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Introduction 

Biomaterials have a long-lasting history over more than several thousand years. Definitions of 

biomaterials and of biocompatibility have changed since that time with respect to the acquired 

knowledge and the increasing performance of a material. So a biomaterial must now be understood 

as a (living or not-living) material destined to be put in contact with living tissues and/or with 

biological fluids to evaluate, treat, modify forms or replace any tissue, organ or function of the body 

[1, 2]. 

The definition of biocompatibility has even more been changed with respect to the considered 

material. First defined for biological inert materials, it has been adapted to biological active and 

finally functionalized materials for drug binding and drug delivery. It also has to consider 

biodegradable and natural materials. Its today most objective definition should be the property of a 

biomaterial that is to generate in the host an appropriate reaction [2]. This means that knowing the 

multiple transient signals in the organism, it is utopia to want not to generate any unwanted reaction. 

Thus it is preferable to try to minimize it and to control it. 

Glass systems are very often used as bone repairing and substituting materials in many dental 

and orthopedic applications due to their excellent biocompatibility and osteointegration [3].   

Due to their high stability in the body, the aluminosilicate glass ceramics found several 

medical applications [4-7-10].  

The aluminosilicate glass ceramics are highly stable in the body and by addition of iron oxide 

they could be optimised for hysteresis heating of interest in hyperthermia.  

Hyperthermia has been gaining a lot of interest recently as a method for curing cancer 

especially as an adjunct to other modalities such as radiotherapy and chemotherapy. The 

simultaneous application of radiotherapy and hyperthermia considerably enhances the therapeutic 

effects of the two cancer treatment methods [11]. Hyperthermia is a heat treatment, the temperature 

of the tissue being artificially elevated in order to receive therapeutic benefits [12]. It is performed by 

generating of temperatures up to 45-47
◦
C by the magnetic nanoparticles injected locally near the 

cancerous tissue, in the presence of an external magnetic field.  

The most important results obtained studying these systems refers to structure-properties 

corelation and on effects of different external agents like temperature, nuclear radiations, chemical 

agents and mechanical stress on the physical-chemical caracteristics 3,8 .  

It is necessary to sterilize all medical implants after fabrication and prior to their use to reduce 

the risk of infections and associated complications [13, 14].  

Despite the availability of a wide range of sterilisation techniques, it is generally agreed that 

no single sterilisation process is capable of sterilising without adverse effects, all processes having 

their own advantages and disadvantages [15-17]. An effective sterilization method must guarantee 
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the required sterility assurance level with a minimum effect on the chemical, physical and biological 

properties of the biomaterial [18, 19]. 

This study describes the gamma irradiation effects on aluminosilicate compounds of 

biomedical interest for sterilisation purpose. The paramagnetic defect centres in silica–based sol-gel 

materials were produced at room temperature.  A promising technique that can be used to describe 

and explain the radiation-induced paramagnetic centres is the Electron Paramagnetic Resonance 

(EPR). 

Magnetic particles for the hyperthermia/radiotherapy application have to be injected locally 

or intravenously at the site of the tumor. After the particles are injected into the bloodstream they are 

rapidly coated by components of the circulation, such as plasma proteins. On the other hand, foreign 

products are recognized by the body’s major defence system, the reticulo-endothelial system (RES) 

and are quickly removed from blood circulation [20]. This process is known as opsonization. 

A solution to this problem is to encapsulate the nanoparticles in a protein shell. The protein 

should be such that it should avoid detection by the RES and thus ensure longer sustenance of the 

particles within the body [21].  

The role of the dense require surface modification, that would ensure particles were non-

toxic, biocompatible and stable to the RES, is to inhibit opsonization, thereby permitting longer 

circulation times.  

It is been widely accepted that the protein adsorption behaviour must be controlled to control 

a biomaterial surface and thus the study of protein-surface interaction should continue to be of 

central importance for biomaterial development. 

We describe the adsorption characteristics of bovine serum albumin (BSA) and fibrinogen 

(Fg), two main plasma components and the relevant proteins adsorbed on the surface of blood 

contact biomaterials. 

Albumin is the predominant plasma protein, making up 60-70% of plasma [22]. Albumin is 

generally considered to “passivate” the surface and greatly reduce the acute inflammatory response 

to the material [23].  Fibrinogen is the third primary plasma component and it immediately adsorbs to 

implanted biomaterials [24] being one of the most relevant proteins that are adsorbed on biomaterial 

surfaces because it takes part in blood coagulation, facilities adhesion and aggregation of platelets, 

which are very important properties in the processes of both haemostasis and thrombosis. 

Thus another objective of this in vitro study was to functionalise the aluminosilicates 

compounds containing iron and yttrium/dysprosium in order to improve the systems 

biocompatibility. The proteins adsorption was investigated by means of XPS and FT-IR 

spectroscopy.  X-ray Photoelectron Spectroscopy (XPS) is a very useful analysis tool dedicated to 

investigate the atomic composition and chemical environment of the outermost 2-10 nm layer of a 
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surface and can accurately determine the surface coverage. Transform Infrared Spectroscopy (FTIR) 

is one of the most used techniques for studying protein secondary structures. 

 The thesis begins with the present introduction and continues with five chapters each of them 

followed by references and finishes with conclusions.  

The first chapter begins by a general definition of biomaterials and biocompatibility, and then 

introduces the basic structural unit of SiO2 and its principal defects.  It treaties also the main 

sterilisation techniques, together with the advantages of gamma sterilisation.  

The second chapter describes hyperthermia for cancer treatment and the biological rationale 

for associating hyperthermia with radiation.  

The third chapter approaches protein-surface interactions fundamentally responsible for the 

biocompatibility of the materials. 

The fourth chapter contains a brief description of the experimental methods used both for 

preparation and analysis of the systems.  

The last chapter describes the experimental results obtained for the aluminosilicates system 

containing iron and rare earth.   
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1. Sample preparation 

The sol-gel method, via hydrolysis and condensation of molecular precursors, was chosen in 

this procedure to prepare aluminosilicate glasses doped with iron, yttrium and dysprosium content. 

The sol-gel approach is a high-purity process that leads to excellent homogeneity. 

The composition of the prepared aluminosilicate system is given in the next table (Table 1). 

 

               Table 1. Sample composition. 

 

Code 

Components (mol %) 

SiO2 Al2O3 Fe2O3 Dy2O3 Y2O3 

ASF 60 20 20   

ASFD 60 20 10 10  

ASFY 60 20 10  10 

 

The compounds were thus synthesized by sol-gel method using as starting materials silicic 

acid (Si(OH)4), aluminium nitrate (Al(NO3)3∙9H2O), iron nitrate (Fe(NO3)3∙9H2O), yttrium nitrate 

(Y(NO3)3∙6H2O) and dysprosium nitrate (Dy(NO3)3∙H2O) with high grade of purity.  

The calculated amount of precursors were dissolved in distilled water and mixed together at 

the 90°C in order to form a gel structure.  

After the gel formation, the samples were filtrated, dried in an electric oven at 110ºC for 

couple of hours and then heat-treated at 500°C for one hour and 1200°C for 24 hours, respectively. 

The aim of the thermal treatment was to create iron oxide crystalline phases to heat by hysteresis.  

Thermal treatment can also restore the device performance and/or relieve the damages 

induced after sample preparation. The annealing process alters the microstructures of a material and 

annihilates the defects, and can be accomplished by the diffusion of defects to the surface, the 

recombination of interstitials and vacancies, or the re-orientation of defects [25].  

 

 

2. Sample characterization by XRD 

The structure of prepared aluminosilicates compounds was investigated before and after 

applied thermal treatment at 500°C and 1200°C by X-ray Diffraction (XRD).  

The X-ray diffraction analysis was carried out on a Shimadzu XRD-6000 diffractometer 

using CuKα radiation (λ=1.54 Ǻ), with Ni–filter. 
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Figure 1. XRD patterns of samples ASF (A), ASFD (B) and ASFY (C) 

before (a) and after heat-treatment at 500
o
C (b) and 1200

o
C (c). 
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X-ray diffractograms show the amorphous structure before thermal treatment and an 

increasing crystalline structure after thermal treatment applied at 500°C and 1200°C, respectively as 

shown in images below.  

The X-ray diffraction pattern of dried sample Figure 5.1 (A) reveals no crystalline. However, 

the peaks of the 500
o
C sample are not well defined; the diffuse X-ray peaks indicate also the presence 

of poorly crystallized hematite particles. 

The 1200°C heat treatment determines the development of SiO2 cristobalite (C) and quartz (Q) [26], 

Al6Si2O13  mullite (M) [27], Fe2O3 hematite (h) and Fe3O4 magnetite (m) [28] nanocrystals. Crystal 

sizes estimated with Scherrer equation according to the position and width of XRD peaks are up to 

75 nm (Fig. 1).   

 

3. Magnetic measurements 

In order to establish the magnetic behavior of the synthesized samples was checked also the 

magnetic properties such as magnetic saturation and Curie temperature. 

For the manipulation of magnetic particles, it is very important to know their magnetic 

moment. This was measured with the Alternating Gradient Magnetometer (AGM) MicroMag 2900 

from the Princeton Measurement Corporation.  

The magnetization measurements were carried out using a Curie-Weiss balance. The field 

dependence of magnetization was determined on home-made equipment for the systems thermal 

treated at 1200 °C.  

The magnetic moment measurements as a function of magnetic field indicate a high magnetic 

moment values and a ferromagnetic behavior of the investigated sample (Fig. 2).  
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Figure 5.2 Field dependence of magnetization for ASF (a), 

ASFY (b), ASFD (c) after applied thermal treatment at 1200 °C. 

 

The temperature dependence of the magnetization shows for the sample ASF, the Curie 

temperature to be around 430 K (Fig. 3 a) and for the sample with dysprosium content (ASFD) the 

Curie temperature is around 711 K (Fig. 3 b). Even though, the Curie temperatures were much higher 

than the desired optimum 315 K for hyperthermia application, the compounds have appropriate 

magnetic properties showing a stable ferromagnetic behaviour, being the subject of further 

investigations. 
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Figure 3. Temperature dependence 

of normalised magnetisation for ASF (a) and ASFD (b) after 

applied thermal-treatment at 1200°C. 

 

4. Sample characterization by EPR 

In order to use de samples as biomaterials they have to be sterilised to destroy the 

microorganisms and to reduce the risk of infections and associated complications.  

Gamma sterilisation was chosen for this purpose being the most accessible technique. It is a 

simple, rapid and efficacious method of sterilisation. For this reason the samples were gamma 

irradiated and investigated with respect to possible occurrence of nocuous irradiation deffects. 

The samples were thus exposed to gamma rays for a few weeks, using a 
60

Co source with a 

debit dose of 10 Gy/h. The irradiation dose was close to 8 kGy. 
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Electron resonance spectra of the sol-gel materials were recorded by means of EPR 

spectrometer, ADANI type, operating at 9.4 GHz (X band). The magnetic field was modulated at 100 

KHz. All spectra were recorded at room temperature.  

The identified intrinsic point defects that are induced by radiation in SiO2 include oxygen 

vacancy species such as E’ centers (≡ Si•), non-bridging oxygen hole centre NBOHCs (≡ Si−O•), 

peroxy radicals (≡ Si−O−O•), and self-trapped holes (≡ Si −O• −Si ≡) [25]. 
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Figure 4. Room temperature EPR spectra of aluminosilicate compounds thermal-treated at 500°C 

(A) and 1200 °C (B) before gamma exposure. 
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Figure 5.  Room temperature EPR derivate spectra of aluminosilicate compounds thermal-treated 

at 500°C, recorded using a sweep width of 4000 G (A) and 200 G (B) respectively. 

 

 



12 

 

 

The EPR spectra recorded for non irradiated samples reveals only the lines corresponding to 

Fe
3+ 

ions. The X-band EPR spectra of glasses with Fe
3+

 ions usually exhibit two well defined lines at 

geff ≈ 4.3 corresponding to the isolated Fe3+ ion and at geff ≈ 2 attributed to the Fe3+  species that 

participate to dipole-dipole interactions (Fig. 4) [29]. 
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 Figure 6. Room temperature EPR derivate spectra of aluminosilicate compounds heat-

treated at 1200°C, recorded using a sweep width of 4000 G (A) and 200 G (B) respectively. 

 

The EPR spectra for irradiated systems present additional signals occurring from 

paramagnetic defects, mainly detected for 500°C thermal-treated systems (Fig. 5 (A, B)). 

Regarding the g factors of the resonance line received for the samples thermal-treated at 

500°C, the presence of resonance line with g ≈ 2.037 indicates the presence of paramagnetic peroxy-

centres, OHC. The resonance line with g ≈ 2.02, g ≈ 2.0179, g  ≈ 2. 009 can be assumed to NBOHC 

(Fig. 5 B) [30]. 

For the crystallised samples resulted after the thermal-treated applied at 1200°C (Fig. 6 (A, 

B)) the EPR spectra reveal a very weak signal at geff ≈ 2.01 due to a low number of lattice defects 

associated with oxygen or cation vacancies, that denotes a very good stability of the crystalline 

compounds. The analysis indicates that for the samples treated at 500°C the defects concentration is 

meaningful greater than for the samples treated at 1200°C which is in very good agreement with the 

idea that thermal treatment can restore the material structure, and the native defect centres are almost 

vanished. 
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5. Sample functionalization 

Thus, protein adsorption experiments were carried out by incubating the aluminosilicates 

sample containing iron and yttrium oxide in fibrinogen (Fg) solutions prepared in phosphate – 

buffered saline solution (PBS), and then the powder samples were immersed in simulated body fluid 

(SBF) enriched with bovine serum albumin (BSA).  

The yttrium containing samples immersed in simulated biologic media were kept at 37°C in 

incubator for 5 minutes, 2 hours and 24 hours, under static conditions. 

Aluminosilicate sample with 60SiO2・20Al2O3・20Fe2O3 after fine grinding was immersed 

in simulated body fluid (SBF) and also in simulated body fluid enriched with bovine serum albumin 

(BSA) in two different concentrations obtained by adding 3.33 and 6.67 g lyophilised BSA to 1 ℓ 

SBF. The system was kept also in the same incubator at 37°C, for 24 hours, 3 and respectively 7 

days.  

5.1 Sample characterization by XPS and IR 

Surface chemical functionalization was determined by XPS and FT-IR spectroscopy. 

XPS measurements were peformed using a SPECS PHOIBOS 150 MCD system equipped 

with monochromatic AlKα source.  

Infrared spectroscopy has been used in this study to assess the conformational state of 

proteins adsorbed on aluminosilicates surface. 

FTIR spectra of surface bound protein, before and after incubation, were conducted with 

attenuated total reflectance using Equinox 55 Bruker instrument in the range 4000-650 cm
-1

, with a 

resolution of 2 cm
-1

. 

As the surface has been washed with analytically pure water, the protein left on the surface is 

considered to be irreversibly bound. 

 

5.1.1 XPS results received for 60SiO2∙20Al2O3∙10Fe2O3∙10Y2O3 system 

In the XPS survey spectrum recorded before immersion, only photoelectron peaks 

corresponding to the elements entering in the sample composition occur, excepting the C 1s 

photoelectron peak (Fig. 5.10). Carbon adsorption usually takes place on all surfaces exposed to the 

atmosphere and is immediately detected by the XPS technique.   

As expected Y 3p, Fe 2p, Si 2p Al 2p peaks were found for all aluminosilicate-investigated 

samples (Fig. 7 (A, B)). However, for the protein functionalised substrates, detection of these four 

elements was less obvious due to the outer layer of protein (Table 2, 3). Similar results were obtained 

for the two types of proteins (BSA/Fg) used for functionalisation purpose. 
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Table 2. Relative percentage of the main components before and after immersion in 

SBF/BSA solutions determined from survey spectra. 

Immersion 

time  

Elemental composition (at %) 

C  N O Al  Si  Fe  Y 

0 6.92 - 53.08 2.3 36.77 0.18 0.75 

5 min 28.43 5.68 37.7 2.19 25.47 0.04 0.49 

2 hr 28.93 6.46 37.21 1.71 25.2 0.03 0.46 

24 hr 33.21 6.67 35.16 1.54 23 - 0.42 

 

 

Table 3. Relative percentage of the main components before and after immersion in 

PBS/Fg solutions determined from survey spectra. 

Immersion 

time 

Elemental composition (at %) 

C  N  O  Al  Si  Fe  Y  

0 6.92 - 53.08 2.3 36.77 0.18 0.75 

5 min 43.11 10.69 29.26 0.8 15.96 0.02 0.16 

2 hr 51.81 11.5 23.25 0.41 13.02 0.01 - 

24 hr 48.53 13.52 27.83 0.1 10.02 - - 
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Figure 7.  XPS survey spectra before immersion (a), after 5 minutes (b), 

2 hours (c) and 24 hours (d) immersion in SBF/BSA (A) and PBS/Fg (B) solutions. 
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At the same time, analysis of the survey spectra indicates N 1s peaks occurring from the 

nitrogen present in every amino acid of the protein.  
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Figure 8. Deconvoluted N 1s high resolution XPS spectra of lyophilised BSA/Fg (a) and after 5 

minutes (b), 2 hours (c) and 24 hours (d) immersion in SBF/BSA (A) and PBS/Fg (B) solutions. 
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XPS measurements of the nitrogen concentration can be interpreted as an indirect measure of 

the protein content [31]. The nitrogen concentration was practically zero before the immersion of the 

sample in the protein solutions (Table 2, 3), that means it can be used as a reliable marker for protein 

adsorption, and N:C ratio is typically used as indicators of protein deposition [32].  

The deconvolution of N 1s core level spectra (Fig. 8) reveals two components, centred at 

398.2 and 400 eV, characteristic of C-NH2 groups [33]. Actually, the N 1s photoelectron peaks 

recorded close to 400 eV are typical for nitrogen in organic matrix [34].  

XPS analysis confirms the increase of N content after different incubation periods, larger 

sized protein will produce a higher nitrogen signal than a smaller sized protein. This is because the 

larger protein molecule has more nitrogen atoms in XPS sampling depth. 

After sample immersion in protein solution the C 1s high-resolution spectra (Fig. 9) appear 

broader and signalise new type of bonds.  

The C 1s photoelectron peaks were decomposed according to binding energies of carbon 

bonds in proteins. They are well fitted (Fig. 9) with components at 284.6 eV, corresponding to C-C 

and C-H bonds, 286.5 eV, corresponding to C-O bonds, and the component at 288.3 eV, 

corresponding to C=O bonds [34]. These are characteristic carbon bonds in proteins.  
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Figure 9. Deconvoluted C 1s high resolution XPS spectra before immersion (a), of lyophilised 

BSA and Fg (b), and after 5 minutes (c), 2 hours (d) and 24 hours (e) immersion in SBF/BSA (A) 

and PBS/Fg (B) solutions. 

 

 

The O 1s signal before immersion in protein solution consists of a dominant component at 

533.2 eV associated to Si-O-Si, and a second component at lower binding energy 531.5 eV, which 

are related to bridging oxygens (BO) and, respectively, non-bridging oxygens (NBO) occurring in 

the structural units of the aluminosilicate microparticles [37]. Based on the preponderance of BO 

relative to NBO in the nanostructurated aluminosilicate microparticles (Fig. 10 a), they are expected 

to own a high stability in the biological media.  
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Figure 10. Deconvoluted O 1s high resolution XPS spectra before immersion (a) of lyophilised 

BSA/Fg (b), and after 5 minutes (c), 2 hours (d) and 24 hours (e) immersion in SBF/BSA (A) and 

PBS/Fg (B) solutions. 

 

After immersion in protein solutions, the O 1s photoelectron peaks are evidently broader and 

shifted to lower binding energies, mainly on the account of the BSA component located at 530.3, 

respectively of fibrinogen component located at 531.2 (Fig. 10 b).  
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The results obtained by deconvolution of O 1s photoelectron peaks suggest that the O 1s 

photoelectrons correspond significantly to peptidic oxygen of proteins [38]. 

 

5.1.2 FT-IR results received for 60SiO2∙20Al2O3∙10Fe2O3∙10Y2O3 system 

The infrared spectroscopy results were analysed with respect to protein secondary structure. 

The proteins exhibit characteristic bands, emerging from vibration in the peptide linkages, in 4000-

1200 cm
-1 

spectral range of FTIR spectra. There are three dominant bands, namely amide I band 

(1600-1700 cm
-1

) which comprises contribution from 80% C=O stretching mode, Amide II (1500–

1600 cm
−1

: 60% N–H bending and 40% C–N stretching modes) and Amide III (1200–1330 cm
−1

: 

40% C–N stretching and 30% N–H bending modes) [39, 40]. The amide I band is mostly used to 

extract information about the secondary structure. Because each of the different secondary structural 

elements contributes to the FTIR spectrum, the observed amide bands are composed of several 

overlapping components representing helices, β-structures, turns and random structures.  

The exact frequency of the amide I vibration depends on the nature of the hydrogen bonding 

involving C=O and N-H groups, this in turn is determined by the particular secondary structure 

adopted by the protein [41, 42, 43]. Band deconvolution using the second derivative can be used to 

identify the number and the position of the bands underlying the amides envelops [44].  

Protein adsorption was evaluated for the two hours immersed system in SBF/BSA and 

PBS/Fg solutions.  

Compared to the lyophilised BSA, there are several conformation changes for the protein 

adsorbed on surface (Fig. 11) toward a higher β-sheet/β-turn ratio, which indicates protein-surface 

interaction and enhanced blood compatibility [45].  

Fibrinogen adsorbed on material surface also changes its native structure.The α-helix content 

of adsorbed fibrinogen obviously decreases and is mainly transformed to β-sheet which meaningfully 

increases, while the β-turn is less changed.  

The β-sheet/β-turns ratio used to indicate the biocompatibility of the biomaterial shows that  

this ratio exhibits a higher value for the adsorbed protein compared to the native one (Fig. 10), 

indicating a good biocompatibility of the material, as supported by other data in literature [3].  
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Figure 11. Distribution of secondary structures in bovine serum albumin. 

 

 

 

Figure 12. Distribution of secondary structures in fibrinogen. 

 

 

5.1.3 XPS results received for 60SiO2 ∙ 20Al2O3 ∙ 20Fe2O3 system 

The uptake of proteins from solutions with different BSA concentration and prolonged 

immersion time was tested for the 20 % iron containing aluminosilicate system. 
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The occurrence of nitrogen species is clearly evidenced only after immersion in SBF with 

BSA solution (Fig. 13 c). In order to evaluate the uptake of protein on samples surface both survey 

and the C 1s, N 1s and O 1s core level spectra were examined. 
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Figure 13. Widescan  XPS spectra before immersion (a), and after one day 

immersion in SBF (b), SBF enriched with BSA (c) and SBF twice enriched with BSA. 

 

 

The relative percentage of C, N and O after immersion in SBF solutions, determined from 

survey XPS spectra (Table 4) points out very close values for both concentrations of BSA in SBF, 

denoting that the attachment of the protein on the surface of the aluminosilicate sample is saturated 

even by immersion in the solution with lower BSA content.  

 

Table 4. Relative percentage of C, N and O after immersion in SBF solutions, 

determined from survey XPS spectra. 

BSA 

concentration in 

SBF (g/ℓ) 

Elemental composition (at %) 

C N O 

0 19 - 81 

3.33 52 11 37 

6.67 51 10 39 

 

 

The C 1s high resolution spectra recorded from the samples immersed in SBF/BSA solution 

(Fig. 14) contains the BSA signature after one day soaking in the SBF solution with low BSA 

content.  
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Figure 14. C1s high- resolution XPS spectra before immersion (a), and after one 

day immersion in SBF (b), SBF enriched with BSA (c) and SBF twice enriched 

with BSA. In inlay is shown the spectrum recorded from lyophilized BSA. 

 

The deconvoluted C 1s photoelectron peaks (Fig. 15) provide more information. From the 

non-immersed sample only one single C 1s peak at 285.5 eV is recorded. Also after one day 

immersion in SBF the C 1s photoelectron peak is well fitted with a single line centered at 285.5 eV, 

but the peak is broadened, with 2.9 eV full width at half maximum (Fig. 15 b), while the full width at 

half maximum for the non-immersed sample (Fig. 15 a) is only 2.3 eV. The deconvolution of C 1s 

photoelectron peaks for the samples immersed in SBF solution enriched with BSA leads beside the 

peak at 285.5 eV to other two components centered at 286.7 and 288.6 eV, but their relative peak 

areas are notably different (Table 5). It is beyond doubt that the increased contribution of higher 

binding energy components is arising from the BSA adhered to the surface of aluminosilicate 

samples. 

The N 1s photoelectron peak was recorded only for the samples immersed in SBF with BSA 

solutions (Fig. 16). The deconvolution of the peaks leads to different contributions for the two 

components centered at 400.3 eV and 399.1 eV. The binding energies of N 1s typical for organic 

matrices are close to 400 eV, related to C-N bonds [50]. The atomic percent estimated for nitrogen 

(8.6 %) is in good agreement with the values reported on the surface of silicon wafers after BSA 

adsorption [49]. 
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Figure 15. Deconvoluted C 1s high resolution XPS spectra before immersion (a), and after one 

day immersion in SBF (b), SBF enriched with BSA (c) and SBF twice enriched with BSA (d). 
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Figure 16. C1s high-resolution XPS spectra before immersion (a), and after one day 

immersion in SBF (b), SBF enriched with BSA (c) and SBF twice enriched with BSA. 

 In inlay is shown the spectrum recorded from lyophilized BSA. 
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Figure 17. O1s high-resolution XPS spectra before immersion (a), and after one day 

immersion in SBF (b), SBF enriched with BSA (c) and SBF twice enriched with BSA. 

In inlay is shown the spectrum recorded from lyophilized BSA. 

 

With respect to the evolution of O 1s core level spectra (Fig. 5.28) one remarks symmetric 

peaks that are well fitted with a single line, that overlaps the contributions due to the oxygen atoms 
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from the aluminosilicate sample surface, adsorbed –OH groups and peptidic oxygen of BSA [38]. 

The full width at half maximum of O 1s photoelectron peak recorded from the non-immersed sample 

is 2.3 eV and increases to 2.7 eV after immersion in pure SBF and to 2.9 eV after immersion in 

BSA-SBF, as well in 3.33 and 6.67 g BSA /1 ℓ SBF solution; the broadening of the full width at half 

maximum points out a larger distribution of the oxygen sites. 

 

5.1.4 IR results received for 60SiO2 ∙ 20Al2O3 ∙ 20Fe2O3 system 

The features of FTIR spectrum recorded from lyophilised BSA introduced into simulated 

body fluid it is well evidenced in the FTIR spectrum of the sample immersed for seven days in the 

solution containing 6.67 g BSA / ℓ SBF. The deconvolution of amide I absorption band of 

lyophilized BSA and of adsorbed BSA on the aluminosilicate sample is presented in Figures 18 A, B, 

respectively.  
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Figura 18. Deconvolution of amide I absorption band of lyophilized BSA (A) and 

adsorbed BSA on aluminosilicate biomaterial (B). 

 

Deconvolution of the native albumin amide I band was made assuming five components, 

while for the adsorbed albumin six components are considered. The recent literature [44] regarding a 

curve fitting procedure shows that six or five components had to be used for hydrophilic or 

hydrophobic surfaces, respectively. The occurrence of a new band around 1610 cm
-1

 is assignable to 

the intermolecular β-sheet structure (or side chain) which is indicative for the aggregation of the 

protein. One can observe from the data summarised in Fig. 19 that β-sheet content increases from 

27.1 % in lyophilized state to 34.7 % after adsorption, as well as the random conformation from 8.8 
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% to 18 %. In the same time α-helix conformation decreases from 49.7 % to 42 % after adsorption 

and the turns from 14.4 % to 4.3 %.  

 

 

 

Figure 19. Distribution of secondary structures in bovine serum albumin. 

 

In our measurements, β-sheet/ β-turns ratio exhibit a higher value for the adsorbed protein 

compared to the native one, indicating a good biocompatibility of the material, as supported by other 

data in literature [44]. 

BSA adsorption was confirmed by infrared data. XPS spectroscopy clearly appears more 

sensitive than FTIR performed in reflectance mode to the changes occurred on the sample surface 

after immersion in simulated body fluids [49, 50]. 
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      Conclusions 

- Homogenous aluminosilicate systems containing iron and rare earths (yttrium and 

dysprosium) were prepared following the sol-gel route.  

- After thermal treatment, the iron preponderantly crystallises as magnetite, but hematite and 

maghemite are also developed, expecting a ferromagnetic behaviour. The developed 

crystallites are nanosized. 

- Magnetic moment measurements as a function of magnetic field approve the expected 

ferromagnetic behaviour.  

- The temperature dependence of the magnetization shows for ASF and ASFD samples the 

Curie temperature close to 430 K and 711 K, respectively.   

- After gamma exposure of samples, oxygen hole centres (NBOHC) and peroxy centres were 

evidenced by EPR spectroscopy.  

- It was evidenced that paramagnetic defects may occur during preparation and can be induced 

by gamma exposure, but they disappear while the thermal treatment temperature increases, 

denoting that the greater the crystallisation degree the better the stability of the irradiated 

samples against the occurrence of structure defects.  

- First evidence of microparticles interaction with the protein is the occurrence in the XPS 

spectra of N 1s photoelectron signal with increasing intensity during the incubation period 

from 5 minutes to 24 hours, and the significant percentage reduction of the elements entering 

in the composition of the pristine samples.  

- The nitrogen content established already after 5 minutes immersion time indicates the quick 

attachment of BSA and fibrinogen onto the microparticles surface.  

- After sample incubation in protein solution, the C 1s core level spectra contain components of 

binding energies characteristic for peptidic carbons.    

- The O 1s signal before immersion in protein solution are related to bridging oxygens (BO) and 

non-bridging oxygens (NBO) occurring in the structural units of the aluminosilicate 

microparticles.  

- The preponderance of BO relative to NBO in these samples supports the expectation of a high 

stability in the biological media. 

- After immersion in protein solutions, the O 1s photoelectrons correspond significantly to 

peptidic oxygen of proteins.  

- Diminished oxygen content is detected on the microparticles surface for increasing immersion 

periods, because after incubation in protein solutions the aluminosilicate sample, initially with 
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high oxygen content, offers as outmost layer the attached BSA or fibrinogen protein of lower 

oxygen content. 

- The protein concentration in SBF influences the building up of the BSA layer, but after short 

immersion periods the surface is nearly saturated in taking up BSA functional groups 

regardless of BSA concentration in SBF. 

- The analysis of FTIR absorption bands characteristic for secondary structure of proteins 

shows that the β-sheet/β-turns ratio exhibits a higher value for the adsorbed proteins compared 

to the native ones, which indicates a good biocompatibility of these materials.  

- The attachment of BSA/fibrinogen is proved by the β-sheet structure of amide I at 1650 cm
-1

 

and spectral changes around 1540 cm
-1

, assigned to amide II and 1320 cm
-1

, assigned to amide 

III.  

- The results of this study provide evidences that the synthesis of aluminosilicate nanostructured 

microparticles containing iron and yttrium/dysprosium can be useful in potential applications 

of simultaneous radiotherapy and hyperthermia. 
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