BABES-BOLYAI UNIVERSITY
FACULTY OF PHYSICS

Interdisciplinary Research Institute on Bio-Nano-Sciences

Nanostructured phases of biomedical interest

developed in sol-gel derived systems

PhD Thesis Summary

PhD student

Liliana Patcas

Scientific supervisor

Prof. Dr. Viorica SIMON

Cluj-Napoca
2015



Content

INEFOTUCTION ... ettt e e nae e e e 3
Cap. 1. Experimental reSUILS .........cccoiiiiieiie e 5
1.SaMPIES SYNTNESIS....ccuviiiie e 5
2. Differential thermal analysiS..........cccooveiiiiii i 6
3. Characterization by X-ray diffraction..........c.cccccooviiiiiii i 9
4. Characterization by UV-VIiS SPECLIOSCOPY.....eevrierieeriieiiesreeieesteesreesaeaeeas 11
5. Characterization by IR SPECIrOSCOPY .....ccvveiveeiiiiiieieiee e 14
6. Characterization by EPR SPECtroSCOPY ......ccccvvveieeiiieiieiee e 23
(O] 0 Tod 1] [0 LSRRI 26
RETEIENCES ... et nre e 28

Key words: biomaterials, hyperthermia, radiotherapy, sol-gel method, thermal treatment,
porosity, cancer, magnetic nanoparticles, bioactivity



Introduction

Biomaterials play a primary role in regenerative medicine aiming to restore and replace lost or
dysfunctional tissues. Biomaterials as scaffolds serve for guiding temporary formation and
organization of new tissue. In most cases it is necessary that the material used as scaffold to
mimic as well as possible the characteristics of the extracellular matrix and to induce nano-
scale natural processes of development and/or regeneration of tissue for healing applications.
Nanostructured biomaterials that mimic the extracellular matrix have shown the ability to
actively regulate cellular responses including attachment, proliferation, differentiation and
matrix formation [1]. Moreover, these nanostructured systems, if porous, can be loaded with
appropriate medication for tissue regeneration, making it very interesting and intensively
studied for a large range of applications in regenerative medicine.

Tissue regeneration depends on the successful interaction between cells and biomaterials, and
in order to be successful in regenerative technologies the fundamental understanding of both
life sciences and materials science is necessary. Based on the advantages of nanotechnologies,
large progress has been made in biomaterials science. Various biomaterials have been
developed which include nanofibers, nanocrystals, nanopores, nanospheres or other
nanoscaled components..

Nanostructured biomaterials bring new solutions and their research in regenerative medicine
is very attractive and largely investigated in order to obtain systems with physical, chemical,
structural and biological properties adequate for biomedical applications. Of course, the
nanostructured biomaterials are not limited to hard tissue regeneration, but they may be
considered also for applications in soft tissue regeneration.

According to the literature [3], the bioactivity of silicate glasses and ceramics is based on a
mechanism that begins with a dynamic ion release and uptake on biomaterial surface, when
silanol groups (Si-OH) are formed, then a silica gel layer interacting with Ca®* and PO,* ions
of the biological fluid.

It was also shown that bioactive glasses can promote gene expression in both hard tissue and
soft tissue restoration and new glass systems were developed, a special attention being paid to
their surface properties [4]. The compositions of these systems can be tailored according to
specific applications. These include systems containing stable isotopes which can be activated
by neutron irradiation. This is also the case of alumino-silicate glass particles containing

yttrium, dysprosium, holmium, samarium, etc. which ca be radioactivated by neutron



irradiation and further used for in situ radiotherapy. Unlike the irradiation with external beam,
the radiotherapy in situ protects the healthy surrounding the target malignant tissue [5]. At the
same time, it has been shown experimentally that in certain ceramic systems magnetic
crystalline phase may be developed which by hysteresis may provide local heating of tumor
tissue, and can thus be considered for additional hyperthermia therapy [6-8]. The internal
irradiation combined with local heating brings synergistic effects in cancer treatment [9]. For
this reason new systems are searched to fulfill both conditions [10, 11].

In this thesis, new sol-gel derived bioactive glass systems with nanostructured phases of
biomedical interest are studied, in view of their potential applications in cancer therapy by

simultaneous in situ irradiation and hyperthermia.



Cap. 1. Experimental results

1.Samples synthesis

The composition (in mol% ) of the investigated ssystems was:

1. 50Si0,-30Ca0-10Fe;03-10 Dy,04

2. 50Si0,-28Ca0-10Fe;03-10 Dy,05-2Zn0.

The two systems are further noted as SiCaFeDy and SiCaFeDyZn.

SiO, and CaO are the main glass network former and modifier, respectively, and both
vigurously influence the bioactivity of calco-silicate glasses [2, 20]

Fe,Os-usually acts as network modifier and was introduced to form magnetic
nanocrystalline phases considered for medical applications by hyperthermia therapy. The
addition of Dy,03 had in view the possibility to activate the stable isotope 164 of dysprosium,
by irradiation with thermal neutrons, to the radioactive isotope 165, according to the reaction
164Dy(n,y)165Dy. The radioisotope '*°Dy is a beta-emitter, with half-life of 2.3 hours, with
mean free path of 1,9 mm and maximum penetration of 5,8 mm in soft tissues, eliberating an
energy of Eg = 1.89 MeV [21]. The samples would be irradiated by thermal neutrons shortly
before radiotherapy, in order to avoid as much as possible the non-medical exposure to
radiation.

Zinc is nontoxic, chemically stable but flexible in terms of stereochemical, and
because of amphoteric properties it can crucially influence the life processes involving zinc
combinations In addition, zinc accelerates the bone healing processes, reduces the bone
resorption and as introduced in bioglasses or a bioceramics it contributes to the improvement
of their osteoinductive properties [24, 25, 82]. When ZnFe204 crystalline phase is formed, it
can contribute as zinc ferrite for hyperthermia [26, 27].

The investigated 50SiO,-30Ca0O-10Fe,03-10 Dy,03 and 50Si02-28Ca0-10Fe,03-10
Dy,03-2Zn0O systems were synthesised by sol-gel method (Fig. I11.1) using as starting
materials tetraethyl orthosilicate (TEOS, Si(C,Hs0)4, Sigma Aldrich), calcium nitrate
(Ca(NO3)2.4H,0), iron nitrate (Fe (NOg3)3-9H,0), dysprosium nitrate (Dy(NO3)3-H,0O) and
respectively zinc nitrate hexahydrate (Zn(NO3),:6H,0) with high grade of purity (99.9%).
The sol was prepared by stirring TEOS with water and alcohol in a 1:2:1 weight ratio
catalysed by HNOj3 and heated to 80 °C for about 30 min in a closed recipient in order to

achieve a complete hydrolysis. Sol-gel method, via hydrolysis and condensation of molecular
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precursors, was considered due to this is a high-purity process that leads to excellent
homogeneity. After the gel formation, the samples were dried in an electric oven at 110 °C for
24 h and then heat-treated at 800 °C and at 1200 °C for 3 h respectively, according to DTA
measurements. The aim of the thermal treatment was to facilitate the growth of magnetic iron

oxide crystalline phases.

gellation evaporation
»

xerogel

sol gel

Fig. 111.1 Main stages in xerogels synthes.

2. Differential thermal analysis

The differential thermal analysis (DTA) and thermogravimetric analysis (TGA) runs were
recorded with DTG-60H Shimadzu derivatograph at a heating rate of 10 °C/min from room
temperature to 1250 °C. Alumina open crucibles and a-alumina powder as reference material
were used, and the measurement was made in flowing atmosphere of nitrogen/air at a flow
rate of 70 ml/min.

The DTA curves (Figs I11.2 and 111.3) point out around 100 °C an intense endothermic
peak in DTA curve, associated in TGA curve with a mass loss of 13.5 % due to the removal
of physically adsorbed water and alcohol remained in sample after the hydrolysis and
polycondensation of the inorganic components in the sol-gel process. The exothermic peak
around 352 °C and the endothermic one at 421 °C are accompanied in TGA curve by a mass
loss of 19.7 % and 17.9 % respetively, mainly due to combustion of residual organic groups

and to nitrates decomposition, and respectively to dehydroxylation [29-31].
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Fig. 111.2 DTA/TG curves of the 50Si0,-30Ca0O-10Fe,03-10 Dy,03 sample dried at 110 °C.

The last event in DTA run is denoted by the 1239 °C exothermic peak and points out
the development of a crystalline phase. The desired phases for the investigated composition
are those involving iron - like magnetite, hematite and zinc ferrite - for potential hyperthermia
applications [32], but also wollastonite for bioactivity [33]. For the system with zinc (Fig.
I11.4) prepared under identical conditions, the endothermic peak at 113 ° C is more intense,
and TGA curve corresponds to a weight loss of 27.8%, which shows that the sample held
twice plenty of water and alcohol by adding zinc oxide. The exothermic peak around 261 °C
and the endothermic one at 406 °C are accompanied in TGA curve by a mass loss of 11.5 %
and 18.4 % respectively, mainly due to combustion of residual organic groups and to nitrates
decomposition, and respectively to dehydroxylation. At higher temperatures, it is noted two
exothermic events at 800 and about 1200°C, associated with the crystallization

transformation.
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Fig. 111.3 DTA/TG curves of the 50Si0O,-28CaO-10Fe;03-10 Dy,03-2Zn0O sample

dried at 110 °C.

Based on DTA/TG results, the thermal treatments were applied for 3 hours at 500, 800 and
1200 °C, in order to remove the residual components and to develop nanostructured magnetic

phases with a view to hyperthermia.

Table 1. BET specific surface area and mean pore volume of thermally treated samples.

Treatment Surface area Pore volume
temperature (m?/g) (cm®/g)
(’C) SiCaFeDy | SiCaFeDyZn | SiCaFeDy | SiCaFeDyZn
500 98 80 0.29 0.25
800 52 32 0.17 0.11
1200 <1 <1 3 ;

The colour of the samples changed function of treatment temperature. After 500 and

800 °C treatments, the samples keep a brick-red colour, while after 1200 °C they become



gray. On the other hand, the surface area and mean pore volume for the heat treated samples
(Table 1) are diminished with increasing treatment temperature, and after 1200 °C treatment
these values fall under the detection limit. The thermal contraction of pore volume, especially
in 1200 °C treated sample, is a less advantageous effect, because the porosity is an important

property when the application aims the ingrowth of new tissue into the pores.

3. Characterization by X-ray diffraction

X-ray diffraction (XRD) analyses were made on a Shimadzu XRD-6000 diffractometer
using Ni-filtered CuK, radiation (A = 1.5418A) at a scanning speed of 2°/min.

The XRD patterns of 50SiO2-30Ca0O-10Fe,03-10 Dy,03 system (Fig. Il1l. 4) indicate the
amorphous state of the 110 °C dried sample and the tendency to structural ordering already
after 500 °C treatment. The structural changes in the still predominant amorphous sample
treated 800 °C lead to further growth of the crystalline germs of hematite and magnetite
evidenced after 500 °C treatment and to a broad halo assigned to the prevalent structurally

disordered phase.
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Fig. I11. 4. X-ray diffractograms of 50SiO,-30CaO-10Fe;03-10 Dy,03 samples after thermal

treatment at different temperatures.



After 1200 °C treatment, the XRD pattern shows diffraction lines assigned to hematite
(Fe,03), magnetite (FezO4) and wollastonite (CaSiOs), but the diffraction peaks at 46.1° and
47.4° could suggest the growth of andradite (CasFe®*5(SiO4)s) (JCPDS#: 86-0550, 89-3854,
76-0186, 10-288). At the same time, beside CaSiOj3 crystalline phase possible contributions
from Ca,SiO4 (JCPDS#: 76-0799) and CaSi,Os (JCPDS#: 33-0305) could be added to the
diffraction peaks.The size of the crystallites, as determined with Scherrer equation, is below
40 nm for all crystalline phases occurred after heat treatment. The development of

nanostructured crystalline phases is expected to enhance their bioactivity [8, 9].
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Fig. 111.5 X-ray diffractograms of 50SiO,:28CaO-10Fe;05-10 Dy,03-2Zn0O samples after

thermal treatment at different temperatures.

The diffraction patterns (Fig. I111.5) of zinc containing samples indicate a completely
disordered structure even after 800 °C treatment, denoting that ZnO even in such a low
amount, of only 2 mol%, hinders the growth of crystalline phases in this system. Because
ZnO may act both as network modifier and as intermediate oxide, for the investigated system
it acts as intermediate oxide playing the role of network former which impedes the
development of the incipient crystalline phases observed in the system without ZnO. The
structural changes are evident after 1200 °C treatment and very similar with that observed for

the system without zinc after the heat treatment carried out under the same conditions.
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The size of the crystallites (as determined with Scherrer equation D = , Where

pcosd
D — crystallite size in A, k — shape factor, A — wavelength of X radiation, p - the line
broadening at half the maximum intensity (in radians), 6 - diffraction angel corresponding to
the considered line) is below 40 nm for all crystalline phases occurred after heat treatment in
SiCaFeDy system, and slightly higher for SiCaFeDyZn system (Table 2).
The development of nanostructured crystalline phases is expected to enhance their
bioactivity [36].

Table 2. Crystallites size, D, for 1200 °C treated samples.

Diffraction line D (nm)
28 SiCaFeDy SiCaFeDyZn
29.5 35 35
32.9 27 46
36.2 26 33
40.6 35 37
56.6 19 30

4. Characterization by UV-Vis spectroscopy

UV-visible absorption spectra were recorded at room temperature with a SPECORD
250 Plus spectrophotometer in the wavelength range of 380-800 nm.

The UV-Vis analysis of SiCaFeDy system shows a high similarity for the 110 °C dried
sample and the samples thermaly treated at 500 °C and 800 °C. The only clear difference
consists in the absorption band occuring at 758 nm in the spectrum recorded from the 110 °C
dried sample (Fig. I11.6). This band arises from the water still existing in the dried xerogel. In
fact, water does not absorb and is almost perfectly transparent in the near UV or visible range,
but it absorbs in the near infrared and shows at room temperature five prominent absorption
bands at 760, 970, 1190, 1450 and 1940 nm.
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Fig. 111.6 UV-Vis spectra of 50Si0,-30Ca0O-10Fe,03-10 Dy,03 samples after thermal

treatment at different temperatures. The absorption features of 1200 °C treated sample can

be better observed in inset.

Interesting changes are evidenced in the spectrum recorded from 1200 °C tretated sample.
Three weak absorption bands/shoulders, namely at 447, 484 and 564 nm, occur in the visible
range. They are related to the nanocrystalline phases developed in this sample, and provide a
consistent structure-property relation. It was recently reported that the absorbance at 440 nm
denotes the presence of iron oxide nanoparticles [39].

At the same time, the increase of nanocrystallites size moves the absorption to higher
wavelength [40]. Nevertheless, the shift of the electronic absorption bands may occur from
the shape modifications of the nanoparticles as well as from their aggregation [41, 42].
Absorption peaks at 552 and 589 nm were reported also for magnetic nanoparticles
incorporated in other matrices for biological applications [43].

For zinc containing system SiCaFeDy Zn the UV-Vis spectrum is sensibly different
after 1200 °C treatment (Fig. 111.7), as compared with SiCaFeDy system, and these changes

are easier observed in Fig. 111.8.
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Fig. 111.7 Spectrele UV-Vis spectra of 50SiO,-28Ca0-10Fe;03-10 Dy,03-2Zn0O samples

treated at different temperatures. For a better observation of the spectral changes occurred

after 1200 ° C treatment, this spectrum is shown in enlarged absorbance scale in inset.
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Fig. 111.8 Spectrele UV-Vis spectra of samples without zinc and with 2 mol% ZnO, after 1200
°C treatment.
In both samples a first absorption band occurs around 447 nm, the second absorption band
occurs at very slightly shifted wavenumbers, but the third one is clearly shifted to larger
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wavenumbers for the zinc containing sample, and the result points out the larger size of the
crystallites developed in SICAFeDyZn than in SiCAFeDy. Actually, X-ray diffraction data
showed similar results concerning the crystalles size (Table 2).

5. Characterization by IR spectroscopy

More detailed information on structural changes was obtained by means of FTIR
analysis particularly focussed on the network structure. FTIR spectra were recorded in the
range of 4000-400 cm™ with a spectral resolution of 2 cm™, in absorption mode, with a
FT/IR-6200 Jasco Spectrometer by using the KBr pellet technique. The pellets were prepared
by mixing 2 mg of powdered sample with 200 mg KBr.

The structural ordering upon heat treatment depends on the peculiarities of the
elements occurring in the composition of the amorphous oxide compound. The properties
regarding coordination number, field strength, Pauling electronegativity and single bond
strength with oxygen of the cations entering in the investigated samples are summarized in
Table 3. The cationic field strength is expressed by the ratio of the cation charge to the square
of the ionic radius.

Table 3. Coordination number, ionic radius, field strength, Pauling electronegativity and
single bond strength for the cations from 50SiO,-30Ca0-10Fe,03-10Dy,03 and
50Si0,-28Ca0-10Fe,03-10Dy,03:2Zn0O systems.

Shannon ionic
Cation Coordination radius (A) Cation field Electronegativity M-O strength
number [47, 48] strength (A7) (Pauling units) (kJ/mol)
[49] [49]
4t 4 0.40 25
Si 6 054 13.72 1.90 799.6 + 13.4
o 6 114 154
. 6 1.05 2.72
Dy® 3 117 519 1.22 607 + 17
4 0.63 7.56
Fe®" 6 0.78 4.93
) 0.92 354 1.83 390.4+17.2
4 0.74 3.65
s 6 0.8 258 1.65 159 + 4
8 1.04 1.85
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The cations belonging to the conventional glass former oxides are characterized by
high field strengths as compared to the cations entering as modifiers. In this approach, in the
investigated system CaO, Dy,03 and Fe,O3 are expected to play the role of modifier oxides in
the silicate glass network built up from tetrahedral [SiO4] structural units. On the other hand,
the higher the ionic field strength, the greater the stability of glass toward crystallization [45].
For nonmetallic glasses, it was also reported that the thermal stability against crystallization
decreases with the electronegativity difference [46]. Considering the lowest field strength and
electronegativity of calcium ions versus that of dysprosium and iron ions, it is expected to
prevail the development of calcium silicate crystalline phases in the silicate vitreous network.

At wavenumbers between 4000 cm™ and 2000 cm™ only few differences are
evidenced in FTIR spectra (Fig. 111.9a). The signal at 2358-2343 cm™ is not related to
samples; it comes from registration and can be used even as a reference.

The broad band located between 3350-3600 cm™ is assigned to O-H erences due to
increasing treatment temperature (Fig. 111.9b). The absorption band around 1640 cm™ is
commonly assigned to O-H bending vibration [51], but can occur also from vibrations of the
SiO, network and is often hidden by water O-H band [40]. In our spectra one remarkes that
the band intensity does not decrease even after 1200 °C treatment, and is steady slightly
shifted to lower wavenumbers with increasing treatment temperature (1647, 1637 and 1631
cm™, for samples treated at 500, 800 and 1200 °C, respectively) that makes unlikely its
assignment only to water molecules.

The FTIR spectra reveal an absorption band at 1465 cm™ due to C-H bending for
methyl and methylene group and a characteristic very narrow band for nitrates at 1385 cm™
[52, 53] only in the 500° C treated sample, and disappear after thermal treatment at higher
temperatures. The spectra are dominated by a broad signal in the 750-1300 cm™ spectral
range, where the stretching vibrations of the Si-O-Si and Si-O-M (M = Ca, Fe) bridges occur
[54, 55]. In 750-1300 cm™ spectral range are recorded Si-O-Si bending vibrations around 800
cm™, and at higher wavenumbers Si-O-Si asymmetric stretching vibration; Si-O-Si bending
vibrations give absorption bands also in the range of 500 - 400 cm™ [56, 57].

A comparison between the FTIR spectra of the samples treated at different
temperatures and the infrared absorption bands recorded from y-Ca,SiO,4 (496, 520, 565,
819, 859, 953 cm™) and B-CaSiO; (452, 471, 508, 566, 642, 680, 904, 925, 964, 1019, 1056,
1087 cm™) [80] crystalline phases sugessts, by the occurence of 520 cm™ band, the growth of
v-Ca,Si0, after 800 °C treatment.
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Fig. I11.9 FTIR spectra of 50Si0,-30Ca0-10Fe,03-10Dy,03 system treated at different
temperatures, shown in whole registration range (a), and expanded in 400-2000 cm™

region (b).
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In the infrared spectrum of the 1200 °C treated samples only the band at 500 cm™
could be further related to some extent to y-Ca,SiO4 phase, but egually to p-CaSiOs, while
the bands at 640, 682 and 904 cm™ strongly prove the development of B-CaSiOs phase.

The spectra deconvolution in 750-1300 cm™ range (Fig. 111.10) shows a good
agreement between simulated and experimental spectra using four component bands. For the
500 °C heated sample the large band is composed by the superposition of three components at
1210, 1004 and 877 cm™. The dominant component occurs close to 1004 cm™ and is
characteristic for amorphous silica [58]. The components at 1210 cm™ [59] and 877 cm™ [55]

are assigned to Si-O-Si asymmetric stretching vibrations.
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Fig. 111.10 Deconvolution of large absorption band recorded in 750-1300 cm™ spectral range

from SiCaFeDy sample after treatments at different temperatures.

The increase of treatment temperature leads to changes in the contributions of these
components and to the forth component at 1097 cm™ (Table 4). At the same time, one
remarks that 1004 cm™ component assigned to vitreous silica pronouncedly diminishes while
that at 904 cm™ pronouncedly increases. Moreover, after 800 °C treatment the large
absorption band recorded at low wavenumbers, between 400-580 cm™, contains at 445 and
520 cm™ features (Fig. 111. 9) that could include contributions from hematite (Fe,Os) [61].
After 1200 °C treatment well separated absorption bands occur at 1097, 1004, 904, 720, 500
and 436 cm™ due to development of B-wollastonite (CaSiOs) and pseudowollastonite [33, 62,

63]. For the 1200 °C treated sample one observes around 595 cm™ an absorption band
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apparently consisting of two components assigned to stretching vibrations of Fe-O bonds [64],

typical for Fe-O vibration in magnetite (Fe3O,) [65].

Table 4 Treatment temperature dependence of different components for SiCaFeDy system, in

750-1300 cm™ spectral range.

Components | 1012 cm? 1097 cm™ 1004 cm'™ 904 cmt
wavenumber —
Treatment Components contribution (%)
temperature |
500 °C 15.3 - 66.8 17.9 (877 cm™)
800 °C 30.4 6.4 20.7 42.5
1200 °C 10.9 29.5 14.3 45.3

The careful inspection of this band points out several contributions (Fig. I11.11) at
different wavenumbers, denoting that the Fe-O bonds in nanocrystallized magnetite are
affected by different vicinities. Actually, the data presented in Table 4 show the consistent
diminution of the amorphous phase related to 1004 cm™ component along with the increase of
the components assigned to wollastonite. The ratio of amorphous components after 500 and
800 °C treatments is 66.8/20.7=3.2 and after 1200 °C treatment this ratio becomes
66.8/14.3=4.7.

) 615

595
576

Absorbance (a.u.)

660 640 620 600 580 560 540
Wavenumber (cm'l)

Fig. 111.11 Infrared absorption band centered around 595 cm™, for SiCaFeDy sample after
1200 °C treatment.
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The components at 550 and 558 cm™ are assigned to hematite, the prevalent
component at 577 cm™ to magnetite, 595 cm™ is typical for Fe-O vibration in magnetite
(Fes04); an absorption band at 611 cm™ was assigned to Fe-O bending vibrations of the
magnetite nanoparticles [80]. The component at 640 cm™ occurs from B-CaSiOs crystalline
phase, as presented above.

Dysprosium presence in the system should also be taken into account. Typical Dy-O
vibrations occur at 550 or 555 cm™ with a broad shoulder at 580 cm™, and vibrations of Si-O-
Dy bonds could occur at 1017 cm™ [66]. The broad shoulder at 580 cm™ could contribute
beside magnetite to the the prevalent component at 577 cm™. It was reported that large radius
ions occuring in the vecinity of magnetically ordered iron oxide phases lead to a shift the Fe-
O infrared absorption bands to higher wavenumbers [67]. For our system, beside the presence
of calcium and dysprosium large radius ions, to this effect could also contribute the difference
in the bond strengths of Dy-O and Fe-O, namely Dy-O strength is much higher than that of
Fe-O (Table 3).

FTIR analysis results for zinc samples shows a number of similarities with the results
presented for the system that was not replacing 2 mol% CaO with ZnO. Recorded spectra are
presented in Fig. 111.12. The thermal treatment effects are emphasized more strongly in the
1300-400 cm-1 (Fig. 111.12b).
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Figll1.12 FTIR spectra 50SiO, system 28Ca0O 10Fe,O3; 0Dy,03 2ZnO0 treated at different

temperatures, the entire recording (a) and the region 400-2000 cm-1 (b)

The compositional change in the two systems are very minor, it is expected that it will
not cause structural effects. Comparative, the analysis of the absorption bands in the 400 -
2000 cm™ spectral range is indicating no notable differences after the thermal treatment at 500
to 800 ° C (Fig. 111.13 and 111.14) but highlights the differences due to the introduction of zinc
oxide when the samples were treated at 1200 °C (Fig. 111.15).
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Fig. 111.13 FTIR spectra for the two systems treated at 500 °C.
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Fig. 111.14 FTIR spectra for the two systems treated at 800 °C.
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Fig. 111.15 FTIR spectra for the two systems treated at 1200 °C.

The analysis of the two systems, in the 1340 — 750 cm™ spectral range (Fig. 111.16) and
of the infrared absorption band around 595 cm™ (Fig. 111.17) show a higher number of
components in the zinc containing system due to ZnO influence on both wollastonite (Fig.
[11.16) and iron oxide crystallites (Fig. 111.17).

By comparing the 1097 cm™ and 1004 cm™ absoption bands assigned to wollastonite

and to vitreous phase, respectively, one remarks that the vecinity of wollastonite crystallites is
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influenced by the small ZnO amount added to SiCaFeDy system (Fig. 111.16) denoted by the
vibrations of Si-O-Si bond, but it does not affect the Si-O-Ca bonds containing nonbridging

oxygen atoms [60].
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Fig. 111.16 FTIR spectra of 1200 °C treated samples displayed in 1340 — 750 cm™ spectral

region.
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Fig. 111.17 FTIR band around 595 cm™ recorded from 1200 °C treated samples.

These differences are related to the 2 mol% replacement of CaO by ZnO, and while CaO acts

as a strong network modifier the ZnO enters as an intermediate oxide.
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6. Characterization by EPR spectroscopy

The main lines from the EPR spectra of 500 and 800 °C treated samples are
characterized by g = 4.24 and g = 2.02 resonance lines (Fig. 111.18). The first line is assigned
to isolated Fe** ions disposed in sites of low symmetry characterized by high crystal fields,
and that at g = 2.02 is assigned to Fe*" ions disposed in sites of octahedral symmetry, with
low crystal fields, or associated in clustes [68, 69]. A third EPR signal at g = 7.66 is also
recorded from the 500 °C treated sample and is assigned to Fe** ions disposed in sites of axyal

symmetry [73].

First derivative of absorption

0 1000 2000 3000 4000 5000 6000
Magnetic field (G)
Fig. 111.18 Fe** EPR spectra of 50Si0,-30Ca0-10Fe,03:10Dy,05 system after treated at

different temperatures.

The EPR spectrum recorded from the 1200 °C treated sample consists of a single large
resonance line at g = 2.54 given by Fe*" ions disposed in randomly oriented iron oxides
magnetite-maghemite nanoparticles [74]. Fe?* ions species are also present along with Fe®*
ions but they are EPR silent at room temperature. The ferromagnetic magnetite (Fe3;O,4) and
ferrimagnetic maghemite (y-Fe,O3z) are by far the most commonly employed magnetic
materials for biomedical applications and both are of interest also for hyperthemia in cancer
therapy [75].

For 500 °C treated SiCaFeDyZn sample the Fe** EPR spectrum (Fig. 111.19) does not
differ from that obtained for SiCaFeDy sample after 500 °C treatment (Fig. 111.18); it consists

of the same three resonance lines occurring at g = 2.02, 4.24 and 7.66 (Fig. 111.19).
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Fig. 111.19 Fe** EPR spectra of 50Si0,-28Ca0-10Fe,03 10Dy,05-2Zn0 system after treated

at different temperatures.

The Fe** EPR spectra differ for the 800 si 1200 °C treated samples. The g = 2.02
resonance line is prevalent in the EPR spectrum of SiCaFeDyZn sample treated at 800 °C, and
this line is recorded even after 1200 °C treatment, in contrast to SiCaFeDy sample wherin
Fe** jons are not more evidenced in sites of octahedral symmetry with low crystal field, or as
Fe** ions aggregated in clusters. The width of the resonanve line at g = 2.59 in SiCaFeDyZn
sample is 795 G, very close to the width of g = 2.54 line recorded from SiCaFeDy sample.
This result supports the growth of nanostructured magnetite/maghemite crystalline phase.

Magnetite and maghemite have the same structure and cannot be decelated by usual
X-ray diffraction analysis [76]. The electron paramagnetic resonance is a very strong tool for
the investigation of paramagnetic ions like Fe** in diluted systems [77] but is less applied for
systems containing phases with residual magnetization because in such cases strong dipole-
dipole interactions or magnetic coupling occur that lead at room temperature to very intense
and large signals which cannot be univocally assigned to a certain magnetic phase [77-79].
The large resonance line at g = 2.59 is assigned to Fe®* ions in magnetite/maghemite [74, 79,
80].

Magnetization curves (Fig. 111.20) recorded at room temperature, at the laboratory of

the Institute of Physics' loan Ursu, have a very narrow hysteresis loop, which sustain a
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superparamagnetic behavior of investigated systems. For the SiCaFeDy system, respectively
for the SiCaFeDyZn system, the residual magnetization is about 0.6 to 0.4 emu/g and the
coercive field of approximately 25 to 35 G (1G = 10™ T), which are consistent with the
literature [81].
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Fig. 111.20 Magnetization curves for 50SiO,-30Ca0-10Fe,03-10Dy,03 and
50Si0,-28Ca0-10Fe,03 10Dy,03-:2Zn0 samples, treated at 1200°C

A very recently published paper [11] reports on iron oxide containing yttrium
aluminosilicate microparticles tested intratumorally in an animal model of liver cancer for
localized therapeutic hyperthermia. Based on yttrium activation, the hyperthermia can be

combined with brachytherapy for a more efficient thermoradiotherapy.
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Conclusions

Calcium-silicate systems with iron and dysprosium 50SiO,-30Ca0O-10Fe,03-10 Dy,03
and 50Si02-28Ca0-10Fe;03:10 Dy203-2Zn0O, wherin calcium oxide ws partially
replaced by zinc oxide, were obtained by sol-gel method. The development of
wollastonite and magnetite/maghemite nanoccrystalline phases was followed in these
systems, for possible biomedical applications.

SiO, were CaO introduced as glass network former and modifier, respectively,
because they impart bioactivity to calco-silicate glasses. Fe,Osz acts as network
modifier and was introduced to form magnetic nanocrystalline phases considered for
medical applications by hyperthermia therapy. The addition of Dy,03 had in view the
possibility to activate the stable isotope ***Dy, by irradiation with thermal neutrons, to
the radioactive isotope '*°Dy, because '*°Dy is a beta-emitter with proper half-life (2.3
hr) for in situ radiotherapy. Zinc accelerates the bone healing processes, reduces the
bone resorption and if introduced in bioglasses or a bioceramics it contributes to the
improvement of their osteoinductive properties. When ZnFe204 crystalline phase is
formed, it can contribute as zinc ferrite for hyperthermia.

According to DTA/DTG results the samples were treated at 500, 800 and 1200 °C, for
3 hours, in order to develop wollastonite and magnetite/maghemite nanoccrystalline
phases.

The increasing treatment temperature and the addition of ZnO reduces the specific
area and pore volume.

X-ray diffraction results point out for both systems the development of wollastonite
and magnetite/maghemite nanoccrystalline phases with crystallites size below or close
to 40 nm, and ZnO addition slightly increases the crystallites size.

ZnO acts as intermediate oxide and therefore the development of nanoccrystalline
phases was achieved in 50SiO,28Ca0-10Fe;03:10 Dy203-2ZnOsystem only after
1200 °C treatment.

UV-Vis analysis pointed out changes in the optical behaviour of 1200 °C treated
samples. For zinc free system weak absorption bands/sholders were recorded at 447,
484 and 564 nm arising from the nanocrystalline phases, which prove the close

relationship between structure and absorption behaviour in the visible spectral range.
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UV-Vis analysis carried out on zinc containing shows that 564 nm absorption is
shifted to 595 nm that denotes higher size for the crystallites developed as ZnO
replaced 2 mol % of CaO.

FTIR studies indicate with increasing treatment temperature a pronounced decrease of
1004 cm™ component assigned to vitreous silica, while the 904 cm™ component,
assigned to Si-O-Ca vibrations in wollastonite, is amplified; at the same time in the
range of low wavenumbers are evidenced infrared absorption bands due to Fe-O bond
vibration in magnetic nanostructures.

The content of 2 mol% ZnO influences the development of nonostructured
wollastonite and iron oxides.

EPR results of 500 °C treated samples show the in both systems Fe** ions are (i)
izolated in sites of low symmetry characterisic for intense crystal fields, (ii) in sites of
octahedral symmetry, with low crystal field, (iii) in sites of axiall symmetry.

After 800 °C treatment in both systems Fe** ions occur only (i) izolated in sites of low
symmetry characterisic for intense crystal fields, and (ii) in sites of octahedral
symmetry, with low crystal field.

After 1200 °C treatment, in 50SiO»-30Ca0-10Fe,05-10 Dy,05 system all Fe®" ions are
disposed in nanostructured magnetite/maghemite, while in50SiO,-28Ca0O-10F¢e,03-10
Dy203-2Zn0O system part of Fe*" ions are still disposed in octahedral symmetry sites,
with low crystal field.

All these resultsshow that the investigated systems may be considered for potential

applications in thermoradiotherapy.
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