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Abstract The aim of this work was the morphological,
physicochemical, mechanical and biological characteriza-
tion of a new composite system, based on gelatin, gellan
and hydroxyapatite, and mimicking the composition of
natural bone. Porous scaffolds were prepared by freeze—
drying technique, under three different conditions of
freezing. The morphological analysis showed a homoge-
neous porosity, with well interconnected pores, for the
sample which underwent a more rapid freezing. The elastic
modulus of the same sample was close to that of the natural
bone. The presence of interactions among the components
was demonstrated through the physicochemical investiga-
tion. In addition, the infrared chemical imaging analysis
pointed out the similarity among the composite scaffold
and the natural bone, in terms of chemical composition,
homogeneity, molecular interactions and structural con-
formation. Preliminary biological characterization showed
a good adhesion and proliferation of human mesenchymal
stem cells.
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1 Introduction

Collagen (Col) and hydroxyapatite (HA) are widely
investigated materials for the realization of biomimetic
scaffolds that promote new bone formation, because their
composites resemble the structure of natural bone tissue
[1], showing excellent bioactivity and osteoconductivity
[2-6]. The performance of these nanocomposite scaffolds
relies on the relationship between the role played by the
polymer interactions of the matrix and the cell and tissue
compatibility of the resulting materials. The study and the
comprehension of the interactions at molecular level is of
fundamental importance for a selection, at a very early
stage, of the more promising polymers aimed at realising
new systems with improved performances. Recently, gel-
atin (Gel), which is the denatured form of Col, was found
to be an attractive component for the replacement of the
extracellular matrix, since it contains several functional
groups, which enhance osteoblast adhesion and migration.
However, since Gel lacks the structural characteristics of
Col, HA-Gel scaffolds have poor mechanical properties;
consequently, various procedures have been used to
improve them, like additional fillers, functional group
grafting, chemical cross-linking [7].

In this work, our aim is to investigate the morphological,
physicochemical, mechanical and biological properties of a
new polymeric system, based on gellan gum (GE), Gel and
HA and mimicking the composition of natural bones. Since
Gel is the denatured form of Col, its interactions with HA
are very similar to those found in the HA—Col composites
[2, 3, 8]. Composites between GE and HA were prepared
and examined by the authors’ research team some years
ago, in view of their possible use to make scaffolds for
bone regeneration. The formation of ionic bonds between
the Ca*" ions in the HA lattice and the carboxyl groups
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present in the glucuronic acid units of the GE chain was
ascertained [5, 9]; these bonds are shown in Fig. 1. It was
also reported that the addition of GE to Gel could improve
the mechanical properties of the resulting material; this fact
was attributed to the interactions between the carboxylate
groups of GE and the amide I groups of Gel [10]. An
additional very strong interaction between the two macro-
molecules can be the ionic bond between the carboxyl
group of the GE repeating unit and the side amino group of
a basic amino acid of the Gel peptide chain, like lysine, as
shown in Fig. 2. The Gel chains have been cross-linked,
condensing glutamine residues with polypeptide units of
amino acids containing side amino groups, as shown in
Fig. 3, by the action of the enzymatic catalyst transgluta-
minase (TGase). This technique mimics in vitro the enzy-
matic cross-linking reactions mediated by TGase, which
occur naturally in the body [11]. The trans-amidation
reaction produced by the enzyme was used by us [4, 6] and
by other authors [12] to cross-link Col; in particular, it was
found that the so cross-linked Col undergoes cell attach-
ment, spreading and proliferation of human osteoblasts and
human foreskin dermal fibroblasts better than the not cross-
linked one [12]. However, only few studies, regarding the
use of Gel cross-linked with TGase for tissue engineering,
have been reported recently; in particular, an Italian
research group used this biomaterial to make scaffolds, on
which hepatocytes were successfully seeded in view of
liver tissue regeneration [13, 14]. In a previous work, Gel
cross-linked with TGase and embedded in a GE matrix was
successfully seeded with fibroblasts NIH 3T3, as a pre-
liminary test for soft tissue engineering [15].

In addition to the chemical composition, another aspect
that has to be taken in consideration in the development of
scaffolds for tissue regeneration is the three dimensional
structure. The presence of a good porosity, with well-
interconnected pores, is necessary to promote the infiltra-
tion of cells, nerves and blood capillaries. Being bone
defects subjected to mechanical compression, it is also
requested that the presence of pores is combined with an
appropriate mechanical resistance. In this work, porous
scaffolds were fabricated by freeze—drying process and
three different conditions of freezing were tested, to
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Fig. 1 Scheme of the ionic interaction between a GE carboxyl group
and the ionic structure of HA

@ Springer

Fig. 2 Scheme of the ionic interaction between a GE carboxyl group
and the amino side group of a lysine unit of Gel
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Fig. 3 Scheme of the Gel cross-linking by the enzymatic condensa-
tion, catalysed by TGase, of a glutamine residue with a lysine residue

investigate the effect of freezing rate on scaffold
morphology.

Scaffolds were then examined by means of morpho-
logical, physicochemical, mechanical and cell culture
characterization, to test their ability for bone tissue
engineering.

2 Experimental
2.1 Scaffold preparation

Soluble porcine Type A Gel, TGase from guinea pig liver
and GE were purchased by Sigma (St. Louis, MO, USA).
HA, synthesized and thermally treated at 1,100°C with the
procedure reported in a previous paper [3], was kindly
supplied by ISTEC-CNR, Institute of Science and Tech-
nology for Ceramics (Faenza, Italy). 1% (w/v) Gel and GE
solutions in water were obtained under mild stirring at
60°C. GE and Gel solutions were mixed in Petri dishes, to
obtain a blend containing 0.8 mg of GE per mg of Gel. HA
was then added to the natural polymer solution under
vigorous stirring, so that Gel to HA weight ratio was equal
to 20/80, close to the mean Col to HA ratio in natural bone
[1]. The samples were then dried using the freeze—drying
technique. With this process, the diameter, shape and
interconnectivity of the pores is regulated through the
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control of ice crystal growth. Therefore, we tested three
different conditions of freezing, to investigate the effect of
freezing rate on scaffold morphology: cooling at 4°C, in
order to allow GE and Gel gelling, and subsequent freezing
at —25°C (hereafter indicated as F1 treatment); freezing at
—25°C (F2) and freezing by immersion in liquid nitrogen
(F3). The different freezing rates permitted the formation
of ice crystals of different dimensions.

The obtained sponges were immersed in a CaCl, (2% w/v)
solution for 2 h for GE cross-linking and washed to remove
calcium ions in excess. In order to cross-link Gel, the samples
were incubated in a solution of TGase (0.05 U/mg of Gel), in
Tris/HC1 100 mM buffer of pH 6.5, containing CaCl,
0.6 mM as the co-catalyst for mammalian TGase [16, 17],
washed and finally freeze—dried. The scheme of Gel enzy-
matic cross-linking by TGase is represented in Fig. 3.

2.2 Morphological analysis

Scanning electron microscope (SEM JSM 5600, Jeol Ltd)
was used in order to investigate the morphology of the
samples. The samples were prepared by fracturing the
sponges in liquid nitrogen. Before analysis, the samples
were mounted on metal stubs and sprayed with gold to a
thickness of 200-500 A using a gold splutter.

Optical microscopy images were also acquired by means
of the optical microscope present in the Fourier trans-
formed infrared (FT-IR) spectroscopy apparatus (Perkin
Elmer Spectrum One FT-IR Spectrometer).

2.3 Differential scanning calorimetry (DSC)

DSC analysis was performed in the range of 30-300°C using a
DSC 7 (Perkin Elmer). The samples were weighted and placed
into aluminium pans and heated at the rate of 10°C/min, under
nitrogen flow (25 ml/min), with an empty pan as reference.
The temperatures and the enthalpies related to the thermal
events were measured using the DSC 7 software.

All tests were carried out in triplicate. The results are the
mean (=£standard error) of three determinations.

2.4 Mechanical characterization

Mechanical tests were performed by the Dynamic
Mechanical Analyzer DMA 8000 PerkinElmer. Rectangu-
lar samples were prepared with fixed dimensions
(10 x 5 mmz) and a thickness of 4 mm.

Preliminary tests were performed applying a fixed strain
(0.2%) in bending at different frequencies for 30 min at
constant temperature (37°C), in order to evaluate if dif-
ferences in elastic modulus occurred. Frequencies were
varied in the range from 1 to 5 Hz.

All tests were carried out in triplicate. The results are the
mean (+standard error) of three determinations.

2.5 Infrared spectroscopy studies

2.5.1 Attenuated total reflectance (ATR) FT-IR
spectroscopy analysis

Infrared spectra were acquired with a Perkin Elmer Spectrum
One FT-IR Spectrometer, equipped with ATR objective lens
with a penetration depth of less than 1 pm. All spectra were
obtained in the middle range (4,000-710 cm™ ') with a reso-
lution of 4 cm ™" and representing the average of 16 scans.

2.5.2 Infrared imaging

Spectral images were acquired in transmission and in pATR
mode using the infrared imaging system Spotlight 300
(Perkin Elmer). The spectral resolution was 4 cm™'. The
spatial resolution was 100 x 100 pm in pATR mode and
6.25 um in transmission. Background scans were obtained
from a region of no sample. IR images were acquired with a
liquid nitrogen cooled mercury cadmium telluride line
detector composed of 16 pixel elements. Each absorbance
spectrum composing the IR images, and resulting of 16
scans, was recorded for each pixel in the PATR mode using
the Spotlight software. Spectra were collected by touching
the ATR objective on the sample and collecting the spectrum
generated from the surface layer of the sample. The Spotlight
software used for the acquisition was also used to pre-pro-
cess the spectra. IR spectral images were produced by using
the absorbance in a given frequency range, 4,000-720 cm ™.
Spectra contained in the spectral images were analysed using
a compare correlation image. The obtained correlation map
indicates the areas of an image where the spectra are most
similar to a reference spectrum.

2.6 Isolation and expansion of human mesenchymal
stem cells (hMSCs)

Nucleated cells, obtained from Wharton Jelly of umbilical
cord (WJC), were plated at 10° cells/cm? in 25 cm? flasks
(Sarstedt, Niimbrecht, Germany) and incubated at 37°C
with 5% CO,. After 24 h, the non adherent cells were
removed by washing with PBS and fresh medium was
added twice a week for about 14 days or until adherent cell
reached 90% confluence. A number of cells sufficient for
scaffold seeding was obtained after 21 days.

2.7 FACS analysis

WICs were analyzed for epitope expression using a
Cytofluorimeter FACScan (Becton-Dickinson, San Jose,
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CA, USA). Cells were detached by trypsinization, centri-
fuged, resuspended in PBS (Euroclone, Milano, Italy) at
0.5 x 10° cells/ml and stained according to the manufac-
turer’s recommendations with the following monoclonal
anti-human antibodies: MHCI (Serotec, Oxford, UK),
MHCII (Serotec), CD45 (BD Biosciences, San Jose, CA,
USA), CD44 (Chemicon International, Temecula, CA,
USA), CD29 (Chemicon International), CD34 (BD Bio-
sciences), CD90 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA).

2.8 Cell seeding and induction of osteogenic
differentiation

Scaffolds were seeded with approximate density of
10° cells/em® and cultured for 15 days in an incubator
(37°C, 5% CO,). Part of them were incubated with oste-
ogenic differentiation medium containing Dulbecco’s

Fig. 4 SEM micrographs of
sponges not cross-linked (left
column) and cross-linked with
TGase (right column), obtained
under different freezing
conditions: F1 (a, b), F2 (¢, d),
F3 (e, f). The micrographs were
taken on fracture surfaces
parallel to the axes of the
sponge cylinders
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Modified Eagle’s Medium (DMEM) supplemented with 20%
foetal calf serum (FCS), 100 U/ml Penicillin, 100 pg/ml
Streptomycin, 2 mM L-glutamine, 20 mM f-glycerol phos-
phate (Sigma), 100 nM dexamethasone (Sigma) and 250 uM
ascorbate 2-phosphate (Sigma) and the other part only with
DMEM supplemented with 10% FCS as a control. The
medium was changed every 3 days.

2.9 Histological analysis

Biomaterials with differentiated cells were fixed in 10 wt%
neutral buffered formalin solution and dehydrated,

immersed in xylene and embedded in paraffin. The samples
were sectioned, then slides were deparaffinized, rehydrated
in xylene and microwaved in 10 mmol/l buffer. Samples
were stained by haematoxylin and eosin for the histological
investigation by optical microscopy.
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Fig. 5 DSC thermograms of the non cross-linked sponges. The
thermograms are compared with that of pure Gel

Table 1 Calorimetric data of F1-F3 samples, compared with pure
GE

Sample Ty (°C) AH (J/g)
F1 260 £ 3 —107 £ 5
F2 260 £+ 2 -92 + 4
F3 262 + 4 —86 + 4
GE 249 £ 3 —160 £ 7

30

25

bone

Normalized Heat Flow Endo Up (Wig)

20 40 60 80 100 120 140 160 180
Temperature (°C)

Fig. 6 DSC themograms of the F3 sponge, cross-linked with TGase,
and of natural bone

3 Results and discussion
3.1 Morphological analysis

SEM micrographs of sponge fracture surfaces, parallel to
the axes of the sponge cylinders, are shown in Fig. 4. A
high macro and micro-porosity with a good degree of
interconnection was present, tighter in the cross-linked
sponges than in the not cross-linked ones. As regarding the
latter, the sample F3 (Fig. 4e) resulted more uniform than

Table 2 Young’s Modulus values (E) for HA/Gel/GE sponges, pre-
pared under different freezing conditions, not cross-linked (no TGase)
and cross-linked (TGase) by the treatment with TGase in the presence
of calcium ions

Sample E (Pa)

No TGase TGase
F1 (1.44 + 0.09) x 10° (232 £ 0.12) x 10°
F2 (1.86 + 0.11) x 10° (3.67 £ 0.19) x 10°
F3 (5.46 £ 0.32) x 10° (1.79 £ 0.09) x 10°

The Young’s modulus of natural bone was 20-500 MPa [27]

those obtained with the other procedures (Fig. 4a, c). In
particular, for the sample F3, we did not observe a deposition
of HA on the inferior surface, that conversely occurred for
the samples F1 and F2. Moreover, the sample F3 showed
smaller pores, as a consequence of the preparation technique.
In the freeze—drying process, pore size is in fact controlled
by the size of the ice crystals, which could be adjusted by
varying the rate of freezing. In liquid N, the freezing process
is particularly rapid, with the formation of many ice crystals
of small dimensions; since the ice crystals take the action of a
template, their shape is imprinted in the porous scaffolds
after the drying treatment. A reduction of pores dimension
was also observed for all the samples after the cross-linking
treatment. All the preformed scaffolds were in fact cross-
linked with TGase performing the same treatment, which
had the same effect on porosity for all the samples: a con-
traction of the material and consequently a reduction of pores
dimensions. However, even after the cross-linking treat-
ment, the porosity of the scaffolds seems to be appropriate
for promoting the adhesion and the proliferation of human
osteoblasts, both in vitro and in vivo, being the optimal pore
dimensions for hard tissues among 100 and 400 um [18, 19].

3.2 Differential scanning calorimetry

The DSC thermograms of the sponges obtained under the
three different freezing conditions were compared with
those of Gel and GE (Fig. 5). The thermograms of the non
cross-linked scaffolds showed an endothermic event among
30 and 120°C, due to the evaporation of residual water
present in the samples. Moreover, an exothermic event due
to the degradation of the polysaccharide was observed.
However, in the scaffolds thermograms, the GE degrada-
tion event was weakened and shifted toward higher tem-
peratures with respect to the pure polysaccharide (Table 1).
The stabilization of the polysaccharide from the thermo-
degradative point of view was particularly evident for the
sample F3. In addition, the glass transition event of Gel
(220°C) was not evident, as a consequence of the
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Fig. 8 Chemical imaging investigation on the F3 sponge, cross-linked with TGase: optical image (a), chemical map (b), medium spectrum
(¢) and correlation map (d)
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Fig. 9 Chemical map (a, b) and medium spectrum (¢, d) of calf spongy bone (a, ¢) and composite scaffold (b, d)

interactions among the components of the blends, that
made difficult the movements of the protein chains.

DSC thermograms of the sponge F3 after the cross-
linking treatment and of natural spongy bone were also
acquired. Before analysis, both samples were washed
repeatedly with physiological solution and with bi-distilled
water; then fractured in liquid nitrogen and finally dried at
room temperature. The thermogram of natural bone
(Fig. 6) showed an endothermic event between 120 and
160°C, assigned to the thermal denaturation of bone Col
[20]. The thermogram of the cross-linked sponge (Fig. 6)
showed an endothermic event, between 120 and 140°C,
and a glass transition event, at 210°C (not shown): the first
event, similar to that observed in the bone thermogram,
could be attributed to the denaturation of the triple helix
portions, produced during the reorganization induced by
the enzymatic cross-linking treatment; the second event
was related to the glass transition of the denatured protein
chain. The event related to the thermal degradation of GE
was not present, suggesting that the interactions between
Gel and GE were not modified by the cross-linking treat-
ment. A possible very strong interaction is the ionic bond
between the carboxyl group of the GE repeating unit and

the side amino group of a basic amino acid of the Gel
peptide chain, like lysine, as shown in Fig. 2. Since the
basic amino acids are not very abundant, but widely dis-
tributed in Col and Gel chains [17, 21], the ionic interac-
tions with GE, which has a double-helix structure [22-24],
might change the Gel conformation. In fact, at the low
temperatures used for its gelling, Gel is quite disordered,
although not really random coiled [17, 25]; the interactions
established in the composites could produce a more
structured conformation. Finally, a further ordering of Gel
structure is caused by the cross-linking, as ascertained by
other authors using various analytical techniques [17].

3.3 Mechanical characterization

The mechanical properties of the sponges were tested by
means of the DMA measurements, from which the
Young’s modulus (E) was evaluated for all the sponges; its
values are reported in Table 2. The values of E were not
influenced by the frequency and increased with increasing
the cooling rate for both the not cross-linked sponges and
the cross-linked ones; the increase is greater for the latter.
Indeed, for the sponge F1, the ratio between the modulus of
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Fig. 10 Second derivative spectra of spongy bone (a), composite
scaffold (b) and Gel (c)

the cross-linked sponge and that of the not cross-linked one
was about 1.6, for F2 the ratio was about 2, and for F3 it
was more than 3. Since the porosity of not cross-linked
sponges became tighter with increasing the freezing rate
(see Fig. 4a, c, e), the corresponding increase of the
Young‘s modulus seems to be analogous to the inverse
correlation between the longitudinal modulus and the
porosity in human cortical bone [26]. Moreover, another
cause can be invoked for the increasing of the elastic
modulus: a more regular arrangement of the Gel and GE
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chains, induced by the lower gelling temperatures [17].
Finally, it can be observed that the value of the elastic
modulus for the scaffold frozen in N, is comparable with
the spongy bone (E = 20-500 MPa) [27].

On the basis of the results obtained in morphological,
thermal and mechanical characterization, the sample F3
was chosen for further characterizations.

3.4 Infrared spectroscopy studies

The infrared spectrum obtained in ATR for non cross-
linked F3 sponge is reported in Fig. 7 and it was com-
pared with the infrared spectra recorded for Gel and GE
samples, prepared in the same conditions, and for HA
powder. Gel revealed absorption bands at: 3291.08 cm™'
(NH stretching), 1632.40 cm™! (amide I, CO stretching),
1538.01 cm™"' (amide II, NH bending and CH stretching)
and 123727 cm™' (amide III, CN stretching and NH
bending). GE showed absorption bands at: 1600.08 cm™'
(asymmetric COO™ stretching), 1407.29 cm ™' (symmetric
COO~ stretching), and 1026.89 cm™' (polysaccharide
ring). In the HA spectrum, the phosphate band was evi-
dent between 900 and 1,200 cm™! (PO,>~ vl mode at
962.54 cm™ ! and PO,>~ v3 mode at 1026.68 cm™'). In
the sponge, the addition of GE and HA to Gel caused a
slight shift of the peak of amide I to lower wave number
(1634.37 cm™!); a more significant shift occurred for the
band due to the symmetric stretching of GE COO™
(1,403 cmfl), while the band due to PO437 vl mode was
no more detectable. These results demonstrated the pres-
ence of interactions among all the components of the
blend. In particular, the shift of Am I confirmed the
presence of interactions among the C=0O of the protein
chain and the calcium ions of HA; the shift of the band
due to COO™ of GE demonstrated the presence of ionic
interactions among Gel and the polysaccharide.
Chemical imaging investigation was performed in
transmission mode on a thin section of the sponge cross-
linked with TGase, cut through a microtome. The optical
image (Fig. 8a) was characterized by the presence of empty
spaces, delimited by branches of material that constitute
the scaffold walls. The chemical map (Fig. 8b) faithfully
reproduced the optical image, with very low levels of
absorption in correspondence of the pores and higher
absorption values on the scaffold walls. The FT-IR spec-
trum, acquired in a point of medium absorbance (Fig. 8c),
showed the presence of the typical absorption bands of
pure components. The correlation map (Fig. 8d) obtained
by the correlation among the chemical map and the med-
ium spectrum, showed a value close to 1, demonstrating the
homogeneous distribution of the components in the scaf-
fold and the absence of regions with a significant accu-
mulation of one component or gradient of concentration.
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Fig. 11 Histological cross
section of scaffold and hMSCs,
after 21 days in culture

Finally, FT-IR chemical imaging investigation in pATR
mode was performed on a section of calf spongy bone,
dried by lyophilisation. The same analysis was performed
on the scaffold and the results were compared. The med-
ium spectrum of the two samples (Fig. 9) were very sim-
ilar, even if in the bone map additional absorption peaks
were present, due to the lipid component of the natural
tissue analyzed.

The amide groups of proteins possess a number of
characteristic vibration modes or group frequencies.
Especially, the regions of the spectrum, in which the bands
of amide I-III are present, are directly related to the
polypeptide conformation. In particular, the amide I band
in the bone spectrum is representative of the Col content
and structure, and it is known that there are typical bands at
1,650-1,660, 1,630-1,640 and 1,680-1,700 cm™'. To gain
more detailed information regarding the secondary struc-
tural composition, we carried out the smoothing procedures
and the second derivative of the maps was obtained, in
order to resolve the overlapping components under the
amide 1 contour bands at 1,685, 1,653 and 1,636 cm™!
(Fig. 10). The second derivative spectra obtained from the
bone map (Fig. 10a) showed: the bands at 1,685 cm ™', due
to the degree of Col cross-linking in the natural bone; the
band at 1,653 cm_l, due to the organization as o helix of
the protein molecule, and the displacement of this last band
towards a lower frequency (1,636 cm™") [28].

Normally in the bone the absorption band for the C=0
groups of Col fibrils (1,653 cm_l) shifts at 1,645 cm ™!, as a
consequence of bond formation among these groups and the
calcium ions of HA. Similarly to natural bone, the derivative
of the C=0 band for the scaffold (Fig. 10b) showed the peak
at 1,660 cm ™', presumably related to «-helix conformation,
and its shift towards lower frequencies (1,630 cm™ ). Dif-
ferently, in the second derivative map of Gel (Fig. 10c), we
observed a variability of the bands relative to the deconvo-
Iution of Am 1. In particular, the peaks among
1,670-1,665 cm~ ! and among 1,635-1,620 cm ™!, that can
be attributed to f-turn conformation and to displacements of
the unordered conformation, shifted towards lower fre-
quencies, as a consequence of the high number of hydrogen
bond interactions that the denatured protein can establish.

Fig. 12 SEM micrograph of hMSCs adhered on scaffold surface

These results demonstrated that the scaffold HA/Gel/
GE, prepared according to method F3, had a chemical
composition very close to that of the natural bone and,
most importantly, the secondary structure of the scaffold
protein component was similar to that of Col in the natural
bone.

In conclusion, we can suggest that the stabilization of
the protein produced by the polysaccharide component and
the re-arrangement induced by the cross-linking with
TGase, promoted the formation of interactions among
protein C=0 groups and HA, producing the formation of a
bone-like matrix.

3.5 Cell proliferation

Cells plated became confluent in an adherent layer, con-
tained a homogeneous population showing a fibroblastoid
morphology. The immunophenotype, studied by cytome-
try, was positive for CD13, CD29, CD90 and did not
express CD34, CD45 and CD14.

Figure 11 shows the histological cross section of scaf-
fold and hMSCs after 21 days in culture. Cells fixed and
stained by hematoxylin and eosin attached and proliferated
with fibroblast like morphology. Cells were distributed on
the surface and in the inner portion of scaffold.
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The morphology of the cells grown on the F3 sponge was
also investigated by SEM, after fixing cells with 2.5% glu-
taraldehyde solution, dehydrating the samples in a series of
graded ethanol and finally drying them with a critical point
apparatus. The cells grew favourably on the scaffold
spreading out actively on the surface, as well as in the
porosities (Fig. 12).

4 Conclusions

The results obtained in this work showed a high degree of
interactions among the organic and inorganic components of
the matrix, which produced bone-like scaffolds, in terms of
chemical composition, as well as for the structural organi-
zation of the components. This positive result was confirmed
by the good adhesion and proliferation on the scaffold of
hMSCs.

In conclusion, the results of the morphological, physi-
cochemical, mechanical and biological characterization of
HA/Gel/GE sponges obtained by cooling in liquid nitrogen
suggested their possible use as nanocomposite scaffolds for
bone reconstruction.
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