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Abstract The behaviour of iron containing aluminosili-

cate samples in Kokubo’s simulated body fluid (SBF) and in

SBF enriched with bovine serum albumin (BSA) has been

investigated. Crystalline samples of (80–x)SiO2�20Al2O3�
xFe2O3 system, with x = 5, 10 or 15 mol%, obtained by

sol–gel method and heat treated at 1200�C in air for 24 h.

Data on electrical conductivity, calcium, phosphorous and

potassium concentrations in simulated body fluids after

samples soaking in static regime at 37�C, for several periods

up to 14 days, were used to estimate the dynamics of these

cations on the interface of aluminosilicate samples with

SBF, and with SBF containing BSA. The UV-visible and

fluorescence spectra recorded from the simulated body

fluids after immersion of the investigated aluminosilicate

samples evidence changes function on immersion time and

Fe2O3 content.

1 Introduction

Microparticles of silicate systems containing iron oxide are

investigated for their potential application in hyperthermia

treatments [1–4]. Localized magnetic hyperthermia shows

promise as a treatment modality for tumor eradication [5].

The most common approach for difficult access location in

the body is the use of injectable thermoseeds which can be

remotely heated [6]. Magnetic nanoparticles are also

applied in improving the quality of magnetic resonance

imaging, site-specific drug delivery and the manipulation

of cell membranes [7]. Superparmagnetic nanoparticles

bearing negative surface charge behave as anions and show

a high affinity for the cell membrane and, as a conse-

quence, are captured by cells with very high efficiency.

Anionic maghemite nanoparticles strongly and nonspecif-

ically interact with the plasma membrane, due to their

negative charges, and exhibit a high level of cell internal-

ization. The adsorption step preceding the internalization

step governs the overall cell uptake [7, 8].

Regardless of their dimensions, the behavior of all

biomaterials in the human body is strongly influenced by

the properties of their surface, which is first coming in

contact with the body fluid and the proteins contained

therein. The interaction of material surfaces with biological

matter is of great importance, because the manner in which

the surface interacts with biomolecules contributes strongly

to the success or failure of a biomaterial. Surface energy is

a fundamental material property that affects cell interac-

tions. Although direct cell-material interaction is not

excluded, the indirect interaction is probably more impor-

tant as surface energy first dictates protein adsorption,

which subsequently influences cell response. Biocompati-

bility is mainly determined by the manner in which the

biomaterial surfaces interact with blood constituents and

implicitly with proteins [9, 10]. SBF proposed by Kokubo

et al. [11] is the most frequently used solution simulating

the body fluid for in vitro tests, because it contains inor-

ganic ions in concentrations very close to those of human

blood plasma. In the circulatory system, the most abundant

protein, accounting for 60% of the total serum protein, is

serum albumin. The albumin released into circulation
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possesses a half-life of 19 days [12]. The main function of

serum albumin is to transport metabolites in blood [12, 13].

They can bind a wide variety of ligands, e.g., fatty acid,

bilirubin and drugs [13]. The bovine serum albumin is

commonly used in several studies to simulate human

albumin, due to the structural homology of the two proteins

[14]. Both human and bovine serum albumin are large

globular proteins about 66 kDa [15, 16].

The purpose of this work is to study the interaction of

iron containing aluminosilicate systems with the protein

bovine serum albumin (BSA) in simulated body fluid

(SBF) solution. The interaction between iron containing

aluminosilicate samples and BSA-enriched SBF was

studied by electrochemical measurements, inductively

coupled plasma mass spectrometry, UV absorption and

fluorescence spectroscopy.

2 Experimental

Samples of (80–x)SiO2�20Al2O3�xFe2O3 system, with

x = 5, 10 or 15 mol%, were prepared by sol–gel method

using as starting reagents Si(OH)4, Al(NO3)3�9H2O,

Fe(NO3)3�9H2O. Silicic acid was dissolved in distilled

water and mixed at room temperature about 30 min. After

addition of Al(NO3)3�9H2O water solution the mixture was

stirred for 30 min at 90 8C, and the Fe(NO3)3�9H2O water

solution was then added. As the mixture appeared like a

gel, it was filtered and dried in an electric oven at 1108C for

20 h. The pH of the prepared samples was 8.5. The dried

samples were treated at 1200�C in air for 24 h and

undercooled at room temperature. The surface area of the

samples was estimated in the order of tens of m2/g. X-ray

diffraction analysis of iron containing aluminosilicate

samples heat treated at 1200�C revealed the development

of hematite (a-Fe2O3), maghemite (c-Fe2O3), mullite

(Al6Si2O13) and crystoballite (SiO2) crystalline phases with

crystals of nanometric size [17].

In order to check the bioactivity of the samples with

different Fe2O3 contents, fine powdered samples of the

investigated compositions were immersed in SBF, and in

SBF containing BSA, in conical polypropylene flask. The

flasks were kept under static conditions in an incubator at

the constant temperature of 37�C for 3, 7 and 14 days. The

SBF was prepared according to Kokubo’s protocol [11] by

dissolving in deionised water NaCl, NaHCO3, KCl,

K2HPO4�3H2O, MgCl2�6H2O, CaCl2, HCl (1 M), Na2SO4

and NH2C(CH2OH)3. The solution was buffered at pH 7.38

at room temperature. The inorganic ion concentrations in

the SBF solution are almost the same as those in human

blood plasma. However beside the inorganic components

there are many organic compounds in human blood plasma,

which are not included in Kukobo’s SBF solution. For this

reason a solution containing bovine serum albumin was

prepared by dissolving 1 mg/ml BSA in SBF.

After each immersion stage the concentration of Ca, P

and K ions in the immersion solutions was measured using

an inductively coupled plasma mass spectrometer ICP-

TOF-MS model Optimass 9500. Conductivity of SBF, and

SBF containing BSA solutions before and after immersion

of samples for different periods was measured at room

temperature with Consort C833 digital multimeter. An

average of three measurements was taken in all cases. The

UV spectra were recorded using a Jasco UV-Visible

spectrometer V-530 in the spectral range from 240 to

400 nm. Measurements of fluorescence were performed on

Jasco spectrofluorimeter FP-6300. The excitation wave-

length was 295 nm and fluorescence spectra were recorded

from 300 to 450 nm. In all measurements the analysed

solutions were extracted from the flaks containing the

soaked samples.

3 Results and discussion

As biomaterials are immersed in a liquid phase containing

a protein, a reorganization of the protein is expected on

biomaterial surface [18]. The interface processes are

influenced by the release of cations from biomaterial into

biological medium and the further self-assembly of these

cations on biomaterial surface. Aluminosilicate systems are

characterized by high corrosion stability [19], but in bio-

logical fluids they can become bioactive due to their sur-

face reactivity, at least temporary [20, 21]. The variation of

Ca2? concentration in SBF, and SBF containing BSA

solutions wherein the investigated alumionosilicate pow-

ders were tested is shown in Fig. 1 as function of soaking

time. For all samples, after 3 days of immersion, the Ca2?

concentration in the simulated body fluids was diminished.

This indicates that part of the calcium ions from SBF are

self-assembled on the samples surface. It also has to be

noticed that the calcium ions concentration in the BSA-

enriched SBF was slightly lower for all samples after

3 days immersion (Fig. 1a), denoting that in the presence

of the protein a higher number of calcium ions are directed

and attached onto samples surface. This result is clearly a

consequence of BSA binding on samples surface. The data

plotted in Fig. 1 also indicate that the highest values of

Ca2? concentration in solutions are obtained for the sample

with 15 mol.% Fe2O3 in SBF, suggesting that the self-

assembly on sample surface of structural units implying

calcium is initially restricted by increasing iron content.

At the same time the phosphorus concentration pro-

nouncedly decreased in the simulated body fluids extracted

after 3 days (Fig. 2). After immersion of samples with

similar composition, the phosphorous concentration in SBF
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and BSA-enriched SBF varies according to the different

soaking times. Similar to the results obtained for Ca2?

concentration, in the protein-enriched SBF solution

(Fig. 2a) the concentration of phosphorus ions decreases

under the values measured in SBF solutions without BSA

(Fig. 2b). This points out that BSA contributes to the

extraction and deposition on the surface of aluminosilicate

samples of more phosphorus from the biological media

[22].

The above results show that the samples acquire from

the soaking environments both calcium and phosphorus

ions, which could form calcium–phosphate structure due to

the aggregation between Ca2? and PO4
3- ions [20]. In

water solution the Si–OH groups formed on the surface

provide nucleation sites for apatite formation [23]. The

increase of calcium and phosphorus concentration in the

studied fluids after 7 days, in the case of samples with

lower iron content, shows that the initially formed calcium

and phosphorus rich layer on the aluminosilicate particles

is not stable. After 14 days this layer is more consistent and

much dependent upon iron content. In this approach,

according to our data regarding Ca2? and P5? concentra-

tion in simulated body fluids, the thickness of self-assem-

bled hydroxyapatite type layer is expected to be diminished

by increase of Fe2O3 content in the aluminosilicate matrix.

The K? concentration as function of soaking time

(Fig. 3) proves the property of albumin to bind potassium

ions and attach on samples in the first immersion stage.
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A release of K? ions is observed for all samples (Fig. 3a)

between the third and the seventh soaking days. After

3 days one observes for the samples with x = 5 and

10 mol.% Fe2O3 that some of calcium and phosphorus ions

(Figs. 1a and 2a) go back into BSA-SBF solution. Ca2?

and P5? concentration further decreases in case of

x = 15 mol.% Fe2O3 sample. After 2 weeks the changes

are weaker, but generally they are still noticed. It is

reported [24, 25] that in SBF solutions calcium phosphates

of hydroxyapatite type are formed and transformed by

dissolution-reprecipitation.

Figure 4 illustrates the electrical conductivity of the

simulated body fluids as function of the soaking time. All

cations existing in solutions contribute to their conductiv-

ity. Both in SBF and protein-enriched SBF the conductivity

of the solutions increases after 7 days soaking time, more

quickly in the solution without protein. Considering the

soaking time dependence for the concentration of calcium,

phosphorus and potassium ions (Figs. 1, 2, and 3), the time

dependence of the conductivity could be explained only on

the account of other cations arrived in solution from therein

soaked samples, namely the iron ions. One can remark

once more that the dynamics of the cations at the interface

between samples and immersion solution is influenced by

the addition to SBF of the protein which early adheres onto

samples surface.

Since the measurements of Ca, P and K concentrations

started after three soaking days, in order to search into the

interactions of the protein with the SBF solution and with

the samples surface prior to this moment, we have inves-

tigated by UV-Vis and fluorescence spectroscopy the BSA-

enriched SBF solutions during 72 h after samples

immersion.

Protein adsorption on various materials has been widely

studied and it has been found that electrostatic, hydro-

phobic and specific chemical interactions play an important

role between protein and the adsorbent materials [26, 27].

The sol–gel silicate materials have high surface area and

porosity which facilitates protein-silica interaction but may

lead to protein denaturation [28, 29].

Variation of BSA concentration in SBF solution after

different soaking time of the investigated samples was

determined using UV-visible spectroscopy. A calibration

curve was obtained using known concentration of BSA at

the absorbance maximum of 280 nm. The e absorption

coefficient was determined to be 0.6725 mg ml-1 cm-1.

The BSA concentration in SBF solutions with samples of

different iron oxide contents was determined using the

calibration curve. Two absorption bands arising from BSA

are recorded in the UV-Vis spectra (Fig. 5) around 220 and

278 nm. In the spectral range explored, the bands around

278 nm show an intensity decrease in the first hours even
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for BSA in SBF solution (Fig. 5a), that suggests an inter-

action of BSA with the cations from SBF. The increase of

the band intensity in the spectra recorded after 24 and 72 h

appears irregular. In addition, these absorption peaks have

a slight blue shift from 278 to 275 nm. Similar effects are

observed in the first 6 h for the solution with aluminosili-

cate sample (Fig. 5b), but intensities after 24 and 72 h are

less increased than in the solution without sample.

The immersion of iron containing aluminosilicate sam-

ples in BSA-enriched SBF lead very early, already in the

first 6 h, to changes of BSA concentration in SBF solution

(Table 1). The decrease of BSA concentration in SBF

solutions points out that the protein adheres onto samples

surface. We appreciate that BSA binding to samples sur-

face is accomplished in the first hours of immersion. The

protein binding could be achieved by surface complexation

of the positively charged sites of BSA (NH3
?) with the

silicon negatively charged sites (SiO-) and that is likely to

be an important factor in the dissolution process [30]. It

was assumed that a hydrated silica formed on the surfaces

of silicate materials in the body plays an important role in

forming a surface apatite type layer and it was experi-

mentally shown that a pure hydrated silica gel can induce

apatite formation on its surface in a simulated body fluid

[31]. For silicate bioactive glasses it was considered that in

protein-free solutions the formation of a hydroxyapatite

layer hinders the release of all silicon, since it acts as a

protective layer, but when bioactive glasses are immersed

in protein containing serum solutions, a porous and amor-

phous layer of silica, proteins and calcium phosphates is

formed, which does not protect the glass from further

corrosion [32]. Indeed, it was demonstrated that the in vivo

bioactivity of these glasses is accurately reproduced by

apatite-forming ability in SBF [33].

BSA is made up of three homologous domains (I, II, III),

which are divided into nine loops (L1–L9) by 17 disulfide

bonds. The loops in each domain are made up of a

sequence of large–small–large loops forming a triplet. Each

domain in turn is the product of two sub-domains [34].

BSA has two tryptophan residues, Trp-134 and Trp-212,

embedded in the first sub-domain IB and sub-domain IIA,

respectively. Trp-212 is located within a hydrophobic

binding pocket of the protein and Trp-134 is located on the

surface of the albumin molecule [35]. A valuable feature of

intrinsic fluorescence of BSA is the high sensitivity of

tryptophan to its local environment. Changes in emission

spectra of tryptophan provide information on its interaction

with the ligand [36]. Both bovine serum albumine and

human serum albumin excited at 290 nm emit fluorescence

attributable mainly to tryptophan residues [37, 38]. Fluo-

rescence spectroscopy is a very sensitive experimental

technique to changes in the local environment of the

fluorophore [39]. The fluorescence intensity can be

decreased by several molecular interactions like excited-

state reactions, molecular rearrangements, energy transfer,

ground state complex formation and collisional quenching

[40]. Such decrease in intensity is called fluorescence

quenching. Fluorescence quenching has been widely used

as a powerful tool to reveal the accessibility of fluoro-

phores in the protein matrix to quenchers and to investigate

changes in the tertiary structure induced by the protein

interaction with ionic surfactants. When a fluorophore

absorbs a photon, an energetically excited state is formed,

depending upon the nature of the fluorophore and its sur-

roundings, which finally will loss the energy and return to

the ground state. The ratio of photons absorbed to photons

emitted through fluorescence is defined as fluorescence

quantum yield. The quantum yield gives the probability of

the excited state to be deactivated by fluorescence rather

than by another, non-radiative mechanism. The changes

determined by these interactions, in the position or orien-

tation of the BSA tryptophan residues, affect their exposure

to solvent, leading to alterations on the fluorescence

quantum yield [12]. The positions of the two fluorescent

tryptophan radicals of BSA are different, one of them is

near the surface and the other is deeper and therefore is less

accessible to surfactants. BSA has strong fluorescence at

kex/kem = 295/343 nm [40].

The fluorescence quenching spectra in our study were

obtained at excitation and emission wavelengths of 295 and

300–450 nm, respectively, and they were recorded at dif-

ferent periods, up to 7 days. Before going into discussion

of surfactant–protein interaction, we will present the fluo-

rescence results showing how the SBF solution is affected

by BSA protein. As can be observed for BSA-enriched

SBF solution without soaked sample (Fig. 6) excepting the

results obtained after 4 and 6 h, the fluorescence intensity

of BSA continuously decreases and a slight blue shift is

clearly recorded after 7 days, which indicates changes

related to the chromophore of BSA. The slight blue shift of

the emission maximum suggests a less polar, or more

hydrophobic, environment of tryptophan residues [40]. As

compared to the fluorescence emission spectra of BSA in

SBF wherein samples of different iron contents are soaked,

Table 1 Dependence of BSA concentration in SBF solution (initially

1 mg/ml) on the soaking time of (80–x)SiO2�20Al2O3�xFe2O3

samples

x (mol %) Immersion time (hours)

0 2 4 6

Concentration (mg/ml) (±0.03)

5 1 0.99 0.91 0.90

10 1 0.91 0.91

15 0.98 0.87 0.83
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one observes the decrease of fluorescence intensities with

increasing iron concentration (Fig. 7).

Two quenching processes are known, static and dynamic

quenching. Both of them require molecular contact

between the fluorophore and the quencher. Static quench-

ing refers to formation of a nonfluorescent fluorophore–

quencher complex. Dynamic quenching refers to the

quencher diffusion to the fluorophore during the lifetime of

the excited state and upon contact the fluorophore returns

to the ground state, without emission of a photon [41]. Both

static and dynamic processes are described by the Stern–

Volmer equation using the ratio between the fluorescence

intensities in the absence and presence of the quencher,

expressed as the area under the corresponding emission

peaks [12].

The fluorescence quenching yields obtained for the

investigated samples are shown in Fig. 8. One remarks the

BSA florescence quenching in SBF without soaked sam-

ples, due to the protein interaction with the ions from SBF,

and at the same time a relative increase tendency after 6 h.

The soaking of iron containing aluminosilicate samples

contributes to protein fluorescence quenching, that is also

influenced by Fe2O3 content. These findings highlight not

only the fluorescence quenching, but also the fact that

during the 24 h an increase in fluorescence is also possible.

The analysis carried out by Ross and Subramanian [42] on

thermodynamic parameters characterizing the self-associa-

tion and ligand binding of proteins has shown the impossi-

bility to account for the stability of association complexes of

proteins on the basis of hydrophobic interactions alone. They

proposed a two steps model for protein association: (i)

mutual penetration of hydration layers causing disordering

of the solvent and further (ii) short-range interactions.

Considering the thermochemical behavior of small molecule

interactions, they concluded that the strengthening of

hydrogen bonds inside macromolecules, and van der Waals

interactions introduced as a consequence of the hydrophobic

effect are the most important factors contributing to the

stability of protein association complexes. The non-covalent

interactions implied in the forces responsible for ligand-

receptor stability and ultimately for stabilizing a native

protein are four and can be classified based on the governing

forces into three groups: (a) electrostatic; (b) hydrogen

bonding; and (c) apolar, which includes van der Waals and

hydrophobic bonds interactions [43]. When these molecules

bind to a globular protein, the intramolecular forces

responsible for maintaining the secondary and tertiary

structures can be altered, resulting in a conformational

change of the protein [44]. For low concentration of
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surfactants the binding is to specific high energy sites on the

protein and the interactions are mainly electrostatic, but

hydrophobic contributions are not excluded. It is assumed

that during the immersion time the surfactant acts differ-

ently, and can have anionic, cationic or zwitterionic char-

acter. The anionic surfactant leads to fluorescence

quenching, while the cationic and zwitterionic surfactants

induce the enhancement of fluorescence observed for BSA

[12]. The irregular increase of fluorescence intensity appar-

ently unexpected in the spectra recorded after 24 and 72 h

(Fig. 5) can be explained by the prevalent cationic or zwit-

terionic character achieved by surfactants.

The qualitative investigation based on fluorescence

quenching yields obtained for increasing exposure time of

the tryptophan residues in the BSA protein in SBF, in the

absence and the presence of iron containing aluminosilicate

samples, suggests that an equilibrium of the native protein,

intermediate species of surfactant-bound protein and par-

tially denatured protein is very probably realized by

interactions with surface active agents of both anionic, and

cationic or zwitterionic character.

4 Conclusions

Protein binding aluminosilicate samples containing iron

oxide were obtained by immersion in simulated body fluid

enriched with BSA. The protein binding onto surface is

achieved in the first 6 h after incubation. The values of

calcium and phosphorus concentration in simulated body

fluids after immersion of samples suggest that the self-

assembly on sample surface of calcium phosphate type

units is restricted by increasing iron content. The depen-

dence of electrical conductivity of simulated body fluid on

sample incubation time could be also considered on the

account of iron ions released from aluminosilicate samples.

The offtake of calcium and phosphorus ions from SBF on

sample surface is enhanced by protein binding. The slight

blue shift of the fluorescence emission maximum of BSA

in SBF indicates that in the presence of iron containing

aluminosilicate samples the environment of tryptophan

residues becomes less polar due to the binding by albumin

of the cations from SBF soaking solution. The time

dependence of fluorescence quenching yield qualitatively

points to both electrostatic and apolar interactions.
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