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Abstract: Bioceramic ‘‘shell’’ scaffolds, with a morphology

resembling the cancellous bone microstructure, have been

recently obtained by means of a new protocol, developed with

the aim to overcome the limits of the conventional foam repli-

cation technique. Because of their original microstructure, the

new samples combine high porosity, permeability, and man-

ageability. In this study, for the first time, the novel bioactive

glass shell scaffolds are provided with a gelatin-based biomi-

metic coating to realize hybrid implants which mimic the

complex morphology and structure of bone tissue. Moreover,

the presence of the coating completely preserves the in vitro

bioactivity of the bioactive glass samples, whose surfaces are

converted into hydroxyapatite after a few days of immersion

in a simulated body fluid solution (SBF). VC 2012 Wiley Periodicals,

Inc. J Biomed Mater Res Part A: 100A: 3259–3266, 2012.
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INTRODUCTION

A critical step in the framework of bone tissue engineering is
the design of porous structures, that is ‘‘scaffolds,’’ able to
guide and promote the tissue regeneration process.1,2 The
main objective is to reproduce the architecture of natural
bone, which is characterized by an outer compact shell (corti-
cal bone) providing mechanical support to the internal spongy
bone, also referred to as cancellous or trabecular bone.3 Act-
ing as an artificial extracellular matrix, scaffolds should sup-
port cells and release signalling molecules to activate specific
pathways, which control the pattern and the extent of bone
formation. Moreover, scaffolds provide cells with an adequate
mechanical stability prior to synthesis of new extracellular
matrix by cells themselves and, at least ideally, scaffolds are
resorbed at rates appropriate to tissue regeneration.4–6

Unfortunately, most materials are not bioresorbable and
mechanically strong at the same time, in particular when they
are employed to realize highly porous networks. For example,
scaffolds for bone tissue regeneration and repair should have
an open and interconnected porosity of at least 80%, with a
pore size ranging between 100 and 500 lm, to ensure an
adequate cell infiltration, vascularization, and transport of
nutrients toward the cells.5 Such a high porosity is likely to
limit the mechanical stability of scaffolds.

On the other hand, scaffolds for bone regeneration
should mimic not only the bone morphology, but also its

structure and function. In fact, natural bone is composed of
large amounts of biological hydroxyapatite, collagen (17–20
wt %) and other components (water, proteins, etc).7 Syn-
thetic hydroxyapatite (HA, Ca10(PO4)6(OH)2), which has
been used for clinical applications since the 1980s, is con-
sidered the structural template for the mineral phase of
bone, although—in contrast to stoichiometric HA (Ca/P
molar ratio �1.67)—biological hydroxyapatites are usually
calcium-deficient (Ca/P molar ratio < 1.67) and substituted
(i.e., Mgþþ, Cl�, Naþ, etc. . ., can substitute Ca2þ ions, while
PO3�

4 groups are primarily substituted by CO2�
3 ).8

Among ceramics for bone tissue engineering, bioactive
glasses9,10 offer remarkable advantages as they are able to
develop a stable chemical bond with the surrounding bone
tissue once they are implanted into the body, through the
formation of a HA surface layer. In particular, the so-called
45S5 BioglassV

R

(45 wt % SiO2; 24.5 wt % CaO; 24.5 wt %
Na2O; 6 wt % P2O5), which is able to bond to hard and soft
connective tissues, has had a long history of applications in
many biomedical implants since it was first introduced by
Hench and coworkers.11–13

Highly porous bioceramic scaffolds, with a morphology
resembling the microstructure of cancellous bone, have
been recently obtained by means of a new protocol, aiming
to overcome the limits of the conventional foam replication
technique,14,15 which is widely used notwithstanding the
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final samples are difficult to be handled due to their brittle-
ness. Briefly, in the classical replication method,16 a polymer
foam resembling the cancellous bone microstructure is first
infiltrated with a ceramic slurry and then it is thermally
removed during the sintering of the ceramic phase. In this
way, the final structure will correspond to a replica of the
initial polymeric sponge. Although these systems look rather
promising as a possible alternative to allografts and auto-
grafts, which are presently the best treatments for bone
substitution,17 bioceramic scaffolds obtained by the replica-
tion method are very breakable and scarcely manageable,
especially due to their brittle surface,18 which makes it diffi-
cult to employ them both in vitro and in vivo. On the con-
trary, the samples obtained by means of the new protocol,
named ‘‘shell scaffolds,’’ combine a high internal porosity
(average total porosity of at least 80 vol %) and an external
resistant surface, which is able to ensure both an excellent
permeability to fluids and an adequate mechanical
strength.14 In fact, shell scaffolds possess suitable mechani-
cal properties for bone regeneration, as discussed in a
recent work specifically focused on the mechanical behavior
of the new scaffolds.15 In particular, the positive effect of
the external shell on the scaffolds mechanical strength
results in a higher compressive strength (i.e., 0.3–0.8 MPa)
for the new samples15 compared to standard scaffolds pos-
sessing the same porosity and obtained by means of the tra-
ditional replication technique.19 It should be noted that the
mechanical strength of shell scaffolds falls in the range usu-
ally reported for cancellous bone.20 As a further step, gela-
tin-modified composite systems could be considered to tune
the properties of the new shell scaffolds. Generally speaking,
composites based on bioceramics and natural polymers21–23

have received increasing attention in bone tissue engineer-
ing applications, due to their ability to preserve the struc-
tural and biological functions of the damaged hard tissues
in a biomimetic way. Gelatin24–26 is a nonexpensive and
commercially available biomaterial that has gained interest
in biomedical engineering, mainly because of its biodegrad-
ability. Gelatin is obtained by thermal denaturation or physi-
cal and chemical degradation of collagen, the most wide-
spread protein in the body occurring in most connective
tissues as skin, tendon and bone. With respect to collagen,
gelatin does not express antigenicity in physiological condi-
tions, it is completely resorbable in vivo and its physico-
chemical properties can be suitably modulated.23 Because
biodegradable polymers may be rapidly reabsorbed in vivo,
crosslinking strategies have been applied to enhance gelatin
resistance in vivo and to improve its mechanical properties.
Much interest has been recently addressed towards enzy-
matically or naturally derived crosslinking agents, with a
low toxicity. Genipin,27,28 the aglycone of geniposide (an iri-
doid glucoside isolated from the fruits of Genipa Americana
and Gardenia jasminoides Ellis) has been shown to possess
crosslinking activity toward amino-containing materials.
Genipin has been recently used as a crosslinking agent of
gelatin microcapsules for drug delivery, of gelatin conduits
for peripheral nerve regeneration29–31 and of composite
films for Guided Bone Regeneration.32 This natural cross-

linking reagent has been reported to be less toxic than glu-
taraldehyde and ideal for clinical usage.33,34 In this work,
for the first time, the novel bioactive glass-derived shell
scaffolds are coated by gelatin to obtain a biomimetic po-
rous scaffold to reproduce carefully the complex morphol-
ogy of bone, which is composed by natural apatite and col-
lagen. Gelatin release tests have been performed to
investigate at best the coating dissolution. Moreover, the
effect of the biomimetic coating on the in vitro bioactivity of
the samples has been addressed.

MATERIALS AND METHODS

Scaffold fabrication
The protocol to prepare glass-ceramic shell scaffolds has
been recently described in detail14,15 and it is just summar-
ized here. Briefly, a polyurethane sponge was employed as
an organic template to provide the final sample with the
desired shape and basic porosity. 45S5 BioglassV

R

powder
was sieved under 45 lm (d0.5 ¼ 12.6 lm as confirmed by a
laser granulometer analysis), and used to produce a slurry.
A polyvinylic binder was added to improve the slurry adhe-
sion to the polyurethane sponge and a polyethylene powder
was introduced as an additional porogen. Several tests were
performed to achieve a proper balance between the viscos-
ity of the slurry and the amount of porogen added and to
ensure an adequate adhesion between the sponge structures
and the glass and porogen particles. The following recipe
was selected: 51 wt % distilled water, 34 wt % 45S5 Bio-
glassV

R

, 5 wt % polyethylene powder (particle size between
90 and 150 lm) and 10 wt % polyvinylic binder were
mixed in a beaker under magnetic stirring for 30 min. The
sponge blocks were dipped into the glass slurry, impreg-
nated, and retrieved without squeezing, unlike the standard
replication method (SRM).16 Then the samples, fully loaded
with the slurry, were dried using a multidirectional air flux
at 150�C for 5 min. It should be noted that the impregna-
tion procedure is completely different in the SRM, where
the green bodies, usually squeezed before drying to remove
the exceeding slurry, are dried very slowly (i.e., for 24 h).
Moreover, the addition of polyethylene particles to the
slurry is completely new; it aims to increase further the ba-
sic porosity of the samples which derives from the polyur-
ethane sponge architecture, in particular at their surfaces.
Finally, the samples were heat-treated at 1050�C for 3 h to
consolidate the glass structure and to eliminate the organic
phase. The heating rate was 5�C min�1 up to 500�C and
subsequently 10�C min�1 up to the maximum temperature.
At the end of the thermal treatment, the samples were
extracted from the furnace and let to cool down naturally.

Surface coating of gelatin on bioactive glass-based
scaffolds
The sintered porous scaffolds were deaerated and infiltrated
with 5% w/v gelatin solution (Type A gelatin from porcine
skin, Sigma–Aldrich, Italy). After drying in an air-circulating
oven at 37�C, each coated scaffold was immersed into 10
mL of 5% w/w genipin (GP) solution (Challenge Bioprod-
ucts, Taiwan) for 24 h to obtain a stable crosslinked gelatin
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coating. According to previous studies,27,28 genipin was cho-
sen to confirm the gelatin crosslinking, thanks to the blue
coloring obtained by spontaneous reaction of genipin with
amino acids and proteins, containing amino groups.

Fourier transform infrared-attenuated total reflectance
spectroscopy (FTIR-ATR)
Chemical analysis of uncoated and crosslinked-gelatin-
coated scaffolds was performed by ATR-FTIR spectroscopy
over a range of 4000–400 cm�1 using a Perkin Elmer equip-
ment (resolution 2 cm�1; 16 scans).

Gelatin release tests
Weighed amounts of gelatin-coated scaffold were stored in
closed plastic flasks containing 20 mL of phosphate buffer
saline (PBS); specimens were and left in incubation at 37�C
in a controlled environment chamber at 90% humidity
(Control AG System, Fratelli Galli, Italy). After fixed time
intervals (3, 5, and 7 days), 100 lL of the release liquid was
withdrawn and diluted with distilled water at a final volume
of 10 mL. Then, 1 mL of the solution was utilized for bicin-
choninic acid assay test (BCA). Protein concentration of the
release solutions was determined with BCA kit (Sigma–
Aldrich, Italy), using bovine serum albumin (provided with
the BCA kit) for calibration. Briefly, 1 mL of the bicincho-
ninic acid reagents was added to 1 mL of the diluted release
liquid and, after 1-h incubation at 60�C, UV absorbance of
the solution was measured under an UV-2100 recording
spectrophotometer (Shimadzu; resolution 1 nm) at 560 nm
wavelength. All measurements were carried out using stand-
ard 1-cm-thick quartz cells, at room temperature. Three
measurements were carried out at each time and average
results and standard deviations were reported.

Microstructural characterization
The surface morphology of the obtained scaffolds was
observed with a scanning electron microscope, SEM (ESEM
Quanta 2000, FEI, Eindhoven, The Netherlands), after gold
coating. The microscope was operated in low-vacuum mode,
with a pressure of 0.5 Torr. Chemical analyses were per-
formed by means of X-ray Energy Dispersion Spectroscopy,
EDS (Inca, Oxford Instruments, UK).

Assessment of bioactivity in simulated body fluid
The in vitro reactivity of the scaffolds was tested in a Simu-
lated Body Fluid solution according to the procedure devel-
oped by Kokubo et al. and accurately described in Ref. 35;
SBF contains similar ion concentrations to those in human
blood plasma.35 The soaking tests were conducted in closed
plastic flasks with reaction time periods of 3, 7, and 14
days, since bone-bonding materials usually form apatite in
vitro on their surfaces within 4 weeks.35 The flasks were
held at a constant temperature of 37�C and 90% humidity
in a controlled environmental chamber (MPM Instruments
S.R.L., Bernareggio, Mi, Italy). The SBF was refreshed every
48 h. The soaked samples were withdrawn from the test so-
lution, rinsed with distilled water and left to dry at room
temperature. Subsequently, their surface was investigated
by means of SEM and Raman spectroscopy. The precipita-
tion of HA, in fact, can be further confirmed by means of
this technique because of the high intensity of the Raman
peaks of the P–O vibration modes.36 A Jobin-Yvon Raman
Microscope (Horiba Jobin-Yvon, Langjumeau, France) with a
632.8 nm diode laser emitting, an output power of 20 mW
at the sample and a 5 lm resolution was employed. Light
scattered by the samples was dispersed by a 1800 lines/
mm grating monochromator and collected on a CCD camera.
The 200–1200 cm�1 wave numbers range was investigated;
the collection optic was set at 100� ULWD objective, and a
spectrum collection setup of 15 acquisitions, each of them
taking 60 s, was used.

RESULTS AND DISCUSSION

Shell scaffolds characterization
On the basis of the excellent preliminary results obtained by
the morphological and mechanical characterization of shell
scaffolds,14,15 the next step, which is presented and dis-
cussed here for the first time, was to obtain new gelatin-
coated hybrid samples, with the aim to mimic the complex
bone morphology and its structure. Figure 1 reports some
micrographs of the shell scaffold internal structure after
coating with gelatin. A uniform gelatin layer coats the inter-
nal surface of pores and their struts. In particular, the gela-
tin adheres to the walls of pores without clogging them, so
that the porosity remains open and fully interconnected.
The treatment with genipin, which produced a colored

FIGURE 1. Micrographs of the shell scaffold surface before soaking in SBF at different magnification degrees.
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crosslinkage of gelatin, clearly confirmed the presence of an
organic phase in the whole sample. At the same time, the
effectiveness of the crosslinking treatment was demon-
strated. A micrograph of the section of a pore wall, before
soaking in SBF, is shown in Figure 2, together with EDS
results which reports the gelatin [Fig. 2(b)] and the 45S5-
derived glass-ceramic composition [Fig. 2(c)]. The presence
of the typical gelatin elements [Carbon (C), Nitrogen (N),
and Oxygen(O)] on the scaffold walls is revealed. Also in
this case, it should be noted that gelatin completely covers
the internal surface of the pore, and the peaks which corre-
spond to the underlying glass-ceramic phase are hard to be
distinguished. As described in literature,27,28 the genipin
crosslinking mechanism consists of two reactions, involving
different sites on the genipin molecule thus improving the
stability of the gelatin coating in aqueous solution and
allowing sample characterization by release tests. Table I
reports the UV absorbance of the release solutions from the
gelatin coated scaffolds after fixed times and the corre-
sponding released protein concentrations calculated by
means of the calibration curve (data not shown). Initial gel-
atin weight was evaluated by the difference between the
weight of the gelatin-coated scaffold and the corresponding
uncoated scaffold before immersion in the gelatin solution.
The degradation of the coated scaffolds, evaluated by meas-
uring the weight loss of the gelatin coating over time, was
undetectable up to the first week of immersion in PBS. The
weight loss was ascribed only to the gelatin dissolution
since bioactive glass did not contribute. Gelatin dissolution
started to dissolve after just a few days: the amount

released was 18 and 50 % after 3 and 5 days, respectively,
and the degradation was almost completed after 1 week.
This behavior was due to genipin crosslinking, able to
reduce the dissolution rate of the polymeric coating. The
evaluation of gelatin release from uncrosslinked gelatin-
coated scaffold was not performed due to their quick loss of
consistency in water media. FTIR-ATR analysis was per-
formed to confirm the obtainment of a gelatin coating on
the scaffold walls. Figure 3 compares the chemical structure
of the coated (in blue) and uncoated (in black) scaffolds.
The FT-IR spectrum of the bioactive glass-based scaffold
revealed the typical band of silica-based bioactive glasses37:
wide vibrational bands corresponding to SiAOASi stretch
and SiAOASi bending at 1060 and 480 cm�1, while the
vibrational band at 900–950 cm�1 has been credited to the
presence of silanol groups (SiAOH), respectively, and vibra-
tional bands at �571 and 602 cm�1, which correspond to

FIGURE 2. (a) Micrograph of the section a pore wall before soaking in SBF and (b,c) results of the EDS analysis performed on the areas reported

in (a).

TABLE I. UV Absorbances of the Release Solutions from

Coated Scaffolds After Different Immersion Time and the

Corresponding Released Protein Concentrations

Time of
Immersion
(Days)

Abs at
560 nm

(�)

Protein
Concentration

of Release Solution
(mg mL�1)

Weight
Loss (%)

3 0.234 6 0.057 10.5 6 2.5 18.2 6 2.6
5 0.674 6 0.101 29.5 6 4.4 50.4 6 3.9
7 1.234 6 0.285 56.7 6 12.3 94.8 6 4.9

Data are the average values (n ¼ 3).
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the PAO bending vibrations of PO�3
4 . On the other hand, in

the blue spectrum the characteristic gelatin band amide I
and II bands, at 1650 and 1550 cm�1, respectively, were
evidenced. The observation of these characteristic amide
bands of gelatin in the ATR-FT-IR spectrum of the gelatin-
coated scaffolds validates the presence of gelatin in the
coating.

Assessment of in vitro bioactivity
Preliminary studies have recently shown that uncoated
45S5 BioglassV

R

-derived shell scaffolds possess an excellent
in vitro bioactivity already after a few days in SBF.15 It is
essential to verify that gelatin, being progressively dissolved
while the scaffold surface reacts with the physiological envi-
ronment, has no negative effects on the in vitro bioactivity
of bioactive glass derived scaffolds. The in vitro bioactivity,
in fact, is considered as a fundamental prerequisite for an in
vivo biointegration of the implant. The conversion into hy-
droxyapatite of 45S5 BioglassV

R

-derived glass-ceramics dur-
ing exposure to SBF has been extensively studied by Boccac-

cini et al.,38 who based their considerations on the model
proposed by Hench at the beginning of the 70s, which was
originally developed for bioactive glasses.39,40 Briefly, as a
first step, the 45S5 BioglassV

R

-derived glass-ceramic
exchanges alkaline or alkaline-earth cations (in particular
Naþ) with Hþ or H3O

þ from the simulated body fluid. The
ion leaching results in slow amorphization of the crystalline
network by point defects which form during the ion
exchange. At the same time, a silica gel layer forms on the
sample surface from silanol groups (SiAOH) produced at
the interface between solution and sample. In particular,
surface SiAOH functional groups have been reported to be
effective for apatite nucleation.41,42 Micrographs of the gel-
atin-coated scaffold surface after 3 days in SBF are
reported in Figure 4. Rare traces of residual gelatin can be
seen [Fig. 4(a)—bottom]. The sample surface is covered by
sparsely distributed apatite precipitates. After 7 (data non-
reported) and 14 days in SBF (Fig. 5) the scaffolds are
completely covered by a large amount of apatite agglomer-
ates. The EDS analysis reported in Figure 5(c) reveals a

FIGURE 3. FTIR spectra of uncoated scaffold (evidenced in black) and gelatin-coated scaffold (evidenced in blue). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 4. Micrographs of the hydroxyapatite formed on the shell scaffold surface after 3 days in SBF.
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Ca/P ratio (�1.8) analogous, apart from local fluctuations,
to that of stoichiometric hydroxyapatite (�1.6743). It
should be noted that the typical gelatin elements (carbon
or nitrogen) are no longer present, while the signal of Sili-
con should be referred to the silica gel layer. To support
the identification of the precipitates with hydroxyapatite,
Raman spectroscopy was performed; the PAO vibration
modes, in fact, are related to particularly strong Raman
peaks.44,45 In addiction, by means of this technique, which
is sensitive to the presence of carbonate groups, it is pos-
sible to study in detail the chemistry of the in vitro depos-
ited hydroxyapatite, which is expected to be carbonated.
The Raman spectra acquired on the gelatin-coated shell
scaffolds after soaking in the SBF solution for different
time periods are presented in Figure 6. The spectra are
characterized by a high peak at about 960 cm�1, which is
associated to the PO4 group, and a peak at about 1070
cm�1, which does not belong to pure apatite, but is due to
the stretching of carbonate groups.36,44,45 In particular,
Awonusi et al. ascribed this peak (which is observed at
1071 cm�1) to a superposition of the carbonate and phos-
phate mode, which can be linearly correlated to the car-
bonate content of apatite.46 Therefore, the apatite precipi-
tated in vitro on the gelatin-coated shell scaffolds is
carbonated. The spectra reported in Figure 6 are analo-
gous to that commonly reported in literature for hydroxy-
apatite.45 In fact, no other peaks were detected (i.e., rela-
tive to glass-ceramic or gelatin) except those attributable

to apatite. For these reasons, it can be concluded that the
presence of gelatin does not affect the in vitro bioactivity
of the 45S5 BioglassV

R

-derived shell scaffolds, which remain
bioactive and look particularly promising to reproduce the
complex hybrid structure of natural bone. It should be
noted that the proposed protocol to realize biomimetic
porous scaffolds is particularly interesting also thanks to
its versatility, since it allows to directly control the sam-
ples porosity by increasing the amount of polyethylene
powder added to the glass slurry the sponges are
immersed in.

FIGURE 5. (a,b) Micrographs of the hydroxyapatite formed on the shell scaffold surface after 14 days in SBF; results of the EDS analysis per-

formed on the area reported in (b).

FIGURE 6. Raman spectra acquired on gelatin-coated shell scaffolds

immersed in SBF for different times. Main peaks are marked with

arrows. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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CONCLUSIONS

Bioactive glass-derived shell scaffolds coated by bio-resorb-
able gelatin have been developed to reproduce at best the
natural bone structure, which is composed by natural apa-
tite (i.e., a mineral phase) and collagen. The biomimetic
coating does not affect either the sample porosity, which
remains open and fully interconnected, or the scaffold bio-
activity in SBF. Gelatin release tests demonstrated that the
coating started to dissolve after just a few days and its deg-
radation was almost completed after 1 week. In vitro tests
confirmed the excellent bioactivity of the gelatin-coated
samples, since a significant apatite precipitation in SBF
was observed. Potential applications of the gelatin coating
as drug-delivery medium are presently under investiga-
tion. As a further step, it will be interesting to study the
effect of the biomimetic coating on the mechanical
strength of the obtained samples; moreover, it would be
crucial to investigate the possible enhancement of the bio-
logical cell activity.
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