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Abstract: The main purpose of the study is to assess a selection of commercially available bone
biomaterials substitutes used as scaffolds for tissue engineering applications in dentistry, performing
a clinical study on human subjects and using the microcomputed tomography (micro-CT) analysis
to investigate the main morphological and critical parameters of bone and biomaterials structures.
Micro-CT was performed in both the phases, preclinical and clinical. In addition, it was combined
with histology to analyze the extracted bone four months after implantation. Quantitative analysis
of the main morphological parameters as the porosity, the bone volume fraction (BV/TV) and the
trabecular thickness (Tb.Th) evidenced the main difference among the biomaterials properties and
their influence on the bone tissue regeneration. Qualitative observations by the three-dimensional
(3D) reconstruction of the microstructure, contributed to the visualization of the mineralized areas.
The analyses conducted on the bone substitutes before and after the implantation allowed quantifying
the main biomaterials morphological parameters and the characterization of the human bone tissue
regeneration. Thus, micro-CT and its combined application with histology demonstrated as a
powerful approach for the microstructural investigation and for the final assessment of the efficacy
and effectiveness of the various treatments and implants.
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1. Introduction

The restoration of the continuity and integrity of skeletal segments, altered or damaged
due to congenital dysmorphisms, inflammatory and tumor pathologies or trauma, represents a
challenge for orthopedists and oral-maxillofacial surgeons. In particular, in the dental field, a bone
condition unfavorable to the prosthetically guided placement of the implants could complicate the
implant–prosthetic rehabilitation treatment. Bone deficiencies can be solved using numerous grafting
biomaterials, currently available on the market. Despite the progress made by scientific research
and the continuous evolution of surgical techniques for bone augmentation, the simulation of the
natural behavior of bone, which is the principal object of tissue engineering, is not easy to obtain,
considering the multifunctional properties of the natural bone, i.e., nature self-repairing, remodeling
and regeneration [1].

The ideal bone grafting material should have characteristics such as biocompatibility and
biotolerability, absence of carcinogenicity and teratogenicity, non-antigenicity and affordability.
Moreover, it should be bioresorbable, hydrophilic, easy to use and manipulate, non-toxic, with
excellent biomechanical characteristics, sterile or sterilizable and it has not to act as a substrate for the
proliferation of pathogenic microorganisms [2,3]. Bioactivity, i.e., the ability to stimulate the production
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of new bone through the mechanisms of osteogenesis, osteoinduction and osteoconduction is another
important aspect.

As evidenced in a recent review [4], the requirements in terms of scaffold composition,
characteristics, and design, should be defined considering many aspects, like the specific clinical bone
deficiency, the patient characteristics, the defect and the desired outcome. Furthermore, it is underlined
that scaffolds structures need to be controlled not only on a macroscopic level but also microscopically,
to improve the main features.

In the last years, many studies were elaborated considering in vitro and in vivo applications and
scaffolds of various compositions looking for the best reasonable solution [5].

The manufacturing technologies for scaffolds are numerous from the conventional ones like
solvent casting and particle leaching [6], freeze-drying [7], freeze-gel casting [8], powder-forming [9],
sol–gel [10,11] and electrospinning [10], to the emerging ones as bioprinting [12] and three dimensional
(3D) printing [13–16].

The design and the characterization of scaffolds benefit from the advantages offered by
microcomputed tomography (micro-CT) analysis in particular in relation to the morphometric
structural investigation, to quantify scaffold porosity, surface area, pore size, pore distribution
and structural thickness, allowing a precise measurement of bone growth [2,17,18]. Unsintered
hydroxyapatite/poly-D/L-lactide (3D-HA/PDLLA) with beta-tricalcium phosphate (b-TCP) [19] or
with mesenchymal stem cell [20], dental pulp stem cells [21], amniotic epithelial cells loaded on
a calcium-phosphate synthetic bone substitute [22] and polycaprolactone-tricalcium phosphate
(PCL-TCP) [23], are some examples of bone grafts compositions studied by the application of
microtomographic analysis. Moreover, studies were carried out on bioactive composite 3D scaffolds [24]
and degradable hybrid polymer biomaterials with controlled properties for highly efficient biomedical
applications [25].

The micro-CT is a consolidated 3D nondestructive imaging technology used for various
applications and specifically for the analysis of bone structures and mineralized tissue [26,27]. Dentistry,
maxillofacial surgery and orthopedics are the main fields of interest, and in the last years, more are
emerging regarding new manufacturing processes and quality controls for medical applications [16,28].
The possibility to obtain information about bone tissue [26,29,30] and other materials microarchitecture
and composition, depends on the accuracy of the analysis in all the steps, from the specimen preparation
to the settings of the appropriate parameters during the acquisition and reconstruction of the images.
Actually, some limitations of its adoption are related to the cost of the analysis. During the last decade,
the cost-effectiveness is improved particularly due to the availability of more computing power at a
lower cost.

In previous works [31–33], preliminary evaluations were carried out considering the application
of some bone substitutes on patients. Despite the limitations, those studies allowed the validation of
the micro-CT based methodology for the analysis and the clinical procedure.

Thus, the purpose of the study was to extend the preliminary part of the clinical study and the
partial evaluations, carrying out a complete assessment of six commercially available bone biomaterials
substitutes used as scaffolds for tissue engineering applications by using microtomographic analysis
as the main methodology for the investigation in all the phases of the study. The micro-CT was
applied in the preclinical phase for the evaluation of the selected scaffolds, before and then after the
implantation, to determine the bone and biomaterials morphological parameters, to characterize the
normal human bone tissue combined with histology and to finally assess the efficacy of the various
treatments and implants.
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2. Materials and Methods

2.1. Biomaterials

The choice of the biomaterials was made according to their origin and the possibility of finding
on the market formulations available in various dimensions and shapes (blocks, chips or granular).
In total, six different materials, widely used in several bone regeneration procedures in oral surgery,
were considered:

• Inorganic bovine bone (Bio-Oss®, Geistlich, Wolhusen, Switzerland);
• Dehydrated and deantigenated equine bone (Bio-Gen®, Biotek Srl, Milano, Italy);
• Reabsorbable nano-hydroxyapatite (HA; Apagen Resorb 400, Gruppo Stomygen Srl, Roma, Italy);
• Porous hydroxyapatite based (ENGIpore®, Finceramica, Faenza, Italia);
• Tricalcium phosphate (TCP; Bioset, Tiradix Srl, Vimercate, Italy);
• PLA/PGA copolymer-based bone filling material (SINTbone, Ghimas Spa, Bologna, Italia).

Three of them—Bio-Gen®, Bioset and Apagen Resorb 400—were already investigated in the
preliminary evaluation, the first part of the clinical study (Part 1) [31], and they were here assessed
using different technique for analyzing some aspects, repeating the morphological analysis, in order to
take into account the updated settings. Indeed, further investigations were developed in the second
part of the clinical study (Part 2) with other settings. Partial micro-CT examinations were initially
carried out for the materials Bio-Oss® and ENGIpore® [33] and they are here reported for a better
comparison among all the samples. Moreover, a dehydrated and deoxygenated human Iliac Crest
Bone block (ICB), was considered in order to acquire morphometric reference parameters for the
evaluations during the preclinical phase. The investigations related to the clinical study were referred
to the specific bone site after the spontaneous healing. Details of all the materials organized in four
groups and classified in Part 1 and Part 2 are summarized in Table 1.

Table 1. Biomaterials selected for the study.

Clinical Study Groups Label Commercial Name Origins and Description Dimensions (mm)

Part 2
1-Bio-bone

1a Bio-Oss®
Animal

Bovine bone, Block 13.3 × 9 × 6.5

Part 1 1b Bio-Gen®
Animal

Equine bone, Block 10 × 10 × 10

Part 1
2-HA

2a Apagen 400 Resorb Synthetic
Nano-HA, Granular Diameter 0.4

Part 2 2b ENGIpore®
Synthetic

Porous HA, Block 10 × 5 × 5

Part 1 3-TCP 3a Bioset TCP Synthetic
TCP, Granular 2.8 × 3.3 × 3

Part 2 4-polymer 4a SINTbone Synthetic
PLA/PGA, Block 16 × 5.5 × 6

Part 2 Iliac crest bone ICB - Human, Block 9 × 15 × 10

2.2. Micro-Computed Tomography Analysis

3D Micro-CT scans were performed using a desktop scanner (SkyScan 1072; Bruker microCT,
Kontich, Belgium). The software NRecon (v1.7.0; Bruker microCT, Kontich, Belgium), was used
to reconstruct the cross-section images of the objects. The application 3D Creator (v2.5, Bruker
microCT, Kontich, Belgium) was used for the rendering of the 3D models reconstructed. The software
CT-Analyser (v1.16; Bruker microCT, Kontich, Belgium) elaborated the morphometric parameters.

The main acquisition parameters were the following ones: source voltage 100 kV, source current
98 µA, rotation step 0.45◦, rotation angle 180◦ and 1 mm aluminum filter. Specific settings were used
for the acquired biomaterials in preclinical and clinical phases.

In the preclinical phase the micro-CT resolution, for each specimen scanned and according to the
labels defined in Table 1, was 11.72 µm for 1a; 13.32 µm for 1b; 7.32 µm for 2b; 3.66 µm for 3a; 11.72 µm
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for 4a and 16.30 µm for ICB. The values take into account that the biomaterials are commercially
available in various dimensions.

In the clinical phase, in order to allow the overlapping of the results and quantities obtained,
all the samples were scanned with the same acquisition settings previously declared and an image
pixel size of 3.1 µm. For the reconstruction step, three density ranges were defined and three different
colors were assigned to discriminate within each sample, structures of different radiopacity, such as
newly formed bone tissue in different stages of mineralization and the biomaterials used.

2.3. Preclinical Phase

This phase is preliminary to the application in the human model. Initial morphometric
characteristics of the selected materials, including also the biomaterials 1b, and 3a (Part 1) as indicated
and labeled in Table 1, were acquired by micro-CT. The Apagen 400 Resorb-2a, which does not have a
solid formulation large enough to allow pre-implant morphometric evaluations was excluded as in the
preliminary study [31]. In this preclinical phase, the blocks of the biomaterials were considered in the
various dimensions commercially available. Furthermore, morphometric parameters were elaborated
considering as a reference, the ICB sample.

2.4. Clinical Phase

Scaffolds of the selected materials (1a, 2b, 4a, ICB-Table 1) with a smaller dimension of ones used
for the preclinical validation, chips or granules of 0.5–1 mm, were implanted in a human model of a
primary bone defect as a post-extraction site. For this part—Part 2—of the clinical study, three patients
were enrolled, aged between 18 and 30 and in good health, who needed bilateral surgical extraction of
the lower third molars. The same methodology, already validated for the other three patients (Part 1)
and partially for the specimens 1a and 2b, was applied [31,33].

All the human subjects selected gave their informed consent for the inclusion and before starting
the study that was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of Sapienza University of Rome, Policlinic hospital Umberto I in
Rome, (Rif.2134/28.04.2011).

The initial surgical procedure provided the execution of an intrasulcular bayonet-shaped
mucoperiosteal flap after truncal anesthesia to the lower alveolar with 3% mepivacaine, without
vasoconstrictor and infiltrative with 2% mepivacaine and vasoconstrictor. The residual bone cavity
was carefully overhauled, in order to eliminate any inflammation tissue present, and washed with
sterile physiological solution. At this point in each patient, one side was sutured and healed simply by
the formation of the clot (implant site, control), while the other (implant site, test) was grafted with one
of the selected biomaterials. The bone substitute was compacted inside the post-extraction alveolus
and protected on the surface by the application of a collagen sponge Condress (Abiogen Pharma SpA,
Pisa, Italy). The flaps were closed in their original position, therefore for the first intention, by the
application of a suture in Ethilon 4.0 (Johnson & Johnson, Somerville, NJ, USA) to the detached points.

At the end of all the interventions, antibiotic therapy (amoxicillin + clavulanic acid 1 g, 2 times a
day for 5 days) and pain relief (nimesulide 500 mg, 2 times a day for 3 days) were prescribed to the
patients and it was suggested to them to rinse, 2 times a day and for a week, with 0.2% chlorhexidine
based mouthwash.

Suture removal was performed on the seventh day for the control side and on the fourteenth
day for the test side. Sixteen weeks after the avulsive event, after infiltrative local anesthesia with 2%
mepivacaine with vasoconstrictor, a full-thickness linear extraction was made at the level of the trine
and intrasulcular on the seventh. After removing the mucoperiosteal flap thus drawn, the samples
were taken with trephine burs in surgical steel and with an internal diameter of 3 mm (Drill-300, FMD
Srl. Medical Devices, Italy) mounted on the contra-angle handpiece and under abundant cooling.
Specimens of a diameter of 3 mm and height of approximately 5 mm were obtained, which were
immediately placed in formalin and sent for microtomographic and histological tests.
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Before the microtomographic acquisition, each specimen was washed with a physiological solution
and it was fixed on the appropriate support. After completing the scan, the carrot was again immersed
in a sterile physiological solution for about ten minutes to facilitate rehydration and subsequently in
formalin for storage and for histological examination.

For each pair of specimens (nomenclature “label test/control”), also for the ones implanted in Part
1, the morphometric parameters were calculated and two-dimensional (2D) and 3D images, as well as
3D models, were elaborated.

The flow diagram of the clinical study is illustrated in Figure 1.
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2.5. Hystology

The bone fragments extracted after 4 months, for Part 2 of the clinical study and similarly as for
Part 1, were subsequently included in resin, and treated according to the traditional procedures for the
preparation of tissues for histological analysis (non-decalcified samples, staining with hematoxylin
and eosin, 100×magnification). A comparison among control and test specimens was carried out.

3. Results

Acquired 2D images slices of each biomaterial sample and all the extracted specimens of the
implants, including the ones of the preliminary clinical study [31,33], were elaborated in order to
perform the morphological analysis and to define the 3D reconstructed models.

The morphometric parameters acquired, represent the percentage volume–bone volume fraction
(BV/TV) in %; the specific surface examined–specific bone surface (BS/BV) in mm−1; the percentage
of empty spaces with respect to the total volume-porosity in %; the thickness of the trabecular
bones–trabecular thickness (Tb.Th) inµm and the distance between the trabeculae–trabecular separation
(Tb.Sp) in mm−1.

The main morphological results for the selected biomaterials, and for the ICB, investigated in the
preclinical phase before the implantation, are indicated in Table 2.
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Table 2. Morphological parameters of the biomaterials selected before the implantation.

Group Label BV/TV
(%)

BS/BV
(mm−1)

Porosity (%) Tb.Th
(µm)

Tb.Sp
(mm−1)

1-Bio-bone
1a 28.73 18.30 71.27 0.22 0.51
1b 26.59 14.05 73.41 0.27 0.68

2-HA 2b 31.69 23.88 68.31 0.16 0.47
3-TCP 3a 24.13 11.09 75.87 0.28 0.52

4-polymer 4a 91.77 2.66 8.22 0.49 0.22
Iliac crest

bone ICB 39.43 11.69 60.57 0.31 0.61

Among the synthetic derivatives (Table 1), the biomaterial that resulted in being most similar to
human bone, in particular in reference to the ICB values of porosity and BV/TV, turned out to be the
ceramic hydroxyapatite (2b, Table 2). Nevertheless, variations are relevant for the BS/BV and the Tb.Th,
which is noticeably different, 0.16 µm with respect to the ICB value of 0.31 µm.

At the end of the in-vitro microtomographic experimentation, 3D images of selected parts of the
specimens were defined in order to better display the interconnectivity of the structures observed,
Figure 2. The negative coloring used allowed underling the connectivity density, i.e., the presence of
communication spaces and connections among the porosities. The three products (1a, 1b and ICB),
showed a higher interconnection among the internal empty spaces (Figure 2A–C) compared to the
other materials (2b, 3a and 4a).
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Figure 2. 3D images of selected parts of the samples, each image shows the positive (upper part) and
negative (lower part): (A) BioOSS®, 1a; (B) Biogen®, 1b; (C) ICB; (D) ENGIpore®, 2b; (E) Bioset, 3a
and (F) SINTbone, 4a.

Furthermore, 3D full models were reconstructed as shown in Figure 3. The models, regarding
Part 1 and here analyzed again, were reported to allow the comparison among all the samples.
The reconstruction of the complete samples let a faster qualitative visualization of the selected
biomaterials structural differences.

For the clinical phase, the micro-CT analysis was performed again on the extracted implants.
The main morphological results for the selected biomaterials and in reference to the test and control
site are indicated in Table 3, including the data previously reported in [33]—specimens 1a and 2b.

The percentage variation—the relative difference between the values of each test and control
specimen—of the results obtained for the specific parameters (Table 3), evidenced higher values of
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porosity, variation from about 8.7% for the specimen 2a test to about 67% for 3a test and lower BV/TV,
from about −68.5% for 3a test to −8% for 2a test. The maximum values of porosity were obtained
for the 1b test and for the 3a test. The implants related to the biomaterials of bovine origin-1a and
equine-1b confirmed to have reasonable values of porosity (increments from control to test site about
11%—1a to 16%—1b) and BV/TV. Furthermore, for the Tb.Th parameter, higher values were detected
from 16.7% for the 2b test to 50% for the 1b test and lower values for the 2a test, −31%, and for the 4a
test, −23.5%.Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 13 
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Figure 3. Complete 3D models reconstructed of the biomaterials analyzed in the preclinical phase:
(A) BioOSS®, 1a; (B) Biogen®, 1b; (C) ICB; (D) ENGIpore®, 2b; (E) Bioset, 3a and (F) SINTbone, 4a. 3.2
Clinical phase: morphological, quantitative and histological results on extracted implants.

Table 3. Morphometrical parameters for each specimen in test and control site implants.

Group Label Implant Site BV/TV
(%) BS/BV (mm−1) Porosity (%) Tb.Th

(µm)
Tb.Sp

(mm−1)

1-Bio-bone
1a

Test 19.80 95.59 80.20 0.08 0.37
Control 28.17 90.22 72.20 0.06 0.22

1b
Test 10.93 39.35 89.06 0.12 0.70

Control 23.15 61.21 76.85 0.08 0.28

2-HA
2a

Test 48.05 30.50 51.95 0.11 0.19
Control 52.21 29.20 47.79 0.16 0.13

2b
Test 23.35 84.13 76.65 0.07 0.17

Control 39.25 81.06 60.75 0.06 0.09

3-TCP 3a
Test 14.10 90.72 85.89 0.11 0.37

Control 44.84 45.46 51.46 0.08 0.15

4-polymer 4a
Test 30.99 44.15 69.01 0.13 0.27

Control 39.00 26.45 61.00 0.17 0.27

Figures 4 and 5 represent the reconstructions for the test and control site of the entire specimen
central section and of a selected slice of the same specimen. Density values were associated with various
colors to better visualize the structural elements, such as human bone and biomaterials. The color
gradient highlights the areas with different mineralization from the yellow-lower mineralization and
the orange-medium mineralized structures, to the red color that visualizes highly calcified structures.

About the histological analysis, the images in reference of each selected slice of the specimens—Part
2, investigated in the Part 2 (specimens 1a, 2b, 4a), are shown in Figure 6.
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section of the entire specimen and (F2) 3a control, selected slice.
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4. Discussion

The structural characterization of the biomaterials is a relevant step for the investigation of the
bone substitute properties before implantation and it should be applied to choose the most suitable
biomaterial for a specific clinical application.

The porosity is a well-known relevant aspect for scaffolds in bone tissue engineering
applications [2,4,8]. A high porosity improves the invasion of the graft by progenitor cells. The higher
the percentage of pores, the greater the migration of mesenchymal cells and osteoblasts to the recipient
site. In addition, a high porosity and a high contact surface–volume ratio, i.e., the presence of many
and small pores, promote cell adhesion. At the same time, large pores and the presence of large
interconnections among them, improve osteogenesis allowing adequate vascularization. Therefore,
an ideal scaffold should have features such as high porosity, a large surface area available for cell
adhesion, sufficiently large pores and extensive interconnectivity allowing the penetration of newly
formed vascular structures. In the stages following implantation, complex processes of cell migration,
differentiation and proliferation occur, which ultimately lead to bone neoformation. The presence of a
3D osteoconductive matrix that has structural characteristics as similar as possible to human bone tissue
greatly facilitates the regenerative process [16]. Some authors [4–6] have shown that pores between
100 and 300 µm are needed to improve osteogenesis, but large pores could compromise the mechanical
strength. This last aspect is relevant at the initial steps of the process as the graft should be able to
act like a support of the skeletal segment. From the point of view of the mechanical characteristics of
the graft, the size and thickness of the trabeculae are also relevant. Thus, it is necessary to establish a
compromise for an optimal performance of the graft on the recipient site.

The iliac crest is the most commonly used extra-oral donor site of autologous bone in the various
techniques of bone regeneration [34]. In this study, it was only addressed as a reference at the preclinical
phase, before performing the clinical study and without the intention to select the best biomaterial.
Preclinical results obtained from the microtomographic analyses (Table 2), showed that the bone
substitutes with greater similarities with the human counterpart are the biomaterials of bovine origin-1a
and equine-1b. Sufficient porosity and adequate values of BS/BV and Tb.Sp allowed and facilitated
entry and migration within the newly formed bone tissue scaffold. At the same time, the BV/TV
and the Tb.Th guaranteed mechanical properties comparable to the human bone tissue. The values
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obtained for the two synthetic derivatives, calcium triphosphate, and polylactic-polyglycolic acid,
i.e., 3a and 4a, evidenced and, confirmed for the 3a, that these biomaterials had greater compactness
compared to the previous one—2b. In particular, the 4a sample was characterized by a lower porosity
and Tb.Sp, and higher BV/TV; consequently, less space was available for colonization by osteogenic
cells and newly formed vessels. Higher interconnection among the internal empty spaces, evidenced
in the 3D reconstructed images, is fundamental to be considered for the migration of cells and fluids
in the depth of a scaffold; the lower porosity and greater values of the BV/TV and the Tb.Th suggest
greater mechanical resistance of these scaffolds. Regarding the results of both parts of the clinical
study, in all the examined cases, the specimens of the test site showed a minor compactness with a
higher volume of non-mineralized tissue. The evaluation of the percentage variation emphasized the
difference between the values of each test and control specimen. The Tb.Sp values were generally
higher for the test site specimens, excluding the constant value for the 4a. This last result could be
correlated with the lower porosity values obtained, at the preclinical phase, for the corresponding
biomaterial (Table 2) and the interconnection observed (Figure 2).

The micro-CT images of Figures 4 and 5 contributed to the numerical data, visualizing the
differences among test and control specimens and a uniform comparison of all of them, including
the specimens partially investigated in the preliminary works. In the test specimens, the observation
underlined the presence of empty spaces, residual biomaterials and not mineralized tissue, like fibrous
connective tissue and vascular structures.

The histological images (Figure 6) confirmed the analysis performed by the micro-CT and
highlighted some aspects that are hard to discriminate only by the microtomographic observations.
Histology allowed identifying the presence of residual biomaterials, as observed by micro-CT, for the
specimen 1a, and detecting it in the test specimen of the resorbable polymer (4a test) that, instead, it
had not been highlighted by the micro-CT analysis. Moreover, the images showed the presence of
different types of non-calcified tissues-fibrous connective tissue, vascular structures, adipose tissue
and empty spaces—in some areas that appeared empty in the 3D microtomographic reconstructions.

Therefore, despite limitations in the number of patients enrolled and the types of biomaterials,
the results for the analyzed materials suggest less or slower bone neo-formation within the grafted
bone defects, as if some biomaterials slow down the process of bone formation, due to limited
osteoconductivity [35].

Finally, the obtained results allowed confirming the great potential of the microtomographic
investigation and in its combined application with histology. It resulted to be useful to characterize
the main significant parameters, to identify the various materials, scaffold traces and the bone tissue
structure. Further developments could be oriented to the specific testing of the mechanical properties.

5. Conclusions

The study confirmed the great potential of the micro-CT technology for the morphological and
structural characterization of biomaterials as bone substitutes for tissue engineering applications in
dentistry. The methodology for the assessment was developed and applied at the preclinical and the
clinical phase. The clinical study carried out on selected patients and various commercial biomaterials
allowed the full analysis of the scaffolds and their interaction with bone tissue. The combined
application of the micro-CT with the histology allowed the evaluation of the implants histomorphometric
characteristics. The applied investigation process was not focused to identify the best bone substitute
but it reached the purpose to improve the methods, for a better quantitative and qualitative assessment.
The study should be considered for the investigation of other bone substitutes and for addressing the
clinical operators towards the choice of the most suitable biomaterial for a specific clinical application.
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