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Given the current prolonged life expectancy, various pathologies affect increasingly the aging subjects.

Regarding the musculoskeletal apparatus, bone fragility induces more susceptibility to fractures, often not

accompanied by good ability of self-repairing, in particular when critical-size defects (CSD) occur.

Currently orthopedic surgery makes use of allografting and autografting which, however, have limitations

due to the scarce amount of tissue that can be taken from the donor, the possibility of disease trans-

mission and donor site morbidity. The need to develop new solutions has pushed the field of tissue

engineering (TE) research to study new scaffolds to be functionalized in order to obtain constructs

capable of promoting tissue regeneration and achieve stable bone recovery over time. This investigation

focuses on the most important aspect related to bone tissue regeneration: the angiogenic properties of

the scaffold to be used. As an innovative solution, scleral ossicles (SOs), previously characterized as

natural, biocompatible and spontaneously decellularized scaffolds used for bone repair, were tested for

angiogenic potential and biocompatibility. To reach this purpose, in ovo Chorioallantoic Membrane Assay

(CAM) was firstly used to test the angiogenic potential; secondly, in vivo subcutaneous implantation of

SOs (in a rat model) was performed in order to assess the biocompatibility and the inflammatory

response. Finally, thanks to the analysis of mass spectrometry (LCMSQE), the putative proteins responsible

for the SO angiogenic properties were identified. Thus, a novel natural biomaterial is proposed, which is (i)

able to induce an angiogenic response in vivo by subcutaneous implantation in a non-immunodeficient

animal model, (ii) which does not induce any inflammatory response, and (iii) is useful for regenerative

medicine application for the healing of bone CSD.

1. Introduction

Given the current prolonged life expectancy and the evermore
aging world population, there is a rapid increase in musculos-
keletal pathologies such as bone fragility inducing more sus-

ceptibility to fractures, often not accompanied by good ability
of self-repairing and hence subjected to some complications
like non-unions, as well as vertebral collapses, osteomyelitis,
etc.2 As a result, costs and bone-related medical treatments
increase constantly.3 Also, as a consequence of injuries, it is
possible to incur large-sized fractures called critical-size
defects (CSD) since the bone lesion is so severe that it prevents
the skeletal segment from self-repairing.4 Recovery of signifi-
cant skeletal defects could be partially abortive due to the per-
turbations that affect the regenerative process. Nowadays, sur-
gical techniques include: bone grafting and joint arthroplas-
ties, autografts (which are considered the gold standard in the
field5,6) and allografts7–9 (that are often used to treat such
bone defects). However, although all these strategies are com-
monly used in orthopedic surgery, these treatments have some
limitations concerning their costs and their side effects such
as potential infections, non-unions, donor site morbidity,
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difficulties in finding adequate donors and a limited amount
of tissue to harvest. Moreover, severe fractures and replace-
ments of injured skeletal segments are currently treated by
means of metal implants that, instead, show some limitations
such as post-transplant rejection and reduced bioactivity.10–12

Furthermore, implant mobility, inflammation and bone
resorption are associated with failure of some metal implants.
In many cases the biological system is not able to replace the
bone loss that may be also complicated by the surrounding
soft-tissue environment. Furthermore, the destruction of the
local vascular network often occurs at the fracture site and for
the bone healing process to be assured it is required to restore
the vascularization previously. It is to be noted, in fact, that an
essential prerequisite of fracture healing is the proper develop-
ment of blood vessels and the complex interplay among blood
vessel formation, oxygen supply, growth factors and cell pro-
liferation influences the final healing outcome in large bone
defects.13–17

One of the most important aspects to take in consideration
during the setting up of a new material for bone regeneration
is its angiogenic potential.18 Angiogenesis is a complex
process in which, during development, endothelial cells (ECs)
switch from the “quiescent” to the “angiogenic phenotype” in
response to the balance between anti- and pro-angiogenic
factors.19 To do this, EC growth, migration, and tube for-
mation are processes that occur under precise stimuli which
regulate the cell–extracellular matrix (ECM) interactions in
order to form new blood capillaries from the pre-existing
ones.20,21

Angiogenesis and osteogenesis are tightly coupled: the
angiogenesis process is essential and crucial for osteogenesis
and bone regeneration, and osteogenesis is critical for the
maintenance of a healthy and fully functional skeletal
system.22 The blood vessels mediate the transport of circulat-
ing cells, oxygen, nutrients and waste products and provide
angiogenic and angiocrine signals. Therefore, normal vascular
formation plays a key role in both physiological and pathologi-
cal processes of the skeletal system. The crucial role of the
vessels has been already established during the various phases
of bone osteogenesis, where two types of bone formation (i.e.
static and dynamic) have been demonstrated to occur in close
relationships with the vascular frameworks.23–26 In this sophis-
ticated and finely modulated process, a variety of angiogenic
factors are all widely expressed as primary inducers of vascular
development.

In this regard in the last decade, regenerative medicine and
TE have played a central role, proposing strategies for bone
reconstitution with the ambition to overcome the compli-
cations associated with traditional techniques. In particular,
many different scaffolds are developing with different pro-
perties, proposing new materials (i.e. 3D printable matrices/
scaffolds) to be used as new strategies in order to trigger the
onset of bone regeneration and optimize the cell growth.27–32

A variety of different exogenous chemical or physical stimuli
were tested, such as soluble growth/differentiation factors, as
well as the application of mechanical forces (i.e., loading).33–40

Finally, many types of cells have been used alone or in co-
culture.41–48 An engineered scaffold-based strategy is the start-
ing point of the recent innovative therapies, for which the
choice of material properties, manufacturing methods and
component treatments, is crucial. They are followed by pre-
clinical in vitro studies and in vivo experimentation, which can
be a prelude to a production of devices/constructs that meet
the need/expectations of patients. Many of these materials
display good mechanical properties but to the detriment of
retaining a high porosity, so, scaffolds for TE which have
demonstrated good outcomes in vitro have failed when
implanted in vivo because of their insufficient capability of vas-
cularization not permitting the cell infiltration and hence a
proper vascularization.49

In this work it is proposed that the use of scleral ossicles
(SOs) is an innovative solution.1 SOs are peculiar bony plates
forming a ring at the scleral–corneal border of the eyeball of
lower vertebrates. This proposed model is interesting because
once SOs reach the definitive size, in the adult animal, they
are subjected to mechanical stereotyped stress for their life-
time, solely with a protective function. Therefore, the bone
remodeling processes (in response to metabolic need) must be
avoided and, to do this, the osteocytes undergo massive apop-
tosis, making the ossicles like naturally decellularized
bones.50–55 SOs have been suggested as natural biocompatible
scaffolds for bone repair, inasmuch it has been reported that
SOs are able to sustain cell adhesion, proliferation and differ-
entiation and, moreover, they seem to have angiogenic poten-
tial in vitro.1 Definitely, the SOs act as a natural ECM-like plat-
form to support angiogenesis and vascularization.

The aims of this study are: (I) to evaluate the angiogenic
potential of SOs in ovo and in vivo, (II) to verify the absence of
inflammatory potential upon in vivo SO subcutaneous implan-
tation and finally (III) to investigate the factors responsible for
the angiogenesis.

2. Experimental section
2.1. Extraction and preparation of the scleral ossicles (SOs)

Poultry processing waste, donated by a local butcher, was used
as the source of SOs. Each eyeball of adult chickens (50–70
days old) was incised with a scalpel in order to extract the
scleral ring. Under a stereomicroscope, the tissue membranes
that cover the scleral ring were removed and each of the 13–14
SOs was disjoined. All bony plates were cleaned with PBS pH
7.4 (phosphate buffered saline) to eliminate the residues of
eye liquid humor, dried and finally sterilized by exposure for
30 min under UV radiation.

2.2. Chorioallantoic membrane (CAM) assay

Fertilized White Leghorn chicken eggs (Istituto Zooprofilattico
di Puglia e Basilicata, Foggia, Italy) staged according to
Hamburger and Hamilton (HH)56 were placed, at the onset,
into an incubator and kept under humidity at 37 °C (day 0). At
stage HH3 (day 3), a square window was opened into the egg-
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shell after the removal of 2–3 ml of albumen so that the devel-
oping chorioallantoic membrane is detached from the shell
itself and the underlying CAM vessels are observed. The
window was sealed with a glass coverslip and the eggs were
returned to the incubator. At stage HH8 (day 8 – when CAM is
fully developed), the coverslips were removed and the top of
the growing CAMs was visible; the CAM assay was performed
as indicated by Ribatti et al. who explained the experimental
procedure in order to evaluate the angiogenic potential either
of a solid material or of a solution.57 Firstly, we evaluated the
angiogenic potential of the sterile SO (1 mm-thick cross-
section cut with scissors). Secondly, the angiogenic potential
of different media has been tested (indicated in Fig. 1) for 48 h
of culture. The coverslips were replaced after the different
grafting, and the CAMs were examined daily until stage HH12
(day 12). Thereafter, the CAMs were fixed and photographed in
ovo using a stereomicroscope equipped with a camera and an
image analysis system (Olympus Italia, Opera/Milan, Italy).
The angiogenic response was evaluated by counting the
number of vessels appearing around the grafts (SO or media
inoculation). For each condition 10 eggs per group were used.

2.3. In vivo subcutaneous implantation of scleral ossicles

Thirteen 12-week-old male Wistar rats weighing 350–400 g
were purchased from Janvier Labs (Saint Berthevin, France).
The animal experiments were conducted at the Animal
Facilities of the University of Bordeaux, France.

All animal procedures were performed in accordance with
the European Guidelines for Care and Use of Laboratory
Animals, and approved by the Bordeaux Ethical Committee
and by the French Ministry for Education, Research, and
Innovation (agreement number APAFIS #4375-
2016030408537165 v8). Animal housing and caretaking were
provided by the animal facility in accordance with the national
guidelines. All animals were kept under a 12 h–12 h light/dark
cycle and the temperature was controlled.

After one week of adaptation, rats were shaved and the day
after, one control rat was sacrificed (day 0). In the remaining
twelve rats, sterile SO was placed subcutaneously. The rats
were anesthetized with 4% isoflurane and maintained at 2%

using a mask during the surgery. After scrubbing the skin with
0.2% sterile chlorhexidine, 2 cm dorsal incisions were made
bilaterally on the sacral–lumbar area. Subcutaneous pockets
(4–5 cm in length and 1.5 cm in width) were made bilaterally,
parallel to the rostro-caudal axis in the direction of the head,
and one SO per side was inserted (Fig. 2A). All the incisions
were sutured with 3–4 sterile staples and the animals were fol-
lowed throughout the post-implantation period up to euthana-
sia. After 1, 2, 4, and 12 weeks post-implantation, animals
were euthanized using CO2 (TEM SEGA rodent system,
Automate d’euthanasie v 4.5). The skin areas containing the
SO were excised from each rat (implant areas) as well as skin
control samples (control areas) from the dorsal thoracic region
(Fig. 2B).

2.4. Histological staining and immunohistochemistry

Samples with/without SOs were decalcified for 4 days in 10%
EDTA and then processed for paraffin embedding (Leica
EG1150 H) following the procedure here described: 70%
ethanol for 30 min, three times in 95% ethanol, three times in
100% ethanol, three times in toluene and two times in
paraffin, 1 h for each. After paraffin embedding, twelve sec-
tions (5 µm) were obtained from each sample.

Slides were deparaffinized by means of xylene (two times
for 5 min each), hydrated through a graded series of alcohol
(100%, 95%, 80% and 70%) for 5 min each and rinsed first
with tap water and then with deionized water for 1 min each.
After that, four slides (with two sections each) of both control
(CTR) and implanted (IMPLANTED) samples, for each time
point (weeks 1, 2, 4 and 12), were stained both with
Hematoxylin & Eosin (H&E) or Masson’s Trichrome (MT).

Briefly, for H&E staining, after the dehydration procedure,
the slides were stained with Carazzi hematoxylin solution
(DiaPath C0203), rinsed with tap water, stained with alcoholic
0.5% eosin Y (DiaPath C0353) and then rinsed with deionized
water for 1 min each.

For Masson’s trichrome staining, dehydrated slides were
stained with Mayer’s hemalum solution for 10 min, rinsed
first with tap water for 10 min and then with deionized water
for 1 min, before being exposed to 1% Fuchsin-Ponceau (1v/2v)
for 1.5 min. After 1 min in 3% (w/v) phosphomolybdic acid,
slides were run through acidified water (0.1% (v/v) glacial

Fig. 2 (A) Procedure of the SO implantation and (B) sample extraction
at the sacrifice.

Fig. 1 Scheme showing the compositions of different media tested on
CAM: vascular endothelial growth factor (VEGF) and fibroblast growth
factor (FGF) are used at a final concentration of 10 ng ml−1 (VEGF
#PHC9394 Gibco; FGF-2 #233-FB R&D System).
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acetic acid) for 1 min, stained with 1% (w/v) light green for
1 min and rinsed with acidified water again for 1 min.

Immunohistochemistry (IHC) was performed using the
automatic system Ventana Bench Mark XT according to the fol-
lowing protocol: samples were incubated for 15 min with
buffer EZ prep (Ventana 950-102) at 72 °C; the antigen retrieval
was performed by arranging slides in a Cell Conditioning 1
Buffer (Ventana 950-124) for 36 min; slides were incubated for
24 min with macrophage specific anti-CD68 clone PG-M1
(DakoCytomation M0876) at a concentration of 1 : 300 in an
antibody diluent (Ventana 251-018); samples were then treated
with an ultraView Universal DAB Detection Kit (Ventana 760-
500) and finally, slides were counterstained by immersion in
hematoxylin II (Ventana 790-2208) for 12 min and mounted on
slides. Stained sections were evaluated under a Nikon Eclipse
Ni microscope (Nikon) equipped with a DS-Fi2 camera (Nikon)
and processed by means of NIS-Elements D 5.11.00 software
(Nikon).

2.5. Mass spectrometry, protein identification and
annotation

Three replicates were prepared for mass spectrometry
(LCMSQE) analysis according to the following protocol: four
SOs were finely chopped and incubated with 50 µl of 50 ng
µl−1 trypsin (PIERCE 90057S) at 37 °C for 16 h. Next, the
trypsin was inactivated with 5% formic acid (with a volume
equal to 10% of the final digestion volume) and subsequently
dried in the Speed-vac for 1 h. Before performing the LCMSQE
analysis, the samples were re-suspended in 40 µL of a mixture
of water : acetonitrile : formic acid (97 : 3 : 2), sonicated for
10 min at room temperature and finally centrifuged at 12 100
r.c.f. for 10 min. Analyses were performed on an ESI Q Exactive
Mass spectrometer (Thermo Scientific), controlled by an
Xcalibur (v. 29 build 2926) and interfaced with an Ultimate
3000 UHPLC pump. The column (Zorbax SB-C18 RRHT, 2.1 ×
50 mm, 1.8 μ particle size, Agilent Technologies), thermostated
at 30 °C, was equilibrated with 0.3 ml min−1 of water and 0.1%
formic acid (A) with 2% acetonitrile (B). Two different methods
were used: 80 min for samples 1 and 2, and 3 h for sample 3.
Briefly, in the first method after sample injection (20 µl), B%
was kept at 2% for 2 min, then it was increased from 2 to 3%
in 5 min, then linearly increased from 3 to 28% in 59 min; B%
was then brought to 90% in 4 min and kept at 90% for 3 min,
before the reconditioning step. The total runtime was 80 min.
For the second method after sample injection (30 µl), B% was
kept at 2% for 2 min, then it was linearly increased from 2 to
28% in 153 min; B% was then brought to 90% in 10 min and
kept at 90% for 5 min, before the reconditioning step. The
total run time was 3 h.

ESI (electrospray ionization) was performed in positive
mode; the probe was heated at 290 °C, the capillary tempera-
ture was set at 270 °C; the following nitrogen flows (arbitrary
units) were used to assist the ionization: Sheath Gas 40, Aux
Gas 30, and Sweep Gas 3; capillary voltage was set to 3.5 kV
and the S-Lens RF level was set at 55 (arbitrary units).

Centroided MS and MS2 spectra were recorded from 200 to
2000 m/z in FULL MS/dd-MS2 (TOP5) mode, at a resolution of
70 000 and 17 500, respectively. The five most intense multi-
charged ions were selected for MS2 nitrogen-promoted col-
lision-induced dissociation (NCE = 28). A precursor active
exclusion of 10 seconds was set; peptide-like isotope pattern
ions were preferred. The mass spectrometer was calibrated
before the start of the analyses.

MS raw data files were converted with MSConvert (version
3.0.19135-311725741 ProteoWizard) into mascot generic
format and the peak lists were searched against Trembl (21902
sequences for Gallus gallus) for peptide sequences and C-Rap
for contaminants with MASCOT (version 2.4, Matrix Science,
London, UK).

Trypsin was set as a proteolytic enzyme, and deamidated-
NQ and oxidized-M were set as variable modifications. One
missed cleavage was allowed. Mass tolerances were set at
10 ppm for the precursor ions and 0.01 Da for the product
ions. Automatic decoy database search was used to estimate
the false discovery rate, which was adjusted to <1%.

All proteins identified from each experimental approach are
listed in Table 1, ESI.† GO annotation was used to identify
protein clusters, this was obtained using Protein ANalysis
THrough Evolutionary Relationships58 (PANTHER version 14.1
(released 2019-03-12) contains 15 524 protein families, divided
into 107 627 functionally distinct protein subfamilies),
STRING database59 (version 11.0 since January 19, 2019 cur-
rently covers 9 643 763 proteins from 2031 organisms) and the
DAVID Bioinformatics Resources database60 (version 6.8).

2.6. Statistical analysis

Experiments carried out in triplicate (as indicated in the
Experimental section and in the respective paragraphs in the
“Results and discussion” section) are defined respectively as
two or three independent samples that were treated, isolated
and analysed separately. All data are expressed as mean ±
Standard Deviation (SD). Differences between the experimental
conditions were evaluated by one-way analysis of variance
(ANOVA) with Dunnett’s corrections for multiple comparison
or two-way analysis of variance (ANOVA) with Bonferroni cor-
rections for multiple comparison; the type of analysis and sig-
nificant p values are indicated in the figure legends. Statistical
analyses and relative graphs were performed using GraphPad
prism 6 (version 6.01).

Differences are classified as significant with p < 0.05.

3. Results and discussion
3.1. In ovo angiogenic potential of scleral ossicles

In order to evaluate the angiogenic potential of the SOs in ovo,
a peculiar analysis was conducted on the chick embryo chor-
ioallantoic membrane (CAM). The CAM is an extra embryonic
membrane which serves as a gas exchange surface and its
function is supported by a dense capillary network.61 Some
side considerations concern the ethical choice of the CAM
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model: the chick embryo that has not reached the 14th day of
its gestation period does not feel pain and can therefore be
used for experimentation without any ethical restrictions or
prior protocol approval.62,63 Additionally, according to the
“three Rs” rule, we have used a reduced number of animals for
the successive in vivo experimentation (“reduction”), we mini-
mized the pain and suffering from animals (“refinement”) and
we have used an alternative (in ovo instead of in vivo) for the
first experimental phase of the study (“replacement”).64,65

Because of its easy accessibility, the chicken CAM (frequently
used as an experimental model, also as an alternative to the
animal model, as just mentioned) has been used, in the
present study, for the investigation of the angiogenic potential
of SO.66–68 Moreover, in the development stages used in this
experimentation (from day 8 to day 12) the immunocompetent
chicken system is not fully developed and for this reason it is
not responsive to an exogenous material.69

The angiogenic potential of the SO was evaluated by the
CAM assay, incubating firstly SO and subsequently media con-
ditioned by SOs. Experiments were started at the stage HH8 of
embryo development (when crucial steps as the development
of the circulatory system occur) and carried out for four days,
as described in the Experimental section.

In a preliminary experiment, SO was brought directly into
contact with the growing CAM resulting in a strong vasculo-
proliferative activity. Fig. 3 shows the appearance of CAM’s
vessels at stage HH12; the magnification of the dashed
squared area shows a linear and orderly course of the vessels
(Fig. 3A). The SO implant (removed because of its opacity and
outlined with a dashed yellow line in Fig. 3B) induces a strong
vasculo-proliferative reaction resulting in the formation of neo-
formed vessels (yellow arrows) on the pre-existing ones. As an
interesting aspect, it should be noted that the vascular course
is extremely tortuous and irregular, representing the formation
of new capillaries during tumour onset.

To better understand whether this vasculo-proliferative
reaction is induced by factors released by the SO, six different
conditioned media, obtained by culturing for 48 h a combi-
nation of serum free medium, SO and growth factors, were
tested through the CAM assay (medium compositions are
specified in Table 1).

Both the medium conditioned by the presence of the SO-
released-factors alone (#1) and the medium containing the
combination of the two (#2 and #3) or the growth factors alone
(#4 and #5) induce the formation of numerous allantoic
vessels that develop radially with respect to the implant in a
“spoked-wheel” pattern (white arrows in Fig. 4A). These obser-
vations are supported by the quantification of the number of
vessels that moved away from the areas of medium inoculation
under all conditions. The histogram in Fig. 4B is related to the
quantification performed on the images of the CAM vessels at
stage HH12 under all the conditions analyzed.

In particular, the number of vessels is significantly higher
under conditions #1 to #5 compared to the CTR (****p <
0.0001). It has been highlighted that the SO alone is able to
induce an angiogenic response not so different (*p < 0.5) from
conditions #4 and #5 (representing our positive controls). It is
of note that the VEGF (#2) is able to potentiate the SO angio-
genic response (1#) (**p < 0.01) suggesting an additive effect
that is not observable with the FGF (#3). These findings
suggest that the SO induces an important angiogenic reaction
triggered by angiogenic factors released in the media where it
is located. Furthermore, the VEGF acts as an enhancer of the
SO angiogenic response while the FGF in combination with
the SO effect does not affect the angiogenic potential of the
SOs.70–72 The last evidence probably means that the FGF angio-
genic response is not potentiated because of a “saturation”
effect (viz. every CAM, despite the sum of favorable conditions,
is not able to develop vessels beyond a certain number73). As
the final consideration, concerning the data so far obtained on
this aspect, it is correct to assert that the SOs have a good
angiogenic potential in ovo.

3.2. In vivo subcutaneous implantation of scleral ossicles

Based on the previous CAM results, indicating a strong angio-
genic potential of SOs, it was decided to test the biocompat-
ibility and inflammation response in a rat model through the

Fig. 3 Appearance of CAM at stage HH12 with (B) or without SO (A).
The yellow dashed line indicates the site of implantation of SO on the
growing CAM (scale bar = 2 mm).

Table 1 Composition of the conditioned media used in the angiogenic
CAM assay. αMEM = alpha minimum essential medium; gluta =
L-glutamine; P/S = penicillin/streptomycin; SO = presence of scleral
ossicles, GF = growth factors. Recombinant VEGF and FGF

Media composition

αMEM + gluta + P/S SO GF

CTR + − −
#1 + + −
#2 + + + VEGF
#3 + + + FGF
#4 + − + VEGF
#5 + − + FGF
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subcutaneous implantation in the dorsal region for 1, 2, 4 and
12 weeks.

No loss of animals was observed throughout the procedure,
not even after surgery. All rats had good recovery and no
animals showed pain after surgery. Following euthanasia, a

longitudinal incision was made in the dorsal region above the
spine; then, both sides were opened to (i) retrieve the samples
of skin (sample area of 1 × 1 cm) including the SO (implant
area in Fig. 2B) and (ii) take the CTR samples (control areas in
Fig. 2B). All implanted SOs were visible by gross inspections at
all the time points and no sepsis or evidence of infection was
seen (Fig. 5).

Furthermore, histological analysis showed interesting
aspects. The SOs, under both the macroscopic (Fig. 5) and
histological views (Fig. 6), neither show induction of any
inflammatory/edema signs nor macrophage migration and
infiltration of new fibroblasts or necrosis at all the time points
(1, 2, 4 and 12 weeks).74 This is also in line with the IHC ana-
lysis: as expected, the presence of CD68 positive cells was
observed both in the control rat tissue (Fig. 7-CTR) and in the
implanted animals, in proximity to blood vessels at a distance
from the implant site (right panels in Fig. 7-IMPLANTED).
Interestingly, in the area close to the SO implant, CD68 posi-
tive cells were not detected. On this basis, we can deduce that
the presence of CD68 positive elements is not related to the
implant site/procedure. Hence, we can conclude that SOs are
biocompatible and well tolerated from the host organism
which does not show any reaction due to foreign bodies75 and
also SOs were not subjected to rejection.76,77

We were positively surprised to see no inflammatory reac-
tion, considering that SOs come from chickens and were put
in a non-immunodeficient rat model.78,79 This is probably due
to the fact that the scaffold proposed is already naturally decel-
lularized. In fact, reduced/absent immune responses have
been observed in autologous, allogenic, and xenogenic decellu-
larized scaffolds, as demonstrated for other artificially decellu-
larized scaffolds by other authors.80,81 Interestingly, in the area
close to the SO, the connective tissue displays a well-organized

Fig. 4 (A) Images of the CAM assay showing the inoculation site of the
conditioned media (asterisks); medium composition is described in
Table 1 (scale bar = 2 mm). The white arrows indicate the vessels devel-
oping radially around the inoculation site; (B) the number of vessels
counted on the CAM for each conditioned medium. Statistical analysis
was done using one-way ANOVA with Dunnett’s corrections (*p < 0.05,
**p < 0.01, ****p < 0.0001).

Fig. 5 Macroscopic view of rat skin at weeks 1, 2, 4 and 12. The baseline
represents rats that have not undergone surgical procedures. The
control (CTR) is the skin area without the implant; IMPLANTED is the
skin area in which the SO is implanted (SO is indicated by the black
arrow; scale bar = 5 mm).
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and compact collagen texture (asterisks in Fig. 8) compared to
the adjacent collagen that has a looser organization and pre-
sents a greater quantity of vessels (circles in Fig. 8). This
different organization of the connective tissue is visible
immediately adjacent to the SO at all the time points tested.

Quantification of blood vessels is showed in Fig. 9: the his-
togram clearly shows that the amount of blood vessels found
in the IMPLANTED samples is statistically significant com-
pared to the CTR. Furthermore, significant differences in the
quantity of vessels in the IMPLANTED samples are visible

especially between weeks 1–2, 1–12 and 4–12, but decrease
with time. The authors speculate that these data suggest the
hypothesis that at the onset, the early vascularization process
depends on factors issued by SOs, and overtime the consolida-
tion of the vascular environment is strongly aimed at the osteo-
genesis induction. As an element of discussion, it is worth
emphasizing that neovascularization is a positive response to
the introduction of a foreign body in an organism, that
ensures a proper supply of biochemical signals, oxygen and
nutrient to the cells of the tissue surrounding the implant.82

Fig. 6 Representative overview of the rat skin control (CTR) and skin grafted with SO (IMPLANTED). H&E = Hematoxylin and Eosin staining shows
connective tissue in pink with nuclei stained in dark violet; MT = Masson’s Trichrome staining shows collagen fibers in green, muscle fibers and
glands in violet, and nuclei in blue. Images were taken in the 2nd week but the panel is representative of all the other time points.

Fig. 7 A representative overview of the rat skin control (CTR) and skin grafted with SO (IMPLANTED). Immunohistochemistry analysis for CD68 posi-
tive cells. On the left, positive cells in the subcutaneous area of rat skin in the CTR sample; on the right, two different fields of the IMPLANTED
samples in which the absence of positive cells close to the implanted SO is clearly visible along with some positive cells in the area far from the
implant. The yellow area indicates the SO, detached during the immunohistochemistry procedures.
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The extensive blood vessel formation suggests the onset of a
series of events able to speed up the vascularization, thus
enhancing the efficacy of tissue formation. These features are
very important for a biomaterial able to stimulate angiogenesis
without amplifying inflammation, underlining that, in this
case, angiogenesis is an essential prelude to osteogenesis
processes.83,84

3.3. Mass spectrometry analysis

Following in ovo and in vivo observations, demonstrating that
SO has a very strong ability to induce angiogenesis, we con-
ducted further investigation by mass spectrometry in order to
determine which factors were responsible for these effects.

Since both the SOs and the conditioned media were indu-
cers of angiogenesis, the protein content of SOs was analyzed
by mass spectrometry analysis (LCMSQE). All proteins were
categorized in GO annotations analyzing molecular functions,
biological processes and protein classes.

In Fig. 10, it is clearly visible that the majority of proteins
found inside the SOs (panel A) are involved in binding activity,
catalytic activity and structural molecular activity (such as
extracellular matrix structural constituent, etc.).

They are also mainly involved in cellular processes, localiz-
ation and metabolic processes (Fig. 10B). Finally, the most
abundant protein classes are cytoskeletal proteins (mainly
actin and microtubule families), receptors and signaling mole-
cules (Fig. 10C).

These pieces of evidence could suggest that several proteins
belonging to these categories are also involved in the angio-
genesis process.85–87

Next, in order to validate the previous observations concern-
ing the SO angiogenic effects, we analyzed all the hits found by
LCMSQE analysis by means of proteomic and interatomic data-

bases. A series of proteins were identified as belonging to the
Gene Ontology (GO) annotations: vasculature development
(GO0001944), cardiovascular system development (GO0072358),
regulation of vasculature development (GO1901342) and nega-
tive regulation of vasculature development (GO1901343).

All the proteins defined in Table 2 are involved in the path-
ways of angiogenesis or vascular development and act as posi-

Fig. 8 Representative images of rat skin: the control (CTR) and
IMPLANTED skin area. Note the well-organized connective tissue (white
asterisks) close to the SO with respect to the deeper layer (yellow
circles). The white arrows indicate the vessels; H&E = Hematoxylin and
Eosin staining shows connective tissue in pink with nuclei in dark violet;
MT = Masson’s Trichrome staining shows collagen fibers in green and
nuclei in blue. Images were taken in the 2nd week but the panel is repre-
sentative of all the time points (scale bar = 50 µm).

Fig. 9 (A) Representative overview of the rat skin blood vessels (white
arrows) present in the sample of the control (CTR) and in the skin
grafted with SO (IMPLANTED). Images were taken in the 4th week (scale
bar image 10× = 100 µm, 20× = 50 µm, 40× = 20 µm); (B) histogram of
the quantification of the vessels present in the CTR and IMPLANTED
sample in each time point. Statistical analysis was done using two-way
ANOVA analyzing two parameter differences between CTR and
IMPLANTED and differences between different end points (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001).
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tive or negative regulators of these processes. In the literature,
it is reported that the angiogenic processes of endothelial cell
growth, migration and tube formation are finely regulated by
the balance between pro- and anti-angiogenic factors, cell–
extracellular matrix interactions and matrix-degrading
proteases.128

Therefore, to complete the previous investigations on the
proteins found in SOs, the LCMSQE analysis confirmed the
presence of proteins with angiogenic properties capable of
inducing angiogenic reactions in the surrounding tissue.

In particular, the first protein with the highest MASCOT
protein score is decorin (DCN), a chondroitin/dermatan sul-
phate proteoglycan, belonging to the small leucine-rich proteo-
glycan family, which is involved in the collagen fibril assembly
to control fibril formation and regulating their mechanical
properties. It also plays an important role in the induction of a
specific set of metalloproteinases and the concomitant for-
mation of cord-like structures and cell-lined cavities.
Furthermore, decorin has also been found to be expressed in a
significant amount around neovessels after varicose vein
surgery in patients,129 and it has been shown in animal
models that the injured cornea deficient for decorin has com-
promised angiogenesis.88 Moreover, it is worth noting that
decorin activates angiogenesis through the IGF1R/AKT/VEGF
pathway,130 one of the most important signal transduction
mechanisms involved in speeding the cell proliferation in
normal and cancer cells.131 In parallel decorin seems to be
involved in anti-angiogenic processes; fragments of decorin
seem to depress VEGF-induced focal adhesion kinase phos-
phorylation and assembly of focal adhesions.89 A retardation
in cornea neovascularization has also been observed via a
downregulation of proangiogenic molecules including VEGF,
linked with an overexpression of decorin.132

Therefore, decorin’s role in angiogenesis (pro- or anti-
angiogenic) seems to be dependent on the molecular micro-
environment (where angiogenesis is induced). Decorin can
either promote or inhibit angiogenesis and thus, impacts the
fate (life and death) of endothelial cells.90

Other relatively abundant proteins found on SOs are
myosin heavy chain 9 and 10. There are two non-muscle
myosin II also namely NMHC IIA and NMHC IIB, respect-
ively.96 In particular myosin-9, identified as a nucleolin-
binding protein, is the physical linker between nucleolin and

Fig. 10 Enrichment analysis of the hits found by means of mass spec-
trometry (LCMSQE). SO proteins were clustered based on three
PANTHER ontology classes: (A) molecular function, (B) biological
process and (C) protein class.

Table 2 List of proteins identified by MASCOT and classified by the DAVID database. Proteins have been ordered based on the MASCOT protein
score. The emPAI (exponentially modified Protein Abundance Index) obtained by MASCOT is also shown: it offers an approximate, label-free, relative
quantification of the proteins present in a mixture and it is normalized on the total emPAI

ID Uniprot Protein name Protein sequence coverage % MASCOT protein score emPAI %

DCN Decorin88–91 45.9 1818 31.9
MYH10 Myosin, heavy chain 1092–94 41.3 1240 11.7
MYH9 Myosin, heavy chain 995–97 42.1 1087 10.2
COL1A2 Collagen α-2(I) chain98–100 19.7 656 6.0
SERPINF1 Serpin peptidase inhibitor101–103 34.4 239 5.3
TMED2 Transmembrane p24 trafficking protein 2104 13.9 67 4.2
FN1 Fibronectin105,106 12.2 64 0.6
THBS1 Thrombospondin1107–109 5.9 57 0.3
COL1A1 Collagen α-1(I) chain105,110,111 34.2 54 21.5
MYLK Myosin light chain kinase112 3.5 51 0.5
NCL Nucleolin95,97,113 8.5 50 0.6
RAP1A Member of RAS oncogene114–119 17.6 46 2.1
THBS4 Thrombospondin 4120–122 9.0 44 0.5
THY1 Thy-1 membrane glycoprotein123–125 27.3 36 2.4
MYL3 Myosin, light chain 3126,127 11.9 35 2.0
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the cytoskeleton. This actin-based motor protein provides an
essential function, together with those of the VEGF and ECM,
in linking nucleolin and the cytoskeleton in order to mediate
nucleolin’s function in angiogenic processes.97 Nucleolin has
also been described as a nucleolar protein involved in cell pro-
liferation, cytokinesis, replication, embryogenesis and nucleo-
genesis. Moreover, cell surface nucleolin is essential for
migration and tube formation of endothelial cells. During
angiogenesis, the upregulation of cell–surface nucleolin is
attributed to the shuttle of nucleolin from the nucleus to the
cell membrane, mediated by myosin-9.95

In summary, the LCMSQE analysis supports the previous
in vitro and in vivo analysis showing that the proteins present
in SOs could induce angiogenic effects.

4. Conclusions

In this research, we demonstrated the capability of the pre-
viously characterized SOs to release bioactive molecules able to
induce a clear angiogenic response. A variety of techniques
were used to investigate, firstly, the angiogenic response in ovo
and in vivo and, secondly, the biocompatibility in vivo. After
observing both the angiogenic potential and the biocompat-
ibility, the putative actors of these effects were also sought by
highlighting which angiogenic factors could be released from
this peculiar material. In conclusion, the scaffold investigated
in the present study might be considered a good candidate as
a bone substitute or a TE scaffold for future clinical
applications.
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