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Abstract: Background: The further functionalization of natural existing biomaterials is a very effi-
cient method to introduce additional advanced characteristics on a unique structural composition and
architecture.

Objective: As an example, different animal sources, if properly treated, can be used to develop bone
xenograft active in hard tissues regeneration. In this sense, it is also important to consider that the se-
ARTICLE HISTORY lected process has to take into consideration the intrinsic variability of the base material itself and pos-
sibly being able to compensate for it.

. Methods: In this work we characterize cancellous bovine bone treated by deposition of polymer and
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philic material, but also reduce the conventional correlation between apparent density and elastic mod-

ulus, which, in general, is a major source of uncertainty and risk in xenografts usage.
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10.2174/1389201020666181129115839 S . . . .
Results: Moreover, though intrinsically reinforcing the material, the deposition process leaves the spe-

cific open-porous structure, that allows cells proliferation and vessels ingrowth, basically unaltered.

Conclusion: The final material combines in a single piece and at the same time, mechanical resistance,
homogeneous mechanical response and proper structural characteristics that allow further integration
within the patient autochthonous tissues.
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1. INTRODUCTION started to be properly developed and implied in diverse engi-
neering strategic fields, from surface [5] and structure design

. . . [6] to tissue regeneration [7-10]. In most biological materials
scale of biological complex systems enabled to enlighten and the advanced peculiarities are provided by the unique struc-

understand the mechanism of action of many of them [1], tural composition, both in terms of chemistry as well as
novel and elaborated multi-functional materials, mimicking physical arrangement, which is, in general, obtained follow-
[2, 3] or taking inspiration [4] from their natural counterparts ing a naturally occurring bottom-up approach [11]. A very
good example, in this sense, is represented by the biominer-
alization processes leading to complex hierarchical structures

As recent studies and characterization at nano and micro-
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complicated strategic paths and methodologies need to be
properly devised [3, 13, 14]. Moreover, most biological ma-
terials do not have only one functionality, but rather a com-
bination of different ones and need to be treated as compo-
sites. Indeed, e.g. in biomaterials intended for bone grafting
and substitution, a mineral or ceramic component is needed
to provide strength and stiffness whereas other biopolymer
constituents are needed to provide the viscoelastic damping
and toughness while also offering enhanced cell viability [1,
15].

Another possibility that allows the overcoming of the
aforementioned difficulties in synthetic strategies, is repre-
sented by the utilization of already naturally existing bio-
materials, either directly or after a post-treatment providing
additional advanced functionalities [16, 17]. Certainly, bone-
grafts obtained from animal-derived cancellous bone, and
implied as substitutes and filler in hard tissue regeneration,
represent a major category in this sense, also being routinely
used in clinical practice ever since many decades [18, 19].
Indeed, autografts (when the bone comes from the patient
itself) as well as allografts (when the bone comes from an-
other human donor, either living or cadaver) and xenografts
(when the bone comes from an animal) have been all suc-
cessfully applied in bone repair, in a wide spectrum of recon-
structive surgical specialties [20]. It is acknowledged that
bovine-derived cancellous bone grafts are the closest xeno-
graft to human bone to be regenerated, second self-evidently
only to autografts [21-23]. These biomaterials clearly present
a major advantage over their synthetic competitors (e.g. hy-
droxyapatite, beta-TriCalciumPhospate, etc.), since they have
much higher osteogenic and osteoconductive performances
[16, 20, 24]. Indeed, the hierarchical porous structure [25],
naturally present in cancellous bone, acts as a scaffold for
cells favoring their colonization and proliferation [20]. This
way, the implanted device gets completely integrated into the
body and over long periods completely replaced by the pa-
tient autochthonous tissues [16]. However, necessary clean-
ing and sterilization processes of starting raw materials of
animal origin result in a decay of both mechanical and bio-
logical performances. Moreover, when dealing with naturally
produced biomaterials, it is always necessary to keep in mind
that they arise from processes which preserve an intrinsic
biological variability in the final product [1]. This concept is
both valid for materials coming from equivalent part, but
different individual systems (i.e. the bone of the same part of
two bovines of the same species) as well as for distinct sec-
tion within the same one (the bone between the different
segments of the same animal). Focusing on bovine-derived
bone xenografts, it is well known that the density of cancel-
lous bone varies along trabecular trajectories with a major
consequence on its mechanical properties [23, 26]. There-
fore, in the frame of using it as a base material for the devel-
opment of implantable devices, which need to meet both
requirements of tissue regeneration and structural support,
this represents a huge limitation. As a matter of fact, the lack
of possibility of predicting a priori, the mechanical response
to the applied load once placed inside the patient body gen-
erates a high risk that should be mitigated, also according to
new regulatory framework requirements [27]. Consequently,
in order to make animal-derived cancellous bone, a desirable
material for bone grafts, a technique not only improving but
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also homogenizing the mechanical properties, making them
independent on the raw, untreated material characteristics, is
required [23]. Last but not the least, the actual porous struc-
ture needs to be left open, interconnected and very poorly
altered to preserve the osteogenic and osteoconductive per-
formances [23]. Indeed, similar to what has been commonly
seen for synthetic biomaterials [23], the application of com-
posite technologies to bovine xenografts is becoming an in-
teresting trend, not only in research [28, 29] but also in in-
dustrial and clinical practices [17, 30]: the addition of re-
sorbable polymeric components improves mechanical and
biological performances [10] and can also be used to locally
carry active molecules, or drugs to be delivered locally, to
increase cell colonization, promote osteoinduction and final-
ly promote osteogenesis [16, 24]. Overall, increased perfor-
mance of bone graft is still the major focus in orthobiologics
[23].

Within this framework, we here present the characteriza-
tion of a material developed upon treatment of cancellous
decellularized, deproteinized and defatted bovine bone with
additional biopolymer and collagen fragments [17] in order
to track the effect of the post-modification on the final prod-
uct. It was found that the treatment not only improves con-
siderably the mechanical properties and hydrophilicity of the
initial bovine-derived matrix, but rather makes them more
independent of the intrinsic porous structure, overcoming the
difficulties of using a nonuniform base material.

Single 15x30x60mm”’ pieces of cancellous bovine bone,
biggest harvestable from adult bull femur head, have been
subdivided in the different subsections which have been in-
dividually analyzed before and after the treatment. If the
mechanical properties, as expected, were highly dependent
on the density of the raw material, a considerable homogeni-
zation of them is instead recorded after modification, togeth-
er with an overall increased mechanical resistance. In addi-
tion, the conventional porous structure is not modified, and
very similar density and porosity values are recorded before
and after the treatment. The combination of these two con-
cepts is of utmost importance: on the one hand, the
homogenous mechanical response is ensured; on the other
hand, cells proliferation and vascular ingrowth are not hin-
dered by changes in the porous structure, being even further
enhanced by the presence of collagen fragments [24]. As a
matter of fact, the characteristics of the final product support
it in being a proper xenograft, able to be not only effectively
implanted but also fully substituted by patient living healthy
bone [16, 30].

2. MATERIALS AND METHODS
2.1. Materials

Among modified xenografts, a scaffold composed of
processed bovine bone matrix, mainly mineral constituted,
reinforced with biopolymers, namely block copolymer of
poly(L-lactic acid) and poly(e-caprolactone), with selected
physical properties to allow proper withstanding of treatment
and sterilization [31], and arginylglycylaspartic acid (RGD)
containing collagen fragments (mainly type I), obtained from
animal-derived gelatin [32], has recently been proposed as a
bone substitute for reconstructive surgeries, available as a
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class IIT medical device (commercially named SmartBone®,
by Industrie Biomediche Insubri SA, Switzerland) [16, 17,
24, 30]. Bovine-derived decellularized, defatted and depro-
teinized cancellous bone is sourced certified for human use
and of BSE/TSE (Bovine Spongiform Encephalopathy/
Transmissible Spongiform Encephalopathies) free origin
(currently “Negligible BSE risk Countries”, former “OIE1
Countries”).

2.2. Cutting of the Bone and Reinforcement Process

Raw bovine bone blocks used in this study present a
nominal size of 15x30x60mm’. Before applying reinforce-
ment with biopolymers and collagen, each block was subdi-
vided into smaller identical cubes of nominal dimension of
7x7x7mm’ by properly cutting the initial shape with a
diamond-edged automatic saw. The reason for which the
sum of the length of the individual cubes is smaller than the
total one of the initial block resides in the thickness of the
blade that indeed consumes roughly 1.5 mm when cutting.
During this phase, the bone was wet with water and ethanol
in order to minimize temperature increase, due to friction,
and dust generation. Proper sizing of the samples was meas-
ured with a digital calibrated caliber with a resolution of 0.05
mm (Adolf Wiirth GmbH & Co. KG, Germany).

Once oven dried (in vacuum at 37°C for 18 h), the ob-
tained cubes (56 per each starting block, see also scheme
depicted in Fig. 3) had been treated with the proprietary rein-
forcement process that allowed deposition, over the bone
surfaces, of biopolymers embedding animal-derived gelatin
that allows RGD-containing collagen fragments [17, 33, 34].
This process involves: a) preparation of a solution of reinforc-
ing mixture containing a dissolved polymer and gelatin b)
immersion of the base matrix and c) drying in a vacuum oven
at 37°C for 24 h for removing possible solvents residues.

2.3. Physical-chemical Characterization

Each individual sample has been weighted and measured
using an electronic calibrated balance Mark 8055 (Bel Engi-
neering, Monza, Italy) and digital caliber with a resolution of
0.05 mm (Adolf Wiirth GmbH & Co. KG, Germany) before
and after the treatment. Apparent density has been deter-
mined by the classical definition of mass over volume. The
volume was computed using the conventional geometrical
formulas for parallelepiped solids (L1xL2xL3). For the
measurement of the contact angle and wetting properties,
pictures of the drops were taken using a digital microscope
AM4115T from Dino-lite (AnMo Electronics corporations,
Taiwan). The actual values have been computed using Image
J software [35, 36]. The reported values are averaged over
five independent measurements. Environmental scanning
electron microscopy (ESEM) and energy dispersive analysis
(EDS) were performed at 10 kV with 50 EP Instrumentation
(Zeiss, Jena, Germany), according to previously published
methodology [34], to assess the correct presence of the pol-
ymeric domains. FTIR analysis has been performed as
follows: samples were laminated with potassium bromide
and then recorded using a Thermo Nexus 6700 spectrometer
coupled to a Thermo Nicolet Continuum microscope
equipped with a x15 Reflachromat Cassegrain objective.
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2.4. Mechanical Tests and Analysis of the Data

According to previously published methodology [34],
compression tests were run on MTS 858 MiniBionix testing
machine (S/N 1015457, MTS, Minneapolis, MN, USA)
driven by a digital controller Test Star II. The machine was
equipped with a hydraulic axial actuator with a load capacity
of 25 kN and an LVDT displacement transducer with a
working range of 100 mm. The compression tests were run
after placing the specimen in the lower center of the two
rigid parallel steel plates, connected to the load cell of the
testing machine: the upper plate, connected to the actuator of
the same machine, was then moved downward at I mm/min
speed under displacement control. The test was stopped
when the maximum load peak was reached. During the test,
force and displacement data were collected at 10 Hz fre-
quency: the data were then elaborated to obtain the stress ¢

on a generical section S computedas 0 = F /S, where F is
the actual force measured by the load cell. Moreover, the
strain of the specimen was calculated as ¢ = AL/ L,,

where L is the initial height of the sample in the direction of
the test and AL is the measured value of the actuator dis-
placement equivalent to the shortening of the specimen dur-
ing the test. These data were used to build, for each individu-
al sample, the stress-strain plot, from which the elastic
modulus E was obtained as the initial linear slope of the
curve. Experimental data were analyzed using Analysis of
Variance (ANOVA); statistical significance was set to P val-
ue < 0.05. Results are presented as mean + standard devia-
tion.

3. RESULTS AND DISCUSSION

3.1. Intrinsic Variability in Untreated Pristine Cancellous
Bone Tissues

As generally known and already discussed by Langton
et al. [25] and Skedros et al. [26], cancellous bone has a non-
uniform porous structure, whose internal arrangement de-
pends indeed on many factors, including position within the
body, functions and applied loads [37]. Moreover, bone ex-
periences continuous re-shaping also during an individual’s
life and changes its structure continuously depending on the
external stimuli, which include diet, diseases, traumas and
lifestyle [38, 39]. Fig. (1) shows the top view of a decellular-
ized cancellous bovine block as purchased to manufacture
SmartBone”. Clearly, different trajectories can be identified
within the constituting trabeculae and, already by visual in-
spection, major differences in porosity are visible over the
whole volume of the block itself. This reflects also in high
apparent density gradient along the block body with a conse-
quential contiguous variation of the mechanical characteris-
tics as well. Although a correlation between these two
aforementioned parameters exists and is well established
[40], one has to be very careful in using it. Indeed, as shown
in Fig. (1 and 2), over a huge volume of bone (in this case
15x30x60mm3, being the biggest harvestable cancellous
bone block from an adult femur head) some areas might be
considerably denser than the others with the consequence of
having regions which have different resistance. Therefore,
the overall apparent density might be not really representa-
tive of the distribution of mechanical properties within the
block. This previous statement becomes even more im-
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portant when considering that, in general, the block would
not be used as such but rather properly cut or milled to reach
complex geometries to be adapted to fit into real bone de-
fects. As a matter of fact, hardly it is possible to find a con-
tiguous way through the bone presenting homogeneous
structure and eventually also the finished piece will have
inevitably a substantial inhomogeneity in its final properties,
even different from the ones of the initial block itself, as de-
picted in Fig. (2). This represents a huge limitation for an
implantable device, especially considering that it is often
very difficult to know in advance where exactly and in which
conditions, the piece will be placed into the patient body and
which loads it will have to withstand over a long period of
time. In order to properly rationalize what previously dis-
cussed, we decided to investigate and identify the actual den-
sity gradient of the bone blocks and establish in which way it
affects the distribution of mechanical properties in the un-
treated, pristine bovine bone. Apart from the already intro-
duced intrinsic variability of the bone itself, related to its
animal origin, it is also true that visually all blocks present a
similar trabecular pattern, with defined orientation of the
trabecular paths, being related to harvesting made when ex-
tracting raw materials from adult male cattle. Indeed, coming
from a bovine femur’s head, they present a trajectorial struc-
ture, which enables to roughly identify the orientation of the
block within the initial femur’s matrix, following Wolff tra-
jectory hypothesis [41]. The obtained value is 40° over the
plane tangential to the femur’s head. Moreover, it is im-
portant to state that there are not too many lines over which
the cut can be applied in order to obtain such a huge volume
of bone in a single shape, with the best possible homogenei-
ty. This statement is also confirmed by the supplier, who
ensure identical shaping conditions and cutting orientation
for all his products, being a medical device manufacturing
process. The initial blocks, therefore, have been first split
into two halves, the top one named v and the bottom named
o. Subsequently, both of them have been also parted into
four smaller sections along the longer side, named A, B, C
and D. In order to obtain representative values, these four
sections have also been subdivided into seven pieces each,
obtaining cubes of 7x7x7mm’, as previously described and
shown in Fig. (3). Each of these pieces has been
characterized individually in terms of density and mechani-
cal properties and average values for each of the four sec-
tions obtained. In this sense, only variation in average densi-
ty of at least 0.01 g/cm’ has been considered relevant in the
frame of an accurate quantification of the difference before
and after the treatment. Moreover, since in general bone is
anisotropic [25], it was decided to apply a vertical load to the
pieces coming from section v and a horizontal one to those
coming from o, in order to obtain a more complete and more
statistically robust characterization [42].

3.1.1. Apparent Density

As mentioned before, there is a substantial difference in
measuring the apparent density of the block as a whole and
of its diverse sections. The results are reported in Fig. (4) and
it can be seen that density increases moving from section A
to D over the whole block volume in both sections v and o.
Moreover, though the trend is the same, some difference is
observed also between the top and the bottom of the block
itself. Therefore, it can be stated that the density, and there-
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fore the porosity, of the block varies both in the horizontal as
well as vertical axis of the block. On the other hand, though
the recorded values are not homogeneous, they all ensure the
right porosity and arrangement for cell colonization of the
support, being a matching result with the orthobiologics’
main paradigm.

Fig. (1). Top view of the prisitne cancellous bovine bone (scale bar
= 10 mm), showing the trabecular arrangement and the consequent
porous structure.

Pa>P3>Pr>pP1 Prot = 8(Pa,P3,P2,P1)
Prot = f(P4,ps,Pz,P1) f zg

Fig. (2). General scheme of the usage of the block for the prepara-
tion of derived products. 1) An initial block of bone presents a gra-
dient of density along its volume. Each different sector, with his
own density contribute to overall density of the block. When the
block is milled and shaped in complex geometries 2), it is often
hard to be able to work only within a section with homogenous
density, with the result 3) that the final piece might have a different
density distribution along its volume.

Fig. (3). Subdivision of the block into smaller sections and individ-
ual pieces. On the top section v the load has been applied vertically
whereas on the bottom one o, horizontally.

3.1.2. Mechanical Properties

The analysis of mechanical properties reveals a substan-
tial, yet expected, dependence of the elastic modulus E on
the apparent density of the tested cubic sample, as reported
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in Fig. (5). Moreover, moving from section A to D, in both
part v and o, a clear gradient in the value of E can be noticed.
In general, the higher is the density, the higher the mechani-
cal resistance, independently of the direction over which the
load is applied. In particular, the value of E moves from
258.07 £ 72.8 MPa to 518.2 + 76.4 MPa in the case of ap-
plied horizontal load and from 182.94 + 70.5 MPa to 410.45
+ 64 MPa for the vertical one. As a matter of fact, it can be
easily observed that the huge variability of the apparent den-
sity within the different section, reflects in a similar variabil-
ity on the mechanical properties of the untreated material.
For the sake of completeness, it is important to remind that
the apparent density is not the only parameter affecting the
elastic modulus value, but also many others, such as the tra-
beculae orientation and the actual position of the bone within
the body might have an impact. In our specific case, the ob-
tained values find good accordance with those reported by
Toyrés et al. [43] who measured an elastic modulus of 278 +
154 MPa for a femur’s head and 495 + 245 MPa for a bovine
tibia.
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Fig. (4). Apparent density within the different block sections
(A,B,C,D) for the pristine bone block, both in the v part (®) as well
as o one (). In addition, also the overall apparent density of the
block is plotted (dashed line).

3.2. Effect of the Reinforcement Treatment

In this section, the effect of the treatment on the previ-
ously investigated physical and structural characteristics of
the initial matrix is evaluated. As mentioned before, the pro-
cess basically involves the deposition of polymer (PLA-
PCL) and gelatin on the pristine cancellous bovine-derived
bone. The first component provides elasticity and toughness
and limits the otherwise fragile behavior of the bone. The
second one improves hydrophilicity and ensures good cell
adhesion and viability [34]. The block has been first subdi-
vided in sections and pieces following the same procedure as
before. Afterward those samples have been treated and char-
acterized in the same way as the untreated ones. As already
highlighted, because of equivalent cutting angle and proce-
dure directly out of the femur’s head, good correspondence
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is found within the orientation of the trabecular frame among
the two used starting blocks. This visual check makes the
obtained results, despite very little intrinsic variability,
properly and reasonably comparable.

1000

800

200 i ’é/

0
0.35 0.4 0.45 0.5 0.55

Apparent Density of Sections (g/cm3)

Fig. (5). Elastic modulus vs density of the prisitne bone block, for
the vertical applied load (®) and the horizontal one (). For the
apparent density, average values have been reported. The dashed
line is plotted for trend evidencing only.
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Fig. (6). Apparent density within the different block sections (A,B,
C,D) for the treated bone block, both in the v part (®) as well as o
one (). In addition, also the overall apparent density of the block
is reported (dashed line).

3.2.1. Apparent Density

As it can be seen from Fig. (6), after the reinforcement
treatment, a trend very similar, with even properly similar
density values, is observed for the case of the treated block
with respect to untreated ones. Therefore, the intrinsic varia-
bility of untreated bone among the different sections is pre-
served. In light of these results, indeed, to make sure that
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polymer and gelatin are actually present on the treated bone
surfaces, two additional measurements have been run. In Fig.
(7), an example of two contact angle measurements of water
in the air over the surface of the untreated (left) and treated
(right) bone are reported. Though hydroxyapatite is in gen-
eral hydrophilich [44] due to the porosity of the surface
(Cassie-Baxter mode [45-47]) an apparent hydrophobic be-
havior is recorded before the treatment, with apparent con-
tact angle of 100° + 4°, whereas, after it, a rather hydrophilic
one with contact angle of 69° + 15° after 6 seconds. Moreo-
ver, it is important to mention that, if no changes in drop
displacement were observed for the untreated samples, often
a full water penetration within the bone porous domain was
recorded over longer times for the treated ones. Gelatin is
well known and used in drug formulation [48] for its water
absorption and swelling ability. It is therefore not surprising
that its presence, even in small amount, on the bone surface,
leads to enhanced hydrophilicity and water absorption capac-
ity. This makes the xenograft also more accessible from the
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patient’s blood upon implantation, favoring cells coloniza-
tion and vascular ingrowth [16].

In addition, the ESEM pictures in Fig. (8.a and 8.b) show
the presence of deposited material (darker part) within the
internal surface of the pores, while the energy dispersive
analysis (Fig. 8.c and 8.d) reveals difference within the rela-
tive abundance of atomic species in different sections of the
treated bone. Specifically, in the darker area, a much higher
presence of carbon atoms, due to the polymer composition, is
detected. These results have also been confirmed via FTIR
analysis (Fig. S1), in which clearly peaks corresponding to -
OH (3450 cm™), -CH; (2960 cm™), carbonyl (1640 cm™ and
C-O-C (1100 cm™) bonds are detectable after treatment,
whereas before only the ones corresponding to the mineral
nature of the samples are present (1050 and 600 cm™).
Therefore, it is confirmed that polymer and gelatin are effec-
tively deposited over the starting bone matrix. Though the
involved quantities are not enough to affect the apparent

Before Treatment

After Treatment

Fig. (7). Displacement of a water droplet at different instants on the surface of the prisitne bone (left) and after the treatment (right). Actual
values of contact angle have been measured for both cases on the picture in the last square (t = 6 s), as afterwards no further changing in the
displacement of the drop over the surface was recorded. Specifically, for the shown case of the pictures before the tratement (left) the

recorded angle is 103° + 6° and afterwards (right) 73° + 4°.

Ca Section 1

!

Section 2

Ca

T T T T ¥ ¥ T T T
o 1 2 3 4 5 6 7 8 9
[Full Scale 1933 cts Cursor: -0.028 (177 cts)

T
10
ke'

Eull Scale 1933 cts Cursor: -0.028 (147 cts)

A

T T T T
1 2 3 4 5 6 7 8 9 10

Fig. (8). ESEM pictures of the bone after the treatment, at different magnifications. For a, scale bar =200 pm and for b with scale bar = 100
um. c) and d) are the energy dispersive analysis of the two different sections, ¢ of the lighter (1) and d for the darker one (2) inb.
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density of the samples they are, on the contrary, enough to
modify some other physical properties and to relevantly in-
fluence biological behavior and hence clinical performances
[24, 30].

3.2.2. Mechanical Properties

As one can see from Fig. (9) the effect produced by the
deposited materials on the pristine bone matrix can be subdi-
vided in two major points. First, it increases the mechanical
resistance of the actual sample, moving the values of E to-
wards considerably higher ones, specifically from an average
value of 384.46 + 124.8 MPa to one of 461.49 + 66.5 MPa
for section v and from 485.17 + 63.66 MPa to 531.5 + §82.3
MPa for section o. This represents an improvement of rough-
ly 27% over the initial material in the v section and of 25%
in the o one. As the polymer and gelatin properly stick on the
bone support, certainly there is a contribution of adhesion
forces to the observed structural reinforcement. Moreover,
the presence of a polymer phase, even in very low amounts,
significantly stabilizes crack propagation within the mineral
matrix. With dependence on the polymer characteristics,
toughening (if the polymer is soft) and increased mechanical
strength (if the polymer is stiff) can be provided. Additional-
ly, the toughness of the polymer phase itself also contributes
to the enhanced mechanical response of the composite mate-

400 i
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I
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-
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0.35 0.4 0.45 0.5 0.55
Apparent Density of Sections (g/cm3)

Fig. (9). Elastic modulus vs the apparent density of the different
sections of the treated bone block, for the vertical applied load (®)
and the horizontal one (). For the apparent density, average
values have been reported. The dashed line is plotted for trend
evidencing only.

Considering the characteristics of our polymer, which at
room temperature is a very though, rubbery-like solid (T, =
16°C; E = 200 MPa, tensile strength = 240 N/mmz; strain at
failure = 160%), such an improvement is expected when
even only traces are deposited on the pristine bone, as al-
ready observed for similar systems, like nacre-like materi-
als®. Moreover, as already discussed by Chen [40], protein
and mineral constituents of the bone at micro and nano-
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scales may interpenetrate, thus enhancing the mechanical
properties by interlocking [49]. Indeed, in general, as soon as
natural bone is deproteinized its mechanical properties fall
considerably and it presents a rather fragile and brittle behav-
ior [40]. Secondly, the treatment considerably homogenates
the actual mechanical response over the different sections of
the block, once again independently on the direction of the
applied load, lowering substantially the dependence of the
elastic modulus on the apparent density. This, again, can be
explained by the effect of the polymer presence within the
trabeculae of the original matrix, generating a more homoge-
neous stress distribution, limiting stress concentration at the
mineral bridges [6, 50].

Mechanical properties hence become much more distrib-
uted over the body of the block and/or any other complex
volume therefrom extracted, limiting consistently the intrin-
sic variability of such a peculiar base material. Notably, as in
most composite materials, even a small amount of polymer
and gelatin incorporation is enough to provide proper addi-
tional strength. Moreover, being the deposition process con-
trolled by the affinity of polymer and gelatin for the bone
support itself, it can be expected that on samples with higher
porosity, and therefore, more surface area a higher quantity
of material is deposited with a more relevant effect on the
reinforcement. Remarkably, as already shown before, the
apparent density of all samples is only minimally affected by
the process and the peculiar structure ensuring cell coloniza-
tion is preserved [51].

CONCLUSION

In this work, we have characterized deproteinized and
decellularized cancellous bovine bone before and after the
deposition of polymer and gelatin. This way, we have shown
that its mechanical properties can be improved and homoge-
nized. Specifically, the added components not only lead to a
more resistant material, but also, they allow the overcoming
of an intrinsic, naturally occurring limitation in pure bovine
cancellous bone characteristics. Indeed, the conventional
correlation between apparent density and elastic modulus,
the major source of uncertainty and risk of poor outcomes in
the possible usage of pure xenografts in bone tissue engi-
neering, is considerably reduced on the samples that under-
went the treatment. Combined with the enhanced hydro-
philicity provided by the gelatin, the presented biohybrid
composite stands as one of the best candidates for hard tissue
integration and regeneration practice. Indeed, though intrin-
sically reinforcing the material, the deposition process leaves
the specific porous structure, that allows cells proliferation,
basically unaltered. As a matter of fact, the final material
presents many advantages as it combines and address in a
single piece and at the same time mechanical resistance, ho-
mogeneous mechanical response and proper structural char-
acteristics”' that allow full integration within the patient re-
ceiving site tissues and complete tissue remodeling [16].
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