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ARTICLE INFO ABSTRACT
Keywords: The effective treatment of non-unions and critical-sized defects remains a challenge in the orthopedic field. From
Bone regeneration a tissue engineering perspective, this issue can be addressed through the application bioactive matrixes to

Critical bone defects
Ceramic biomaterials
Bonelike®

Ovine model

support bone regeneration, such as Bonelike®, as opposed to the widespread autologous grafting technique. An
improved formulation of Bonelike® Poro, was assessed as a synthetic bone substitute in an ovine model for
critical-sized bone defects. Bone regeneration was assessed after 5 months of recovery through macro and
microscopic analysis of the healing features of the defect sites. Both the application of natural bone graft or
Bonelike® Poro resulted in bridging of the defects margins. Untreated defect remained as fibrous non-unions at
the end of the study period. The characteristics of the newly formed bone and its integration with the host tissue
were assessed through histomorphometric and histological analysis, which demonstrated Bonelike® Poro to
result in improved healing of the defects. The group treated with synthetic biomaterial presented bone bridges of
increased thickness and bone features that more closely resembled the native spongeous and cortical bone. The
application of Bonelike® Poro enabled the regeneration of critical-sized lesions and performed comparably to the
autograph technique, validating its octeoconductive and osteointegrative potential for clinical application as a
therapeutic strategy in human and veterinary orthopedics.

1. Introduction environment or when the fracture has occurred in thick cortices bones
(such as the femoral or tibial diaphysis), the regenerative process be-

Under normal biological situations, a skeletal fracture will resolve comes challenging and increased time is required for fracture healing.
spontaneously within the first six to eight weeks after the injury. When Such clinical situations benefit from strategies to promote and
biological or mechanical disturbances occur in the regenerative enhance the healing process, in order to restore the original bone
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structure and function. These scenarios are observed in both human and
veterinary medicine (Calori et al., 2011; Vertenten et al., 2010), and
include traumatic injuries or tumor resections (with substantial and
irregular bone loss), gaps resulting from open wedges corrective
osteotomies, arthrodesis or arthroplasties, spinal fusion, non-union or
delayed bone unions, metabolic diseases, and other local or systemic
diseases, all often related to aged patients. In these scenarios, bone
regeneration is compromised, and the bone defect exceeds the intrinsic
biological restoration mechanisms capacity (Calori et al., 2011; Ver-
tenten et al., 2010; Gutierres et al., 2007; Innes, 2014).

The critical-sized bone defects (CSBD) are the smallest bone defect
that will not heal spontaneously without a specific treatment during
lifetime of the individual (Hollinger and Kleinschmidt, 1990). The
effective volume and size of such defects is dependent on the bone and
animal species (Gosain et al., 2000), and therefore their definition is not
consensually described (Schemitsch, 2017). Critical-sized defects usu-
ally present stable biological and molecular responses, but major tissue
loss impairs bone regeneration.

In parallel, if after four months healing is not observed, the situation
is defined as a case of delayed union and, if after six months no bone
healing is observed, the clinical classification of a non-union is estab-
lished (Carlier et al., 2014; Gomez-Barrena et al., 2015; Trejo-Iriarte
et al., 2019). Unlike critical-sized defects, a biomechanical impairment
is present in non-unions, with damaged molecular and cellular signaling,
although a bone gap is not necessarily present (Schemitsch, 2017).

In clinical scenarios, if the bone union does not occur within one year
it is unlikely to ever occur, resulting in permanent non-union, with
fibrous scar formation between the bone edges, without restoration of
bone continuity and function (Hollinger and Kleinschmidt, 1990). Thus,
while critical-sized defects are defined as requiring surgical bone
grafting, non-unions can eventually heal without applying bone grafting
(Schemitsch, 2017). These clinical cases often result in poor outcomes
and are a challenging topic for orthopedic surgeons. Different treatment
strategies can be used to improve new bone formation, avoiding for-
mation of tissue with inferior quality (Calori et al., 2011; Vertenten
et al.,, 2010; Innes, 2014; Cross et al., 2012; Johnson et al., 2005;
Campana et al., 2014).

The healing of these defects can be achieved through appropriate
treatment (Roddy et al., 2018), such as autologous cancellous bone
grafting (ACBG), currently considered as the gold standard technique. In
the last decades, the well-known disadvantages of autografts and allo-
grafts have encouraged the development of alternative methods.

Tissue engineering strategies are a promising option for large bone
defects treatment and can include an osteoconductive scaffold for matrix
support, growth factors to promote osteoinduction and vascularization
of the site, and the application of cellular systems with osteogenic po-
tential (Berner et al., 2012). From this perspective, an ideal natural or
synthetic bone substitute should be biocompatible, resorbable, with a
similar mechanical resistance as the cortical bone, have osteo-
conductive, osteoinductive and osteogenic properties, and be easily
handled and sterilized. Further, the bone substitute should not cause any
adverse systemic nor local reaction and must provide a favorable envi-
ronment to be invaded by blood vessels, cells and growth factors
(Campana et al., 2014; Blokhuis et al., 2000).

The limited number of natural bone grafts available has increased the
importance of applying synthetic bone grafts as substitutes, and among
the most used materials are calcium sulfate, calcium phosphate ceramics
and cements, bioactive glasses, poly(methyl methacrylate) or combi-
nations between different materials. The ideal option has not yet been
defined (Wang and Yeung, 2017). Calcium sulfate is a biodegradable
and osteoconductive ceramic that has been used to fill critical bone
defects since the 1980s. Despite having a macroporous structure, the fact
that it is absorbed very quickly and has a weak internal strength, its use
is more suitable for small bone defects with rigid internal fixation (Wang
and Yeung, 2017; Carson and Bostrom, 2007). Calcium phosphate ce-
ramics are composed of calcium hydroxyapatite whose chemical
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constitution is similar to that of the mineral phase of calcified organic
tissues (Zwingenberger et al., 2012). As they are bioabsorbable ceramics
with good osteoconductivity, this type of ceramics has been used in
multiple clinical studies (Scheer and Adolfsson, 2009). In this type of
material, its porous and crystalline structure is one of the factors to be
considered in the selection, and the calcium-to-phosphate ratios can
affect its absorption rate and mechanical properties. In hydroxyapatite
and tricalcium phosphate this ratio is particularly well identified (Wang
and Yeung, 2017). The calcium phosphate cements emerged with the
aim of expanding the adaptability and moldability of calcium phosphate
ceramics, and unlike the latter, they are made up of two components,
one of which is an aqueous curing agent. These cements are generally
microporous, biocompatible and provide good mechanical support
when subjected to low bending strength (Wang and Yeung, 2017;
Alkhraisat et al., 2010). Bioactive glasses or bioglasses are synthetic
silicate-based ceramics whose constitution, optimized over the years of
research, and has made it possible to obtain a stable physical bonding
between bioglass and the host’s bone. This connection is thought to be
related to the formation of a hydroxyapatite coating on the surface of
bioglass that absorbs proteins and attracts osteoprogenitor cells (Wang
and Yeung, 2017; Valimaki and Aro, 2006). Despite this, the mechanical
properties of these glasses tend to be weak and fragile, which makes
them more feasible to simpler defects and in combination with other
approaches such as growth factors (Marao et al., 2015). Finally, poly
(methyl methacrylate) is a non-biodegradable and non-resorbable bone
cement that is commonly used clinically as a synthetic material,
although it cannot be considered a true material substitute (Hernandez
etal., 2009). Despite its widespread use in total joint replacement for the
fixation of components, it also has some drawbacks related to its poly-
merization, mechanical mismatch and inherent inert properties (Wang
and Yeung, 2017).

Bonelike® is a glass-reinforced hydroxyapatite (HA) composite
[P205-Ca0O glass-based system within a HA matrix] with osteo-
conductive proprieties that can be applied as a synthetic bone graft. Its
advantages have been demonstrated in several clinical applications,
namely dental, maxillofacial and orthopedic surgery (Gutierres et al.,
2007; Gutierres et al., 2006; Gutierres et al., 2005; Pavan Kumar et al.,
2014; Torres et al., 2014). One of the main morphological properties of
biomaterials, with the purpose of bone ingrowth, is the existence of open
and interconnected pores. According to the literature, these biomaterials
must have pores with diameters larger than 100 pm in order to allow a
necessary cell migration, vascularisation, metabolic waste removal, and
circulation of water and nutrients (Silva et al., 2003; Laranjeira et al.,
2009). In order to produce a formulation with this property, new
interconnected macroporous 3D structures were developed. Bonelike®
Poro (BLP) is a novel formulation of polygonal granules with 2000-5600
pm of diameter with pore size range from 200 to 600 pm.

This range of granules size allows the complete filling of the bone
defect area, establishing close contact with host bone, thus enhancing
new tissue formation through osteoconduction. The macroporosity is
generated by adding polyvinyl alcohol and microcrystalline cellulose in
HA and bioglass as pore forming agents before sintering, granting the
desired pore size and pore interconnectivity. These macroporous struc-
tures enhance the surface area of the BLP and allow for cell migration
though its porous structure, increasing cell adhesion and proliferation.
Furthermore, the pore size ranging from 200 to 600 pm closely re-
sembles that of the trabecular bone, allowing bone ingrowth through the
biomaterial structure (Gutierres et al., 2008).

The aim of this study was to evaluate the effectiveness of BLP in
promoting bone regeneration as a bioactive matrix and as a synthetic
bone substitute in critical-sized bone defects in comparison to autolo-
gous grafting techniques, considering an undemanding biomechanical
defect. To analyze the osteoconductive potential of BLP and evaluate its
efficacy and potential for further clinical use in humans and veterinary
orthopedics (Lansdowne et al., 2014), the behavior of BLP bone graft
was assessed against positive and negative controls (ACBG and
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untreated defects, respectively). The ovine model of iliac crest CSBD was
selected for the purpose due to its histologic similarity to human bone,
reduced morbidity, relatively low risk of complications, ease of repro-
duction and the possibility to create two defects per animal that allows
the reduction of the number of animals used.

2. Materials and methods
2.1. Bonelike® Poro preparation

The BLP was prepared as briefly detailed: HA and P,05-CaO based
glass were individually prepared and mixed. BLP was obtained by
adding 2.5 wt% of the glass powder to HA and both mixed with pore
forming agents, microcrystalline cellulose and polyvinyl alcohol. The
mixture was dried, sintered at 1300 °C and then milled to the appro-
priate size of granules. Standard sieving techniques were used to obtain
the desired ranges of granules, on from 2000 to 5600 pm of diameter
with pore sizes range from 200 to 600 pm.

2.2. Biomaterial characterization

Several techniques were used to characterize the BLP, namely X-ray
Diffraction (XRD) for phase identification and quantification, Scanning
Electron Microscopy (SEM) for materials morphology evaluation (pore
size and interconnectivity) and Energy-Dispersive X-ray spectroscopy
(EDS) to detect the elements that were present in the structure of BLP.

2.2.1. X-ray diffraction (XRD)

BLP samples were ground to fine powders and were analysed by a
Philips X’Pert X-ray diffractometer, using Ka1 radiation characteristic of
cobalt (A = 178,897 f\). Data were acquired from 4 to 100° (260), with
step size of 0.025°/s. The identification of the different phases was
determined based on the comparison with relative standard values,
through the intensity of the peaks.

2.2.2. Scanning electron microscopy (SEM) and energy-dispersive x-ray
spectroscopy (EDS)

Scanning electron microscope (SEM) analysis and energy dispersive
x-ray spectroscopy (EDS) exam were performed using a high resolution
(Schottky) Environmental Scanning Electron Microscope with X-Ray
Microanalysis and Electron Backscattered Diffraction analysis: Quanta
400 FEG ESEM / EDAX Genesis X4M, operating in high vacuum mode at
an accelerating voltage of 15 kV SEM. Samples were coated with gold/
palladium for 120 s and with a 15 mA current. Regarding the samples
nature, and whenever necessary, electron backscatter diffraction (EBSD)
images were obtained.

2.2.3. Microcomputed tomography analysis

Microcomputed tomography (micro-CT) scans were taken for qual-
itative evaluation of the new bone formed in bone defects, using the
SkyScan1275 micro-CT (RJL Micro & Analytic, Karlsdorf-Neuthard,
Deutschlan) which operated with a cone-beam X-ray tube. The pho-
tons were detected by a 3Mp (1944 x 1536 pixels) active pixel CMOS
flat panel. A 1 mm aluminum filter was used for taking optimized im-
ages. For each sample, at least 1500 projections/180 of X-rays (80 kVp,
125 pA, 24,5 pm and scanning time 45 min) were acquired. The volume
of interest was defined by a cylindrical contour, diameter was defined by
the diameter of the drill hole (13.9 mm) and the height was defined by
chosen the same number of slices for every sample (300 slices, 7.35
mm). The evaluation was done twice, first with a threshold of 170 to
segment the BLP granules only and secondly with a lower threshold of
85 to segment the new bone and the BLP granules.

2.3. In vivo bone regeneration assessment

Animal testing procedures were performed in accordance with the
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Directive 2010/63/EU of the European Parliament (transposed to the
Portuguese Law as DL 113/2013 and DL 1,/2019). ICBAS-UP Animal
Welfare Organism of the Ethics Committee and the Portuguese Veteri-
nary Authorities approved all animal procedures. In conformity with the
OECD guidelines [Guidance Document on the Recognition, Assessment
and Use of Clinical Signs as Humane Endpoint for Experimental Animals
Used in Safety Evaluation (2000)], humane end points for animal
suffering and distress were followed along animal experimentation, and
adequate measures were taken in order to minimize pain and discom-
fort. Experimental details are reported as recommended by the ARRIVE
Guidelines (Percie du Sert et al., 2020).

Ovis aries (merino sheep) were included this study: 11 healthy non-
pregnant adult female individuals, with an average weight of ~50 kg
and aged between 7 and 8 years. An acclimatization period of two
weeks, thorough clinical examinations and 12 h fasting were considered
prior to surgery.

2.3.1. Surgical procedure

2.3.1.1. Pre-surgical procedure. Premedication including xylazine
(Rompun® 20 mg/ml, Bayer, 0,1 mg/kg) and butorphanol (Dolorex®
10 mg/ml, MSD, 0,05 mg/kg) was administered intramuscularly,
allowing sedation and trichotomy of both hind limbs. Iodopovidone at
10% (Betadine®) and 70% ethanol were employed at the surgical field.
Intraoperatively, intravenous fluid was provided at maintenance rate
(NaCl 0,9% B Braun®) and general anaesthesia was induced with
intravenous tiletamine-zolazepam (Zoletil®, 100 mg/ml, Virbac, 3 mg/
kg). Monitoring of anaesthesia included cardiorespiratory parameters
and bolus of tiletamine-zolazepam whenever required. Loco-regional
anaesthesia was performed with lidocaine hydrochloride (Anestesin®
2%, 20 mg/ml, Medinfar-Sorolégico) administration using an epidural
spinal catheter between L6 and S1.

2.3.1.2. Surgical technique. Surgical technique was based on the pro-
cedure described by Lansdowne et al. (Lansdowne et al., 2014): the
animal was positioned in sternal recumbence and the hind limbs were
pulled cranially. Then, a curved ventro-dorsal skin incision was per-
formed at the cranial region of the iliac crest. Subcutaneous tissue was
dissected until periosteum was exposed. The gluteus medius muscle was
incised, 1 cm above his insertion at the iliac crest and the lateral side of
the ileum ala was exposed. At the medial side, a fascia incision was
performed 5 mm distal and parallel to its insertion at the ileum crest.
Iliocostalis and longissimus lumborum muscles were retracted. The pro-
cedure was performed bilaterally. Further, the total thickness circular
bone defects with 17 mm diameter were created on the mid portion of
the ileum, using a custom made trephine drill, with continuous cooling of
the surgical area with a saline solution (NaCl 0,9% B Braun®), to pre-
vent thermal damage to the bone edges (Fig. 1).

2.3.1.3. Biomaterial and autograft application. Three different groups
were considered for this study: a control group of untreated defects (CT),
an autograft-treated group (AG) and a biomaterial-treated group
(Bonelike®) (BLP). Considering the AG group, autologous cancellous
bone removed from the total thickness circular defect was morselized
with use of a Rounger, and subsequently applied to the lesion site as
defect filler. In the BLP, macroporous Bonelike® formulation mixed with
autologous whole blood served as defect filler. After the random allo-
cation of each defect to a study group and therapeutic approach appli-
cation, local soft tissue was sutured, and the surgical access closed
similarly in all groups.

A total of 11 animals were used and bilaterally defects were
considered, resulting in a total of 22 defects (n = 22), n = 4 for the CT
group, n = 7 for the AG group and n = 11 for the BLP group. Treatments
were randomly allocated to the defects. Samples sizes match similar
studies reported in literature, weighing the balance harm-benefit
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Fig. 1. Sequence of the surgical technique and micro-computed tomography (pCT) imaging of the defect: a) ileum ala presenting gluteus medius muscle incision; b)
total thickness circular bone defects with 17 mm diameter performed on the mid portion of the ileum; c) total thickness circular bone defects with 17 mm diameter at
the mid portion of the ileum before treatment; d), e) and f) pCT imaging of the bone defect area.

analysis (Lansdowne et al., 2014; Atayde et al., 2015; Campos et al.,
2018a).

2.3.1.4. Post-surgical procedures. Post-operative radiographs of the
defect site were recorded. Positioning the animal in sternal recumbency,
a craniomedial to caudolateral oblique view was taken to assess the
maintenance of the biomaterials at the site of application and defects
location. After complete anaesthetic recovery, animals were transferred
to a straw yard, in groups of 4-5 animals and received equal treatment.
Prophylactic medication included an antibiotherapy [ampicillin
(Albipen LA®, 100 mg/ml, MSD, 20 mg/kg) every 48 h for 6 days] and a
non-steroidal anti-inflammatory [meloxicam (Meloxidyl®, 20 mg/ml,
Ceva, 0,5 mg/kg) every 48 h for 6 days]. Animals were sacrificed after a
recovery period of 5 months. Considering humane conditions and a
quiet environment, an overdose of sodium pentobarbital (Euthasol®,
400 mg/ml, Ecuphar, 140 mg/kg) was intravenously administrated after
an initial sedation with xylazine and butorphanol, as described above.

Post-mortem, ilea were dissected, and soft tissue removed from the
bone. A cranial to caudal tabletop X-ray was obtained for all samples for
qualitative evaluation of bone regeneration. Isolated sample sections
were individually packed and maintained in 3,7-4% p-formaldehyde
(252931.13.15, AppliChem, Panreac®).

Samples were coded and processed blindly for outcome analysis.

2.3.2. Histological processing and scanning electron microscopy (SEM)

Bone sections were further sectioned to obtain samples with the
desirable dimensions, containing the defect area, biomaterial and
essential surrounding healthy bone tissue.

All the samples were evaluated by X-Ray with a table-top caudal to
cranial incidence with 55 Kv and 0.8 mAs.

Samples were further dehydrated in a crescent ethanol concentra-
tions solution series (from 70% to 100%). Briefly, samples were incu-
bated in 70%, 80%, 90%, 96% and 100% ethanol solutions, for 7 days
each, shielded from light and under constant agitation. Tissues were
then placed in a butanol solution for 7 days, also shielded from light and
under constant agitation. Moreover, samples were impregnated with an
equal part of absolute ethanol and liquid 2-hydroxyethyl methacrylate
solution, for 24 h, again under constant agitation and minimizing light
exposure. After the pre-infiltration solution, samples were impregnated

in a 2-hydroxyethyl methacrylate resin, for 7 days, under agitation.
Samples were consequently placed in the moulds, and soaked in 2-
hydroxyethyl methacrylate solution, overnight. After curing, samples
were removed from the moulds and were ready to be sectioned. Before
sectioning for SEM, samples were sectioned for histological analysis
using a diamond blade microtome. The desired section was floated on a
water bath and set on a slide. Haematoxylin and Eosin (H&E) staining
was performed to each sample. Samples were further sectioned for SEM
analysis, using a diamond blades microtome. After sectioning, sample
were polished using aluminum oxide disks and diamond spray.

Scanning electron microscope (SEM) analysis and energy dispersive
x-ray spectroscopy (EDS) exam were performed as described above.

Complete SEM images of the samples were obtained by stitching,
using Image Composite Editor 2.0 software (Microsoft©).

2.3.3. Histomorphometric analysis

Regarding the histomorphometric analysis, SEM images of the defect
area were selected with 30x magnification. Unfilled, unmineralized
voids, bone and biomaterial fractions were quantified, based on the
technique developed by Atayde et al. (2015), Campos et al. (2018a),
Atayde et al. (2014). This approach provides an objective and repro-
ducible method for the histomorphometric analysis of the regenerated
bone tissue, which is based on the semiautomatic image segmentation
(Threshold method) of the histological images, using Image J® software
(ImageJ 1.51 k, NIH, USA). Specific content of selected areas of each
sample were analysed, according to the pixels frequency in a grey scale.
SEM image samples were first converted to 8-bit grey scale format. Using
the threshold analysis tool, separation of different grey level, were
selected in the pixels histograms, reflecting unmineralized lacunae, bone
and biomaterial fractions of the sample.

Minimum and maximum threshold values were defined to each
fraction analysed and pixel area determined and corrected to the total
selection pixel area. To select the unmineralized voids pixels (black
pixels), the threshold was defined between 0 and 100; for bone pixels
fraction (dark grey pixels), the threshold was defined between 101 and
220; and for the unfilled area (connective tissue) fraction (originally
black pixels converted to very light grey pixels with Adobe Photoshop
CQ), the threshold was defined between 221 and 240. Regarding the BL
group, bone fraction pixels was defined between 101 and 159, and for
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the biomaterial fraction (light grey pixels), the threshold was defined
between 160 and 220. The total pixel area of the bone-biomaterial
interface selection was defined by the total image pixels, between
0 and 240 (Fig. 2).

3. Statistical analysis

Statistical analysis was performed using GraphPad Prism (version
6.00 for Mac OS X, GraphPad Software, La Jolla California USA). Results
were presented as Mean + Standard Error of the Mean (Mean + SEM).
Comparisons between groups were performed by two-tailed unpaired t-
test (IC95%). Differences were considered statistically significant when
P < 0.05. Significant results between groups were presented using the
symbol (*). Significant results are also indicated according to P values
with one, two, three or four of the symbols (*) corresponding to 0.01 < P
< 0.05, 0.001 < P < 0.01, 0.0001 < P < 0.001 e P < 0.0001,
respectively.

4. Results
4.1. Bonelike® Poro characterization

BLP XRD data set (Fig. 3) confirmed the presence of HA, a-tricalcium
phosphate (a-TCP) and p-tricalcium phosphate (B-TCP) in respective
proportions of approximately 65%, 30% and 5%. These calculations
were based upon the intensity of the main peaks of each phase.

The results regarding SEM analysis are shown in Fig. 4 and as it may
be seen in Fig. 4A the structure of BLP is quite homogeneous and
composed of large pores and pore interconnectivity. Fig. 4B shows that
the granules were well-sintered and, also, some microporosity. The SEM
analysis showed macropores with diameters between values ranging
from 200 to 600 pm (Fig. 4A) and micropores between values close to
1,5 pm and 550 nm (Fig. 4B) approximately. This image is an example of
the entire structure of the material. Macro- and microporosities provide
sites for cell adhesion and the interconnectivity between pores is
required for the transport of nutrients. These properties favor cell
adhesion/proliferation and, consequently, lead to bone tissue growth
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(Laranjeira et al., 2009; Gutierres et al., 2008).

4.2. In vivo bone regeneration assessment

All animals recovered from the anaesthesia without major compli-
cations and remained so throughout the study period. At the defined
time point animals were sacrificed and ilia were explanted and analysed.

4.2.1. Macroscopic analysis

After soft tissue removal, the defect area was inspected. All the
treated defects (BLP and AG groups) presented filling of the defect area
with tissue of hard consistency, compatible with satisfactory macro-
scopic bone healing. The control defects presented a soft consistency due
to the failure in ossification and the presence of fibrous tissues.

4.2.2. Radiographic analysis

Qualitative analysis of the in vivo postoperative radiographic images
confirmed the radiopaque filling of the engineered bone defects, as
shown in Fig. 5. The BLP treated group presented a more intense radi-
opaque signal at the lesion site, indicating greater density of the BL
granules, when comparing to the autograft treated group. Regarding post
mortem evaluation of ex vivo radiographic images, new bone formation
within the defects was observed in all samples. Control defects presented
minimal bone deposition at the limit of the defect and incomplete bone
healing, thus confirming the lesion model as a critical bone defect. De-
fects presented a small grey line in the limit of the defect and a radio-
lucent circle inside, due to the presence of fibrous tissues. Defects filled
with BLP and AG showed evidence of reduced radiolucency, indicating a
more effective mineralization process. Between both groups, BLP treated
group continued to present a more radiopaque signal at the lesion site, as
observed in the immediate postoperative images, thus indicating BLP
presence on site after the recovery period of 5 months. It is possible to
observe a continuity between the BLP granules and the newly formed
bone, as the defect line is less evident when comparing to the AG treated
group. Images allowed to infer the BLP granules integration in the new
bone matrix. AG treated group presented a more radiolucent defect
filling, indicating a less competent matrix formation for the newly-

f)

i)

Fig. 2. Image Processing Sequence of the defect area using ImageJ® software and threshold analysis tool. CT group: upper panel, AG group: middle panel, BL group:
lower panel. Unmineralized voids: a, b, c; Bone: d, e, f; Unfilled area (connective tissue): g, h; Biomaterial: i; Total area: j, k, 1.
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Fig. 4. SEM images of BMP (Total magnification: A - 65x, B -10,000x).

formed bone. group.
EDS analysis was performed, comparing the bone, biomaterial and
4.2.3. Histological processing and scanning electron microscopy (SEM) connective tissue (unfilled area) fractions (Fig. 7). EDS analysis allowed
SEM was employed for the bone segments, allowing visualization of to detect the presence of Calcium, Magnesium, Phosphorus and Sodium
the entire defect area, including the surrounding healthy bone segments. in the bone fraction. A similar composition regarding the biomaterial
Fig. 6 compares histological and SEM images of the defect areas for each and bone fraction was also observed (lower panel). Amplified SEM
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Fig. 5. In vivo post-operative (left) and post-mortem ex vivo (right) representa-
tive X-Ray images for BLP, AG and CT groups. Defects in vivo highlighted in red.

images of the bone samples is presented in Fig. 8.

Regarding the histological analysis, based on ISO 10993-6:2016
Annex D (implantation in bone) and Sinikovic et al. score system
(Sinikovi¢ et al., 2007), bone healing process evaluation was performed
using a microscope Eclipse E600 (Nikon®) and the software Imaging
Software NIS-Elements F Ver4.30.01 (Laboratory Imaging®). Table 1
presents the score system applied, with slight adaptations regarding the
one developed by Sinikovic et al. Histological score results are presented
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in Table 2. A representative image for each different score classification
is represented in Fig. 9.

No major events of inflammation or fibrous tissue deposition were
observed surrounding BLP particles. In the AG group, healing indicators
presented some noteworthy inter-sample variability, and one sample
displayed signs of graft encapsulation and abscess formation, resulting
in inferior osseous regeneration.

New bone integrated the lamellar bone of the defect margin and
penetrated into the porous structure of the bonelike granules, involving
the particles. The newly formed tissue presented healthy bone features,
with embedded osteocytes and active osteoblasts adjacent to osteoid
seams.

4.2.4. Histomorphometric analysis

SEM images were obtained for all samples and were further analysed
histomorphometrically, evaluating osteo-integration and osteo-
conduction. Regarding the CT group, bone healing was incomplete, as
the defect area remained unmineralized, and without the formation of a
bone bridge. These results are consistent, as the defect size performed is
categorized as a critical defect (bone healing capacity outweighed). The
AG group presented samples with complete bone bridge formation, as
well as incomplete ones. Regarding the biomaterial-treated group, all
samples presented complete bone bridging and good integration of the
biomaterials in the bone tissue, with unfilled areas are almost unde-
tectable (Fig. 2). The unmineralized voids, bone, unfilled and biomate-
rial fractions were quantified and corrected to the total pixel area.
Results of corrected area percentages for each group are presented in
Fig. 10 and Table 3.

5. Discussion

The effective treatment of non-unions and critical-sized defects re-
mains challenging for orthopedic surgeons and currently employed
surgical approaches share no consensus and bare suboptimal outcomes
(Calori et al., 2011; Roddy et al., 2018; Toogood and Miclau, 2017).
From a tissue engineering perspective, it is herewith proposed the
application of a novel formulation of Bonelike® as bioactive matrix to
support bone regeneration, as opposed to the widespread autologous
grafting technique.

Biomaterial characterization confirmed the presence of HA com-
bined with p and « -tricalcium phosphate (TCP) crystalline phases (XRD
analysis), thus allowing ideal conditions for the bone substitute to be
reabsorbed at a rate close to the formation of new bone (Gutierres et al.,
2006). Further, the open and interconnected porosity of the BLP (SEM
analysis) was also observed, confirming an important characteristic for
cell migration, anchoring and bone tissue ingrowth, as well as being a
feature described as highly beneficial to biomaterial revascularization,
an essential step for tissue integration and efficient remodeling. The
regenerating site revascularization grants nutritional support and
metabolic waste removal to the active site and provides a route for
endogenous inflammatory and regenerative populations to reach into it,
improving overall bone regeneration. The impaired vascularization of
the defect site has been described as a limiting factor for large bioma-
terial implants integration, resulting in inefficient tissue ingrowth, ma-
trix remodeling and necrotic events in the core of the implant.

This projected potential was further validated using an animal model
of critical-sized bone defect. The choice of the most appropriate animal
model is crucial in the testing of bone substitute biomaterials for the
understanding of their osteoconductive, osteointegrative and mechani-
cal properties, and also, their biocompatibility, degradations or resorp-
tion, and interactions with host tissues (Hollinger and Kleinschmidt,
1990; Atayde et al., 2014; Li et al., 2015; Pinto et al., 2016). In the
present model, the defects were performed in a non-weight bearing
bone, which permitted the creation of two defects per animal, reducing
the number of animals submitted to the experimental procedure. The
model’s reproducibility was also confirmed, granting the creation of
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Fig. 6. SEM images (left panel) and corresponding histological images with HE (right panel). A: CT group, B: AG group, C: BLP group.

identical sized defects that presented comparable biological behavior
and reducing inter-individual variation, as previously demonstrated by
Lansdowne et al. (2014).

After 5 months of recovery, macroscopic observation of the exerted
samples suggested good quality of the defect filling tissue in both BLP
and AG treated groups, which was further confirmed by microstructural
analysis. Efficient bone bridging is evidenced in these groups, while
untreated defects failed to heal, developing a non-union with connective
tissue formation, confirming the critical nature of the selected defect
model (Lansdowne et al., 2014). Radiographic imaging of control de-
fects was characterized by the presence of soft tissue with a grey to black
appearance in the center of the lesion, with minimal proliferation of new
bone at the edge of the defect, compatible with the presence of fibrous
tissue due to lack of bone healing. In both treated groups, the filling
tissue appeared harder in nature, with radiopacity similar to that of
native bone. Defects filled with BLP granules presented as small radi-
opaque structures with increased radiopacity due to the high density
conferred by the chemical composition of the biomaterial.

In the treated groups, the BLP implantation granted statistically su-
perior bridge thickness and depicted fair integration with the host bone,
as assessed through a histological scoring system. The analysis of the
core areas of the implant confirmed new bone ingrowth, with charac-
teristic mineral content and histologic features, well imbedded within
the biomaterial matrix. The more competent bone bridge formation
observed in the BLP treated group, comparing with the AG treated
group, indicated a more efficient scaffold function by the synthetic

material when compared to natural bone, confirming it to bare increased
osteoconductive properties, granted by its chemical composition,
porosity, and macroporous architecture (Blokhuis et al., 2000; Gutierres
et al., 2008). Porous granules of BLP were demonstrated to support bone
ingrowth and remained inside the defect contained by the adjacent
muscles and local soft tissues (without periosteum flap or synthetic
membrane application). The maintenance of biomaterial within the
defect site is a positive observation and bares clinical significance, since
material leakage is a major problem is some scenarios, such as calvarial
defects (Lansdowne et al., 2014; Cooper et al., 2010) or long bone de-
fects (Roddy et al., 2018; Hahn et al., 2011; Lindsey et al., 2006;
Schneiders et al., 2009). In these models or clinical set-ups, the utili-
zation of the osteomimetic materials could be combined with synthetic
membranes or Masquelet technique to assist in biomaterial containment
(Toogood and Miclau, 2017; Tarchala et al., 2018). However, the lack of
synthetic membrane barriers application could be responsible for soft
tissue ingrowth, competing for space with newly forming bone, and
consequent impaired regeneration potential. Further research is worth
towards strategies to overcome the soft tissue invasiveness and delete-
rious effect on the local bone remodeling, such as the application of
collagen-derived barrier membranes, in a guided-bone-regeneration
perspective (Barbeck et al., 2020; Stavropoulos et al., 2004). These
structures are further reported to have beneficial bioactive and modu-
lating properties (Omar et al., 2019; Sbricoli et al., 2020). Another
strategy to consider is the adjuvant use of mesenchymal stem cells, in
particular dental pulp stem/stromal cells, presenting significant pro-
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Fig. 7. SEM images and EDS analysis of the bone samples. CT group: upper panel, AG group: middle panel, BLP group: lower panel.

angiogenic and anti-fibrotic properties, thus enhancing the regenerative
potential of the applied treatment by introducing osteoinductive prop-
erties to the combined therapy (Campos et al., 2018a; Caseiro et al.,
2019).

The BLP biocompatibility was validated, with no signs of local or

systemic rejection. The higher regenerative indexes were accompanied
by tissue maturation and biomaterial granules degradation is also sug-
gested. The presence of healthy bone features (such as the presence of
Haversian channels) in close proximity to the bony surface is an indi-
cator of bone deposition and maturation around the graft material. The



P.O. Pinto et al.

HV WD det | mode
15.00 kV|9.9 mm | BSED |Z Cont

@roxio] mag O |
CEMUP| 100 x

HV WD det ode |
15.00 kV|19.9 mm | BSED |Z Cont

mag O
100 x

|
CEMUP

Bone Reports 14 (2021) 101064

[ det ode [
15.00 kV|10.0 mm| BSED |Z Cont

WD | det | mode

mag O |
100 x |15.00 kV|9.9 mm | BSED |Z Cont

Fig. 8. Amplified SEM images of the bone samples. A: AG group: image detail of the autograft/mature bone interface; B, C and D: BLP group: image detail of

Bonelike® interface with newly formed bone.

Table 1
Developed score system for the assessment of biomaterial-host interaction,
adapted from Sinikovi¢ et al. (2007).

Table 2
Score system application for histological evaluation of bone healing in the ovine
model (result presented as mean score).

Score  Histological characteristics Score
5 Bone or osteoid tissue at the edge of the reconstruction material, with Group Mean
continuous transition to the local bone BLP 4.56
4.5 Bone or osteoid tissue at the edge of the reconstruction material, with a AG 3' 93
narrow-like continuity cT 0' 00
4 Bone or osteoid tissue at the edge of the reconstruction material, without .
continuous transition to the local bone
3 No changes at the edge of the reconstruction material . . . .
9 Reconstruction material embedded in scar tissue establish safer alternative methodologies and the pertinency of the
1 Accumulation of inflammatory cells next to the reconstruction material current study.
0.5 No contact between reconstruction material and local tissue, and severe The use of Bonelike® as a calcium phosphate-based synthetic bone
accumulation of inflammatory cells next to the reconstruction material substitute had been previously demonstrated in non-critical-sized bone
0 No contact between reconstruction material and local tissue; no judgment

possible

extensive osteointegration is depicted by the mineral matrix deposition
within the granules or directly on their surface, resulting in high quality
implant/tissue interface.

One of the AG group samples presented signs of graft site infection,
which is indeed one of the limitations assigned to the technique (Lans-
downe et al., 2014; Anderson et al., 1999), reinforcing the need to

10

defects (Atayde et al., 2015; Cortez et al., 2011; Cortez et al., 2012;
Lopes et al., 2001), in its granular formulation (Gutierres et al., 2006;
Torres et al., 2014; Atayde et al., 2015; Campos et al., 2018a; Cortez
et al., 2011; Cortez et al., 2012; Campos et al., 2018b) or in wedges or
cylinders of macroporous architecture (Gutierres et al., 2007; Gutierres
et al., 2008), in both human and veterinary application. This report is
the first in which the macroporous formulation of Bonelike® was used to
fill critical-sized bone defects, resulting in complete bone healing. The
observed pattern of osteointegration of Bonelike® was similar in both
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Fig. 9. Histological image stained with H&E. Left panel corresponding to the full scan of the samples and the right panel to a 20 x magnification of a specific field of
the sample (identified by the insets): a) Score 0 (CT group), b) Score 0,5 (AG group), c) Score 4 (BLP group), d) Score 4,5 (AG group), and e) Score 5 (BLP group).
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Fig. 10. Area fraction of unmineralized voids, bone, unfilled area (connective tissue) and biomaterial, and bone bridge thickness. Results presented as Mean + SEM.
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< P <0.001 e P < 0.0001, respectively.

Table 3
Area fraction of unmineralized voids, bone, unfilled area (connective tissue) and biomaterial, and bone bridge thickness. Results presented in Mean + SEM.
Area Fraction (%) of 5 Months
CT AG BL

Unfilled 59.48 + 3.78 27.76 + 7.11 13.30 + 3.29
Unmineralized Voids 19.41 + 1.56 41.23 + 6.05 50.38 + 3.28
Bone 21.07 + 3.22 31.01 + 3.61 26.78 + 1.75
Bonelike 0.00 + 0.00 0.00 + 0.00 8.62 + 0.94
Bone Bridge Thickness 0.00 + 0.00 34.72 + 14.81 85.32 + 6.63

situations (Gutierres et al., 2006).

Nevertheless, some limitations can be identified, and are worth
addressing in future studies, as the animal model represents only non-
weight bearing bones, mimicking a mechanical environment different
from the observed in long bone lesions, and limiting the direct extrap-
olation of the observed results (Lansdowne et al., 2014). Also, and
although the os ilium consists of cortical and cancellous bone similar to
that of the metaphysical region of long bones, it differs from long
segmental bone defects which consists mainly of cortical bone.

6. Conclusion

This preliminary study focused on the assessment of the performance
of BLP as a synthetic bone substitute for the management of CSBD, as
alternative to the gold standard bone graft techniques, focusing on the
osteoconductive and osteointegrative properties of this biomaterial. The
application of Bonelike® Poro enabled the regeneration of critical-sized
bone lesions and resulted in comparable bone regeneration perfor-
mances when compared to the autograph technique, validating its po-
tential for clinical application as a therapeutic strategy for bone
regeneration in human and veterinary orthepaedics.
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