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Abstract

This study concerns the synthesis of gel materials based on carbon nanotubes dispersed stron-

tium-modified hydroxyapatite (Sr-HA) at different compositions obtained by sol–gel technology

and their influence on human-bone-marrow-derived mesenchymal stem cells. Furthermore, an

evaluation of the influence of nanotubes and Strontium on physico-chemical, morphological, rheo-

logical and biological properties of hydroxyapatite gel was also performed. Morphological analysis

(scanning electron microscopy) shows a homogeneous distribution of modified nanotubes in the

ceramic matrix improving the bioactive properties of materials. The biological investigations

proved that Sr-HA/carbon nanotube gel containing 0–20 mol (%) of Sr showed no toxic effect and

promote the expression of early and late markers of osteogenic differentiation in cell culture per-

formed in basal medium without osteogenic factors. Finally, the SrHA/carbon nanotube gels could

have a good potential application as filler in bone repair and regeneration and may be used in the

osteoporotic disease treatment.
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Introduction

Because of the aging of population, the requirement for new bone

substitute is growing very rapidly in the last decade. As a result,

there is a great request of bioceramics with detailed properties such

as anti-inflammatory, antibacterial and/or anti-osteoporotic proper-

ties [1]. In this context, the developing of innovative biomaterials, it

is required to take in consideration that they will be used in the

treatment where the bone remodeling is compromised. It is known

that Strontium (Sr) has an important role in the bone remodeling,

operating with both the stimulation of bone formation and a reduc-

tion in bone resorption. In fact, Sr2þ ions show the capability not

only to increase osteoblast-related gene expression and the alkaline

phosphatase (ALP) activity of mesenchymal stem cells (MSCs), but

also to constrain the differentiation of osteoclasts [2, 3]. In vitro and

in vivo studies have demonstrated that an improvement of bone

formation through an increasing of the bone mineral density and a

decreasing of bone resorption was obtained by an oral strontium in-

take [4]. Moreover, several studies have also reported that Sr is used

for osteoporosis treatment, inducing osteoblast activity when com-

plexed in biocompatible bone cements [5, 6].

As a result, it is assumed that Sr has an effective role to enhance

the bioactivity and biocompatibility of biomaterials and, in particular,

to have potential in the treatment of osteoporosis [7, 8]. However, cal-

cium phosphate (CaP) materials show limited compressive strength

and their uses are limited to non-stress-bearing applications as maxil-

lofacial surgery, or the repair of craniofacial defects and dental fillings

[9]. Several studies are focused to develop CaP composite materials

with better mechanical performance by using reinforcement compo-

nent. In this view, a variety of reinforcing elements as polymers (i.e.

poly-e-caprolactone, poly-L-lactide, etc.) and carbon nanotubes
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(CNTs) can be considered [10, 11]. In fact, a great attention in the ap-

plications of CNTs is based on their use as reinforcement in different

materials for their important mechanical properties [12–14]. CNTs

are also studied for other biomedical applications such as neural im-

plants and tissue scaffolds, using their high tensile strength, electrical

conductivity and chemical stability [15, 16].

In this context, an important interest is the possibility to use

composite materials containing CNTs for bone tissue engineering

[17], because they show the potential to strengthen and toughen

CaP without reducing its bioactive properties, thus expanding a

range of clinical applications for the materials. Several researchers

have used CNTs as an inorganic phase for development of novel

CNT-based bone graft materials (HA-CNTs) to improve mechanical

properties [18, 19] and bioactivity [20], respectively. This may be

obtained for the good mechanical properties of CNTs and the bioac-

tive properties of HA. Generally, the composite materials used as

synthetic bone grafts should be osteoconductive to improving inte-

gration with the bone tissue in the body. On this basis, this research

was conducted to investigate the synthesis of an injectable composite

material based on hydroxyapatite containing strontium (Sr-HA) and

CNTs as a reinforcing component. Conventional processes to pro-

duce HA-CNT composite materials are based on physicochemical

blending methods including ball milling [21] and mixing in solvent

[22]. This leads to an inhomogeneous distribution of the nanotubes

in the ceramic phase reducing the bioactive properties of material.

Here, we propose the development of Sr-containing hydroxyapatite

bone cement reinforced by MWCNT (SrHA/CNT) by using a simple

route like sol–gel technology to obtain a homogenous and bioactive

composite materials.

Materials and Methods

Synthesis of CNT-doped Sr-hydroxyapatite gels
Gel materials containing 10, 15 and 20 mol% Ca2þ replaced by

Sr2þ (SrHA/CNT) were synthesized at room temperature by sol–gel

approach using calcium nitrate tetrahydrated Ca(NO3)2�4H2O

(Sigma-Aldrich, Italy) and di-phosphorous pentoxide P2O5 (Sigma-

Aldrich, Italy) as precursors of hydroxyapatite. Strontium nitrate

(Sr(NO3)2, Sigma-Aldrich, Italy) was dissolved in water and used to

replace Ca2þ ions. A Caþ Sr aqueous solution was obtained to dis-

solving calcium nitrate tetrahydrated precursor in water at room

temperature (Ca solution; 3M) following by adding of Sr(NO3)2
(3M) solution. After mixing for 60 min, a solution based on

MWCNT-COOH (0.5%wt, Nanocyl) was added. Then,

Phosphorous solution was introduced drop-wise to system in an ap-

propriate amount to achieve a (Caþ Sr)/P ratio of about 1.67. The

sodium dodecyl sulphate (0.5%wt SDS, Sigma-Aldrich) was used as

a dispersant. The medium alkalinity was adjusted by addition of

NH4OH up to pH 10 to improve the crystalline grade of phase. The

systems at different composition were sonicated for 2 h followed by

an aging step of 2 days at 60�C.

Infrared spectroscopy FTIR analysis
Fourier Transform Infrared Spectroscopy(FTIR) investigation was

performed on modified hydroxyapatite with MWCNT-COOH. To

examine the chemical composition of composite material, FTIR was

performed to study the powder using a typical KBr pellet technique.

The 15SrHA/CNT powders were grounded with KBr in the propor-

tion of 1/150 (by weight) and pressed into a 3-mm pellet using a

hand press. FTIR spectroscopy was performed on Nicolet Nexus

spectrophotometer with KBr discs in the 500–4000 cm�1 region

(4 cm�1 resolution, average 64 scans). FTIR investigation was per-

formed on dry materials.

Morphological analysis
The morphological study to evaluate the dispersion of CNTs in the

ceramic matrix was performed by transmission electron microscopy

(TEM) and scanning electron microscopy (SEM) analyses. The TEM

images were taken by a TEM FEI Tecnai G12 Spirit Twin model

instrument operated at an accelerating voltage of 100 kV. Samples

for TEM imaging were prepared by placing a drop of the aged

Sr-HA with and without MWCNT-COOH suspensions (the suspen-

sions were diluted in ethanol solution and dispersed by ultrasonic

waves before use) onto carbon-coated copper grids, dried in air, and

loaded into the electron microscope chamber.

The surfaces of 15SrHA/CNT gel materials were analyzed by

SEM (JEOL 6310). For SEM analysis, the materials were mounted

by a double adhesive tape to aluminum stubs. The stubs were sputter

coated with gold to a thickness of around 20 nm. SEM analysis was

performed at different magnification at 20 keV. X-ray energy disper-

sive spectroscopy (EDAX, Genesis 2000i) analysis was used for an

approximate estimation of the Ca/P ratio.

Rheological properties
The rheological tests were carried out using HAAKETM MARSTM

Rheometer (Thermo Scientific) on gel materials with and without

CNTs after an aging of 2 days at 60�C. At first, the linear viscoelas-

tic region was determined with an amplitude sweep in the range

0.1–100 Pa at a constant frequency of 1.0 Hz. All the subsequent

measurements were conducted within the linear viscoelastic regime,

where the dynamic storage modulus (G0) and loss modulus (G00) are

independent of the strain amplitude. Frequency sweeps were per-

formed from 0.1 to 10 Hz at 37�C and a constant strain of 10 Pa.

Bioactivity test
The bioactive properties of gel material (15SrHA/CNT) were investi-

gated using a simulated body fluid (SBF) with ionic millimolar concen-

trations (Naþ 142.0, Kþ 5.0, Ca2þ 2.5, Mg2þ 1.5, Cl� 147.8, HCO3
�

4.2, HPO4
2� 1.0, SO4

2- 0.5 mM) closely to those human plasma [7,

23]. The solution was prepared by dissolving each component NaCl,

NaHCO3, KCl, MgCl2, HCl 1M, CaCl2�6H2O and Na2SO4 (ACS re-

agent grade, Sigma-Aldrich) in distilled water at 37�C and buffered at

pH 7.4 using tris(hydroxymethyl)-aminoethane (Sigma-Aldrich, Italy).

After 7days of incubation time, the 15SrHA/CNT gel material was

washed with distilled water (3 times) and dried in the oven at 40�C

overnight. The formation of hydroxyapatite deposits on the material

surface was evaluated by SEM investigation.

Biological studies
In vitro elution materials and Alamar blue assay

The cytotoxicity analysis was performed by indirect test on the elu-

ants. For this investigation, the materials (0.1 g) were incubated in

medium Dulbecco’s Mdified Eagle Medium (DMEM) (2.5 ml) for 3

and 5 days as reported in the ISO 10993-5 guidelines. After the incu-

bation times, the eluants (100 ml) were placed in contact with

20 000 MG63 cell line and incubated for 48 h (exposure time). As

control was considered the cells seeded on tissue culture plastic with

DMEM solution without material eluant. The Alamar Blue assay

was used to evaluate the cell viability through a redox phenomenon

which gave a quantifiable indication of metabolic activity of live
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cells [24]. After exposure time, medium was removed from the wells

and a solution of Alamar Blue diluted 1:10 in phenol red-free me-

dium was added to each well (500 ml) and incubated for a further 4

h at 37�C, 95% of humidity and 5% CO2. The colorimetric analysis

was performed on 100 ml of this solution in a 96-well plate (n ¼ 5).

Wells with a diluted Alamar blue solution and without any cells

were used to correct for any background interference from the redox

indicator. The absorbance was measured with a spectrophotometer

(Victor X3, Perkin Elmer) at wavelengths of 570 and 600 nm. The

cell viability is correlated with the magnitude of dye reduction and is

expressed as percentage of AB reduction (%AB reduction), accord-

ing to the manufacturer’s protocol.

Cell proliferation

Cell proliferation assay was performed on human MSCs (hMSC) ob-

tained from LONZA (Milano, Italy). hMSC were cultured in 75 cm2

cell culture flask in Eagle’s alpha minimum essential medium (a-MEM)

supplemented with 10% fetal bovine serum, antibiotic solution (strep-

tomycin 100 mg/ml and penicillin 100 U/ml, Sigma Chem. Co) and

2 mM L-glutamine and hMSCs from passages 5 were used for all the

experimental procedures and incubated at 37�C in a humidified atmo-

sphere (5% CO2, 95% air). For cell proliferation, hMSC were plated

at concentration of 1.6 � 104 cell/well in triplicate onto 0.5 � 0.5 �
0.5 cm rounded of gel materials (with and without Sr) sterilized by au-

toclave at 121�C for 30 min. The cell proliferation was checked by us-

ing PicoGreen_dsDNA quantification kit (Invitrogen) for 7, 14 and 21

days of culture. The diluted dsDNA quantification reagent (100 ll)

was added to 100 ll of cell lysates in a flat-bottomed, 96-well plate as

reported in the protocol. After a mixing and incubation for 2–5 min at

room temperature, protected from light, the fluorescence of Picogreen

was determined at a wavelength of 520 nm after excitation at 585 nm

using a spectrophotometer (Victor X3, Perkin-Elmer, Italy). The

DNA concentration of samples was determined from the standard

curve l-dsDNA standard.

Cell morphology

hMSC were seeded at 1�103 cell/ml onto 0.5�0.5�0.5 cm

rounded gel materials (0, 10, 15 and 20 mol%) Sr-HACNT and then

incubated with the tested gel materials for 1 day. After this time, the

non-attached cells were removed by careful washing with phosphate

buffered saline (PBS) for three times and then incubated with cell

tracker green CMFDA in phenol red-free medium at 37�C for

30 min. After that, cell culture was washed with PBS and incubated

for 1 h in complete medium. The interaction of hMSC onto gel ma-

terials in terms of morphology and cell spreading was evaluated by

confocal laser scanning microscopy (LSM 510, CarlZeiss).

Total intracellular protein content

To evaluate the intracellular protein content, hMSC 1.6�104 cell/

well were seeded onto the gel materials and were cultured in a-MEM

supplemented with 10% fetal bovine serum, antibiotic solution (strep-

tomycin 100 mg/ml and penicillin 100U/ml, Sigma Chem. Co) and

2 mM L-glutamine for 7, 14 and 21 days. At the end of the incubation

time, hMSCs were lysed using 1X lysis buffer with 0.2% of Triton X-

100. Total protein content in the cell lysates was determined spectro-

photometrically using a commercially available kit (Pierce Chemical

Co.) and following manufacturer’s instructions. Briefly, aliquots of

each sample were incubated with a solution of copper sulfate and

bicinchoninic acid at 37�C for 30 min. The absorbance at 562 nm was

measured by a spectrometer Victor X3 (Perkin Elmer, Italy). Total

intracellular protein (expressed as mg) synthesized by hMSC cultured

on the gel materials at different composition was determined from a

standard curve of absorbance versus specific concentrations of bovine

serum albumin BSA measured in parallel with experimental samples.

All experiments were repeated twice, and three gel materials were

used in each experiment.

Colorimetric ALP activity assay

The differentiation of hMSC was tested by measuring their Alkaline

Phosphatase (ALP) activity upon culture onto gel materials after 7,

14 and 21 days (SensoLyte pNPP ALP assay kit, ANASPEC,

Milano, Italy). At the end of each time point, cultures were washed

gently with PBS followed by washing twice with cold 1X assay buf-

fer (BD Biosciences, Milano, Italy). To evaluate the ALP activity

onto the cell lysates (50 ll), the cultures were treated with 1X lysis

buffer with 0.2% of Triton X-100. The absorbance of samples was

measured in a 96-well plate at 405 nm and ALP values were normal-

ized by milligrams of total protein content determined as described

above. ALP experiments were repeated twice and three gel materials

were used in each experiment.

RT-polymerase chain reaction

Total RNA was extracted from CaP gels reinforced with CNT using a

Trizol reagent (Sigma) after 21 days of culture for gene expression of

bone-related markers. The contaminating DNA was removed by treat-

ing with DNase I (Life Technologies, Italy) before that Reverse

Transcription Polymerase chain reaction (RT-PCR) was performed.

The absorbency at 260/280 nm was measured to determine the RNA

concentration. One microgram of total RNA was used to perform one-

step RT-PCR reaction (Life Technologies, Italy) according to the man-

ufacturer’s protocol. Briefly, cDNA synthesis program was 1 cycle at

60�C for 30 min followed of denaturation cycle of 94�C for 2 min.

cDNA was amplified at 94�C for 15 s, 55�C for 30 s and 68�C for

1 min for 35 cycles in a thermal cycler (Applied Biosystem). Primers

used for amplification of bone-related molecules were upstream and

downstream as follows: osteopontin (OPN) 50-TTCGGATGAG

TCTGATGAGACC-30, 50-GGAAGAACAGAAGCAAAGTGC-30,

osteocalcin (OCN) 50-CAGCAGAGCGACACCCTAGACC-30, 50-

CATGAGAGCCCCTCACACTCC-30, ALP 50-GGAGGGACCC

TCGCCAGTGCT-30 50-AGAGGGCCACGAAGGGGAACT-30 and

glyceraldheyde-3-phosphate dehydrogenase (GAPDH) 50-CCACCCA

TGGCAAATTCCATGGCA-30, 50-TCTAGACTGGCAGGTCAG

GTCCACC-30 was utilized as housekeeping gene. Reaction products

were separated using gel electrophoresis on 1.2% agarose gel stained

with ethidium-bromide. The semi-quantitative analyses were subject to

image density of amplified bone-related PCR products in the Gel-

Quant express of DNR Bio-imaging System. The data obtained were

represented as a relative ratio of the respective PCR product against

the GAPDH PCR product.

Results

Synthesis of gels materials
Injectable strontium-modified CaP gels reinforced with modified

CNTs (SrHA/MWCNT-COOH) were successfully synthesized by

sol–gel method (Fig.1). A preliminary investigation showed a differ-

ence in the gelification time of the biomaterials prepared at different

Sr concentration as reported in our previous study [7]. Briefly, gels

prepared at 0 and 10 mol% of Sr reached a final setting after 1 h of

stirring at 40�C. Meanwhile, the gels prepared at 15 and 20 mol%
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of Sr showed a slight delay, their gelation time was achieved after 2–3

h. This different behavior probably is due by the ionic substitutions in

the crystallographic positions of the hydroxyapatite lattice that gener-

ally cause changes in the values of the cell parameters dependent on

the different sizes and amount of the ions [7]. However, all gels

synthesized at room temperature could be successfully equilibrated

at pH 7.4 without any significant dissolution thus ensuring their com-

patibility with biological systems (Figs 5-8).

Infrared spectroscopy FTIR analysis
Figure 2 shows the FTIR spectrum of 15SrHA/CNT sample dried in

the oven for 2 days at 40�C. The bands at 564 and 605 cm�1 were

attributed to P-O bending of phosphate group and at 1117 cm�1

was assigned to PO4 corresponding to different vibration modes of

phosphate group in HA. Meanwhile, the bands at 889 and 736 cm�1

were referred to HPO4
2� and P2O7

2� as reported in our previous

study [7]. The bands at 3424 and 3190 cm�1 were attributed to

stretching vibrations of OH group. The oxidation forming the

COOH groups on the MWCNTs surface determines the develop-

ment of three distinct peaks (C¼O, O–H, C–O). In fact, an absorp-

tion band at 1762 cm�1 is corresponding to C¼O stretching of

COOH, while the absorption bands at 1386 cm�1 and 1078 cm�1

are associated with O–H bending and C–O stretching, respectively

[25]. Moreover, in the FTIR spectra appears a band at 1397 cm�1

[26] due to �3 stretching mode of CO3
2� groups. However, carbon-

ates are constituents of bone structures [27] and the presence of

CO3
2� in the gel materials could increase the bioactive properties

of HA.

The absorption bands at 1637 cm�1 and 824 cm�1 are more

likely from the C¼C stretching mode of CNTs. As a result, chemi-

cal interaction between the chemical group of MWCNTs and cat-

ions of the HA particles can be produced, such as –COO-Ca-OOC.

Morphological investigation and bioactivity test
Figure 3(I) shows TEM images of MWCNT and biomineralized

MWCNT (HA/CNT and 15SrHA/CNT). It is evident that the sur-

face of MWCNT is smooth and clean; meanwhile, on the biominer-

alized MWCNT surface, needle-like nanoparticles were formed. In

particular, TEM image of 15SrHA/CNT system shows a presence of

CNTs network decorated with modified-hydroxyapatite nanopar-

ticles; any copious clusters appear in the system.

Furthermore, SEM imaging performed on 15SrHA/CNT

(0.5 wt%) (Fig. 3A-II) composite material demonstrated a homoge-

neous dispersion of nanotubes in ceramic matrix with any presence

of agglomerates.

The EDAX analysis shows (Fig. 3B-II) that the CaP precipitated

during the sol–gel synthesis is composed mainly of hydroxyapatite,

with a Ca/P molar ratio of about 1.65. This result is important for

the bioactive properties of material. In fact, some SEM observations

performed on SrHA/CNT, incubated for a shorter time (7 days) in a

SBF solution further revealed that the composite material shows a

good bioactivity with the presence of numerous apatite depositions

on the 15SrHA/CNT gel materials may be directly correlated to the

presence of HA nanoparticles which appear as bioactive nucleation

sites (Fig. 3C-II). Moreover, the presence of CNTs do not reduce the

bioactive potential of composite materials as demonstrating by a

presence of rose petal-like apatite crystallites (Fig. 3D-II) on the ma-

terial surface.

Rheological properties
Frequency sweep tests were carried out in the linear viscoelastic

region. The results demonstrated that G0 values are higher than G00

values at 37�C because the tested materials were analyzed after geli-

fication and aging of 2 days at 60�C. Furthermore, an increasing of

one order of magnitude for G0 modulus after addition of multiwall

CNTs was observed (Fig. 4A). MWCNT changes the tridimensional

network of gel and a new arrangement between the HA nanoparti-

cles and CNTs was obtained, as also observed in the TEM images.

Meanwhile when the Sr2þwas used to replace Ca2þ, G0 value is

lower than the G0 value of HA gel (Fig. 4B). This behavior probably

is due to an increasing of cell volume of doped nanoparticles (10, 15

and 20 mol%) [7]. In fact, increasing strontium substitution for cal-

cium in the HA structure determines a linear variation in the cell pa-

rameters in agreement with the mean dimension of the cation.

After nanotubes addition to SrHA systems, an improvement of

elastic modulus of 20SrHA gel than (10–15)SrHA/CNT systems was

obtained. The storage modulus (G0) can be considered as a measure

of the extension of the gel network formation and higher values for

G0 means a stronger gel [28].

Biological studies
In this study, the cytotoxicity evaluation of 15SrHA/CNT gel mate-

rial using MG63 cell line was performed on eluants (3 and 5 days)

after 48 h of exposure time (Fig. 5). The biocompatibility of the ma-

terial was determined quantitatively using a method which assessed

cell metabolic function and proliferation (Alamar blue). The results

demonstrated that the material does not release any toxic compo-

nent with a negative effect on metabolic activity of MG63.

Furthermore, it was observed an increasing cell response with in-

creased the strontium amount released from gel material. Figure 6

shows the effect of the materials on hMSC cell adhesion after 1 day

of cell culture. The cellular attachment is the first step in evaluating

the biocompatibility of hMSC onto the SrHA/CNT composite mate-

rials. It was demonstrated that hMSC cells show a good compatibil-

ity and affinity for the SrHA/CNT gel materials demonstrating a

smooth and elongate morphology over the material surface. Our re-

sults also demonstrated that a good cell attachment and spreading

was observed for HA/CNT indicating that the presence of CNTs

does not negate cellular behavior. Figure 7 shows the amount of

DNA (ng) produced by hMSC after 7, 14 and 21 days of culture.

As reported in the results, the cell proliferation of systems was

typical of the negative control samples. Total DNA has shown that

HA/CNT series has a positive influence on cellular growth when

compared to the control samples thus complementing the results in

Figs 5 and 7. In addition, the composite materials 10 and 15SrHA/

CNT show the best proliferation results in the first 7 and 14 days

and the best production of intracellular protein content until the day

21 (Fig.8). These results demonstrate that the combination of

Sr2þ ions and HA/CNT in the bioceramic system has a real positive

influence on hMSC proliferation rate.

The ALP activity was determined on cell cultures and as early as

7 days (Fig. 9). A time point which can exhibit the production of the

early marker of osteogenic differentiation. ALP activity showed that

at 7 and 14 days, a high enzymatic activity on HA/CNT doped with

10 and 15%mol. In this data, the composite with highest value of Sr

and MWCNT-COOH (20SrHA/CNT) showed the lowest value of

ALP probably due to an early onset of the mineralization process.

However, at 21 days of culture, there is a tendency for less activity

in ALP activity due to the late phases of osteogenesis, though activ-

ity was still observed on the 10SrHA/CNT material.
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Figure 1. Flowchart of SrHA/CNT composite material synthesized by sol–gel method

Figure 2. FTIR of 15SrHA/CNT gel material synthesized at room temperature
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Figure 3. (I) TEM images of CNT, HA/CNT and 15SrHA/CNT at different magnification dissolved in ethanol solution. (II) SEM images of 15SrHA/CNT (A) and EDS

analysis performed on Strontium-doped hydroxyapatite (B). SEM images at different magnification (C and D) of 15SrHA/CNT after SBF treatment

18 Raucci et al.



The expression of several bone-related transcripts was also ex-

amined after 21 days of culture. Figure 10 shows that HA/CNT

doped with strontium significantly improves the osteogenic differen-

tiation by the expression of early (ALP and osteopontin OPN) and

late (osteocalcin OCN) markers. Our results indicate that 10SrHA/

CNT showed high up-regulation of ALP, OPN when comparing

with 15SrHA/CNT and 20SrHA/CNT. Moreover, the up-regulation

of these early markers on all CaP gels are highly expressed (Fig. 10A

and B). However, in the three CaPs: 10SrHA/CNT, 15SrHA/CNT

and 20SrHA/CNT, the osteocalcin expression was faintly detected

as we can observe on the histogram where the semi-quantified ex-

pression showed a very low relative expression comparing against

the control GAPDH PCR product.

Discussion

Composite materials based on strontium-modified hydroxyapatite

reinforced with carboxylate multiwall CNTs were created by in situ

synthesis using sol–gel technology. This approach was based on a

simple mechanism where the carboxyl groups present on the nano-

tubes may play an essential part in anchoring calcium ions. To ob-

tain a good nucleation of HA nanoparticles in MWCNT-COOH, in

situ preparation was performed at high pH value (pH>10) fol-

lowed by an aging step of 2 days at 60�C. The alkali treatment pro-

motes the deprotonation of carboxyl groups (�COOH) on the

MWCNT ionizing them and improving the interaction between the

MWCNT substrates and HA nanoparticles. The process was com-

bined with a sonication treatment (2 h) using sodium dodecyl sulfate

as a dispersant agent enhancing the distribution of nanotubes in

the HA matrix. Furthermore, during the synthesis process when

MWCNT-COOH solution was introduced into the Ca/Sr solution,

Figure 4. Frequency sweep for HA and HA/CNT (A), 10–15 and 20 SrHA gels (B), 10–15 and 20 SrHA/CNT 0.5 wt% gels at 37�C (C). Frequency sweeps were per-

formed from 0.1 to 10 Hz at 37�C and a constant strain of 10 Pa

Figure 5. In vitro elution study by indirect contact after 48 h of exposure time
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the Ca2þ cations could interact with oxygen atoms by electrostatic

interactions and functioned as the sites for the nucleation and crys-

tallization of the HA particles. In fact, the Ca2þ could react in situ

with the ambient drop wise phosphate ions via electrovalent bonds

to form HA nanoparticles as reported in other studies [29, 30].

After mixing and aging steps, SrHA/CNT systems showed a differ-

ent behavior than the materials without CNT. To increasing the Sr

amount, an addition of CNTs in the systems determines an

Figure 6. Confocal images of hMSCs adhesion on (10–15 and 20 mol%) SrHA/CNT gel materials after culturing for 24hrs
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improvement of elastic modulus G0 SrHA/CNT gels become strongly

viscoelastic solid-like materials (G0>G00) which can be suitably

shaped and injected to fill micropores in a bone defect. This behav-

ior could be obtained by the chemical interactions and the distribu-

tion of SrHA nanoparticles along the CNTs.

The interaction between COO� and Ca2þ groups were evaluated

by FTIR analysis (Fig. 2), and the presence of surfactant allows a ho-

mogeneous material to be obtained as demonstrated in morphologi-

cal analyses (Fig. 3). Moreover, the EDAX analysis (in the square of

Fig. 3B) showed that the atomic ratio Caþ Sr/P is 1.65, close to that

of natural bone, which have been reported to provide the biocompo-

sites with higher bioactivity [31].

The toxicity of CNT in medical materials is under scrutiny. The

results from Pulskamp et al. [32] demonstrated that CNTs have no

acute toxicity effect but induced intracellular reactive oxygen species

(oxygen radicals) and it is dependent on contaminants. Meanwhile,

Wick et al. [33] reported that the degree and kind of agglomeration

(i.e. rope-like agglomerates) influenced the cytotoxicity of CNTs, as

showed by the effects on cell growth. It was also found that the pres-

ence of CNTs has good effect on attachment and spreading of osteo-

blast cells [34] and also on the improvement of bioactive properties

of the CNTs-containing composites [35–38].

Here, we have evaluated that the eluants obtained from SrHA/

CNT containing 10, 15 and 20 mol. (%) and 0.5%wt of MWCNT-

COOH after 3 and 5 days of elution time had good biocompatibility

on MG63 cells. Those results demonstrated that the paste-like mate-

rials do not release any toxic components and the amount of CNTs

and surfactant used during the synthesis are compatible with the

observed cell metabolic activity. Furthermore, our results have

shown that the presence of MWCNT stimulates not only cell prolif-

eration but also induces the intracellular protein production. Nayak

et al. [39] demonstrated that surface roughness of CNT thin films

may effect on proteins adsorption on the material surface with a suc-

cessive effect on cellular behavior in terms of proliferation and dif-

ferentiation of hMSCs into bone lineage. Moreover, a recent study

[40] reported that MWCNT has beneficial effects on bones when

they are used as biomaterials inhibiting osteoclastic bone resorption

in vivo and suppressed a transcription factor essential for osteoclas-

togenesis in vitro.

The phosphatase activity (ALP) is one of the most widely used

markers for osteogenic differentiation, and the enzymatic activity is

considered a necessary prerequisite for the onset on mineralization

[41–43]. Here, we demonstrated that the gel materials cultured with

MSCs in vitro increased the cell proliferation, cell protein produc-

tion and significantly induced osteogenic differentiation, thus pro-

moting the ALP activity and the expression of some bone-related

molecules as OPN and OCN. Concerning the ALP, a membrane-

bound ectoenzymes that hydrolyze monophosphate esters at a high

pH, our preliminary studies analyzing the differentiation of

MSCs toward the osteoblastic-like phenotype was determined using

the p-nitrophenyl phosphate method. The results showed a constant

increase in ALP activity confirming the ability of the injectable

strontium-modified CaP gels reinforced with CNTs to support MSC

differentiation toward the osteoblast-like phenotype and in future

could support the ECM mineralization. Moreover, our analysis of

gene expression showed that MSCs underwent differentiation when

cultured onto the injectable strontium-modified CaP gels reinforced

with CNT material and we could detect the transcripts for ALP,

OPN and slightly of OCN transcript. Osteopontin is a multifunc-

tional extracellular phosphorylated glycoprotein recognized as a key

molecule that could play an important role in multiple biological

processes and is essential for the mineralization process of bone be-

cause this protein is involved as regulator of the crystal growth in

the mineralization front and bone turnover [44, 45]. Osteocalcin

plays a role in the bone mineralization and in the calcium ion ho-

meostasis. This protein secreted only by osteoblasts has a strong

binding affinity to calcium ions and HA due to the presence of glu-

tamic acid rich regions in its chemical structure [46, 47]. Our experi-

mental results revealed that gene expression was temporally and

spatially regulated most likely by the physico-chemical aspect of

Figure 7. DNA picogreen assay of hMSC after 7, 14 and 21 days of cell culture.

Results were considered to be significant at P<0.05

Figure 8. Total intracellular protein content by microBCA of hMSCs on gel

materials at 7, 14 and 21 days of cell culture

Figure 9. ALP activity normalized on milligrams of proteins at 7, 14 and 21

days of incubation time in basal medium. Results were considered to be sig-

nificant at P< 0.05
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composite material and this could be supported by some reports that

suggest an important role of the physical properties of the material

and also that cells treated with only synthetic apatite or CaP mate-

rials are induced and responding to express significant amounts of

OPN [48, 49]; however, OCN has been classified as the last of ex-

pression markers in mature osteoblasts and in our study is observed

that there is faint signal suggesting that MSC responded to the com-

posite material and had at least entered into a maturation stage

[50,51]. However, further studies are needed to investigate the effec-

tive mechanism of action of gel composite material on the bone

remodeling to reducing the osteoclast growth.

Conclusions

In this study, injectable materials based on multiwall CNTs rein-

forced strontium-substituted hydroxyapatite at different composi-

tions have been synthesized by sol–gel approach. The products

showed a homogenous dispersion of nanotubes in the ceramic ma-

trix that is important to control the rheological and bioactive prop-

erties. Furthermore, the presence of carboxyl nanotubes combined

with strontium improved the cellular behavior in terms of adhesion

and proliferation. In fact, gel materials with MWCNT-COOH and

higher amount of Strontium (HA-10Sr, HA-15Sr and HA-20Sr) in-

duced osteogenic differentiation, thus promoting the ALP activity

and the expression of some bone-related molecules as OPN and

OCN. Further studies are required to evaluate in vivo the potential

benefits of Sr-HA/CNT as a bone substitute biomaterial and its po-

tentially effect for osteoporosis treatment.
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