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Abstract An alternative approach to bone repair for less

invasive surgical techniques, involves the development of

biomaterials directly injectable into the injury sites and able

to replicate a spatially organized platform with features of

bone tissue. Here, the preparation and characterization of an

innovative injectable bone analogue made of calcium defi-

cient hydroxyapatite and foamed gelatin is presented. The

biopolymer features and the cement self-setting reaction

were investigated by rheological analysis. The porous

architecture, the evolution of surface morphology and the

grains dimension were analyzed with electron microscopy

(SEM/ESEM/TEM). The physico-chemical properties were

characterized by X-ray diffraction and FTIR analysis.

Moreover, an injection test was carried out to prove the

positive effect of gelatin on the flow ensuing that cement is

fully injectable. The cement mechanical properties are ade-

quate to function as temporary substrate for bone tissue

regeneration. Furthermore, MG63 cells and bone marrow-

derived human mesenchymal stem cells (hMSCs) were able

to migrate and proliferate inside the pores, and hMSCs dif-

ferentiated to the osteoblastic phenotype. The results are

paving the way for an injectable bone substitute with prop-

erties that mimic natural bone tissue allowing the successful

use as bone filler for craniofacial and orthopedic recon-

structions in regenerative medicine.

1 Introduction

A crucial step within the field of bone tissue-engineering is

the use of materials that conceivably recreate a spatially

organized bone extra cellular matrix (ECM). These bur-

geoning mainstays stimulate in vivo tissue ingrowth acting

as temporary matrix for cell guidance [1]. Because of piv-

otal role of the ECM in morphogenesis tissue, the basic

strategy of the recent tissue-engineering attempts is closely

mimicking the physiological environment [2]. An appro-

priate material for bone repair should face transversal

properties including geometrical, mechanical and topo-

graphical features, and promote the biunivocal cell-ECM

cross-talks, fostering the right ECM type production [3, 4].

The bioactivation process elegantly conveys the materials

response to external cues towards the integration with sur-

rounding environment and the new tissue formation. Bi-

oceramics like Calcium Phosphates (CaP) attract great

interest in this field due to their similarity to the minerals in

natural bone and their excellent biocompatibility and bio-

activity [2–9]. In some specific formulations, their
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outstanding osteoconduction capability matches the ability

to be molded and injected into osseous sites, forming an

in situ self-setting scaffold [5–8], which can be resorbed and

replaced by new bone. The biomimetic approach, with the

pursuit of developing a superior matrix that synergizes the

beneficial properties of multiple materials, solves the brit-

tleness of ceramic by adding biopolymers that resemble the

organic part of bone. Gelatin is a high molecular weight

polypeptide derived from collagen, highly biocompatible,

completely resorbable in vivo and skillful at enhancing cell

adhesion [10]. It possesses an amphiphilic character that

allows it to be easily foamed, and coupling with CaPs

improves the workability of cement and its mechanical

properties [11–13]. The incorporation of a bioactive phase

promotes cell-surface recognition, cell physiology and

cellular affinity of the scaffold, inducing a biological fixa-

tion between scaffold and biological milieu. However, such

composites often lack the balance between morphological

and mechanical properties [4]. To overcome the afore-

mentioned limitations, here we have used a novel approach

based on the use of gelatin as porogenic agent in a-trical-

cium phosphate (a-TCP) cement, without the use of organic

solvents that alter cellular activity. In this way, is possible to

increase the porosity of material and pores interconnectivity

useful for cell colonization, molecular transport and tissue

growth, while preserving mechanical properties. This work

is aimed to obtain a challenging injectable in situ self-set-

ting material that intimate fits complex cavity, with differ-

ent features able to sustain cell activity. The ensuing cement

sets at body temperature through a hydrolysis reaction,

which final product is calcium deficient hydroxyapatite

(CDHA) that resembles the human apatite crystals [14]. A

careful investigation of the rheological properties of gelatin

gel and the kinetic of setting were carried out. The Envi-

ronmental Scanning Electron Microscopy was used to

investigate the morphological changes upon time. Injection

tests at body temperature were performed to demonstrate

the injectability enhancement in presence of the foamed

biopolymer. Moreover, a morphological characterization

(SEM/TEM) has been carried out to investigate the macro/

micro-porosity and crystals dimension. The physico-

chemical analysis was performed by X-ray and FTIR, and

thermal stability and mechanical properties of the hardened

material were assessed. Preliminary biological analysis

has been evaluated with MG63 and hMSCs cells, to assess

the suitability of the material for bone regeneration

applications.

2 Materials and methods

The calcium phosphate powder of the cement (HCem)

consisted of 98 % by weight of a-TCP and 2 wt% of

precipitated hydroxyapatite (PHA), added as a seed to

enhance the nucleation of the CDHA resulting as setting

reaction product. Bovine gelatin type B (isoelectric

point = 5, Bloom strength = 250) sterilized with c-ray

was kindly provided by Ghent University. Gelatin

powder was dissolved (15 % w/v) at 40 �C under gently

stirring in 2.5 % (w/v) aqueous solution of Na2HPO4,

used as accelerant solution for the setting reaction of

the cement. The foaming process was carried out at

40 �C by foaming the gelatin solution 1 min per ml at

11,000 rpm with a home-made mixer on 1.5 V. Foamed

and not foamed gelatin solutions were used as liquid

phase of cement at a Liquid/Powder ratio (L/P) of 0.75.

2.1 Rheological analysis

Rheological tests were performed in a rotational rheometer

(Gemini, Bohlin Instruments) equipped with parallel plate

and coaxial cylinders geometry, at the controlled temper-

ature of 37 ± 0.01 �C in humid environment to prevent

evaporation during the measurements. The rheological

properties were evaluated in terms of shear storage mod-

ulus or elastic modulus (G’), and shear loss modulus or

viscous modulus (G’’). G’ gives information about the

elasticity or the energy stored in the material during

deformation, whereas G’’ describes the viscous character

or the energy irreversibly dissipated [15–18]. The tem-

perature dependence of G’ and G’’ was determined by

temperature scan at constant frequency of 0.5 Hz and

constant shear strain 0.05 in order to evaluate the transition

temperature. The viscosity g as function of shear rate was

evaluated both for foamed and not foamed hydrogels,

through steady state shear measurements at 37 �C with

shear rate spanning from 0.1 to 110 s-1. The paste injected

was subjected to a dynamic single frequency sweep in

order to evaluate the evolution setting kinetic 2 min after

the injection.

2.2 Injection test and mechanical characterization

Cement pastes were extruded at 37 �C using a bioinjector

device, equipped with a 5 ml syringe with a 12G needle, at

a crosshead speed of 40 mm min-1. The injectability (I %)

is defined as the percentage of extruded mass with respect

to the original mass of paste in the syringe. After hardening

(12 days in accelerant solution) static compressive prop-

erties tests were performed following ASTM D 695 by

using a universal testing machine INSTRON4204, equip-

ped with 100 N load at cross-head speed of 1 mm min-1 at

37 �C. The Young Modulus (E), the maximum compres-

sive strength (rmax) and the maximum deformation (emax)

of each tested sample were obtained.
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2.3 Thermal analysis and contact angle measurements

Thermal gravimetric analysis (TGA) was performed on TA

Instruments Q500, USA. under nitrogen atmosphere at a

purge rate of 50 ml min-1, from room temperature up

600 �C and heating rate of 10 �C min-1. The hydrophi-

licity of the samples was assessed by contact angle mea-

surements on the material surfaces by the sessile drop

technique, at 25 �C using a Contact angle analyzer Elec-

trictime CO.ING., Natick, Mass, USA. Static water contact

angles were measured by deposing on the foamed com-

posite surface, a droplet (2 ll) of bidistilled water [18–20].

2.4 Phase and microstructures characterization

A qualitative morphological examination was performed in

order to investigate the evolution of the surface morphol-

ogy of the sample in solution over the setting, as well as the

internal structure of the specimens. This enables the indi-

rectly examination of the interrelationship between

mechanical properties and microstructures. Specimens

were cut along the transversal section and Environmental

Scanning Electron Microscopy (ESEM) was performed

after 24, 48, 96 h and 14 days. For a complete observation

of the pores, samples were dried and then sputtered with

gold for SEM studies. Both observations were performed in

Quanta 200 FEI scanning electron microscope. The ultra-

structural evaluation analysis was performed with Philips

EM 208 s Transmission Electron Microscope (TEM).

Fourier transform infrared (FTIR) spectroscopy (Nicolet

5700) was used to determine the functional groups of the

composite and their single constituents and the possible

bonds between the ceramic and polymer phases in the

composite material. 2 mg of powder were compacted with

200 mg of KBr in a hydraulic press. Spectra were recorded

in the 400–4,000 cm-1 region [21]. Phase analysis of the

synthesized composites was conducted by X-ray diffraction

(XRD) to determine the phase composition and crystal-

linity with an X-ray diffractometer (Philips PW1710). The

powder specimens were scanned from 2h = 5 to 2h = 60

using Cu Ka radiation [22].

2.5 Biological studies

Cell viability and proliferation were carried out on osteo-

blastic lineage MG63, while mesenchymal stem cells

hMSCs were used to investigate the osteogenic differenti-

ation and the osteoinductive and osteoconductive features

of the material. Each experiment was performed three

times in triplicate.

Cylindrical sterile scaffolds were pre-wetting in medium

(2 h) and 5 9 104 cells, resuspended in 50 ll of medium,

were statically seeded on the scaffolds. After seeding the

scaffolds were placed in 24-well culture plates and incu-

bated for 2 h in a humidified atmosphere.

2.5.1 Alamar blue assay

Proliferation of MG63 was quantitatively determined by

Alamar Blue assay (AbD Serotec Ltd., UK). Cell–scaffold

constructs were removed from the culture plates on days 1,

3 and 7, rinsed with PBS and placed in 24-well culture

plates. Accordingly with literature procedures [21–24], for

each construct 1 ml of Dulbecco’s modified Eagle’s med-

ium (DMEM) without Phenol red (HyClone, UK) con-

taining 10vol. % Alamar blue was added, followed by

incubation in a 5 % CO2 atmosphere for 4 h at 37 �C. An

aliquot of 200 ll of the solution was subsequently removed

and the optical density was measured with a Sunrise

spectrophotometer (Tecan, Männedorf, Switzerland) at

wavelengths of 540 and 600 nm.

2.5.2 DNA quantification and alkaline phosphatase (ALP)

assay

The hMSCs–scaffold constructs were removed from cul-

ture plates on days 7, 14 and 21 and washed with PBS.

DNA amounts in the 3D porous scaffolds were determined

by using DNA assay, PicoGreen dsDNA quantification kit

(Molecular Probes). Firstly, 100 ll of 2009 diluted Pico-

green dsDNA quantification reagent was added to 100 ml

of cell lysate in a 96-well plate. After 10 min incubation,

the fluorescence of Picogreen was determined at a wave-

length of 520 nm after excitation at 585 nm as described

by manufacturer [21–25]. For ALP assay cells were lysed

in Cell Lysis Buffer (BD PharmingenTM) and ALP activity

was measured using a SensoLyteTMpNPP alkaline phos-

phatase assay kit (AnaSpec,DBA,Milano) according to the

manufacturer’s instructions. The ALP activity was read off

a standard curve obtained with ALP concentrations of

0–200 ng ml-1.

2.5.3 In vitro osteogenic differentiation and detection

of osteoblasts markers

hMSC cells were cultured in osteogenic medium consisting

of complete a-MEM medium supplemented with

50 lg ml-1 of ascorbic acid, 10 mM glycerol-2-phosphate

and 10-7M of dexamethasone. For in vitro osteogenic

assay, after seeding hMSC were placed in 24 cell culture

plates and allowed to attach overnight in standard a-MEM

medium. Then, cells were grown in presence of osteogenic

medium for 14 days, while control culture scaffolds were

grown in standard a-MEM medium without osteogenic

supplements. After 14 days, hMSC cultures onto compos-

ite cement grown in osteogenic and control medium were
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characterized by reverse transcription-polymerase chain

reaction (RT-PCR) for gene expression of bone-related

markers. Total RNA was isolated from cell scaffolds using

TRI-reagent (SIGMA). The RNA was precipitated with

isopropyl alcohol and the final pellet resuspended in

DEPC-water and DNAse I digested (Invitrogen Carlsbad,

CA) to remove contaminating of genomic DNA. The

absorbency at 260/280 nm was measured to determine the

RNA concentration. One lg of total RNA was used to

perform one-step RT-PCR reaction (Invitrogen Carlsbad,

CA) according to the manufacturer’s protocol. Bands were

visualized using ultraviolet illumination and captured with

BioRad Imaging System (BIORAD).

2.5.4 Immunostaining

hMSC cultures onto composite scaffolds grown in control

and osteogenic medium for 14 days were fixed with 4 %

paraformaldehyde and permeabilized with PBS containing

0.1 % Triton X-100. Cells were incubated at 4 �C overnight

in a 1:300 dilution of the rabbit (IgG) polyclonal antibody

against human osteopontin and collagen type I in PBS

containing 2 mg ml-1 of bovine serum albumin (BSA). The

samples were washed with ice-cold PBS and incubated for

1 h at 4 �C with goat-anti-rabbit immunoglobulin secondary

antibodies conjugated with FITC (3 mg ml-1, Sigma

Chemical, St. Louis, MO), diluted 1:100 in PBS. Samples

were rinsed with PBS plus 0.01 % Triton X-100 three times

and immunostaining were visualized by confocal laser

scanning microscopy (LSM510; CarlZeiss).

2.5.5 Cell-material interaction

Experiments were performed to explore cellular morphology,

spreading and colonization 14 days after seeding. Cells were

fixed in 4 % paraformaldehyde for 1 h at room temperature

and rinsed with PBS. For SEM analysis, samples were dehy-

drated in a graded series of ethanol, then dried, sputter coated

with gold and observed with Quanta 200 FEI microscope. For

confocal analysis, samples were incubated with PBS–BSA

0.5 % to block nonspecific binding. Actin microfilaments

were stained with phalloidin tetramethylrhodamine B isothi-

ocyanate (Sigma–Aldrich, Italy). Phalloidin was diluted in

PBS–BSA 0.5 % and samples were incubated for 30 min at

room temperature, then rinsed with PBS and observed by

confocal laser scanning microscopy (LSM510; CarlZeiss).

3 Statistical analysis

Data are presented as mean ± standard deviation. Mean

values were compared with one way ANOVA with respect

to statistical significances (P \ 0.05).

4 Results

4.1 Rheological analysis

In Fig. 1a G’and G’’ of gelatin solutions are charted as

function of temperature. At low temperature samples show

a gel-like behaviour with G’[G’’. On warming, the cross-

over of the curves occurs and the moduli rapidly drop up

Fig. 1 Thermal scanning test of sterilized gelatin gel GBS15 (a).

Flow curves of foamed FGBS15 and unfoamed GBS15 sterilized

gelatin gels (b), and time evolution of G’ and G’’ of composite

foamed F0.75GBS15HCem and cement without polymeric phase,

HCem (c)
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values of five orders of magnitude. The crossover tem-

perature (T = 32 �C ± 0.05) indicates the transition from

an elastic network to viscous solution (G’’[G’). This

phenomenon has to be ascribed to the disruption of gelatin

physical crosslinks or junction zones. At body temperature

gelatin gels exhibit a behaviour intermediate between a

strong gel and a viscous liquid, which positively affects

both the workability and cohesion of composite cement. In

order to obtain a highly porous composite, gelatin was

foamed. Figure 1b shows the flow behavior of gelatin

solutions foamed and not: within the shear rate range

investigated, both samples show a newtonian behavior.

Although the same gelatin concentration, the viscosity of

foamed hydrogel was found to be lower than unfoamed

hydrogel. Data show that bubbles disruption during the

flow implies a decreasing of the friction among the slides

of fluid, resulting in viscosity decrease. Rheological

dynamic time sweep provided a monitoring of the build-up

of cement network. By the analysis of the moduli charted

as a function of time in Fig. 1c, the morphological evolu-

tion of the cement can be observed. Upon injection pastes

possess fluid consistence with G’’[G’, then the moduli rise

towards a plateau value. The increase of G’ in the sample

without gelatin is lower than the foamed composite

cement, which demonstrates that gelatin improves material

cohesion. Moreover, the incorporation of polymeric phase

improves the capacity of setting in a paste with elastic

properties comparable to natural tissue [26, 27].

4.2 Injection test and mechanical characterization

The results of injectability test are shown in Table 1. In the

cement paste without gelatin I % was found to be about

60 %. This limited injectability could be ascribed to phase

separation or early hardening. The presence of polymeric

phase implies a noteworthy increasing of paste injection:

85 % for composite with gelatin, 100 % for composite with

foamed gelatin. Indeed, when gelatin is foamed, the injec-

tability increases, due to the synergistic effect of gelatin

presence and the porosity introduced by the foaming pro-

cess. Table 2 lists the mechanical properties of the cement

(100 wt% HCem) compared with foamed and not foamed

composites. The presence of polymeric phase lowers the

maximum compressive strength and increases the maximum

deformation. In particular, the bubble’s volume due to

foaming technique strongly affects the increasing of cement

ductility, as confirmed by the increasing of emax %. The

brittle behaviour of ceramics is reduced thanks to the organic

phase, which increases either workability or toughness of

cement. In agreement with literature data [26, 27], the elastic

modulus is similar to the value of natural bone tissue.

4.3 Thermal analysis and contact angle measurements

The changes in mass loss as function of temperature are

reported in the termogravimetric trace in Fig. 2a. From the

thermogram can be clearly noticed that the cement exhibits

a degradation process based on different stages. The first

weight loss of 3.45 %, observed in the temperature range

of 75–100 �C, is due to water evaporation. The second

weight loss between 100 and 150 �C should be ascribable

to an unreverse reaction that leads to the loss of bound

water molecules from structure. The major weight transi-

tion between 200 and 400 �C, with a mass loss of 4.45 %,

can be directly attributable to the thermal degradation of

biopolymer, based on the decomposition of gelatin triple

helix structure. Furthermore, the residual calcium phos-

phate level at 400 �C, equal to 94 %, is consistent with the

theoretical gelatin weight fraction used during preparation.

Regarding contact angle measurements, intrinsically rela-

ted to the topological cues explicated by the material, the

resulting value of 25� is indicative of a highly hydrophilic

character. Data obtained are lower than those reported in

literature for hydroxyapatite, which are close to 50� [28,

29]. This confirms the hydrophilic behavior of foamed

scaffold, simultaneously due to the active cue of gelatin

and a more porous structure. The foamed polymeric phase

has a significant impact not only on the injectability, also

improves topographic features, such as wettability. The

effect is essential in the first part of cell-material interac-

tion, with significant influence on cellular recognition and

scaffold adhesion.

4.4 Phase and microstructures characterization

The XRD pattern of composite powder shown in Fig. 2b

underlines that after 12 days of setting the cement had

Table 1 Injection parameters of HCem, composite cement and

foamed composite cement

Sample Load (N) Injection (%)

0.75 HCem 30 ± 0.3 59 ± 0.1

0.75 GBS15 HCem 36.2 ± 0.06 85 ± 0.8

F0.75 GBS15 HCem 34.4 ± 0.02 100

Table 2 Mechanical properties of HCem, foamed and unfoamed

composite cements

Sample rmax (MPa) E (GPa) emax (%)

0.75 HCem 23 ± 3 0.8 ± 0.2 0.04 ± 0.01

0.75 GBS15 HCem 2.9 ± 0.6 0.9 ± 0.3 7.5 ± 0.8

F0.75 GBS15 HCem 3 ± 0.2 1.0 ± 0.1 9 ± 0.2
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completed the hydrolysis reaction, and the a-TCP has been

conversed in CDHA, although slight residual amounts of a-

TCP are still detected. The broad XRD peaks are indicative

of a poor crystallinity degree. Many studies have reported

that a poor crystallinity increases the bioactivity of

hydroxyapatite, leading to a faster and stronger bond with

the surrounding tissue [28]. The FTIR spectra of the gel-

atin, HCem, and composite cement are shown in Fig. 2c.

For gelatin, the band at 1,640 cm-1 is representative of the

amide I region of the protein and is chiefly linking to the

Fig. 2 Thermal analysis of

foamed composite paste (a).

X-ray spectrum of foamed

composite cement (*CDHA)

(b). FTIR spectra of gelatin,

HCem powder and foamed

composite cement (c)
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stretching vibrations of the carbonyl groups along the

polypeptide backbone [12, 30–32]. The amide II region can

be found at 1,520–1,550 cm-1, while as reported in liter-

ature [12, 31–35] the amide III bands of the polypeptidic

chain are depicted in the frequencies range at 1,100,

1,270–1,300, 1,229–1,235 and 1,243–1,253 cm-1. The

field at 3,435 cm-1 is dominated by N–H bond-stretching

mode. With regard to ceramic phase, the spectrum shows

well defined peaks at 950, 980 and 1,100 cm-1, due to the

m1 symmetric stretching bond and m3 vibrational modes of

phosphates groups, while bands at 3,570, 630 and

480–600 cm-1 correspond to hydroxyl and phosphates

groups [36, 37]. In the spectrum of foamed cement the

evidence of CDHA is proven by HPO4
2- bands at above

900 and 1,090 cm-1 [36, 38]. Moreover, the peak assigned

to 470, 562 and 602 cm-1 result from doubly and triply

degenerate O–P–O bending mode. The weak shoulder at

963 cm-1 is attributed to the non degenerate P–O sym-

metric stretching mode, while the broad band at

1,050 cm-1 indicates the triply degenerated antisymmetric

P–O stretching mode [36–39]. The absorption band

between 3,100 and 3,400 cm-1 is due to the O–H

stretching. The intensity of the band around 3,400 and

1,600 cm-1 in composite is smaller compared to gelatin.

From these results, since type B gelatin possess isoelectric

point in the range of 5–6 and the biopolymer is negatively

charged at physiological pH, the interaction between gel-

atin and ceramic phase could result from hydrogen bonding

and/or by the formation of carboxyl–calcium–carboxyl

linkages. The observation of time conversion of a-TCP into

CDHA in situ is shown in ESEM micrographies in Fig. 3.

After 24 h, polymeric phase is evident and round particles

Fig. 3 ESEM micrographies representing the ingrowth of CDHA crystals carried out at 24 h (a), 48 h (b), 96 h (c) and 14 days (d)
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of a-TCP are homogeneously distributed into the polymer

network with a stochastic orientation; after 48 h small

needle like crystals of CDHA appear, due to the dissolution

of the small a-TCP particles, while the bigger ones are still

surrounded by a layer of polymeric phase and calcium

phosphate crystals. After 96 h of reaction, CDHA needle-

like crystals are almost uniformly distributed into the net-

work due to the hydrolysis in progress of a-TCP, although

laminar compact crystals are present. After 14 days the

phase conversion is completed and the surface is homo-

geneously covered by needle like crystals. SEM analysis

shows the presence of a macro and microporosity charac-

terized by average pore sizes of microns able to support

cells deposition and to regulate the nutrient transport for

cell viability. The micrography in Fig. 4a confirms a large

distribution of CDHA crystals of needle shape homoge-

neusly distributed within the inner surface. TEM exami-

nation of the powders reveals the formation of crystallites

of essentially acicular shape. Closer inspection puts the

stress on the presence of needle-like like crystal well

defined in geometry, thin, homogeneously and finely dis-

tributed. The micrography reported in Fig. 4b shows that

the obtained powders are constituted by an average particle

size in the range of 10–100 nm in length and 1–20 nm in

thickness. These dimensions mimic the topological and

morphological characteristics of natural HA and are opti-

mal for the spreading and cellular migration [40].

4.5 Alamar blue assay

The Alamar Blue assay (Fig. 5) proves that after 7 days of

static culture cells are vital and proliferate. Indeed, cells are

attached onto scaffolds and their metabolic activity tends to

increase over 7 days. From the trend reported in the

histogram, it can be noticed that at day 1 the % of AB

reduction on foamed composite cement is three times higher

than the HCem used as control, then for both samples a

significant increase in viability can be observed within

7 days. However the control and the composites exhibit

similar values at 7 days. These data could be explained as the

ability of gelatin to enhance cellular adhesion and prolifer-

ation without adversely affect cellular viability in the first

stage of the process. It is clear that there is no cytotoxic effect

of both scaffolds, and the proliferation guidance decreases at

7 days for a partial leaching of gelatin into the medium.

4.6 DNA quantification and alkaline phosphatase

(ALP) assay

DNA quantification of hMSCs plotted in Fig. 6a shows that

during the in vitro static culture the amount of DNA detected

on the composite cement is significantly (P \ 0.05) greater

Fig. 4 SEM analysis of the inner surface of foamed composite cement (a). TEM micrograph of CDHA crystals (b)

Fig. 5 Cellular viability and proliferation were determined by

Alamar Blue assay performed on MG63 seeded on HCem (control,

C) and gelatin foamed cement (C?G) cultured after 1, 3 and 7 days
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than the control. It might be due to the presence of gelatin that

exhibits excellent cell adhesion and proliferation properties

and to the higher porous surface that offers sites for cells

colonization. Cell differentiation assessed in terms of the

ALP activity is plotted in Fig. 6b, and support DNA data. It

can be observed that ALP activity for both samples increases

up to days 14, where it reaches the maximum value, and then

decreases. The gelatin foamed presence significantly

enhances (P \ 0.05) the hMSCs differentiation through

14 days, respect to HCem and cells express higher levels of

ALP bone marker. After 21 days, when the gelatin is dis-

solved the values of ALP expression are comparable

(P [ 0.1). The depicted increasing in ALP activity suggests

the ability of the composite scaffold to successfully support

hMSC differentiation towards the osteoblast phenotype.

4.7 In vitro osteogenic differentiation and detection

of osteoblasts markers

Figure 7a illustrates the RT-PCR of osteoblastic gene

expression on hMSCs cultured after 14 days. In osteogenic

medium hMSCs differentiated to osteoblasts within 14 days.

Cells express high levels of genes of ospteopontin, alkaline

phosphatase and type I collagen in presence of osteoinductive

substrate. Furthermore, osteogenic medium induces cells

changing phenotype, but RNA expression of collagen I and

osteopontin are also expressed for cells growth in absence of

osteoinductive factors. Since the expression of osteoblastic

marker happens regardless the osteogenic nature of medium,

by semi-quantitative RT-PCR assay the material can be

defined osteoinductive.

4.8 Immunostaining

To test whether material surface characteristics alone are

able to stimulate osteogenic differentiation, hMSC were

cultured on the material surface with and without osteo-

genic medium. Our results showed high level of osteo-

pontin and type I collagen proteins expression detected by

immunofluorescense as reported in Fig. 7b, in media with

and without any osteogenic signal. Cells ‘‘feel’’ the features

of materials and reply developing the osteoblastic pheno-

type, in this contest the scaffolds could be defined as

osteoconductive.

4.9 Cell-material interaction

SEM images of the seeding surfaces and cross-sections of

the cell–scaffold constructs are reported in Fig. 8. After

14 days of in vitro culture, hMSCs colonize the surface of

the scaffold adhering into the macroporosity. Further, cells

are well distributed around pores, spread with flattened and

spindle shape and create several bridges between the

opposite pore walls. Cells interacting each other by the

presence of physical contact zone or junction zones, and

are anchored to nanocrystals of CDHA by focal points,

extension of citoplasmatic zones represented by both

Fig. 6 Growth curves of hMSC cultured onto HCem (control, C) and

foamed cement scaffolds (C?G) after 7, 14 and 21 days determined

by DNA quantification assay. Cells of the foamed composite cement

groups proliferated at each time point checked compared to control

group that reached a plateau after 14 days of culture (a). ALP activity

of hMSC measured on control HCem and foamed cement scaffolds

after 7, 14 and 21 days of differentiation. ALP activity was

significantly higher on foamed cement scaffold than on control

surfaces (b)

Fig. 7 Representative gel electrophoresis bands stained with ethi-

dium bromide of the osteoblastic gene expression phenotype (alkaline

phosphatase, osteopontin and collagen type I) detected by RT-PCR

(a) and by CLSM immunostaining (b)

J Mater Sci: Mater Med (2014) 25:283–295 291

123



cylindrical and thin zones named philopodia, and thick and

elongated structures (lamellopodia) responsible of cellular

morphology and orientation. Confocal analysis in Fig. 9

confirms SEM observation: after 14 days culture, cells

have homogeneously colonized the whole inner macropo-

rosity of the scaffold, and are fine spread on the surface.

Cells result sensitive to topological cues concentrating their

distribution around pores, confirming porosity as prefer-

ential sites for cells adhesion. The particular in Fig. 9b

confirms that cells are stretched and adhere by multifocal

points to the surface: actin filaments are structured in well-

defined stress fibers and oriented in a parallel direction

Fig. 8 SEM micrographs showing morphology of hMSC on substrates after 14 days of culture

Fig. 9 Cell morphology and cytoskeleton organization of hMSC performed with phalloidine assay after 14 days of culture
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following the main cellular axis and the multifocal points

that allow cells adhering on nano CDHA crystals are

defined.

5 Discussion

A forefront approach of bone tissue engineering involves

the development of biomaterials directly injectable into the

injury sites to gain minimally invasive surgical procedures

[3, 5]. The last decade has witnessed a burgeoning devel-

opment of injectable bone analogues, able to recapitulate a

3D microenvironment by an appropriate recreation of the

in vitro chemical, mechanical and biological dynamic

interplays. In this contest injectable calcium phosphate

cements have been regarded as promising bone-defect

repair materials, because of their similarity to the mineral

phase of bone, the ability of setting in situ and being rec-

ognized and successfully integrated into natural tissue.

CPCs possess high tissue compatibility and osteoconduc-

tivity, but the restriction of their use is their brittle nature,

poor mechanical strength, lack of macroporosity and low

porosity degree, responsible of their slow resorption rate [6,

7]. The combination of CPCs with biopolymers has a dual

purpose: the improvement of mechanical and morpholog-

ical properties of the composite, and enhancing the osteo-

conductive properties of polymers. The current study has

been devoted to the fabrication of an injectable bone ana-

logue by the versatile use of foamed gelatin gel. The clear

use of gelatin relies on its similarity with collagen and its

features such as biocompatibility, the ability of being re-

sorbable in vivo, its processability due to thermosensitive

character, its amphiphilic aspect intrinsically connected

with foamed ability. Here, by tuning these properties, the

biopolymer can be more stable at body temperature,

completely foamed, without any residuals that denaturate

scaffold or damage cells, and homogeneously mixed to

CPC powder, as confirmed by rheological analysis. Among

the manifold drawbacks resulting from the cement injec-

tion, the primary ones are the hardening and phase sepa-

ration into the syringe and the lack of cohesion into the

injection sites. Qualitatively, adequate cement must pos-

sess detailed requirements in terms of rheological features,

which must be specific depending on the clinical step.

More specifically, during the preparation and over the

injection viscous properties are highly desirable, encour-

aging the flow into the syringe needle and hindering both

phase separation and hardening into the syringe. Differ-

ently, in situ must dominate the elastic-like behaviour,

which allows the cement remaining into the injection site

adapting to cavity shape. Interestingly, the cement devel-

oped in this study is a composite, where the presence of

foamed biopolymer improves the full injection of the

cement respect to the cement with unfoamed gelatin, and

the injection percentage is much higher than that of HCem,

that hardens into the syringe. The good injectability of the

cement relies upon a viscous behaviour (G’’[G’) that

ensures the flow throughout the needle, but 7 min. after the

injection, it switches from a viscous to an elastic character

(G’[G’’), as confirmed by the evolution of the moduli

performed by rheological analysis. Moreover, in the

cement paste, the interaction among the positive charges of

cement Ca?? and the carboxylic groups of gelatin and the

electrostatic interactions, revealed by FTIR study, renders a

stable three dimensional network able to better store elastic

energy during the shear deformation without disintegrating.

The presence of the polymeric phase, crosslinked by

physical entanglements among the chains and the crystal of

a-TCP and HA, produces a strong network with reduced

motility and the structure cannot flowing out the injection

site. Noteworthy, the amount of water contained into the

polymeric phase is as much as necessary to allow the

hardening of the cement, in this way the paste can be

defined as a self-setting system. The hydrolysis process that

lead to the formation of CDHA precipitation, as corrobo-

rate by ESEM analysis, takes place in the first 24 h and

evolved as confirmed by the precipitation of needle-like

CDHA crystals depicted by SEM analysis and by the

spectra of X-ray, characterised by the typical CDHA peaks.

A crucial requirement of a successfully bone ECM ana-

logue is represented by the topography of the surface, that

is a regulator of cell adhesion and motility [9]. The cells are

sensitive to surface discontinuity of nanometric and mi-

crometric dimension, which permit all the chemical and

physical interactions among analogue surface and mem-

brane receptors needed for attachment, migration and

material colonization. From our findings, it can be noticed

a network with morphological features that resemble the

bone histoarchitecture: the composite exhibits an inter-

connected porosity homogeneously distributed and the

presence of acicular nano-crystals of CDHA covering the

pore surfaces, that ensure preferential sites for cell adhe-

sion and migration and regulate nutrient supply and waste

removal. As corroborate by SEM and CLSM images, the

presence of needle-like crystals ensures anchoring sites for

cells that are well spread on CDHA crystals and onto the

wall pores. Moreover, the ability of the cement to promote

the biological activity is also correlated to the synergistic

interaction among topography and chemistry. Indeed, the

wettability strongly influences cellular activity. The out-

standing wettability of the cement surface, related to

sample’s hydrophilicity, is due to double aspect: the

increased porosity and the presence of carboxylic and

amine groups of gelatin, which improve the cellular inte-

grin based recognition of RGD. An essential criteria for the

success of the injectable bone analogue is its ability to
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withstand loads, providing the temporary mechanical sup-

port. The measurements of compressive properties of the

cement were found to be within the physiological range. In

particular, the value of elastic modulus matches the mod-

ulus of natural sponge bone tissue [4]. The engineered

scaffold can withstand loads similar to those of natural

tissue, provides temporary mechanical support and trans-

fers mechanical stimuli to the progenitor cells adequate to

produce new ECM. As expected, according to these

promising results, the composite substrates have positive

effect on cellular behaviour: MG63 proliferate on the

substrates and after 14 days are viable. The protein inclu-

sion enhances the hMSCs recognition, improving the cell

colonization of the scaffold and the proliferation. After

14 days cells are well spread into and around pores walls

and differentiate toward the osteogenic lineage. Concern-

ing evaluation of the in vitro osteoblastic differentiation,

results of RT-PCR and immunostaining show high levels of

osteoblastic markers in presence of osteogenic medium and

without any osteogenic signal. Cells ‘‘feel’’ the features of

materials and reply developing the osteoblastic phenotype

confirming that the substrate exhibits osteoinductive and

osteoconductive features supporting the osteogenic differ-

entiation of cells. The summary of promising findings

demonstrate that foamed gelatin creates a bioactive path-

way for guiding cellular recognition and enhancing cell

proliferation and differentiation down the osteogenic line-

age. The injectable bone analogue possesses specific mic-

roarchitecture and mechanical properties able to provide

temporary mechanical support and withstand loads able to

induce benefits in bone tissue engineering.

6 Conclusion

In this work the engineering of injectable cements, able to

simulate the bone’s native microenvironment that mimics

the topological and microstructural features of bone tissue,

has been studied. The selection of gelatin B as foaming

agent give rise a final material with interconnected micro

and macro porosity where cells perfuse throughout and

differentiation of hMSC takes place. Gelatin presence plays

the role of cohesion promoter of the paste and increases

cement injectability. Moreover, the foamed biopolymer

modulates cement mechanical properties, in terms of an

excellent degree of plasticity, without interfering with

CDHA precipitation, conferring it topological aspects that

positively influence the dynamic crosstalks among cells

and material. The steadily cellular response represented by

good adhesion, proliferation and differentiation proves the

positive effect of the use of foamed gelatin in the fabri-

cation of scaffolds with a bioactive pathway. These results

demonstrate the potentiality of the cement to recreate a

spatially organized structure that resembles the bony ECM

functions, suggesting their successful use of in bone

regeneration.
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