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Abstract

Bioactive composite materials were prepared by mixing 20 wt.% of silk fibroin (SF) and 80 wt.% of glass-
ceramics from CaO-SiO2-P2O5-MgO system. In vitro bioactivity of the prepared composites was evaluated in
1.5 simulated body fluid (1.5 SBF) in static conditions. The obtained samples before and after in vitro tests were
characterized by X-ray diffraction (XRD) analysis, Fourier transform infrared spectroscopy (FTIR), and X-ray
photoelectron spectroscopy (XPS). The changes in 1.5 SBF solutions after soaking the samples were evaluated
by inductively coupled plasma atomic emission spectroscopy (ICP-AES). MG63 osteosarcoma cells were used
for the biological experiments. The obtained experimental data proved that the synthesized composites exhibit
excellent in vitro bioactivity.
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I. Introduction

It is well known that natural bone is a typical inor-

ganic/organic composite containing approximately 80%

hydroxyapatite (HA) and 20% collagen matrix [1]. In

this context, HA has attracted much attention for large

bone defects regeneration [2,3] due to its excellent os-

teoconductivity and similarity to the mineral phase of

bone. Nevertheless, its low compressive strength limits

its application to non low-load bearing bone repairs [4].

In recent years, much attention has been paid to the

fabrication of functional scaffolds from natural poly-

mers, such as collagen [5], gelatin [6], alginate [7], poly-

lactic acid [8], polyamide [9], and silk fibroin (SF) [10–

16], which can be incorporated together with HA to

achieve both porosity and mechanical strength.

Among them SF is of a practical interest due to its

excellent intrinsic properties utilizable in the biotech-

nological and biomedical fields. On the other hand, it

is known that SF is composed of 17 aminoacids. It has

been proved that SF is a good biocompatible material,
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which has been successfully used for various medical

applications. Kong et at. [11] demonstrated that silk fi-

bres could induce HA nucleation on the surfaces pro-

teins in simulated body fluid (SBF) solution at pH =

8. The authors also proved that there are strong chem-

ical bonds between SF and HA. For this reason, a co-

precipitation method was often used to synthesize silk

powder/HA nanocomposites [11,17–23]. For instance,

Wang et al. [18] deposited HA on fibroin microspheres

through the co-precipitation method. Furuzono et al.

[24] developed a HA/F composite, where fibroin was

modified with organic compound. In another article

Kino et al. [25] reported that the regenerated fibroin

films containing Ca2+ ions were coated with HA, after

soaking in 1.5 SBF for 6 h. Li et al. [26] proved that fi-

broin can induce HA deposition at 37 °C in 1.5 SBF. The

effect of pH and initial Ca2+
−H2PO4

– concentration on

the crystal growth of HA in the presence of SF is stud-

ied by Ren et al. [21]. They evaluate the effect of pH

and initial Ca2+ and PO4
3– concentration on the prod-

ucts of SF mineralization. They also demonstrated that

pH = 7 promote the transition of dicalcium phosphate

dihydrate (DCPD) to HA. On the other hand, Kong et

al. [27] observed that SF can accelerate the phase trans-
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mittance of amorphous calcium phosphate (ACP) to the

crystal hybrid between DCPD and HA. Li et al. [28]

synthesized SF/calcium phosphate composite by adding

the different amount of Na2SiO3 to investigate the ef-

fect of silicon on the HA formation in the compos-

ite. Based on the obtained results they concluded that

the addition of silicon could accelerate the HA forma-

tion. SF/wollastonite scaffolds were prepared by Zhu

et al. [29] via freeze-drying method. They showed that

the composite scaffold was in vitro bioactive, because

wollastonite induced the formation of carbonate con-

taining hydroxyapatite (CO3HA) on the surface of the

samples, after soaking in SBF solution for 5 days [29].

Four types of hybrid films were fabricated by Vachiraroj

et al. [30]. These materials include gelatine conjugated

SF, HA/SF, HA/gelatin/SF, and HA/chitosan. The pre-

pared films were investigated in terms of in vitro ad-

hesion, proliferation and osteogenic differentiation with

preosteoblast cell lines (MC3T3-E1) and rat bone mar-

row derived stem cells (MC3). The authors proved that

MC3T3-E1 showed higher proliferation rate [30].

In our previous work [31], we have prepared some

in vitro bioactive composites between glass-ceramics

from CaO-SiO2-P2O5 system and SF solution and eval-

uated apatite formation on their surface, after soaking

in SBF solution. The purpose of the present article is

to prepare novel glass-ceramics/SF bioactive compos-

ites, based on two types of glass-ceramics (from CaO-

SiO2-P2O5-MgO system, analysed in our previous pa-

per [32]), and to evaluate their in vitro bioactivity in

1.5 SBF solution after 14 days of soaking in static con-

ditions. The novelty of the presented work is that the

glass-ceramics were previously soaked in TRIS-HCl so-

lution for 14 days, and in this form used for preparation

of the bioactive composites. In this context, we try to

discuss the main question - how the phase composition

of the synthesized samples influences the structure and

in vitro bioactivity?

II. Experimental Part

2.1. Preparation of glass-ceramics/SF composites

Bioactive glass-ceramic/SF composites were pre-

pared by mixing 20 wt.% of silk fibroin (SF) and

80 wt.% of glass-ceramics from CaO-SiO2-P2O5-MgO

system. Silk fibroin (SF) solution was prepared by dis-

solving fibroin without sericin in 9 M LiBr at 60 °C

for 4 h and then dialysed against distilled water at

room temperature for 3 days using cellulose membrane

(MWCO 12000 Da) for 72 h to remove the salts [30].

The final concentration of the SF solution was 3 wt.%,

in accordance with literature data [29].

After that two glass-ceramic powders from CaO-

SiO2-P2O5-MgO system (denoted as C1 and C2), as

inorganic part of the composites, were synthesized via

multi step sol-gel method. The powders have different

compositions, i.e. C1 contains 38 wt.% CaO, 29 wt.%

SiO2, 31 wt.% P2O5 and 2 wt.% MgO, whereas C2 con-

tains 55 wt.% CaO, 20 wt.% SiO2, 22 wt.% P2O5 and

3 wt.% MgO. In the first step SiO2 sol was obtained

from tetraethoxysilane (TEOS) by mixing with solvent

(mixture of C2H5OH and H2O) and a catalyst (a small

amount of HCl) in a volume ratio TEOS : C2H5OH :

H2O : HCl = 1 : 1 : 1 : 0.01. After approximately 1 h

and the formation of transparent solution, the magne-

sium salt (Mg(NO3)
2
×6 H2O) was dissolved in water

and added to the prehydrolysed TEOS under stirring for

14 h. In the second step calcium phosphate (CP) solution

was prepared by mixing Ca(OH)
2

and H3PO4 at pH =

10–11. The calcium phosphate mixture was added drop-

wise into the modified silica sol under intensive stirring.

The prepared mixed sol was stirred for 24 h, gelled at

120 °C for 12 h and thermally treated at 1200 °C for

2 h in a tubular furnace. The structure evolution of the

thermally treated samples was presented in our previous

paper [32]. The obtained glass-ceramics was soaked in

TRIS-HCl buffer for 14 days [32].

Organic/inorganic composites were prepared by mix-

ing of the treated glass-ceramics and SF solution with-

out binding agents. A certain amount of C1 or C2 glass-

ceramic powder was added into the SF solution (using

weight ratio C : SF = 80 : 20) under stirring for 4 h in

order to disperse the glass-ceramic particles uniformly.

The obtained mixture was poured into plastic cup. The

mixture was frozen at −60 °C and then lyophilized. Fi-

nally, two samples were obtained and denoted as C1F

and C2F.

2.2. In vitro bioactivity of the prepared composites

In vitro bioactivity of C1F and C2F samples was

evaluated by examining the apatite formation on their

surfaces in 1.5 SBF solutions. 1.5 SBF solution was

prepared by using the following reagents: NaCl =

11.9925 g, NaHCO3 = 0.5295 g, KCl = 0.3360 g,

K2HPO4×3 H2O = 0.3420 g, MgCl2×6 H2O = 0.4575 g,

CaCl2×2 H2O = 0.5520 g, Na2SO4 = 0.1065 g and

buffering at pH = 7.25 at 36.5 °C with TRIS = 9.0075 g

and 1 M HCl in distilled water. The synthesized com-

posites were immersed in 1.5 SBF solution at human

body temperature (36.6 °C) in polyethylene bottles in

static conditions for 14 days. After soaking they were

removed from the fluid, gently rinsed with distilled wa-

ter, and dried at 37 °C for 12 h.

The structure and in vitro bioactivity of the syn-

thesized C1F and C2F composites were studied by

FTIR, XRD, ICP-AES and XPS. Powder X-ray diffrac-

tion spectra were collected within the 2θ range from

10° to 80° with a constant step of 0.04° and counting

time of 1 s/step on a Bruker D8 Advance diffractome-

ter with CuKα radiation and SolX detector. The spec-

tra were evaluated with the Diffracplus EVA package.

FTIR transmission spectra were recorded by using a

Brucker Tensor 27 spectrometer with scanner velocity

10 kHz. Diluted pellets of KBr were prepared by mix-

ing of ∼1 mg of the samples with 300 mg KBr. Trans-

mission spectra were recorded using MCT detector with
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64 scans and 1 cm-1 resolution. The ionic concentra-

tions of Ca, P, Si, and Mg of these solutions were de-

termined by inductively coupled plasma atomic emis-

sion spectroscopy (ICP-AES), Iris 1000, Thermo Ele-

mental, USA. X-ray photoelectron spectroscopy (XPS)

of the samples after in vitro test in 1.5 SBF solution for

14 days was carried out using ESCALAB MkII (VG

Scientific) electron spectrometer at a base pressure in

the analysis chamber of 5×10-10 mbar (during the mea-

surement 1×10-8 mbar), using AlK X-ray source (exci-

tation energy hν = 1486.6 eV). The pass energy of the

hemispherical analyser was 20 eV, 6 mm slit widths (en-

trance/exit). The instrumental resolution measured as

the full width at half maximum of the Ag3d5/2, photo-

electron peak is 1 eV [33]. The energy scale is corrected

to the C1s - peak maximum at 285.0 eV for electrostatic

charging. The processing of the measured spectra in-

cludes a subtraction of X-ray satellites and Shirley-type

background [34]. The peak positions and areas are eval-

uated by a symmetrical Gaussian-Lorentzian curve fit-

ting. The relative concentrations of the different chem-

ical species are determined based on normalization of

the peak areas to their photoionization cross-sections,

calculated by Scofield [34].

2.3. Cell culture and treatment

Human osteosarcoma cells MG63 cells (MG63,

CRL-1427) were used for these experiments. MG63

have been well characterized, and widely used for

testing biomaterials. In order to limit the differences

in phenotypic expression, the cells were used at a

passage 10 to 15. The cells were maintained in

Eagle’s Minimum Essential Medium (MEM, Lonza,

Switzerland) containing 10% heat-inactivated fetal

bovine serum (FBS, Lonza, Switzerland), 100 units/ml

penicillin, and 100µg/ml streptomycin in a humid-

ified CO2 atmosphere at 37 °C. They were rou-

tinely checked for mycoplasma contamination by 4′,6-

Diamidin-2-phenylindol staining (DAPI, Roche Diag-

nostics, Mannheim, Germany) and were found free of

it. The microscopy was performed with a Carl Zeiss

AM240 microscope equipped with Zeiss AxioCamM-

Rmand Andor (iXon+) cameras.

In all experiments the initial cell number was

1×105 cells/ml. C1F and C2F samples were added in

concentrations up to 10µg/cm2. It was not possible to

guarantee that the particles were evenly distributed in

the well plates, the experiments were conducted in trip-

licate to minimize any gross errors caused by uneven

distribution of the particles.

The cell growth and the cytotoxicity of C1F and

C2F composites were determined by MTT assays [35].

300 µl MTT solution (5 mg/ml) was added to each sam-

ple, where MG63 cells were growing for up to 72 h

treated with different C1F and C2F concentrations. They

were further incubated for 3 h at 37 °C in order to dis-

solve the formazan product of the MTT reduction by

the cellular enzymes, the cell media was removed and

300µl/well of 100% anhydrous isopropanol was added.

Following the complete extraction of formazan the op-

tical density of the obtained solutions was measured at

550/630 nm with a DTX880 spectrophotometer (Beck-

man Coulter, USA). The results were used to calculate

the cell growth by the OriginLab program.

2.4. Detection and quantification of mineralization

The detection and quantification of the mineralization

were performed as described by Gregory et al. [36] with

some modifications. Monolayers of MG63 were plated

in 48-well plates in osteoprogenitor media (Lonza) up to

21 days. Following different periods of treatment with

10 µg/cm2 of C1F or C2F, the cells were washed with

phosphate-buffered solution (PBS) and fixed in 10%

(v/v) formaldehyde (Sigma-Aldrich) for 15 min on ice.

The monolayers were washed twice with dH2O prior to

addition of 0.5 ml of 40 mM Alizarin Red S (ARS) (pH

4.1 adjusted with ammonium hydroxide) per well. The

plates were further incubated for 20 minutes at room

temperature with gentle shaking. After complete aspira-

tion of the unincorporated dye, the wells were washed

five times with dH2O. Stained monolayers were visual-

ized by phase microscopy.

Intracellular ALP activity was analysed by a com-

mercial colorimetric ALP activity detection kit (Ab-

cam, ab83369) following the manufacturer’s instruc-

tions. ALP activity was further normalized by mg in-

tracellular protein content.

The data were evaluated by analysis of variance

(ANOVA) followed by Bonferroni’s post-hock test. Dif-

ferences in the results at the level of p < 0.05 were con-

sidered statistically significant. The statistical analysis

was carried out using the PASW 18.0 statistical software

package (IBM) for Windows.

III. Results and discussion

3.1. Samples before in vitro test in 1.5 SBF solution

XRD patterns of C1F and C2F samples are presented

in Figs. 1 and 2. In the C1F sample XRD proved the

presence of whitlockite ((Ca,Mg)
3
(PO4)

2
), PDF card

70-2064, cristobalite (SiO2), PDF card 85-0512, and

silicocarnotite (Ca5(PO4)
2
SiO4), PDF card 40-0293.

Furthermore, in the C2F sample, XRD confirmed

the presence of HA (Ca10(PO4)
6
(CO3)× 1

2
(OH)),

PDF card 01-072-7532 and hydromagnezite

(Mg5(CO3)
4
(OH)

2
×4 H2O), PDF card 25-0513.

Based on our preliminary results on the two glass-

ceramics from CaO-SiO2-P2O5-MgO system, we can

conclude that HA and hydromagnezite were formed on

the surface of the soaked samples in TRIS-HCl buffer

[32]. If we compare XRD results for the C1 and C2

glass-ceramics, soaked in TRIS-HCl buffer, published

in [32], with these in the present study (Figs. 1 and 2),

it will be seen that HA in the C1F and C2F composites

has low crystallinity. This fact could be related with the

process of partial dissolution of HA under experimental
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Figure 1. XRD pattern of C1F sample, before in vitro test

Figure 2. XRD pattern of C2F sample, before in vitro test

conditions [37,38].

Structural changes for both parts (SF and glass-

ceramics) of the synthesized composites were investi-

gated by FTIR (Fig. 3). First of all, the FTIR spectra of

the obtained composites, presented in Fig. 3, show very

complicated character. Silk fibroin (SF), as the organic

part of the two composites, displayed strong adsorption

peaks, posited at 1620 cm-1 and 1538 cm-1 (for the C1F

sample) and 1622 cm-1 and 1541 cm-1 (for the C2F sam-

ple). The observed peaks are characteristic for β-sheet

conformation of fibroin [15,39]. The peak at 1286 cm-1

(for the C2F sample) is a characteristic peak of amide

III [14]. Surprisingly, the bands for amide III disap-

peared in the C1F sample, as it can be seen from Fig.

3 (curve a). Xe and et al. [14] also observed that the

bands, which are related to amide II and amide III, dis-

appeared in the synthesized SF/HA composites. There

is another explanation for the disappearance of amide

III in our C1F sample. It is based on the research of chi-

tosan/SF blends, studied by Ramya et al. [40]. The au-

thors have synthesized chitosan/SF blends by the mix-

ing of chitosan and SF in a ratio 1 : 1 and they concluded

that the disappearance of the band at 1628 cm-1 (amide

I) could be related to the formation of intramolecular

bond between chitosan and SF [40]. In our case, the dis-

appearance of amide III for the C1F sample could be

explained by the formation of strong hydrogen bonds

between OH groups of the Ca-deficient HA which is

formed on the C1 glass-ceramic surface after soaking in

TRIS-HCl buffer for 14 days in static conditions [32].

Figure 3. FTIR spectra of C1F (a) and C2F (b) composites
before in vitro test

On the other hand, in the FTIR spectrum of the C1F

composite (Fig. 3, curve a), the slightly visible peak

at 782 cm-1 and those at 560, 594, 606 and 853 cm-1

could be related to cristobalite (C), whitlockite (W) and

hydromagnezite (HM) in accordance with our prelimi-

nary results [32]. Furthermore, the bands posited at 654,

853, 960, 1009, 1024 and 1111 cm-1 can be assigned to

the presence of HA in the C1F composite [41]. In the

FTIR spectrum of the C2F composite obtained (Fig. 3,

curve b) we can observe some absorption bands at 520,

543, 606, and 840 cm-1, which are indicative for crys-

talline HA structures. In addition, the peaks at 868, 939

and 1060 cm-1 can be assigned to the silicocarnotite (S)

formed in the studied composite [41,42]. The absorp-

tion maxima, visible at ∼720 cm-1 could be related to the

presence of HM and amide V. From the FTIR presented

results, we can conclude that our data are in accordance

with our previous XRD results [32].

3.2. Samples after in vitro test in 1.5 SBF solution

XRD results obtained for the composites immersed

in 1.5 SBF solutions for 14 days in static conditions are

presented in Figs. 4 and 5 (and summarized in Table 1).

From the presented data it can be seen that XRD pat-

terns are quite different. In the case of the C1F compos-

ite (Fig. 4) the obtained HA (PDF card 01-072-7532)

has a high crystallinity. On the other hand, the crys-

tallinity of W and HM was slightly decreased after im-

mersion in 1.5 SBF solutions for 14 days of soaking. In

the case of the C2F sample (Fig. 4) the crystallinity of
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Table 1. IR vibration modes and their assignments observed for the C1F and C2F samples, after in vitro test in SBF

Vibration mode
IR for C1F sample IR for C2F sample

Literature
[cm-1] [cm-1]

ν2 PO4
3– 458 [45]

ν2 PO4
3– 472 475 [46,48]

ν4 PO4
3– 545 [51]

ν4 PO4
3– 562 [46,51,54]

ν4 PO4
3– 591 [51,52]

ν4 PO4
3– 686 [50]

calcite 712 712 [53,64]

vaterite 743 744 [53,67]

aragonite 856 [64]

ν2 CO3
2– 875 [45,47,55]

ν3 CO3
2– 1410 1413 [52,54,55,57,60]

ν3 PO4
3– 1040 1023 [48,49]

ν3 PO4
3– 1065 1040 [48,49,68]

ν3 CO3
2– 1420 1424 [47,54,58,61]

ν3 CO3
2– 1431 1430 [49]

calcite 1440 1440 [63,64]

ν3 CO3
2– 1457 1452 [55,56,58,62]

ν3 CO3
2– 1470 1468 [57]

ν3 CO3
2– 1480 1483 [65]

ν3 CO3
2– 1491 1492 [47]

ν3 CO3
2– 1503 1501 [48,58,59]

ν3 CO3
2– 1516 1517 [31]

ν3 CO3
2– 1530 1534 [31]

ν3 CO3
2– 1552 1552 [52,55]

ν3 CO3
2– 1570 1571 [48]

Figure 4. XRD pattern of C1F sample, after soaking in SBF
solution for 14 days

HA observed on the surface of the immersed sample has

the lowest crystallinity. In the same composite, the crys-

tallinity of HM and S phases has been decreased, i.e.

they were partially dissolved in 1.5 SBF solutions dur-

ing the immersion time. As can also be seen, in both

synthesized and immersed composites, XRD detects the

presence of fibroin amorphous halo. The obtained re-

sults are in a good agreement with some of our prelimi-

nary results [43].

Figure 5. XRD pattern of C2F sample, after soaking in SBF
solution for 14 days

FTIR data of the C1F and C2F composites, after

soaking in SBF solution for 14 days are presented in

Fig. 6. From the FTIR data, it can be seen that the pre-

sented spectra are similar to those of HA/protein com-

posites previously reported by Yang et al. [44]. On the

other hand, for two composites obtained after immer-

sion process, the FTIR spectrum (Fig. 6, curve a) ex-

hibits the presence of C at 795 cm-1, HM at 591 and

851 cm-1 and HA at 545, 960, and 1111 cm-1 [32]. Fur-
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Figure 6. FTIR spectra of C1F (a) and C2F (b) composites
after soaking in SBF for 14 days

thermore, for the C2F sample (Fig. 5, curve b), the

band posited at 939 cm-1 can be ascribed to S, and

a band at 795 cm-1 can be related to the HM, and

those at 608 and 840 cm-1 are indicative for HA [32].

These data are in a good agreement with XRD results

(Figs. 4 and 5). Further, both FTIR spectra also show

the presence of ν2 PO4
3– [45–47], ν3 PO4

3– [48,49]

and ν4 PO4
3– [46,50–54] modes. For the C2F sam-

ple, infrared absorption bands of ν2 CO3
2– were found

at 875 cm-1 [45,47,55] and ν3 CO3
2– from 1410 to

1570 cm-1 [31,47–49,52,55–65] correspond to the B-

type carbonate substitution (CO3
2–
−−−→ PO4

3–) in HA

lattice. It can also be seen that two FTIR spectra dis-

play a band posited at ∼1500 cm-1 which can be at-

tributed to the presence of A-type carbonate substitu-

tion (CO3
2–
−−−→ OH–) in HA lattice [31,48,58,59],

as well as to amide II [66]. This finding allows us to

confirm the presence of CO3
2– ions within the channels

of the HA structure which is in accordance with Ma

et al. [47]. From the data presented in Table 1 we can

conclude that B-type CO3HA (bioapatite) was preferen-

tially formed on the surface of the soaked samples in

1.5 SBF solution [45,47,50,52,54,55,57,58,60,61], ac-

companied with traces of different CaCO3 phases – va-

terite, aragonite and calcite [53,63,64,67].

XPS investigations of the prepared samples, after im-

mersion in 1.5 SBF solutions, were performed to iden-

tify chemical states and surface structures obtained. A

survey scan XPS spectra for the C1F and C2F samples

immersed in 1.5 SBF for 14 days in static conditions

Figure 7. XPS spectra of survey scan for C1F sample after in
vitro test in SBF solution for 14 days

Figure 8. XPS spectra of survey scan for C2F sample after in
vitro test in SBF solution for 14 days

are shown in Figs. 7 and 8. The selected scan areas of

XPS spectra for both samples immersed for 14 days in

1.5 SBF solutions are given in Fig. 9. The C1s peak po-

sition due to the adventitious carbon was detected at the

binding energy (BE) value of 285 eV. The peak positions

of different chemical states are listed in Table 2.

In the pure HA the peaks at 345.5 and 347.5 eV

(Ca2p) and 133.5, 133.7 eV (P2p) and 531.1, 531.3 eV

(O1s) confirm the presence of apatite groups [69–72].

In addition, the peaks for Ca2p with BE at 347.7 eV

can also be described for Si-HA structures with differ-

ent quantity of silicon, as has been published by Solla

et al. [70]. On the other hand, the O1s spectrum indi-

cates the presence of two additional peaks with BE val-

ues at 532.6 eV (for both samples) and 533.6 eV (for

the C1F sample) and 533.8 eV (for the C2F sample).

The first one may correspond to the adsorbed H2O on

Table 2. XPS profile parameters for Ca2p, O1s, Si2p, P2p and C1s states for different samples obtained on the surface, after
in vitro test in 1.5 SBF solutions for 14 days of soaking in static conditions

Binding energy (BE) [eV]

Ca2p O1s Si2p P2p C1s

C1F C2F C1F C2F C1F C2F C1F C2F C1F C2F

345.5 347.5 531.3 531.1 103.3 103.5 133.5 133.7 285.0 285.0

347.5 532.6 532.6

533.3 533.8
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Figure 9. XPS spectra of selected scan areas for C1F and C2F samples, after soaking in SBF solution for 14 days:
Ca2p (a, e), O1s (b, f), Si2p (c, g), and P2p (d, h)

the deposits [72]. The second one indicate the presence

of H2O ads., in accordance with Taube et al. [73]. The

Si2p peak at 103.5 eV can be related to Si–O bond of

SiO2 probably from cristobalite [74] in accordance with

our XRD results (Fig. 2). Finally, the well resolved peak

at 285.0 eV (data are not shown here) can be related to

the presence of CxHy in accordance with Ni and Ratner

[75].

It is well known that, it should be possible to dis-

tinguish between the various calcium phosphate phases

by measuring the atomic fractions of Ca and P from

XPS. Thus, the surface compositions of the C1F and

C2F composites are presented in Table 3. Chusuei et al.

found that in practice, the measured Ca/P ratios were all

consistently lower than the theoretical Ca/P value [76].

In our case, Ca/P ratio for the C1F sample (1.52 at.%) is

closely related to the CO3HA [76], while the Ca/P ratio

for the C2F sample (1.79 at.%) is slightly higher than

the expected for the stoichiometric HA (1.66) [77]. The

slightly elevated Ca/P ratio observed here in the XPS

results may also be a consequence of calcium enrich-

ment of the uppermost surface of the HA derived coat-

ings, as it has been previously observed by other authors

[71,76,78]. In summary, the XPS study indicates the for-

mation of HA in our deposits, and corroborates the XRD

and FTIR results.

Figure 10 presents the ICP-AES data for the evalua-

tion of the ionic concentrations of Ca, Si, P and Mg in

Figure 10. ICP-AES for C1F and C2F samples after
immersion in SBF solution for 14 days

the 1.5 SBF solutions after soaking of the obtained sam-

ples for 14 days in static conditions. The Ca rate for the

C1F and C2F composites shows similar behaviour. The

quantity of Ca increases to 330 and 394 mg/l compared

with the Ca concentration of the initial 1.5 SBF solution

(89 mg/l). The observed concentrations are in relation

with the weight ratio of the C1 and C2 glass ceramics in

the composites (80 wt.%), and the processes of partial

dissolution of W, S, HA and HM under the experimental

conditions are in agreement with XRD data (Figs. 4 and

5). In accordance with our preliminary results [31,32],

the P concentration (6 and 0.5 mg/l) is probably the lim-

iting factor for the growth of the CO3HA layer on the

surface of the synthesized composites. The equal rate

of Mg for the C1F sample (19 mg/l) with Mg content

in 1.5 SBF solution (19 mg/l) can be explained with the

Table 3. Concentration of the elements on the surfaces of C1F and C2F samples immersed in SBF for 14 days

Elements C Si P Cl Ca N O Mg Ca/P

(chemical state) (C1s) (Si2p) (P2p) (Cl2p) (Ca2p) (N1s) (O1s) (Mg1s) [at.%]

C1F 47.32 10.59 5.07 0.64 7.73 1.03 27.62 <0.5 1.52

C2F 36.57 17.61 3.36 0.01 6.01 0.69 35.75 <0.5 1.79
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Figure 11. Phase contrast micrograph, showing MG63 cell proliferation following treatment with 10µg/cm2 of C1F or C2F at
different time points (the arrow showed the formation of bioglasses aggregates and the arrowheads denote the formation of

refringent matrix around the granules)

low crystallinity of HM in the composite in agreement

with XRD data depicted in Fig. 1. The highest Mg con-

tent for the C2F sample (45 mg/l) can be related to the

presence of HM with high crystallinity as can be seen

from Fig. 2. Furthermore, the Si content increased from

8 mg/l (for the C1F sample) to 47 mg/l (for the C2F sam-

ple). This fact could be related to the phase composition

of the samples (Figs. 2 and 4). On the other hand, cristo-

balite has a low dissolution rate in comparison with S in

SBF solution.

Furthermore, both prepared composites were tested

in a cytotoxicity assay on MG63 cells. The results

showed that there was no effect of toxicity in the con-

centration range from 1 to 10µg/cm2 of C1F or C2F

from day 1 to day 7. Phase contrast microscopy showed

that on the first day following the treatment, the cells

were attached and spread on the culture dishes, exhibit-

ing a polygonal morphology (Fig. 10). The aggregate

formation at the C1F and C2F samples in cell culture

media was also clearly visible (Fig. 11). Possessing a

normal rate of cell division, the cells proliferated and

reached confluence on the third day, immobilizing the

granules in the cell layer. Thereafter, the cells piled up

around the granules forming refringent multilayers (Fig.

11). The MG63 cells did not show any evidence of ad-

vanced differentiation, during the studied period, and

no significant morphological differences were noted be-

tween the two substances used for treatment of cultures

were noted.

A number of studies have shown that ionic prod-

ucts released from glass-ceramics by dissolution, cre-

ating a favourable environment for osteoblast prolifera-

tion and differentiation in vivo. However, the high bioac-

tivity index could result in a rapid pH shift of the cul-

ture medium in vitro that may be unfavourable for cel-

lular metabolism. To study this process we additionally

examined the effect of the C1F and C2F on the MG63

mineralization in period up to 21 days, as an indicator of

advanced cell differentiation. The formation of calcium

nodules was detected by ARS staining. As illustrated

in Fig. 12, differentiation induced by calcium nodules

were observed in MG63 cells treated with both com-

posites for 21 days. Cells were treated with 10 µg/cm2

of C1F (Fig. 12A) or C2F (Fig. 12B). All cells were

stained with Alizarin Red S to detect the calcium nod-

ules and analysed at magnification of 40×. The cycles

represent an area, where the cells form calcium nodules

in contact with composites.

In order to determine the bioactivity of MG63 cells,

cultured in the presence of C1F and C2F composites,

we focused on their alkaline phosphatase (ALP) activ-

ity, as this enzyme is a common indicator of the expres-

sion of the osteoblastic phenotype. Figure 13 shows the

ALP activity of MG63 cells cultured with C1F and C2F

for 7 and 21 days. The ALP activity of the MG63 cells

cultured for 7 days with C1F and C2F did not differ sig-

nificantly. However, the ALP activity of the MG63 cells

cultured with the C2F was slightly higher than those for

the other samples cultured with the C1F composite. In

Figure 12. Insoluble calcium nodules (red) formed in MG63
cells undergoing differentiation for composite:

a) C1F and b) C2F
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Figure 13. ALP activity in MG63 monolayer growing in the
presence of C1F and C2F, determined from three replicate
cultures, shown as the mean ±SD (* p < 0.010, # p < 0.033)

particular, the ALP activity of MG63 cells cultured with

the C1F and C2F composites was approximately 4-fold

higher on day 21 than that on day 7.

IV. Conclusions

The two novel glass-ceramics in the CaO-SiO2-P2O5-

MgO system, after soaking in TRIS-HCl solution, have

been used for the synthesis of silk fibroin/glass-ceramic

composites in 20 : 80 weight ratio by mixing method.

After synthesizing the two samples, XRD proved the

presence of different crystalline phases such as hy-

droxyapatite, whitlockite, cristobalite, silicocarnotite

and hydromagnezite. FTIR of the prepared composites

showed the presence of basic absorption bands corre-

sponding to the organic and inorganic phases of the

composites.

After in vitro test in 1.5 SBF solutions for 14 days

in static conditions, XRD revealed the presence of HA.

On the other hand, the crystallinity of whitlockite, hy-

dromagnezite and silicocarnotite slightly decreased, i.e.

these phases partially dissolved in 1.5 SBF solutions

during the soaking time. Furthermore, FTIR depicted

that B-type CO3HA (bioapatite) was preferentially pre-

cipitated on the soaked surfaces. XPS of the immersed

samples proved that HA was formed on the compos-

ites. ICP-AES measurements lead us to conclude that in

C2F sample silicon substituted CO3HA can be formed

on the soaked surface. The biological experiments with

MG63 osteosarcoma cells led us to resume that the pre-

pared composites create a favourable environment for

osteoblast proliferation and differentiation in vivo. In

this context, the ALP activity of the MG63 cells cul-

tured for 7 days with C1F and C2F did not differ sig-

nificantly. However, the ALP activity of the MG63 cells

cultured with C2F was slightly higher than those for the

other samples cultured with C1F. In particular, the ALP

activity of MG63 cells cultured with C1F and C2F com-

posites was approximately 4-fold higher on day 21 than

that on day 7.
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