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Abstract Magnetic bioactive glass ceramic (MG) in the

system CaO–SiO2–P2O5–MgO–CaF2–MnO2–Fe2O3 for

hyperthermia treatment of bone tumor was synthesized.

The phase composition was investigated by XRD. The

magnetic property was measured by VSM. The in vitro

bioactivity was investigated by simulated body fluid (SBF)

soaking experiment. Cell growth on the surface of the

material was evaluated by co-culturing osteoblast-like

ROS17/2.8 cells with materials for 7 days. The results

showed that MG contained CaSiO3 and Ca5(PO4)3F as the

main phases, and MnFe2O4 and Fe3O4 as the magnetic

phases. Under a magnetic field of 10,000 Oe, the saturation

magnetization and coercive force of MG were 6.4 emu/g

and 198 Oe, respectively. After soaking in SBF for

14 days, hydroxyapatite containing CO3
2- was observed

on the surface of MG. The experiment of co-culturing cells

with material showed that cells could successfully attach

and well proliferate on MG.

1 Introduction

Since Hench et al. first discovered Bioglass in 1970s, large

number of studies have focused on bioactive glasses and

glass ceramics [1]. Recently, development of glass–

ceramics with good bioactivity and magnetic property has

attracted much attention [2–6].

Magnetic bioactive glass ceramics are specially

designed to restore bone tissue after tumor extirpation. On

the one hand, this kind of glass ceramic is bioactive, when

soaked in SBF or implanted in the living body, a biologi-

cally active apatite layer which can bond to the weakened

tumorous bone forms on the surface [3, 4]. On the other

hand, this kind of glass–ceramic is magnetic and has the

ability to act as thermoseeds for cancer treatment using

hyperthermia [7]. Under an alternative magnetic field, this

material is able to generate heat due to hysteresis loss.

When this material is placed in the region of the tumor and

is subjected to an alternating magnetic field, the heat from

thermoseeds raises the temperature of the surrounding.

Since above 43�C the cancerous cells are the first to die

when a heat treatment is applied [4, 7],when the tempera-

ture rise to 42–45�C, the cancerous cells perish while the

healthy ones survive [6]. Moreover, after the removal of a

tumor,the malignant cells can remain around the tumor site,

leading to tumor recurrence, with fatal consequences [8].

Magnetic bioactive glass ceramic implant can undergo the

re-heat process when necessary, and kill the malignant cells

to prevent the tumor recurrence. Additionally, the harmful

leaching of metal ions into human body fluid by these

materials can be avoided due to the encapsulation of each

ferromagnetic particle by the glass matrix [9].

Since magnetic bioactive glass ceramic is an excellent

alternative to restore bone defects that occur after tumor

extirpation, magnetic bioactive glass–ceramics in different
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systems have been synthesized. Luderer et al. initially

reported a non-bioactive glass–ceramic system with lith-

ium ferrite (LiFe5O8) and magnetite (Fe3O4) in an Al2O3–

SiO2–P2O5 glassy matrix [10]. Then Ebisawa et al. pre-

pared another non-bioactive one with Fe3O4 in a matrix of

CaO�SiO2-based glass and wollastonite (CaO–SiO2) [11].

In their later study, glass–ceramics with Na2O or B2O3

added in combination with P2O5 was found to show

bioactivity [3]. More magnetic glass–ceramics with bio-

activity were reported since then. Bretcanu et al. prepared a

bioactive glass–ceramic in the system SiO2–Na2O–CaO–

P2O5–FeO–Fe2O3 [12]. Shah et al. synthesized the system

ZnO–Fe2O3–CaO–SiO2–P2O5–Na2O containing Zn ferrite

[13, 14]. Chi-Shiung et al. reported the system Li2O–

MnO2–CaO–P2O5–SiO2–Fe2O3 containing (Li, Mn) ferrite

phase [15]. Tzu-Wei et al. prepared a degradable one in the

Na2O–CaO–P2O5–SiO2–Fe2O3 system [16].

In present study, we planed to synthesize magnetic

bioactive glass ceramic by doping MnO2 and Fe2O3 to the

CaO–SiO2–P2O5–MgO–CaF2 matrix. The apatite–wollas-

tonite containing glass ceramic in the system CaO–SiO2–

P2O5–MgO–CaF2 was first prepared by Kokubo in 1980s.

This glass–ceramic has high bioactivity, good biocompat-

ibility and mechanical property, and has been used clini-

cally and studied widely [17]. Recently, Sharma et al.

reported a magnetic glass ceramic in this system with good

properties [18]. In our previous studies, magnetic bioactive

glass ceramics with Mg ferrite and Mn–Zn ferrite in this

matrix were synthesized, and good magnetic property and

bioactivity was observed [19, 20]. Thus the bioactive CaO–

SiO2–P2O5–MgO–CaF2 system was chosen in present

study.

The motivation for the addition of Mn is due to its good

biological property and magnetic property. This biologi-

cally important metal manganese is an essential key

cofactor for metalloenzymes (oxidases and dehydrogen-

ases), DNA polymerases and kinases [21]. The deficiency

of manganese may result in the delayed osteogenesis pro-

cess due to lower activity of osteoblasts. This may lead to

bone deformation, growth inhibition, worse movement

co-ordination, and even to bone resorption [22]. Moreover,

Mn divalent cation is known to linked to the activation of

integrins, a family of receptors which mediate cellular

interaction with extracellular matrix and cell surface

ligands. In the presence of Mn2? ions the ligand affinity of

integrin increases and cell adhesion is promoted [23].

Biological tests demonstrated that the Mn-doped HA

coatings on etched Ti substrates can favour osteoblasts

proliferation, activation of their metabolism and differen-

tiation [24]. Furthermore, Sima et al. proved in their

investigations that manganese has a beneficial effect on

viability and spread of cells cultured on thin Mn-b-TCP

film coatings on titanium [25]. Therefore, divalent Mn

cation supplementation of biomaterials could be a prom-

ising approach to improve the ingrowth and the integration

of implants.

In addition, Mn is an important magnetic element. Mn

ferrite has good magnetic properties, and is widely used in

electrical equipment and for electronic applications [26,

27]. Recently, much effort has gone into the application of

Mn ferrite in cases of hyperthermia [27, 28]. Though Mn

ferrite has already been introduced to magnetic bioactive

glass–ceramics in previous study, the cell behaviour on the

materials was not reported [15]. In present study, oxides

MnO2 and Fe2O3 were doped to the bioactive matrix, and

magnetic bioactive glass–ceramic in the system CaO–

SiO2–P2O5–MgO–CaF2–MnO2–Fe2O3 was synthesized.

Specially, the cell affinity of the material was tested.

2 Experimental

2.1 Preparation of materials

Firstly, Mn ferrite precursor was prepared. Analytical

reagent MnO2 and Fe2O3 were weighted in the molar ration

of 1/1, and mixed with an agate mortar. The mixture was

heated at 980�C for 1.5 h in air atmosphere in a furnace

(heating rate 2�C/min). Then the obtained precursor was

ground and 300-mesh sieved. The sieved precursor was

heated at 1,200�C for 2 h, and Mn ferrite was obtained as

contrast.

Secondly, the precursor of wollastonite–fluorapatite-

containing bioactive glass–ceramic (BG) was prepared.

And BG was in the nominal composition of 45CaO–

33SiO2–16P2O5–4.5MgO–0.5CaF2 (% weight). BG gel

was obtained through sol–gel method as Ming [29]. The gel

was dried in an oven at 100�C for 24 h. Precursor was

obtained by calcining the dried gel at 800�C for 1 h and at

1,150�C for 2 h (heating rate 2�C/min from 20 to 800�C, 5�
C/min from 800 to 1,150�C). Then the precursor was

ground and 200-mesh sieved.

To synthesize magnetic bioactive glass–ceramics (MG),

the BG precursor and the ferrite precursor were mixed in a

weight ratio of 10/1, and blended with 2 wt% polyvinyl

alcohol. The mixture was dry-pressed into pellets

(ø10 mm 9 3 mm and ø10 mm 9 2 mm) in a steel die at

16 Mpa. The compacts were sintered at l,200�C for 2 h in

air atmosphere (heating rate 2�C/min), then quenched in

air. BG was synthesized as contrast. The BG precursor was

pressed and sintered in the same way as MG.

In order to maintain the homogeneity of the material, the

as obtained samples were polished lightly with SiC abra-

sive paper (P500). Then samples were washed successively

in deionized water and ethanol using ultrasound cleaner.

Subsequently, the samples were dried at 110�C for 1 h.
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2.2 Sample characterization

2.2.1 Phase composition and magnetic property

The dried samples were crushed and ground into powders.

The phase composition of the samples was detected by

X-Ray diffractometer (XRD, Philips X’Pert Pro MDP).

Magnetic properties were measured by a vibrating sample

magnetometer (VSM, Lake shore 7410) at room tempera-

ture. BG was mixed with Mn ferrite (heated at 1200�C for

2 h) in the weight ratio of 10/1, and the phase composition

and magnetic property of the mixture were measured as

contrast. The magnetic property of MG soaked in simulated

body fluid (SBF) for 30 days were also detected. The soaking

process was the same as the in vitro bioactivity test.

2.2.2 In vitro bioactivity

The dried samples were soaked in SBF at 37�C under con-

tinuous shaking for various times [30], and a constant solid

mass/liquid volume (0.25 g/50 ml) ratio was maintained.

The pH-values in SBF were detected by a pH meter. The

Ca2? concentrations in SBF were measured by atomic

absorption spectrometry analyses (AAS, 180-80, HITACH).

The tests were repeated five times. Statistical analyses were

performed using Origin8.0 (Origin Lab Corporation,

Northampton, MA, USA) at a significance level of P \ 0.05.

After intervals of 7 and 14 days, the samples were

removed from SBF, carefully rinsed twice with deionized

water and dried at 110�C for 1 h. The surface morphology

of the sample was observed by scanning electron micro-

scope (SEM, JSM-5900LV, HITACH). The deposits grown

on the samples were carefully detached. Then the detached

deposits were detected by FT-IR (SPECTRUM 2000,

Perkin-Elmer Co.,) and XRD.

2.2.3 Cell culturing

Osteoblast-like ROS17/2.8 cells were maintained at 37�C

under 5% CO2 and 95% air in a humidified incubator. The

cells were grown in DMEM medium supplemented with

10% (v/v) fetal bovine serum, 500 UI/ml of penicillin and

0.1 mg/ml of streptomycin. The medium was changed for

fresh medium every 2 days.

The washed MG samples were sterilized by dry heat at

180�C for 2 h. The sterilized materials were put into

24-well plates and immersed in 5 ml of culture medium

[31]. The culture medium was removed 72 h later, and

ROS17/2.8 cells at the density of 2 9 104 cm-2 were

seeded directly on the surface of MG in each culture well.

On day 3 and 7, cell morphology on the material was

evaluated by observing the cells using SEM. At the end of

the incubation time, the specimens were washed four times

with PBS. Subsequently, cell fixation was carried out in

2 wt% glutaraldehyde for 4 h at room temperature. Then

samples were dehydrated in ethanol with ascending gra-

dient concentration from 35 to 100%, and dried in the

critical point [32]. After Au coating, SEM was used to

detect attachment and morphology of cells on the material.

3 Results and discussion

3.1 Phases composition

The XRD patterns of MG, BG and the mixture of BG and

ferrite in the weight ratio of 10/1 are shown in Fig. 1. The

patterns demonstrate the presence of a mixture of crystalline

phases for all the materials. BG contains three prominent

crystalline phases: wollastonite (CaSiO3) [PDF # 84-0654],

akermanite (Ca2MgSi2O7) [PDF #77-1149] and fluorapatite

(Ca5(PO4)3F) [PDF #71-0881]. The major phases of the BG

and ferrite mixture not only include these three phases from

the glass ceramic but also iwakiite (MnFe2O4)[PDF #

38-0430] from the ferrite. And magnetite (Fe3O4) [PDF #

16-0629] is observed to be the minor phase in the mixture.

The composition of MG is even more complicated than BG

and the mixture. The main phases of MG are wollastonite

(CaSiO3) and fluorapatite (Ca5(PO4)3F). Simultaneously

iwakiite MnFe2O4 [PDF # 38-0430], magnetite (Fe3O4)

[PDF # 16-0629], pigonite ((Fe,Mg,Ca)SiO3) [PDF #

13-0421] and johannsenite (CaMnSi2O6) [PDF # 38-0413]

are detected due to the doping of oxides. When compared the

patterns of MG with that of the mixture, remarkable differ-

ences are observed. First of all, much more MnFe2O4 was

observed in the mixture than in MG. In order to obtain

MnFe2O4 in high quality, quenching method was used for

both materials [33]. Nevertheless only a little MnFe2O4 was
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observed in MG. This phenomena could be explained by the

fact that the doping oxides reacted with the BG matrix during

the co-heating process. The formation of pigonite (Fe,Mg,-

Ca)SiO3 and johannsenite CaMnSi2O6 directly illuminates

that the BG matrix reacted with the doping oxides. These

reactions can change the original proportion of Fe2O3 and

Mn2O3, and consequently reduce the production of

MnFe2O4. In addition, the relative intensity of akermanite

(Ca2MgSi2O7) of MG was much lower than those of the

mixture and BG. The doping oxides seem to inhibit the for-

mation of akerminate. This may be attributed to the con-

sumption of MgO to react with ferrite at high temperature.

The XRD investigation in previous study revealed that spinel

structure Mg ferrite started to form about 700�C and its

fraction was increased with an increase of heat treatment

temperature [34]. While MgFe2O4 was not observed in the

XRD patterns of MG since this phase accounted for a small

percent.

3.2 Magnetic property

The magnetic hysteresis loops of the mixture, the non-

soaked MG and MG soaked in SBF for 30 days are shown

in Fig. 2. The magnetic behaviour observed is similar to

soft magnetic materials with narrow hysteresis loop and

low coercivity. Under a magnetic field of 10,000 Oe, the

saturation magnetization and the coercive force of the

mixture are 26.2 emu/g and 50 Oe, respectively. While

the non-soaked MG has a saturation magnetization of

6.4 emu/g and a coercive force of 198 Oe.

The doping of MnO2 and Fe2O3 oxides leads to the

magnetic behaviour of the glass ceramic. But when com-

pared with the mixture, MG has a lower saturation mag-

netization value but a larger coercive force. The lower

saturation magnetization may be attributed to the reaction

between the ferrite and BG matrix during the co-heating

process. It was well known that P2O5 and SiO2 can react

with Fe2O3 easily at high temperature, forming non-mag-

netic phases, such as Fe2(SiO3)3 and FePO4 [35]. And Fe

could also enter in the crystalline structure, forming solid

solution, such as CaSiO3�FeSiO3 (ferroan wollastonite

type) [36]. And the detection of pigonite (Fe,Mg,Ca)SiO3

in MG reveals the reaction. Moreover, Mn could also react

with the matrix at high temperature. Though the radius of

Mn2? (0.80 Å) is larger than that of Fe2? (0.74 Å), the

ionicity of Fe–O is weaker than that of Mn–O. Thus Mn2?

has almost the same opportunities to enter the silicate

crystalline structure as Fe2? [37]. And the formation of

CaMnSi2O6 was detected in present study. The consump-

tion of the magnetic elements Fe and Mn will inhibit the

formation of magnetic phases, as a result, decrease the

saturation magnetization. In addition, BG contains a lot of

non-magnetic Si4?, whose radius is smaller enough to enter

the lattice of the spinel, could readily enter the spinel lat-

tice and distort it [38]. Nevertheless the magnetic interac-

tion can be effected in the distorted spinel lattice, and the

saturation magnetization may be decreased.

Though the saturation magnetization of MG is lower

than that of the ferrite and BG mixture, MG has a larger

coercive force value. According to the literature, the

coercive field is influenced in a significant way by the

crystal dimensions [39]. Thus the average crystallite size of

MnFe2O4 and Fe3O4 was calculated using Scherrer’s for-

mula [40]. The calculation results showed that the average

crystallite size of MnFe2O4 and Fe3O4 was about 26 and

14 nm for MG, while 56 and 25 nm were obtained for the

mixture. The smaller crystallite size of the magnetic phase

in MG resulted in a larger coercive force. The as observed

phenomena are similar to other researches [41].

Though MG showed lower saturation magnetization

than the mixture, when compared with other magnetic

bioactive glass–ceramics, a better magnetic behavior was

obtained. The saturation magnetization and the coercive

force of the specimen in present study were close to those

of the glass–ceramic (having Fe3O4 as the magnetic phase)

synthesized by Ruiz-Hernández et al. [42], however, less

Fe2O3 was used in present work: Fe2O3 accounted for

about 7 wt% in MG, while Fe2O3 accounted for about

22 wt% in their material. Furthermore, the bioactive glass–

ceramics matrix in present study is similar to K. Sharma

et al’s research. The doping MnO2 and Fe2O3 accounted for

about 9.1 wt% in MG, the saturation magnetization of the

material was 6.4 emu/g. While Fe2O3 accounted for about

15 wt% in Singh et al’s material, but the saturation mag-

netization of the material was 3.75 emu/g [41].

Two reasons may be responsible for the better magnetic

property of the material in present study. On the one hand,
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the biphasic material process as Acros et al. used may be an

important factor. As it was known, to obtain glass–

ceramics which combine bioactivity and magnetic prop-

erties is not an easy task. The inclusion of Fe seems to

diminish the bioactivity, and Fe is easily segregated,

forming non magnetic precipitates while sintering. In order

to solve the problem, Acros et al. synthesized a biphasic

material containing a highly bioactive material (solgel-

derived glass) and an other one with adequate magnetic

properties (glass or glass–ceramic) [4, 7, 42]. In this way,

over reactions between the magnetic elements and the

matrix can be avoid and the bioactivity and magnetic

property can be both improved. The biphasic material

process used in present can prevent Fe and Mn reacting

with the matrix too much, and better magnetic property can

be obtained.

On the other hand, the doping oxides leaded to the

formation of two magnetic phases MnFe2O4 and Fe3O4 in

the sample. Both of the two phases have good magnetic

property due to their spinel structure. In the spinel structure

magnetic ions are distributed between two different lattice

sites, tetrahedral (A) and octahedral (B) sites. It is well

known that magnetic properties of ferrites depend on

the distribution of cations at the different sites. We may

write spinel structure ferrite MFe2O4 as (Md
2?Fe1-d

3? )

[M1-d
2? Fe1?d

3? ]O4, where M stands for divalent metal cation.

Parentheses and square brackets denote cation sites of

tetrahedral (A) and octahedral [B] coordination, respec-

tively. d represents the so-called degree of inversion

(defined as the fraction of the (A) sites occupied by Fe3?

cations) [43]. In the spinel structure, the magnetic inter-

action between A and B sites is dominant and coupled in an

antiparallel fashion. So, the molecular moment of MFe2O4,

Pm may be expressed by the following equation:

Pm ¼ ð1� dÞmþ ð1þ dÞ � 5½ �B� dmþ 1� dð Þ � 5½ �A
Bohr magneton ¼ ð1� 2dÞmþ 10d Bohr magneton

ð1Þ

where m is the magnetic moment of metal2? ions, and Fe3?

ions have 5 Bohr magneton. The magnetic moment of

Mn2? is also 5 Bohr magneton. The magnetic moment of

Fe2? is 4 Bohr magneton. Thus theoretically Pm for

MnFe2O4 is 5 Bohr magneton [33], and Pm for Fe3O4 is

4 Bohr magneton. We can roughly estimate the sample

including both phases results in a larger saturation mag-

netization value.

After soaking in SBF for 30 days, the saturation mag-

netization and coercive force of MG decrease to 6.0 emu/g

and 185 Oe, respectively. The decline of saturation mag-

netization could be explained by the formation of

hydroxyapatite on MG as shown later, which would imply

that the relative weight of the magnetic phase decreased.

The decrease of the coercive force of the soaked could be

explained by the stress relaxation of the crystalline phase

[4].

An additional parameter of basic importance for the

magnetic characterization of the materials is the area of the

hysteresis loop. The hysteresis loop area of material was

integrated and listed in Table 1. The integrated loop area

was calculated for a maximum applied field of 10 kOe. It

can be seen that the hysteresis loop area of MG is much

larger than that of the mixture, which may be attributed to

the higher coercive force of MG. Theoretically, under low

magnetic field, the energy dissipated by the glass–ceramic

samples can be estimated from the hysteresis loop area [6].

The as obtained results indicate that MG is capable of

generating heat under a proper alternative magnetic field.

Moreover, the saturation magnetization and the coercive

force of the specimen in present study are close to those of

the material synthesized by Ruiz-Hernández et al., and

similar heat generating ability can be expected [42].

3.3 In vitro bioactivity

3.3.1 Effects of Ca2? concentration and pH

The Ca2? concentration and pH changes in SBF during the

in vitro assay are shown in Fig. 3. For both of the materials,

Ca2? concentration presents the same trend, which is

consistent with other researches [4, 17]. It can also be

observed that both the average and peak Ca2? concentra-

tion values of BG are much higher than those of MG, and it

takes a longer time for MG to reach the maximum con-

centration. The doping of MnO2 and Fe2O3 to BG

decreases the calcium release ability of the material. Two

main reasons may be responsible for this phenomenon. On

the one hand, MG has less Ca2? in the original composi-

tion. On the other hand, the reactions between the doping

oxides and the BG matrix while sintering may not only

consume some dissoluble Ca2? but also inhibit Ca2?

release from the matrix. Previous study demonstrated that

Table 1 Saturation magnetization, coercive force and integrated loop

area of non-soaked MG, MG soaked in SBF for 30 days and the BG

and ferrite mixture

Magnetic and

structural

parameters

Sample

Mixture MG non-soaked MG soaked

for 30 days

Saturation magnetization,

Ms (emu/g)

26.2 6.4 6.0

Coercive field, Hc (Oe) 50 198 185

Interpolated hysteresis

area ±10 kOe

3793.5 11121.5 11101.3
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the addition of Fe2O3 to glasses can decrease Ca2? release

ability due to the formation of Fe–O–P bonds that are more

resistant to hydration than the P–O–P bonds [44].

Simultaneously with the Ca2? release, a rapid increase

of pH value occurred right after soaking. The release of

Ca2? and the pH increment agree with the mechanism

proposed by Kokubo for the formation of an apatite-like

layer on materials containing SiO2–CaO in their compo-

sition [17, 45]. In such materials, an exchange of ions Ca2?

from material with H3O? from the SBF is produced. The

Ca2? dissolved from the glass–ceramics increases the Ca2?

concentration in the SBF, and the consumption of H3O?

results in the increase of pH value. In present study, higher

pH value is observed in accordance with higher Ca2?

concentration in BG.

3.3.2 Morphological and spectra properties

Figure 4 shows representative images of the surfaces of the

MG and BG before and after soaking in SBF. Before

soaking, samples surfaces were both made up by irregular

particles of different sizes. But the surface of BG is

observed to be denser, and it seems that MG has lower

sintering ability. This phenomenon may be attribute to the

sintering activity. The ferrite precursor was prepared by

calcining oxides, and was not as active as sol–gel derived

BG precursor. The doping ferrite may prevent the densifi-

cation process.

After soaking in SBF for 7 days, globular precipitates

coated the surface of BG. While no precipitates was

observed on the surfaces of MG and the photo is not given.

After soaking in SBF for 14 days, abundant globular

aggregates were observed on the surface of MG, but the

aggregates still did not form a continuous layer to cover the

surface completely.

The XRD patterns of the detached deposits are shown in

Fig. 5. Broad peaks are observed at 2h about 26�, 29�, 32�,

34� and 50� for both of the samples, and hydroxyapatite

phase [PDF #09-432] was identified. Wollastonite is

observed in the pattern of MG. It because the coating was

so little that the substrate contaminated the collected par-

ticles. The IR spectra of the deposits formed on the
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surfaces of samples are shown in Fig. 6. The as observed

IR spectra is very similar to that of carbonate-containing

hydroxyapatite formed on bioglasses in other researches

[46]. Bands at 964 cm-1 is due to the P–O symmetric

stretch, characteristic of hydroxyapatite [47]. Bands at

1,036, 964, 610 and 569 cm-1 are also attribute to the

PO4
3- IR absorption [48]. Bands between 1,400 and

1,500 cm-1 can be explained by the carbonate IR absorp-

tion. The band at 873 cm-1 is due to HPO42- in

hydroxyapatite [49], and also may be related to CO3
2-

vibrations [50]. The silicate IR absorption band around

1,100 cm-1 is observed in the spectrum for MG, which is

in good agreement with the XRD results that wollastonite

still existed [51]. Both the IR results and the XRD results

are in accordance with the SEM results that the surface of

MG has not yet been covered by a complete aggregates

layer.

In a comparison of the two materials, it takes a longer

time for MG to form an apatite layer on the surface. This is

in accord with the Ca2? release ability of MG as discussed

before. According to Kokubo’s apatite formation mecha-

nism, dissolution of Ca2? to SBF causes the formation of

hydrated silica, which provides favourable sites for apatite

nucleation. Once the apatite nuclei are formed, they can

grow spontaneously by consuming calcium and phosphate

ions from the surrounding SBF. As SBF is super saturated

with respect to the apatite, and moreover, the Ca2? released

from the matrix further increases the degree of supersatu-

ration [45]. The samples that present a higher number of

nucleation sites and that are exposed to fluid with higher

Ca2? concentration are able to develop an apatite coating

more quickly.

Moreover, the morphology of the apatite coating

appears to be different for the specimens under consider-

ation. Whereas MG presents a non-continuous layer with

uniform globular particles, BG shows this continuous layer

together with some larger isolated aggregates. The non-

continuous apatite layer formed on MG may be attributed

to the inhomogeneous distribution of the sol–gel derived

glass–ceramic on the surface [42]. The sol–gel glass–

ceramic provides the sites for apatite nucleation. After that,

a layer is formed on some zones of the material surface.

The growth of this layer, however, is hindered by iron-

containing grains. As a result, a non-continuous coating is

not produced on the surface of MG. The larger isolated

aggregates on BG may be due to heterogeneous nucleation

and too long a period of exposition to SBF [52].

The presence of hydroxyapatite indicates that the

materials are bioactive [17]. The doping of MnO2 and

Fe2O3 decreases the bioactivity of BG. When compared to

the materials with similar magnetic properties in other

research, the material in present work exhibits higher

bioactivity. It took 21 days for the material in other

research to form a non-continuous apatite layer on the

surface, while only 14 days is needed in the present work

[42]. The higher bioactivity of MG may be ascribed to the

biophase process and less non-bioactive Fe2O3 contained in

the material.

3.4 Cell affinity

In order to directly evaluate the interaction between

materials and cells, SEM was carried out on the 7-day cell

culture. Figure 7 shows the topical SEM micrographs of

cells spreading on MG and BG during the co-culturing

time. After 3 days of incubation, cells were observed on

the surface of BG. The cells were still spherical in

appearance. Therefore, it was assumed that cells were in
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Fig. 6 FT-IR spectra of the detached precipitation formed on a BG

soaked in SBF for 7 days and b MG soaked in SBF for 14 days
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the early stage of cellular proliferation. Meanwhile cells

were shown to be well attached and proliferated on the

surfaces of MG. The cells stretched out lamellipodia and

filopodia, anchoring themselves on the substrate firmly, and

joined one to another. Some displayed star-like morphol-

ogy, while others were fully spread, and mainly presented a

flattened, osteoblast-like morphology [31]. After 7 days of

incubation, many elongated cells are observed on the sur-

face of BG. While cells on the surface of MG have dra-

matically reproduced and aggregated with each other, and

almost completely spread on the sample forming a con-

tinuous layer. These results suggested that osteoblast-like

cells can attach and proliferate well on the surface of MG,

and the material has good cell affinity.

There are many factors that can influence the cell

behaviour on materials, such as surface chemistry, surface

roughness, surface energy and so on [53]. Normally,

materials with better bioactivity has better cell affinity.

Since the forming of apatite on the surface can greatly

enhanced cell adhesion and proliferation [54]. For present

study, though the bioactivity results showed that the

addition of MnO2 and Fe2O3 oxides decreased the bioac-

tivity, the cell culturing experiments revealed that the

doping oxides facilitated the cell adhesion and prolifera-

tion, and improved cell affinity of material. The doping Mn

ion may play an important role on this phenomenon. Mn

divalent cation is known to strongly influence the integrin

avidity and the integrin affinity to ligands and—in conse-

quence—cell adhesion to extracellular matrix proteins. In

addition, the stimulating effect on the affinity maturation of

avb1-integrins is accompanied by focal adhesion organi-

zation and actin stress fiber formation, which is accompa-

nied by enhanced cell migration [55]. Bigi et al.

synthesized Mn-doped HA, and the biological tests dem-

onstrated that the Mn-doped HA coatings favour osteo-

blasts proliferation, activation of their metabolism and

differentiation [24]. Sima et.al prepared Mn-doped b-TCP,

and their research showed that the 0.2 Mn-doped b-TCP

showed higher potential for proliferation and better via-

bility when tested in osteoprogenitor cell culture than did

those with a lower Mn content [25]. Moreover, bioactive

materials, and particularly bioactive glass–ceramics

undergoing corrosion in aqueous solution, create a micro-

environment that can influence cell response [53]. Hench

pointed that the ions released from the glasses had effect on

genes of cells [56]. The doping oxides changes the ion

releasing ability of the material as shown by the SBF

soaking test, which may be another important factor that

influence the cell behaviour. Additional experiments must

be performed for a better understanding of the relationship

between the MnO2 doping MG and the cells.

4 Conclusion

A novel magnetic bioactive glass–ceramic in the system

CaO–SiO2–P2O5–MgO–CaF2–MnO2–Fe2O3 was synthe-

sized by doping MnO2 and Fe2O3 to wollastonite–fluor-

apatite-containing glass–ceramics. And MnFe2O4 and

Fe3O4 were detected to be the magnetic phases of the novel

Fig. 7 SEM morphology of

ROS17/2.8 cells after 3 days

seeding on BG (a) and on MG

(b); after 7 days seeding on BG

(c) and on MG (d)

2204 J Mater Sci: Mater Med (2011) 22:2197–2206

123



material. Under a magnetic field of 10,000 Oe, the satu-

ration magnetization and coercive force of the sample were

6.4 emu/g and 198 Oe, respectively. Though the doping of

oxides decreased the bioactivity of the material, a lot of

hydroxyapatite containing CO3
2- were observed on the

surface of MG after soaking in SBF for 14 days. The

experiment of co-culturing ROS17/2.8 cells with material

showed that the cells could successfully attach and well

proliferate on the surface of MG, and MG showed better

cell affinity than the original matrix. The material has the

potential to be used as thermoseeds for hyperthermia.
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