molecules m\py

Article

Cylindrical Layered Bone Scaffolds with Anisotropic
Mechanical Properties as Potential Drug

Delivery Systems

Maria Francesca Di Filippo 1¥(), Sofia Amadori ¥, Sonia Casolari !, Adriana Bigi 1,
Luisa Stella Dolci 2* and Silvia Panzavolta !

1 Department of Chemistry “G. Ciamician”, University of Bologna, Via Selmi 2, 40126 Bologna, Italy;

maria.difilippo5@unibo.it (M.ED.F.); sofia86@live.it (5.A.); sonia.casolari@unibo.it (S.C.);
adriana.bigi@unibo.it (A.B.); silvia.panzavolta@unibo.it (S.P.)

Department of Pharmacy and BioTechnology, University of Bologna, Via S. Donato 19/2, 40127 Bologna, Italy
*  Correspondence: luisastella.dolci2@unibo.it; Tel.: +39-0512095610

t These authors contributed equally to this work

check for
Received: 21 April 2019; Accepted: 18 May 2019; Published: 19 May 2019 updates

Abstract: 3D cylindrical layered scaffolds with anisotropic mechanical properties were prepared
according to a new and simple method, which involves gelatin foaming, deposition of foamed strips,
in situ crosslinking, strip rolling and lyophilization. Different genipin concentrations were tested
in order to obtain strips with different crosslinking degrees and a tunable stability in biological
environment. Before lyophilization, the strips were curled in a concentric structure to generate
anisotropic spiral-cylindrical scaffolds. The scaffolds displayed significantly higher values of stress at
break and of the Young modulus in compression along the longitudinal than the transverse direction.
Further improvement of the mechanical properties was achieved by adding strontium-substituted
hydroxyapatite (Sr-HA) to the scaffold composition and by increasing genipin concentration. Moreover,
composition modulated also water uptake ability and degradation behavior. The scaffolds showed a
sustained strontium release, suggesting possible applications for the local treatment of abnormally
high bone resorption. This study demonstrates that assembly of layers of different composition can
be used as a tool to obtain scaffolds with modulated properties, which can be loaded with drugs or
biologically active molecules providing properties tailored upon the needs.

Keywords: gelatin; scaffold; tissue regeneration; biomimetic; strontium release

1. Introduction

The main requirements of advanced materials for regenerative medicine are a hierarchical 3D
architecture, a friendly interaction with biological tissues and promotion of tissue repair.

For large bone defects, bulk scaffolds are capable of filling the missing segments and provide
sufficient mechanical support for host bone immediately after implantation [1]. Therefore, they are
preferred to other forms of materials (such as cements, injectable gels and membranes) for large bone
defects [2].

Since native bone is a complex material with well-designed architecture, its successful integration
and regeneration require that bone scaffolds support bone metabolism and therefore be reabsorbed in
situ, allowing the growth of the new tissue.

Three-dimensional scaffolds mimicking the structure of extracellular matrix (ECM) provide the
necessary support for cell attachment, growth and differentiation and define the overall shape of
a bone tissue engineered transplant [3]. Inspired by the constituents of natural bone, a number of

Molecules 2019, 24, 1931; d0i:10.3390/molecules24101931 www.mdpi.com/journal/molecules


http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0002-0988-299X
https://orcid.org/0000-0002-2422-3239
https://orcid.org/0000-0003-2668-8627
http://www.mdpi.com/1420-3049/24/10/1931?type=check_update&version=1
http://dx.doi.org/10.3390/molecules24101931
http://www.mdpi.com/journal/molecules

Molecules 2019, 24, 1931 2of 14

studies have used organic—inorganic compounds to fabricate bone-repairing scaffolds [4-6]. To this
aim, various fabrication techniques, such as porogen leaching, gas foaming, phase separation, fiber
meshing, supercritical fluid processing, microsphere sintering, 3D printing and freeze-drying, have been
employed [7,8]. Among different materials proposed for bone scaffolds composition [9,10], collagen
and its derivative gelatin attracted great interest, mainly due to their chemical similarity to organic
phase of bone tissue [11,12]. Gelatin is obtained by thermal denaturation or physical and chemical
degradation of collagen through the breaking of the triple- helix structure into random coils [13,14].
Gelatin is not antigenic under physiological conditions, it is biodegradable and biocompatible and these
properties support its wide employment in pharmaceutical and medical fields, in tissue engineering,
wound dressing and gene therapy [15,16]. Furthermore, it is completely resorbable in vivo, and its
physicochemical properties can be suitably modulated; however, due to its high solubility in aqueous
environment, a crosslinking reaction is mandatory [17].

In this study we prepared 3D rolled scaffolds for bone tissue engineering using gelatin. The 3D
rolled scaffolds were stabilized by crosslinking with genipin, a natural crosslinking molecule extracted
from the fruits of Gardenia jasminoides Ellis, which exhibits low cytotoxicity when compared to other
chemical crosslinking agents. Genipin can efficiently crosslink cellular tissues and biomaterials
containing primary amino-groups to form blue pigments [18-21]. We utilized genipin solutions
at different concentrations in order to obtain strips at different content of cross-linker and hence,
with different life-times. Furthermore, we investigated the possibility to enrich the material with an
inorganic phase: enrichment with strontium substituted hydroxyapatite (Sr-HA) was performed in
order to obtain systems with improved mechanical performances and with an anti-osteoporotic activity,
thanks to a sustained release of strontium over time. Strontium is known to display a beneficial role on
bone remodeling and it has been proposed for the treatment of pathologies associated to excessive bone
resorption (e.g. osteoporosis) [22,23]. Its action on bone turnover has been ascribed to the combined
effect of decrease of bone resorption and enhancement of bone formation [24,25], and clinical studies
show a beneficial effect of strontium treatment in osteoporotic patients [26,27]. These positive results
have stimulated a growing interest toward calcium phosphates bioceramics, coatings, cements and
scaffolds as possible delivery systems of Sr ions [28-34].

The structure of the scaffold plays a critical role in the reconstruction of bone tissues but
conventional porous scaffolds exhibit isotropic transmission of stress [35], which hampers their
integration with the anisotropic host bone. Accordingly, finely designed 3D scaffolds with
similar structures of natural bone are required for better bone integration and even for successful
osteointegration and functional reconstruction of bone defects: in fact, it has been demonstrated that
that spiral- cylindrical arrangement of hybrid chitosan/cellulose/nano-hydroxyapatite membranes can
promote complete infiltration of bone tissues in vivo [36]. Hence, the rolling-up strategy has been
applied by several groups in scaffold fabrication, also made by nanofibres, [37-40] with the purpose to
increase the surface to volume ratio for cell attachment and form a 3D non-planar cell matrix [41].

Herein, we developed new anisotropic gelatin scaffolds, assembling strips at different genipin
concentrations, which were curled concentrically to generate a cylindrical scaffold with a spiral
cross-section, which composition and structure mimic the osteon concentric arrangement. This approach
provides highly porous multi-layered scaffolds with anisotropic mechanical properties, which should
widen the range of possible applications. On this basis, porous 3D rolled gelatin scaffolds containing
30% (w/w) of Sr-HA were prepared and characterized.

2. Results

Cylindrical scaffolds were prepared by rolling up gelatin layers as depicted in Scheme 1. The use of
doctor-blade allows to obtain regular stripes of foamed gelatin (step 2) with a predetermined width and
thickness. Table 1 reports the composition and the label of each scaffold. The novel approach developed
in this paper provides highly porous multi-layered scaffolds with anisotropic mechanical properties.



Molecules 2019, 24, 1931 3of 14

| - []37°C
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Scheme 1. Rolled scaffold preparation.

Table 1. Composition of the obtained (a) single-layer and (b) double-layer scaffolds.

Single-Layer Scaffolds % of Genipin (w of Genipin/w of Gelatin)

S_0.1_Sr-HA 0.1

G_0.05 0.05

G_0.1 0.1

G_0.15 0.15

G_0.2 0.2

G_0.1_Sr-HA 0.1
(a)

% of Genipin (w of Genipin/w of Gelatin)

Double-Layer Scaffolds

Inner Layer Outer Layer
G_0.05/G_0.2 0.05 0.2
G_0.1/G_0.2 0.1 0.2
G_0.15/G_0.2 0.15 0.2
G_0.1_Sr-HA/G_0.2 0.1 0.2
(b)

Samples were labeled according to their genipin content, expressed as ratio (%) between the weight of genipin and
gelatin. G refers to rolled scaffolds, while S_0.1_Sr-HA is the single flat layer (non-rolled) scaffold used as reference.

2.1. Sr-HA Characterization

It is well known that strontium is present in the mineral phase of the bone, especially at the
regions of high metabolic turn-over [42], and that its administration to post-menoapausal women
has beneficial effect in the treatment of osteoporosis, reducing bone resorption and enhancing bone
formation. Strontium can easily replace calcium in the hydroxyapatite structure, because of the
chemical similarity between the two cations.
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Figure 1. (a) X-ray diffraction pattern of Strontium-substituted hydroxyapatite (Sr-HA) and Hydroxyapatite
(HA). The inset reports an enlargement of the 25-26.5 20 range where the shift of the 002 reflection is
clearly appreciable; (b) TEM image of Sr-HA nanocrystals (bar = 100 nm).
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With this aim, Sr-substituted hydroxyapatite, with a Sr content of 10% (in atoms), was synthesized
and employed for scaffold manufacturing. The X-ray powder diffraction pattern of the obtained Sr-HA
is reported in Figure 1a together with the pattern of hydroxyapatite (HA) as comparison.

All the peaks in Sr-HA pattern are characteristic of hydroxyapatite, which is the only crystalline
phase obtained from the synthesis. The incorporation of Sr into the crystal lattice of hydroxyapatite is
confirmed by the shift of the main diffraction peaks of Sr-HA, at lower angles when compared to those
present in the X-ray diffraction pattern of the samples synthesized in the absence of strontium (HA),
as reported in literature [28]. This shift is in agreement with the substitution of the bigger strontium ion
to calcium into the hydroxyapatite structure [28]. Sr-HA appears constituted of nanocrystals with small
dimensions (about 30 nm long) and an irregular shape, as it can be seen in the TEM image (Figure 1b).

2.2. Scaffold Characterization

The preparation of the scaffolds implies gelatin foaming, crosslinking and air drying. The structural
modifications of gelatin induced by this procedure was analyzed using X-ray diffraction analysis.
In fact, the wide-angle X-ray diffraction peak of collagen at about 1.1 nm, which is related to the
diameter of the triple helix, can be utilized as an index of the degree of renaturation of gelatin [43].
Figure 2 reports the wide-angle X-ray diffraction patterns of the samples during the different steps of the
preparation of the scaffolds. All the patterns display a diffraction peak at about 8° of 26, corresponding
to the periodicity of 1.1 nm, and a broad halo centered around 20° of 20 corresponding to a periodicity
of about 0.45 nm, due to the distance between adjacent polypeptide strands [44]. The 1.1 nm peak
displays a high relative intensity in the pattern recorded from gelatin foam (Gel). The sample obtained
after foaming in presence of genipin before lyophilization (G_02_no lyo) exhibits an X-ray diffraction
pattern where the relative intensity of the 1.1 nm peak appears reduced, suggesting a decrease of the
triple helix content. Further reduction is obtained after freeze-drying (G_02), as it results from the
comparison of the X-ray diffraction patterns reported in Figure 2.

I (a.u.)

Gel

G_02_no lyo

0 10 20 20/° 30 40 50

Figure 2. X-rays powder diffraction patterns recorded on gelatin foam (Gel), gelatin foam containing
genipin before lyophilization (G_02_no lyo) and the same sample after lyophilization (G_02).
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The morphology of the obtained scaffolds was investigated by means of scanning electron
microscopy. The images in Figure 3a, related to single-layer rolled scaffolds, confirm the high porosity
and the interconnection of pores; furthermore, the layers appear strictly joined, forming a continuous
network without uneven areas at the joint points. Figure 3(b1) shows the structure of a single flat
layer (5_0.1_Sr-HA) containing Sr-HA: the homogeneous distribution of Sr-HA nanocrystals inside the
gelatin network is confirmed by the EDS maps reported in Figure 3(b2), where the small bright zones
indicate the presence of Strontium.

The morphology of the double layered scaffold G_0.1_Sr-HA/G_0.2 is showed in Figure 3(b3),
together with its EDS map (Figure 3(b4)): the layered structure is well evident, since the layers
containing the inorganic phase appear more compact. These images clearly show that rolling up layers
containing Sr-HA provokes a reduction of the pores dimensions in comparison with those of the flat
layer (compare Figure 3(b3) with Figure 3(b1)). Furthermore, the Sr-HA containing layers can be
easily identified by the EDS map (Figure 3(b4)), which verifes the presence of strontium inside the
cylindrical structure.

Figure 3. SEM images of samples: (a) single-layer curled scaffolds G_0.1 (1, 2) and G_0.15 (3, 4); (b) flat
layer scaffold S_0.1_Sr-HA (1) and double-layer rolled scaffold G_0.1_Sr-HA/G_0.2 (3) with their EDS
map showing the presence of Sr (2 and 4, respectively).

2.3. Mechanical Properties

Mechanical properties were measured under compression both in longitudinal and transverse
direction (Scheme 2).

[

Transverse

—

Scheme 2. Longitudinal and transverse directions for mechanical tests.

The experimental curves were used to calculate the maximum stress at break (o), determined
via linear regression of the initial linear regime of the stress-strain curves, the elastic deformation
(e%), evaluated at the point of transition from linear to collapse regime, and the Young’s modulus (E).
The mean values obtained for the rolled scaffolds cross-linked with different genipin concentrations
are reported in Figure 4. Data reveal the anisotropic behavior of the samples, which exhibit better
mechanical properties when compressed along the longitudinal direction (parallel to the long axis of
the cylindrical scaffold). Only the flat single-layer S_0.1_Sr-HA shows an isotropic behavior when
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tested longitudinally and transversely. An improvement of the mechanical properties, especially along
the longitudinal direction, can be observed by increasing the concentration of the crosslinking agent,
which provokes an increase of both the values of maximum stress at break and of Young’s modulus,
in agreement with previous data [45]. Moreover, the scaffolds prepared from two different layers
exhibit mechanical properties intermediate between those of the single layer scaffolds. The compaction
caused by rolling the scaffolds enhances the mechanical properties, as it results from the comparison of
the values of the mechanical parameters of S_0.1_Sr-HA with those of G_0.1_Sr-HA. The presence
of the inorganic phase significantly strengthens the scaffolds: the stress at break of G_0.1_Sr-HA
measured in longitudinal direction is five times higher than that of G_0.1 (1.6 + 0.3 for G_0.1_Sr-HA and
0.3 + 0.1 for G_0.1), whereas the values of the mechanical parameters along the transverse direction do
not show significant variation as a function of composition.

Longitudinal Transverse

¢ (%)

Figure 4. Mechanical properties in compression, measured in longitudinal and transverse direction.
Values of maximum stress at break (o), Young’s modulus (E) and elastic deformation (¢) are reported.
Each value corresponds to the average of 6 determinations and it is reported with its own standard
deviation and statistical analysis. Significant differences (one-way ANOVA) in ¢ (MPa), E (MPa) and «.
Asterisks (* p < 0.05, ** p < 0.01 and ** p < 0.001) indicate results of post-hoc test (Tukey).
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2.4. Extent of Crosslinking

The extent of crosslinking, calculated for single-layer rolled scaffolds and expressed as stated in
Equation (1) is reported in Table 2. It can be inferred that crosslinking significantly increases from

G_0.05 to G_0.2 in agreement with the increase of genipin concentration used for the preparation of
the scaffolds.

Table 2. Extent of crosslinking (%) !.

Sample (%)
G_0.05 8+1
G_0.1 14+3
G_0.15 262
G_0.2 30+1

G_0.1_Sr-HA 15+3

! Each value corresponds to the average of three determinations and it is reported with its own standard deviation.

2.5. Water Uptake Ability (WUA)

The water uptake ability of the samples is calculated by means of Equation (2): when the
composition is enriched with Sr-HA, the values have been normalized to the weight of gelatin alone.
The obtained values, reported in Table 3, highlight that the amount of adsorbed PBS depends on the
number of layers used to prepare the scaffolds. Indeed, the double-layered samples display WUA
values higher than those of single-layer scaffolds (e.g., G_0.1/G_0.2 vs. G_0.1 or G_0.15/G_0.2 vs.
G_0.15), most likely because of the presence of uneven areas between different layers which provide
more space for the solution uptake. On the other hand, the presence of Sr-HA inside the scaffolds does
not seem to influence significantly the WUA.

Table 3. Water Uptake Ability 1

Sample WUA (g PBS/g Gelatin)
S_0.1-Sr-HA 1.7+0.3
G_0.05 31+09
G_0.1 22+0.8
G_0.15 22+03
G_0.2 21+04
G_0.1_Sr-HA 1.8+0.3
G_0.1/G_0.2 50+0.6
G_0.15/G_0.2 6.9 +0.7
G_0.1_Sr-HA/G_0.2 50+04

! Each value in the table corresponds to the average of three determinations and it is reported with its own
standard deviation.

2.6. Gelatin Release

Average values of the amount of gelatin released from the samples after immersion in NaCl 0.9%
at 37 °C are reported in Table 4.

The higher the concentration of genipin used to crosslink the scaffold, the longer the life-time
of the material: the scaffold with the highest percentage of genipin achieved a strong stability and it
does not dissolve even after 70 days, while the dissolution of samples cross-linked with lower genipin
concentrations starts already at 14 days, in agreement with previous data [40].
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Table 4. Gelatin release (w %) 1.

S Time (Days)
ample
2 Days 7 Days 14 Days 21 Days 28 Days 49 Days 70 Days
S_0.1_Sr-HA 14.8 £ 0.1 22.7 0.1 33.7+2 393+13 49+ 2 dissolved dissolved
G_0.05 26 +2 47 + 2 dissolved dissolved dissolved dissolved dissolved
G_0.1 16+1 26.9+09 36.8+04 443 + 0.8 52.1+0.6 dissolved dissolved
G_0.15 12+1 20.7 +1 28.1+0.4 346+0.2 409 +0.2 66 + 1 dissolved
G_0.2 11+1 17.6+0.8 23.7+09 28.7+0.5 32.7+0.6 38.6 0.6 56 + 2
G_0.1_Sr-HA 165+1 27 +0.6 36.5+0.8 44 +1 52.8 +0.5 dissolved dissolved
G_0.05/G_0.2 22 +1 39+1 44 +1 50+2 54 +2 60 +2 dissolved
G_0.1/G_0.2 14.7 + 0.8 24 +1 34+2 42+1 49+1 61+1 dissolved
G_0.15/G_0.2 11 £ 0.6 20+ 0.8 25+ 0.8 34+1 42 +2 50 +2 65 +2

G_0.1_Sr-HA/G_0.2 15+1 243 +0.6 33+14 408 +£2 483 +1 613+1 dissolved

1 Each value is the average of three determinations and is reported with its own standard deviation.

2.7. Strontium Release

The amount of strontium released as a function of soaking time in NaCl 0.9% at 37 °C was evaluated
by means of atomic absorption spectrophotometric analysis. The results reported in Figure 5 show
that after seven days strontium cumulative release reaches values of about 23% for the double-layered
rolled scaffolds, 16% for the single-layer rolled scaffolds and 14% for the flat layer, following the
same trend as that of the water uptake ability results. Hence, the greater amount of solution that the
double-layered rolled scaffolds are able to absorb could be responsible for the greater strontium release
in solution.

30
®G_0.1_Sr-HA/G_0.2

- ®G_0.1_Sr-HA
S_0.1_Sr-HA
20
| i EI ‘I i i
1 2 3 4 5 6 7

Time (days)

Sr Release (%)

[N
w

[
o

Figure 5. Strontium cumulative release from samples G_0.1_Sr-HA/G_0.2 (blue), G_0.1_Sr-HA (red)
and S_0.1_Sr-HA (green) as a function of soaking time in NaCl 0,9% at 37 °C.

3. Discussion

Porous gelatin scaffolds can be obtained through foaming and freeze-drying gelatin aqueous
solutions [46—48]. Herein, after foaming, we applied doctor-blading, a technique in which a blade
with a certain gap height is used to spread a viscous solution [49], to produce porous large gelatin
strips, which were then stabilized using genipin as crosslinker. Gelatin is obtained through collagen
denaturation implying the breaking of the triple helix structure, which is partially recovered during
gelatin gelling. The presence of genipin during the cooling of the foam involves the formation of
crosslinks which inhibits the conformational disorder-order transition, as shown by the decrease
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of the relative intensity of the 1.1 nm diffraction reflection after gelatin foaming in the presence of
genipin (Figure 2). The further reduction of the relative intensity of the diffraction peak observed on
the scaffolds after freeze drying is consistent with a further decrease of the triple helix content, in
agreement with what previously reported for wet and freeze dried collagen [50].

Cylindrical layered scaffolds obtained through curling gelatin strips on themselves displayed high
porosity, although slightly less than that of the flat layer because the rolling up provokes shrinkage of
the pores. At variance with the great majority of the porous scaffolds proposed for bone repair [4],
the peculiar three-dimensional structure of the scaffold resulted in anisotropic mechanical properties.
Both the values of maximum stress at break and of elastic modulus in compression were significantly
higher when measured along the longitudinal than the transverse direction of the scaffolds. Moreover,
also the values measured in the transverse direction were higher than those measured for the flat-layer
scaffold, which showed isotropic mechanical properties. The mean values of mechanical properties are
in the range reported for normal cancellous bones [51], which also display anisotropic behavior [52,53].
It follows that the rolled scaffolds developed in this work could find useful applications in defects of
trabecular bone tissue.

Furthermore, the mechanical properties could be modulated through variation of the concentration
of the crosslinking agent: increasing of genipin concentration up to 0.2% (w/w of genipin with respect
to the amount of gelatin) provokes an increase in the degree of crosslinking up to about 30% and, as a
consequence, an improvement of the mechanical properties. Crosslinking also modulates scaffold
stability, as reported in Table 4. The extremely versatile method employed here allows to prepare
composite multi-layered scaffolds in a very simple way. In fact, composite scaffolds were obtained
by rolling up two overlapped layers at different degree of crosslinking. Morphological investigation
showed that the double-layered curled scaffolds present a clear separation between the layers, which
could be responsible for the greater water uptake ability of these materials in comparison with those
measured for the single-layer rolled scaffolds. These gaps are very important for an improved nutrient
transport within the matrix because they could meet the nutrient requirement of the inner regenerated
tissue which is subject to the restrained diffusion rate of oxygen and other nutrient [41]. On the
other hand, the separation between the layers does not seem to influence the mechanical properties,
which are consistent with those characteristic of the two different layers. The introduction of Sr-HA
in the composition of the scaffolds provoked a further enhancement of the mechanical properties,
in agreement with what previously reported for isotropic scaffolds which showed increasing values of
stress at break and Young modulus on increasing the inorganic phase content [54]. The scaffolds exhibit
a strontium sustained release, which is modulated by the amount of water absorption. The release
can be modulated by varying the layer where the drug is loaded or loading the drug in both layers,
as well as increasing the gap between layers, indicating that these scaffolds can be utilized as systems
for the local treatment of pathologies characterized by abnormally high bone resorption. Furthermore,
the approach followed in this work to obtain cylindrical layered scaffolds allows the incorporation of
different biologically relevant molecules, ions or drugs in different layers, thus forming a composite
system able to deliver active principles with proper tailored kinetics.

4. Materials and Methods

4.1. Materials

Type A gelatin from porcine skin (Sigma Aldrich, St. Louis, MO, USA) and genipin (Wako
Chemicals, Osaka, Japan) were used. Glycine was purchased from Sigma Aldrich. Strontium-substituted
hydroxyapatite (Sr-HA) synthesis was performed through direct synthesis in aqueous solution. Briefly,
50 mL of 0.65 M (NH4),HPOy solution (pH 10 adjusted with NH3) was added dropwise under stirring
to the 1.08 M cationic solution Ca(NOj3),-4H,O + Sr(NO3),, with a Sr/(Ca + Sr) ratio of 0.10 and heated
at 90 °C for 4 h. The precipitate was centrifuged, dried at 37 °C, finely ground in a mortar and sieved
<80 um before use.
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4.2. Scaffolds Preparation

Gelatin (3.75 g) was dissolved in distilled water (32.5 mL) at 55 °C under magnetic stirring.
The obtained solution was foamed for 90 seconds before adding genipin solution (2.5 mL, Step 1).
Based on the desired life-time of the scaffold, different concentrations of genipin solution were used:
0.05, 0.1, 0.15 and 0.2% (w/w of genipin with respect to the amount of gelatin) in distilled water.
PBS (1 M at pH 7.4, 2.5 mL) were added to accelerate the cross-linking reaction. The foam was then
shaped in strips with a uniform thickness of 1 mm and length of 18 cm using a doctor-blade (Step 2) [55].
Doctor-blade used here was fabricated in house, by using a 3D printer. The strips were kept at 37 °C for
1 hin order to start the cross-linking reaction which lead to a change of the scaffold’s color from white
to blue (Step 3). Cylindrical single- and double-layer scaffolds with a spiral cross-section were obtained
by hand rolling a single gelatin stripe and two overlapped gelatin stripes of different composition,
respectively. The stripes were rolled while still damp.

The obtained scaffolds were immersed in glycine 0.1 M for 30 min, washed with distilled water,
immersed in ethanol for 24 h and then freeze-dried at —44 °C and 0.1 mbar overnight. The obtained
scaffolds were labeled according to their genipin content: G_0.05, G_0.1, G_0.15, G_0.2 (Step 4).

In the case of double-layer scaffolds, the outer layer was always that cross-linked with the major
genipin concentration (G_0.2); overlapping stripes with different genipin content allows to obtain the
following samples: G_0.05/G_0.2, G_0.1/G_0.2 and G_0.15/G_0.2.

In order to evaluate the scaffolds’ ability to be loaded with drugs, active molecules or inorganic
phases and then to release them, the composition of G_0.1 strips was enriched with 30% of Sr-HA
(% wt of Sr-HA with respect to the total weight of Sr-HA and gelatin). The inorganic phase was added
to gelatin suspension before foaming. Some strips were curled as previously described, obtaining
samples labeled as G_0.1_HA, while some others were superimposed and rolled with the G_0.2 stripes
in order to obtain double-layer samples labeled as G_0.1_HA/G_0.2. Non-curled strips of the same
composition as G_0.1_HA were used as control and labeled S_0.1_HA.

4.3. X-ray Powder Diffraction

X-ray diffraction analyses were carried out by means of an X'Pert powder diffractometer (Philips,
Eindhoven, The Netherlands) equipped with a graphite monochromator in the diffracted beam. CuKax
radiation (A = 15,418 A; 40 mA; 40 kV) was used. The diffraction patters had been obtained in the
3-50°/20 range using a 0.03 step and a 3°/min speed. The qualitative analysis was comparative to
diffraction patterns contained in the ICDD Database (website: www.icdd.com).

4.4. Morphological Characterizations

Morphological and micro-structural analyses were performed with a Philips XL-20 scanning
electron microscope (SEM) operating at 15 kV. Before analysis, the scaffolds were sputter-coated with
gold. Energy dispersive X-ray spectrometry (EDS) maps were performed on composite scaffolds using
a Philips XL-20 Scanning Electron Microscope operating at 15 kV. Transmission electron microscopy
(TEM) investigation of the synthesized powders was carried out using a Philips CM 100 transmission
electron microscope operating at 80 kV. A small amount of powder was dispersed in ethanol and
submitted to ultrasonication. A drop of the suspension was transferred onto holey carbon foils
supported on conventional copper micro grids.

4.5. Mechanical Properties

Mechanical characterization of the scaffolds was performed on cylindrical samples in dry
conditions. Compression tests were carried out using a 4465 Instron testing machine, equipped with
a 1 kN load cell. Six samples were tested for each composition, at a loading rate of 1.0 mm-min~".
Statistical analysis was performed with the Student ¢-test considering a P-value of less than 0.05 to be

significantly different.
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4.6. Extent of Crosslinking

The measurement of the extent of cross-linking is based on the determination of the unreacted
e-amino groups belonging to lysine residues. TNBS (trinitro-benzen sulfonic acid) was used to
determine this number, following the procedure previously reported [14]. Briefly, selected samples
were allowed to react with TNBS and, after hydrolysis in HCl 6 N, the absorbance of the solution was
measured at 346 nm against a blank. The moles of e-amino groups per gram of gelatin are obtained by
the following formula:

2-AV
ebx

Moles of e—amino groups/g of gelatin = 1)
where A is the absorbance value at 346 nm, V is the final volume of the sample (equal to 0.02 L), ¢
is the molar absorbivity equal to 1.46 x 10* L/mol-cm, x is the optical path of the value of 1 cm and
b is the weight of the sample under test, expressed in grams. The degree of cross-linking (%) was
determined from the ratio between the moles of free e—amino groups in genipin treated gelatin and
those in non-crosslinked gelatin.

4.7. Water Uptake Ability (WUA)

The equilibrium water uptake ability was determined after immersion of the pre-weighted dry
samples in phosphate buffered saline (PBS) 0.1 M pH = 7.4, at 37 °C for 20 s. The weight of the wet
samples was measured after PBS excess removal. Then, the WUA was calculated according to the

following equation:

Ww — Wd
WUA =~ @)

where Ww and Wd represent the weight of the wet and dry sample, respectively. The process was
repeated in triplicate and data were reported as mean and standard deviation.

4.8. Gelatin Release

Gelatin release in NaCl 0.9% solution at 37 °C was determined at increasing time, from 2 to 70 days
by colorimetric method using a bicinchoninic acid protein assay (Sigma Chemicals, St. Louis, MO,
USA) [56].

4.9. Strontium Release

For the evaluation of strontium release kinetics, samples G_0.1_HA/G_0.2, G_0.1_HA and
S_0.1_HA were weighted, immersed in 5 mL of saline solution (NaCl 0.9% in ultrapure water, added
with sodium azide in order to prevent microbial contamination) and stored at 37 °C for different periods
of time up to 7 days. At the end of every selected time the medium was completely removed and
replaced with 5 mL of saline solution. Three different samples for each time were analyzed. Aliquots
of the collected medium were suitably diluted with HNOj ultrapure 0.5 M, containing 10% (w/v) of
LaCl3-HyO (99% trace metal basis, Sigma Aldrich). Quantitative determination of strontium content
was made by means of atomic absorption spectrophotometer (AAS, Analyst 400, Perkin Elmer Italia,
Milano, Italy) equipped with an air-acetylene burner and a strontium lamp working at a wavelength of
460.73 nm. The standard additions method was used.

4.10. Statistical Analysis

Statistical evaluation of data was performed using the software package SPSS/PC* Statistics 23.0
(SPSS Inc., Chicago, IL, USA). The results presented are the mean of six independent values. Data are
reported as mean + standard deviations (SD) at a significance level of p < 0.05. After having verified
normal distribution and homogeneity of variance, a one-way ANOVA was done for comparison
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between groups. Finally, a post hoc multiple comparison test was performed to detect significant
differences among groups.
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