 200-230 g).
During the trial period, the animals were treated in accor-
dance with NP EN ISO 10993-2:2000 [24], taking in to
account the animals welfare conditions and minimizing the
number of laboratory animals used in tests. The animals
were anesthetized with a combination of Ketamine
(80-100 mg/kg) and Xylazine (5-10 mg/kg) by intraperi-
toneal injection [25].

The surgery consisted in the implantation of FC samples
in the muscles on the left-hand side of the animal’s flank,
while the control, a low-density polyethylene (rounded
samples with 4 mm diameter with a smooth surface) [26,
27], was implanted into the flank muscles on the right-hand
side. Short-term tests were performed at 1, 3, and 9 weeks.
Animals were euthanized using an overdose of intraperi-
toneal pentobarbital, and the implanted material was
removed along with the adjacent tissues. The collected
samples were immersed-fixed in 10% (v/v) formalin in
0.1 M phosphate buffer (pH = 7.4), embedded in paraffin,
sectioned into slices of 5 pm thickness and then stained
with haematoxylin and eosin. To assess the tissue response

to the material, the fixed samples were observed under a
LEICA Optical Microscope (LEICA DMLB, Q 500 IW)
equipped with a photographic system that enables snapshots
performed at microscopic observation of the samples. The
biological response parameters were assessed and recorded
according to ISO 10993-6:1994 [27], on the basis of:

(a) The extension of the fibrosis or fibrous capsule and
inflammation response;

(b) The degeneration ascertained through alterations in
the tissue morphology;

(c) The number and distribution, according to the
distance between material/tissue, of types of inflam-
matory cells, namely polymorphic-nuclear leucocytes,
lymphocytes, plasma cells, eosinophil, macrophages
and multinucleate giant cells;

(d) The existence of necrosis, determined by the presence
of nucleus remnants and/or capillary wall collapse;

(e) Other parameters, such as remnants of the material, fat
infiltration and chronic granulomatous inflammation.

3 Results
3.1 Injectability

A correlation between the injectability and the setting time
for the powder/water ratio used was previously determined
according to ISO 9917:1:2003 [28]. When a higher pow-
der/water proportion was used, the material, immediately
after being mixed, revealed a significant increase in vis-
cosity, preventing its injectability. Needle diameter also
affects its injectability, since the cement does not flow
through a diameter smaller than 1.6 mm.

For the determined powder/water combination ratio and
with firm pressure, an injectability value corresponding to
90 £ 1% of the total FC paste volume was obtained, dur-
ing the 5 min after the mixture.

3.2 Specific heating power
The system created to determine the FC specific heating
power, exposed to a magnetic field, provides a maximum

heating power of 2.11 W g™,

3.3 Characterization of the surface morphology
and qualitative and semi-quantitative analysis

3.3.1 SEM/EDS
The results obtained through SEM and EDS of the FC

surface samples were divided in five groups. Each group
includes surface morphology images taken by SEM and
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graphs illustrating the composition variation obtained using
EDS analysis.

The initial cement surface of the control samples (Fig. 1)
presents a very porous surface with macro (6-7 pm) and
micro pores (2-3 pm). The calcium silicates and magnetite
compounds (see XRD results) are detected in the EDS
analysis where Fe, Ca and Si are dominant. In Fig. 2, relative
to the samples surface immersed in normal SBF, it was
observed a layer with precipitates of Ca and Mg phosphate
compounds, with a decrease of Si and Fe.

After immersion for 1 h in SBF Sr (Fig. 3) a decrease in
porosity can be observed, with the formation of precipitates
over the initial surface. The spectrum analysis detected the
presence of Sr and a decrease in Si. Samples immersed for
6 h (Fig. 4) have just small pores and an increasing for-
mation of precipitates covering the surface. On EDS
spectra of this layer we can observe the peaks of Ca, Mg,
Sr, and also C. Over 43 h of immersion (Fig. 5) the initial
FC surface is completely covered. The initial composition
(manly Fe, Si) is not detected. The higher percentage of Sr
results from the increased precipitation of the SBF Sr
solution.

3.3.2 XRD

X-ray diffraction of FC control samples allow the identi-
fication of picks of the two major compounds of the

Fig. 1 FC control samples after
cement preparation. a At x200
magnification, a very porous
surface. b The same image at a
higher magnification (x1000).
¢ In the retro-diffused electron
image, shinier, lighter and larger
particles corresponding to Fe,
the high atomic number element
(arrows). d Initial surface

cement: magnetite (20 = 35.48; 62.56), corresponding
to d(/ok) 2.530, 1.484 and calcium silicate CasSiOs
(20 = 29.46; 32.26; 34.40) corresponding to d(A) 3.031,
2.775 and 2.607 respectively. After immersion in SBF Sr,
the FC surface is covered with large crystalline precipitates
of strontium carbonate. The main picks belong to SrCO;
(20 = 25.42; 25.84; 36.64) corresponding respectively to
d(A) 3.503, 3.448 and 2.452. These results can be observed
in Graph 1.

3.4 Measurement of the average size of the precipitates

Images taken after the FC samples broken up, displaying
their cross-section, are presented in Fig. 6. The mea-
surement of the average crystal size, in accordance with
the corresponding scale displayed in the image, provided
the results shown in Graph 2. The final average of the
measurement of precipitates of the three surfaces
immersed for 10 h in SBF Sr is 8.4 pm, corresponding to
a development of 0.8 um per hour. After 24 h of
immersion, the precipitates have an average size of
24 pum, implying that there has been an average devel-
opment of 15.6 pm (24-8.4 um) over the 14 h period
(10-24 h), corresponding to an average growing rate of
1.1 pm per hour. It was observed that the growth ori-
entation of the precipitates occurs from the initial
surface.

spectrum, where peaks of Fe, Ca
and Si can be seen, as well as
small percentages of Al and Mg,
which are components of FC

o W~
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CEMUP x1000 €14 Whs 1 Smm
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Fig. 2 FC samples immersed in normal SBF. a Precipitates covering
the initial surface (x 1500 magnification). b The precipitation of Ca
and Mg phosphate compounds is detected. All the initial cement
peaks of Si and Fe decreased and a high peak of P can be observed

3.5 In vivo biocompatibility study

The results obtained from histological observation 1 week
after the implantation of the control material (Fig. 7a) and
of FC samples (Fig. 8a) reveal an inflammatory infiltrate
surrounding both materials, although the extent of this
infiltrate and some of the cells that compose it are some-
what different.

The histological data regarding the samples obtained are
compatible with a chronic inflammatory process in the
control material samples and with a chronic foreign-body
granulomatous inflammatory process in the FC samples.

Comparing the images correspondents to 3 and 9 weeks
of the control material implantation (Fig. 7b, c) reveal that
the layer of inflammatory cells surrounding the cystic
lesion is thinner and has less inflammatory cells. The
macrophages present in the images taken 3 weeks after
the implantation are not visible in those taken after 9 weeks
and the number of lymphocytes has significantly decreased.

FC samples also show a clear decrease in the inflam-
matory infiltrate throughout the implantation period
(Fig. 8a, b, and c). Foreign-body reactive multinucleate
giant cells were observed, in addition to other inflammatory
cells. After 9 weeks the FC could be seen surrounded by
muscle tissue with a thin layer of inflammatory cells.

4 Discussion

The use of an injectable self-setting biomaterial depends on
its injectability properties, setting reaction, and setting
time. However, there is no common procedure to measure
injectability in relation to the setting time [29, 30]. The
cement FC studied in this work is composed of several
elements that make up the solid phase and uses water as the
liquid phase, forming a paste when the two phases are
mixed together.

The microstructure of this paste undergoes continuous
transformation from the liquid phase to the solid phase. In
this process the properties alteration of the cementing
materials from viscous to viscous elastics the key to its in-
jectability [30, 31]. The paste should be injected within a
short working time, when viscosity is high. The determined
FC powder/water ratio is easy to mix. The paste obtained
enabled the injection of a substantial percentage of the
sample (90 = 1%), which can be handled within a reason-
able period of time (5 min) and with an adequate setting time.

The treatment of tumors with hyperthermia, induced by
magnetic materials and a magnetic field, has been devel-
oped by many researchers, with different approaches
[32-37]. Since FC will be used in the treatment of solid
tumors by this methodology, it’s necessary that the FC has
the capability to generate heat when exposed to a magnetic
field. The in vitro evaluation of the specific heating power
of FC, demonstrate a temperature increase in the FC sample
environment (maximum heating power 2.11 W g™ ).

The comprehensive characterization of a material
involves the study of a set of physical and chemical
properties, as well as its microstructure. Detailed images
were obtained using SEM and a rapid analysis of the
chemical composition of small portions of the samples was
made through EDS and XRD. In vitro studies involving the
immersion of a material sample in a SBF are often used to
assess bioactivity mechanisms, ascertaining the apparent
biocompatibility of that material [20, 38]. The results
observed in Fig. 2, after immersion during 4 days in nor-
mal SBF, show a surface completely covered with pre-
cipitates rich in calcium and phosphate allowing the
conclusion that the FC exhibits a high bioactive behavior.

When examining the images of the FC surface charac-
terized by SEM and EDS, before and after immersion in
SBF Sr for 1, 6 and 43 h, respectively, significant
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Fig. 3 FC samples immersed
for 1 h in SBF Sr. a There is a
general decrease in porosity,
with 3—4 pm pores and smaller
1-2 pm pores observed at x200
magnification. b A higher
magnification (x2000) reveals,
besides the pores, the formation
of crystalline precipitates on the
surface (arrows). ¢ Surface
spectrum displaying Ca, Fe and
smaller percentages of Si, Mg,
Al, and Cl, and the initial
presence of Sr. The particles
containing Fe and Si start to
become covered with
precipitates rich in Ca, and the
Mg content increases

CEMUP 2000 £0=15Y WOs14mem

Livetime: 60

keV 10.220
15keV GLOBAL,

™ =
SE1-CMB_

alterations were detected in the samples’ morphology and
composition over the immersion time. Along this period,
the porous surface observed in the control samples was
covered by a layer of precipitates and the final images
(43 h immersion), revealed the continuous formation of
precipitates emerging from those formed on the previous
surface. The measurement of the average size of the
crystals confirms the continuous formation of precipitates,
with a progressive increase in the layer thickness, covering
the whole original surface. The EDS analyses of the surface
layer initially shows peaks of Ca, Si, Fe and Sr, the latter
not present in the control samples of FC. On the surface the
Si and Fe percentages decreased very quickly over the
immersion time. The final surface layer is composed of Ca,
Mg and Sr associated to high peaks of C and P which after
crossing the EDS results with XRD analysis (Graph 1)
prove to be mainly crystalline SrCO, in association with
amorphous calcium compounds, because it was not possi-
ble to identify crystalline phases of phosphorus or car-
bonate calcium compounds. Due to the inexistence of Ca in
the special SBF Sr medium, the existent Ca of the pre-
cipitate layer can only comes from the FC. Part of the
cement will dissolve and the Ca will reprecipitate on the
surface. Therefore, there was an ionic exchange between
the initial cement sample and the surrounding environment.
The physical structure of a material and the properties of its
surface are known to be indicative of a material’s bio-
compatibility [39]. The FC samples quickly become coated
with precipitates, while the initial surface is covered with a
layer resulting from interaction with the surrounding
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environment. These precipitates, when immersed in normal
SBF, has an identical composition to that of the mineral
constituents of bone. The changes in the compositions of
the outer surface of FC, presuppose a biotolerated behavior
in the organism, similar to other bioactive materials, such
as calcium phosphate cements [40, 41], bioglasses [42, 43]
and silicon—calcium cements [44, 45]. These materials
share the capacity to interact with the surrounding envi-
ronment and to form a layer on their surface that is
essentially composed of carbonates and phosphates, among
other elements present in their composition. Some authors
report the formation of that layer on the surface of different
materials during immersion in SBF and describe the bio-
active behaviors as an ion exchange mechanism between
the biomaterial and the physiological solution [46—49].

In vivo studies are essential for the assessment of medical
devices, given that, their approval requires that they must be
tested on animals before being used in humans [50].
Although in vitro studies provide information about certain
elements (the cellular, molecular interaction with biomate-
rials), they cannot replace invivo studies, owing to the
complexity of the biological medium [28, 51]. The success
observed in the integration of biomaterial implants in tissues
will depend on the capacity to mimic physiological respon-
ses, such as repair processes after lesion, and to control
reactions such as inflammation [28, 52]. The mere act of
implantation reveals the existence of tissue trauma which, in
turn, induces a physiological scar formation process con-
sisting of two basic components: inflammation and repair,
which represent a vast interdependent network, where the
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Fig. 4 FC samples immersed for 6 h in SBF Sr. a At x200
magnification, only small pores are visible, along with the increasing
formation of precipitates that cover the initial FC surface. b Spectrum
of the surface composed of Ca, Mg, Sr and C, displaying the
precipitates, which are coating it. The initial surface, marked by Fe, is
almost totally covered

mediators of inflammation jointly act to trigger and control
cellular response [53]. Assessment of the in vivo biocom-
patibility of FC was performed by its implantation in an
animal model, which required a surgical procedure that
causes lesions in the surrounding tissues.

Inflammation, the wound scarring process and the for-
eign-body responses of the organism are generally con-
sidered as the tissues’ physiological response to lesions
[54, 55]. The histological data regarding the samples
obtained 1 week after implantation of the control material
are compatible with a chronic inflammatory process mainly
consisting of lymphocytes and macrophages, among other
less relevant inflammatory cells surrounding the material.
The physiological response of inflammation corresponds to
a complex series of strictly controlled reactions, involving
alterations in the expression of genes in blood cells (gran-
ulocytes, platelets, monocytes, lymphocytes), in inflamma-
tory cells (macrophages, mastocytes) and in endothelial

Counts

40 50 80 70 80D sn.mln
Position [°2Theta] (Cooper (Cu))

Graph 1 X-ray diffraction patterns of control samples a allow the
identification of peaks of the two major compounds of the cement:
magnetite (20 = 35.48; 62.56) and calcium silicate Ca3SiOs
(20 = 29.46; 32.26; 34.40), and b samples immersed 8 days in SBF
Sr. The surface is covered with large crystalline precipitates. The
main peaks belong to crystalline SrCO; (20 = 25.42; 25.84; 36.64)

SE1-CMB_50_3__
CEMUP x200 ED=15kV WDs15mm

I ivetime: 60

10.220
GLOBAL

: CHE 50 3

Fig. 5 FC samples immersed for 43 h in SBF Sr. a The initial FC
surface is completely covered with precipitates, at x200 magnifica-
tion. b Spectrum of the sample surface that is covered with Ca, Sr, Mg,
C, and P, resulting from interaction with the synthetic plasma
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Graph 2 Measurement of the average size of the precipitates in the
FC samples

cells, especially in the microcirculation of the tissues
adjacent to the lesion. Although lymphocytes can be dis-
tinguished on the basis of their specific morphology, the
different types of lymphocyte cells cannot be identified by
conventional microscopy. Besides this, we cannot say
much about their functional activity [55, 56]. However, the
number of lymphocytes observed in this study is similar in
both materials. Macrophages play a very important role in
acute inflammation and probably in the biocompatibility of
a material. They can release mediators that, in turn, activate
other cells. It has been established that macrophages also
affect the activity of fibroblasts and lymphocytes [57].
During the first week after the implantation of FC, a
chronic foreign-body granulomatous inflammatory process
was observed. Besides the inflammatory cells identified in
the control material samples, a few foreign-body reactive
multinucleate giant cells were found. The presence of
foreign-body reactive multinucleate giant cells is important
because it represents a specific inflammatory response
triggered by the foreign substance [58]. The giant cells are
present in small numbers and display their characteristic
ring of particle remnants. Depending on the size of the
implanted material’s particles, the organism reacts in a
different manner. Larger particles cannot undergo phago-
cytosis, thus remaining inside of the giant cells, producing
a relatively inert tissue response [58, 59]. At the end of
3 weeks of implantation, a cystic lesion was observed
around the control material, surrounded by a fine layer of
inflammatory cells, mostly composed of lymphocytes and
macrophages. The FC samples were very similar to those
obtained after 1 week of implantation, only displaying a
slight decrease in the inflammation around the cement, thus
reducing the presence of inflammatory cells in the adjacent
muscle tissue. The images of the implanted samples after
9 weeks display a significant decrease in the inflammatory
response. In the control material, the cystic lesion sur-
rounding it was coated with a fine layer of inflammatory
cells, where only lymphocytes were detected. The FC
samples revealed a fine layer of inflammatory cells, with
lymphocytes and macrophages surrounding part of the
cement. Owing to the absence of giant cells in these
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Fig. 6 a Broken up FC samples, after having been immersed for 10 h
(x2000 magnification). b Broken up FC samples, after having been
immersed for 24 h (x2000 magnification)

images, FC may be considered well tolerated. The most
significant finding was the presence of cement in direct
contact with the muscle tissue, displaying no inflammatory
infiltrate. There was no necrosis in any of the samples,
which is normally determined by the presence of nucleus
remnants and/or capillary wall collapse, fat infiltration or
granuloma. If a material is very toxic, it induces an acute
local response for an indefinite period of time, but this did
not occur with FC.

5 Conclusions
The FC object of this study will probably be considered a

promising material to be utilized in the treatment of solid
tumors with local hyperthermia. The fluid paste obtained can
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Fig. 7 Implantation of the control material (x50 magnification). a 1
week after intramuscular implantation of the control material. An
inflammatory infiltrate is observed between the muscle tissue and the
control material. The inflammatory cells are lymphocytes, macro-
phages and mastocytes, also present in the muscle tissue. b 3 weeks
after implantation. These reveal an empty cystic lesion, corresponding
to the control material implantation area and a thin layer of
inflammatory cells limited to its peripheral area, without any
significant infiltration of the adjacent muscle tissue. The inflammatory
cells of the layer surrounding the cystic lesion are mostly lymphocytes
and macrophages. ¢ 9 weeks after implantation. These reveal that the
cystic lesion that was observed at the end of 3 weeks of implantation
still exists in the area of the control material. The presence of a few
lymphocytes in the thin layer of inflammatory cells can be observed

be directly injected into the solid tumors and it has the
capability to generate heat when placed within a magnetic
field.

Fig. 8 Images of the intramuscular FC implantation area (x50
magnification). a After 1 week it is possible to see the nodular
inflammatory lesion mainly composed of lymphocytes, some plasma
cells, macrophages and multinucleate giant cells surrounding the FC
(black-stained material). b 3 weeks after implantation. These display
muscle tissue and, surrounding the cement, connective tissue and an
inflammatory infiltrate. The inflammatory tissue that surrounds the
cement is composed of a large amount of vascularized connective
tissue and inflammatory infiltrate, mostly composed of macrophages,
lymphocytes and foreign-body reactive multinucleate giant cells. ¢
After 9 weeks. The FC is surrounded by muscle tissue in the lower
portion of the sample and by an inflammatory infiltrate in the upper
portion. The layer of inflammatory cells is clearly thinner than the
layer observed after 3 weeks of implantation. Consequently, the
number of inflammatory cells has also decreased, displaying only a
few macrophages and lymphocytes

In a normal or modified simulated body fluid immersion,
FC surface’s quickly becomes coated with a layer
of precipitates that tends to stabilize. In the biological
environment, the histological observation showed an
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attenuation of the inflammatory infiltrate over the implan-
tation time, denoting its biocompatibility. This data allows
us to conclude that FC cement can remain in the inject site,
the tumor, during a period of time enough to give repeated
hyperthermia treatments using high frequency magnetic
fields, providing a minimally invasive technique to treat
solid tumors with HFT.
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