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ABSTRACT

Background: In recent years, there has been interest on the fabrication of systems using particulates or block-based approach
for bone tissue engineering (TE) scaffolds, possessing porous interconnected structures. In fact, these particular morpho-
logies greatly increase the surface area for more chemical and biological reactions to take place.

Purpose: This study was designed to demonstrate the unique capability of the synchrotron radiation x-ray microtomo-
graphy (micro-CT) in offering an advanced characterization of coralline-derived (Biocoral) biomaterials placed in human
maxillary defects as it allows, in a nondestructive way, a complete, precise, and high-resolution three-dimensional analysis
of their microstructural parameters. Moreover, the comparison between Biocoral and other biomaterials was explored to
understand the mechanism of their biological behavior as bone substitute.

Materials and Methods: Implant survival, bone regeneration, graft resorption, neovascularization, and morphometric
parameters (including anisotropy and connectivity index of the structures) were evaluated by micro-CT in Biocoral and the
other biomaterials after 6 to 7 months from implantation in human maxillary bone defects.

Results: After the in vivo tests, a huge amount of bone was detected in the retrieved Biocoral-based samples, coupled with
a good rate of biomaterial resorption and the formation of a homogeneous and rich net of new vessels. The morphometric
parameters were comparable to those obtained in the biphasic calcium phosphate-based control, with the exception of the
connectivity index for which this control exhibited the most well-connected structure. This last result, together with those
referred to the poor performances of the b-tricalcium phosphate block-based sample, suggests that the particular scaffold
morphology may play a role in the hunt the optimal scaffold structure to be implanted.

Conclusion: In this limited study, implant success rate seems not strictly dependent on the biomaterial that is used, but on
the scaffold morphology. Micro-CT technique was demonstrated to play a fundamental role in advanced characterization
of bone TE constructs.
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INTRODUCTION
Tissue engineering (TE) has emerged as a promising

approach for the repair and regeneration of tissues and

organs that are lost, damaged, or in general functionally

compromised as a result of trauma, injury, disease, or

aging.1,2

A key component of TE approach to bone regenera-

tion is represented by natural or man-made scaffold that

acts as a template for cell interactions and formation of

bone extracellular matrix providing structural support

to the newly formed tissue.3 An ideal scaffold should

fulfill a complex set of characteristics; in summary, it

should (i) be three dimensional and highly porous with

an interconnected pore network for allowing cell migra-

tion and growth, as well as flow transport of nutrients

and metabolic waste; (ii) be biocompatible and prefer-

ably bioresorbable with a controllable resorption rate

matching that of bone repair; (iii) exhibit a surface

chemistry suitable for cell attachment, proliferation, and

differentiation; (iv) have mechanical properties compa-

rable to those of the tissues at the site of implantation;

and (v) have the potential to be commercially pro-

duced and safely sterilized without any alteration of its

properties.3–7

Regarding materials for use in bone TE, several

approaches have been shown to be effective in stimulat-

ing bone regeneration, and ceramics especially excel in

this regard.8,9 Notwithstanding the stimulatory effect of

bioactive ceramics on bone tissue formation, there is a

continuous need to explore avenues in which materials,

cells, and biologically active molecules are combined.

This is critical because cells and growth factors are the

two key elements when discussing bone biology/healing,

their interaction being fundamental for an effective

regeneration process. Although continuous progress is

being made in understanding osseous healing process,

these new insights have not readily found their way into

effective TE approaches. The combination of materials,

cells, and growth factors seems to be the recipe for a

truly effective bone TE strategy. A system designed for

bone repair would ideally combine osteoconductive and

osteoinductive properties, in a way that new bone for-

mation can be enhanced through an adequately shaped

three-dimensional scaffold (osteoconduction) and by a

biological stimulus (osteoinduction).10 Ceramic materi-

als, due to their inorganic nature and ionic composition,

are adequate for bone applications. Examples of ceramic

materials are calcium phosphates, such as hydroxyapa-

tite (HA), tricalcium phosphate (TCP), and coralline-

derived calcium phosphate, known for their ability to

bond to and stimulate bone regeneration.9,11–13 In recent

years, there has been interest on the fabrication of three-

dimensional systems using particulates or block-based

approach for a TE scaffold, possessing a porous inter-

connected structure. This is an extremely interesting

strategy, as it provides a potential to overcome normally

encountered problems associated with porosity of the

scaffold. Additionally, with particle or block-based

systems shaped as scaffolds, the surface area for more

chemical and biological reactions to take place is greatly

increased.14

The formation of three-dimensional scaffolds from

biomaterials in particulate or block form creates the

potential for these systems to be used either in an acel-

lular strategy (implanting of the scaffold and coloni-

zation of it by surrounding cells) or combining it with

cells in vitro, creating a hybrid cell–material construct.

Simultaneously, these scaffolds can also be used as

delivery systems, having a multifunctional purpose –

support and release of bioactive agents – enhancing the

regenerative potential of the system.

The clinical use in bone regeneration of coralline-

derived biomaterial (Biocoral) needs to know the biome-

chanical and biological parameters of this biomaterial

and its behavior when implanted in bone. Moreover, the

comparison between Biocoral and other biomaterial is

interesting, as b-TCP, to understand the mechanism of

their biological behavior as bone substitute.

X-ray computed microtomography (micro-CT) is a

powerful tool for scaffold characterization. Unlike many

other techniques for pore shape, size, and distribu-

tion assessment, such as scanning electron microscopy

(SEM) and mercury intrusion porosimetry, micro-CT

can nondestructively obtain a three-dimensional image

of a scaffold.15 When combined with three-dimensional

image analysis techniques, micro-CT can therefore

provide not only qualitative but also quantitative infor-

mation on the scaffold structure.16,17

The ability of micro-CT to image three-

dimensional structures in a nondestructive way has

made its use and application extremely popular across

several disciplines including physics, materials science,

medicine, mineral processing, and powder technology.

In addition, the availability of synchrotron radiation

x-ray sources has further stimulated the application of

micro-CT due to its numerous advantages with respect
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to conventional x-ray sources, including higher beam

intensity, higher spatial coherence, and monochroma-

ticity. This work exploits mainly the monochromaticity

property of synchrotron radiation because it reduces

significantly the beam hardening effects, thus allowing

to simplify the segmentation process of the whole image

analysis.

In the present study, synchrotron radiation x-ray

micro-CT was used to analyze the three-dimensional

porous architecture and microstructure of coralline-

derived calcium phosphate scaffolds after long-term in

vivo tests on humans; the results obtained on Biocoral

were compared with those referred to other biomaterial,

as b-TCP or TCP in combination with HA, to under-

stand the mechanism of their biological behavior as

bone substitute. Although micro-CT studies on bioac-

tive TCP or TCP in combination with HA were reported

in the last years literature,18–22 to the best of the authors’

knowledge, investigation on Biocoral scaffolds has

been documented up to now.23 In this research work,

micro-CT was demonstrated to possess the unique

capability of analyzing in detail the Biocoral scaffold

three-dimensional structure in terms of pore size, strut

thickness (STh), and degree of pore interconnection, as

well as the three-dimensional distribution of the newly

formed bone on scaffold walls. Furthermore, a compari-

son between architectural features and bioactive behav-

ior of Biocoral and b-TCP or TCP in combination with

HA was presented and discussed in order to confirm and

extend the promising results of previous studies about

the suitability of Biocoral as effective biomaterial for

scaffolding.24,25

MATERIALS AND METHODS

Twelve healthy patients with noncontributory medical

history (five women and seven men, all nonsmokers,

mean age of 62 years, range 55–71 years) were included

in this study. The protocol of the study was approved by

the Ethical Committee of the University of Chieti, Italy.

All patients signed a written informed consent form. All

patients were candidates for augmentation in the poste-

rior area of maxilla to receive fixed restorations and were

divided in three groups of four patients for every bio-

material. The inclusion criteria were the following: par-

tially edentulous patients with a bilateral loss of teeth in

the maxillary premolar or molar areas with an alveolar

atrophy that needs preimplant bone regeneration. The

exclusion criteria were the following: severe illness,

head and neck radiation therapy, chemotherapy, uncon-

trolled diabetes, uncontrolled periodontal disease, and

smoking. After a thorough oral and physical examina-

tion, patients were scheduled for bone reconstruction

procedures. At surgery day, the patients’ mouths were

rinsed with a chlorhexidine digluconate solution 0.12%

for 2 minutes prior to surgery. Local anesthesia using

Articaine® (Ubistesin 4% – Espe Dental AG, Seefeld,

Germany) and epinephrine 1:100 was performed. A

crestal incision was made, with buccal releasing inci-

sions medially and distally. Full thickness flaps were then

elevated, exposing the alveolar crest. The horizontal and

vertical defects were filled with blocks and granular

biomaterial according to the three selected materials,

namely, the Biocoral, b-TCP, and 70% b-TCP/30% HA.

After 6 or 7 months from bone augmentation, at the

implant sites before drill preparation, samples of regen-

erated bone were harvested by trephine bur.

Scaffolds Preparation

“Biocoral®” (Leader Italia, Milan, Italy) is mainly

composed of calcium carbonate in the form of aragonite

(97–98%), strontium, fluoride, magnesium, sodium,

and potassium.26–29 It has a porosity of more than 45%,

with pores of about 250 mm (range 150–400) in diameter,

resembling spongious bone. Several components are

present at levels equivalent to those found in mammalian

bone, notably trace elements, which play a vital role in the

process of mineralization and in the activation of enzy-

matic reactions in bone cells. Two trace elements have

specific effects: strontium is involved in the formation

and growth of the crystalline component of bone, pro-

tects calcification mechanisms, and increases minerali-

zation. Furthermore, strontium levels are higher in the

most active bone structure, i.e., the metaphysis and bone

callus. Fluorine – in proper quantity – increases bone

formation by direct effects on proliferation of cellular

precursors of osteoblasts. Biocoral® pore size is impor-

tant as this offers the ideal environment for vascula-

rization and migration of osteoclasts and osteoblasts.

It ranges between 20 and 50%, depending on the species

selected. Natural calcium carbonates with different

porosities can be used according to the operating proce-

dure. Biocoral® pore size ranges between 150 and

500 mm, depending on the species, selected according

to clinical indications. It has previously been shown

that these sizes are optimal for occupation by fluids and

bone marrow cells in order to complete mineralized
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newly formed bone. Bone cells (bone marrow and blood

of the recipient bone) can freely invade the open porous

structure of Biocoral® deep in its core. This cellular inva-

sion determines the first phase of the bone restoration

process characterized by the development of a neovascu-

larization. Some corals (Porites in particular) have the

architecture similar with the cancellous bone. Recently,

it has been found that Biocoral may be used as a bone

replacement material for the treatment of osseous

defects associated with adult periodontitis.30 In the open

pores, there is a formation of a fibrovascular tissue that

is progressively replaced by bone.

“b-TCP” (Kasios, Leader Italia) is a synthetic bone

substitute with partial interconnection. The b-TCP

blocks were produced by using the foam technology as

previously reported.31 Briefly, a slurry containing 25 g of

b-TCP was prepared with distilled water and used to

substantially impregnate a block of polyurethane foam

under vacuum. This ensured that the ceramic coated the

polyurethane walls to produce a replica of the reticu-

lated foam material, the ceramic parts of the biomaterial

being centered by the polymer. The blocks of polyure-

thane impregnated with the slurry were then dried in

an oven and heated in a furnace oven at 800°C; this led

to a complete burn of the organic polyurethane foam.

The three-dimensional scaffolds of b -TCP were then

sintered at a temperature >1200°C.

The “HA/TCP” (Leader Italia) ceramic scaffolds

used in this study were fabricated by the direct rapid

prototyping technique dispense plotting.32 A virtual

scaffold model was designed with a cylindrical outer

geometry by using three-dimensional computer-aided

design software (Solid Works, Waltham, MA, USA). The

size of the model was adapted to the shrinkage of the

ceramic material in the subsequent sintering process.

The inner geometry, i.e., the pathway of the material

rods, was defined by custom-made software that gener-

ates the control commands of the rapid prototyping

machine. To build up the green bodies, material rods,

consisting of a paste-like aqueous ceramic slurry, were

extruded out of a cartridge through a nozzle and depos-

ited using an industrial robot (GLT mbH, Pforzheim,

Germany). In this study, HA and TCP powders (Merck,

Darmstadt, Germany) were blended to get a powder

mixture with a HA/TCP weight ratio of 30/70. The char-

acteristic rheological behavior of the aqueous ceramic

slurry was achieved by thermal treatment of the raw HA

powder at 900°C for 1 hour and by adding a compatible

binder/dispersant system of organic additives of

10.5 wt% relative to the mass of ceramic powder. The

rod deposition was controlled in x, y, and z directions

to assemble three-dimensional scaffolds layer by layer

on a building platform. By rotating the direction

of the rod deposition by 60° from layer to layer, a

three-dimensional network with an interconnecting

pore structure was generated. The assemblies made of

ceramic slurry were dried at room temperature and

subsequently sintered at 1250°C for 1 hour. Finally,

the sintered scaffolds were manually reduced to smaller

blocks with a volume of about 1.4 cm3 in order to

remove the solid rim that resulted from the turning

points at the edge of the printed pathways.

Scaffold Characterization

Biocoral, b-TCP, and 70% TCP/30% HA scaffolds were

processed following the protocols in use at the Human

Morphology Laboratory of the Insubria University in

Varese.

Being dry and inorganic, these specimens did not

require fixation or dehydration and were simply frac-

tured in order to obtain an uncontaminated surface. The

fragments were glued onto standard aluminum stubs

with conductive adhesives and gold coated in an argon

atmosphere by means of an Emitech K-550 sputter coater

in order to make them conductive. All specimens were

then observed with a FEI XL-30 FEG high-resolution

field-effect SEM operated at an accelerating voltage of

7 to 10 kV and fitted with an Everhart-Thornley detector

for secondary electron imaging. All specimens were

observed at different magnifications and different angles,

and electron micrographs were directly obtained in

digital form as 1424 ¥ 968 pixel, 8-bpp grayscale TIFF

files. The micrographic images of the three selected

scaffolds, namely, the Biocoral, the b-TCP, and the 70%

TCP/30% HA, are shown in Figure 1.

Microstructural Analysis by X-Ray Micro-CT

While histological investigation was performed in the

complete set of retrieved samples, due to the demonstra-

tive nature of the present work, the micro-CT measure-

ments were carried out on four different samples,

namely, a Biocoral scaffold as such, a Biocoral scaffold

after in vivo test for 6 months, Biocoral beads in com-

bination with a b-TCP block after in vivo test for 6

months, and a 70% TCP/30% HA scaffold after per-

manence in vivo for 7 months. The sample referred to
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Biocoral beads in combination with a b-TCP block

arrived fractured and two parts of it were investigated

separately.

Experimental Setup. Micro-CT experiments were

performed at the SYRMEP beamline of the ELETTRA

Synchrotron Radiation Facility (Trieste, Italy). The

experimental conditions were selected, according to the

properties of the samples. Due to the sample composi-

tion, the energy of the monochromatic beam was set to

23 keV with a sample-to-detector distance of 70 mm,

the voxel size was 9 ¥ 9 ¥ 9 mm.3 The reconstruction of

the tomographic slices was carried out using a custom-

developed software,33 applying the standard filtered

back-projection algorithm.34 The exposure time was set

to around 3 seconds per projection, with a total of nine

hundred radiographic images for each sample.

Image Segmentation. A three-dimensional median

smoothing filter (kernel width = 3) was applied in

order to facilitate further segmentation. Three peaks can

clearly be distinguished (background, newly formed

bone – in the samples investigated after implantation,

and scaffold material). After examining the histograms,

representative threshold values were manually set to 75

(newly formed bone) and one hundred fourteen (scaf-

fold). Figure 2 reports the histogram for each considered

scaffold as obtained excluding the histogram portion

with the gray levels < 70, i.e., the portion referred to

background and soft tissues.

Extraction of Quantitative Parameters. The volume data

were analyzed by using the VG Studio MAX 1.2 software

(Volume Graphics GmbH, Heidelberg, Germany) and

the Pore3D35 software library (SYRMEP research group

of the Elettra Synchrotron Light Laboratory, Trieste,

Italy). Quantitative parameters were calculated directly

from three-dimensional images to characterize the

different implants. In the Biocoral sample investigated

before implantation, such segmentation was easily per-

formed by simple thresholding because the gray level

histogram was clearly bimodal with a first peak corre-

sponding to air and a second peak corresponding to

scaffold (Figure 2A).However,after in vivo tests, an inter-

mediate peak related to a newly formed bone appeared

(Figure 2, A–C) in all the investigated samples. The

sample that arrived fractured, referred to Biocoral beads

in combination with a b-TCP block, was investigated

considering two different volumes (fragments) sepa-

rately. The histograms of the two separated subvolumes

and that referring to their sum are reported in Figure 2B.

Furthermore, in the 70% TCP/30% HA scaffold investi-

gated after 7 months of implantation, it is possible

to segment two different peaks strictly referred to the

two scaffold phases (Figure 2C). The quantification of

the different phases (including a rough estimation of

the vessel amount) present inside the different samples

is reported in Table 1 for the full-retrieved specimens.

Thin three-dimensional sections are represented in

Figure 3 in order to better visualize the newly formed

bone-scaffold interface, together with the evidence of

the presence of a newly formed vascularization net.

In fact, while conventional micro-CT setups lack the

sensitivity to resolve the fibrous tissue and the vascular-

ization, the chosen synchrotron radiation micro-CT

setup (containing not only absorption but also phase-

contrast signals) allows also the visualization of these

unmineralized tissues.

Figure 1 Secondary electron images of the scaffolds before the in vivo tests. (A) Biocoral shows large, irregular, and interconnected
cavities in the 100- to 200-mm range, separated by solid walls 10 to 50 mm thick. (B) b-tricalcium phosphate (TCP) blocks show a
smoother and more compact mass, with a vitreous fracture and a large number of small, heterogeneous, and partially interconnected
pores. (C) The biphasic hydroxyapatite (70% TCP/30% hydroxyapatite) shows a three-dimensional grid-like structure, highly
reminiscent of cancellous bone. Slender rods, 200 mm thick, were stratified and partially fused in order to define intercommunicating
spaces in the 100- to 250-mm range.
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Representative 1.35 ¥ 1.35 ¥ 1.35 mm3 subvolumes

(the largest cubic three-dimensional portion fully

included in the smallest sample bulk) were then ana-

lyzed based on the structural indices usually measured

for bone samples.36 Two different structural analyses

were performed: the first one (Table 2) referred to the

whole mineralized tissue (including the scaffold and the

newly formed bone) and the second one specifically

referred to the newly formed bone (Table 3). The follow-

ing morphometric parameters were evaluated for

the whole mineralized tissue (Table 2): total volume

(TV – expressed in cubic micrometer) of the volume

of interest; sample volume (SV – expressed in cubic

micrometer); SV to TV ratio (SV/TV – expressed as a

percentage); sample surface to SV ratio (SS/SV – per

millimeter); STh (expressed in micrometers); strut

number (SNr – per millimeter); and strut separation

(expressed in micrometers).

For the evaluation of the regenerated bone struc-

tural analysis (Table 3), the same quantitative descrip-

tors applied to the whole mineralized tissue were used in

order to detect bone volume (BV – expressed in cubic

Figure 2 (A) Gray level histogram of the coralline-derived biomaterial (Biocoral) scaffold as retrieved from in vivo test after 6
months. Data are compared with the same coralline-derived biomaterial (Biocoral control) as it is after production and with the
histogram referred to the sample made of Biocoral beads in combination with b-TCP blocks (volume I) as retrieved from in vivo
test after 6 months (TCP + Biocoral). (B) Gray level histogram of the two fragments of the sample made of Biocoral beads in
combination with b-TCP blocks as retrieved from in vivo test after 6 months and the sum of their histograms (overall). (C)
Comparison of the gray level histogram of the coralline-derived biomaterial (Biocoral) scaffold (as retrieved from in vivo test after
6 months) with the sample made of Biocoral beads in combination with b-TCP blocks (as well retrieved from in vivo test after
6 months) and the three-dimensional scaffold composed by HA and b-TCP in a ratio of 30/70 (as retrieved from human site after
a period of 7 months). The first peak on the left, corresponding to the background absorption of air, was not reported in all the
histograms (the gray level scale start from the value of 70). Legend: B = bone; S-Bc = biocoral scaffold; S-TCP = tricalcium phosphate
scaffold; S-HA = hydroxyapatite scaffold.

TABLE 1 Three-Dimensional Quantitative Analysis of the Different Phases after In Vivo Tests. The Whole
Retrieved Samples Are Considered

Phases
Pure

Biocoral
Biocoral + TCP

(volume I)
Biocoral + TCP

(volume II)
70% TCP/
30% HA

Vessels (mm3) (rough estimation) 1.7 ¥ 109 0.9 ¥ 109 1.5 ¥ 109 2.0 ¥ 109

Newly formed bone (mm3) 6.1 ¥ 109 2.4 ¥ 109 1.2 ¥ 109 4.4 ¥ 109

Scaffold (mm3)

Biocoral 0.2 ¥ 109 0.3 ¥ 109

TCP 8.3 ¥ 109 0.5 ¥ 109

HA 0.3 ¥ 109

HA = hydroxyapatite; TCP = tricalcium phosphate.
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micrometer), BV to TV ratio (BV/TV – expressed as a

percentage), bone surface to BV ratio (BS/BV – per

millimeter), regenerated bone thickness (expressed in

micrometers), etc.

Information about the anisotropy, i.e., the presence

of preferential orientation(s) of the structure, was also

extracted; this analysis was performed on the complete

mineralized tissue (Table 4), but it was also restricted,

Figure 3 Representative 2.0 ¥ 1.6 ¥ 0.3 mm3 subvolumes (A) of the coralline-derived biomaterial (Biocoral) scaffold as retrieved
from in vivo test after 6 months and (B) of the sample made of Biocoral beads in combination with a b-TCP block as retrieved
from in vivo test after 6 months (TCP + Biocoral). Detail of the fragment (volume II) strictly referred to a b-TCP block.
(C) Three-dimensional subvolume of the 70% b-TCP/30% HA sample as retrieved from in vivo test after 7 months. Legend:
green phase = regenerated vessels; pink phase = newly formed bone; white phase = scaffold.

TABLE 2 Three-Dimensional Morphometric Analysis of the Constructs Retrieved from In Vivo Tests. Mineralized
Tissues Are Considered (Scaffold + Newly Formed Bone)

Pure Biocoral Biocoral + TCP (volume I) Biocoral + TCP (volume II) 70% TCP/30% HA

TV (mm3) 2.46 ¥ 109 2.46 ¥ 109 2.46 ¥ 109 2.46 ¥ 109

SV (mm3) 7.97 ¥ 108 7.53 ¥ 108 18.07 ¥ 108 7.10 ¥ 108

SS/SV (mm-1) 29 24 7 36

SV/TV (%) 32.4 30.6 73.5 28.9

Mean STh (mm) 69 84 294 55

Mean SNr (mm-1) 4.69 3.65 2.50 5.21

Mean SSp (mm) 144 190 106 137

HA = hydroxyapatite; SNr = strut number; SS = sample surface; SSp = strut separation; STh = strut thickness; SV = sample volume; TCP = tricalcium
phosphate; TV = total volume.

TABLE 3 Three-Dimensional Morphometric Analysis of the Constructs Retrieved from In Vivo Tests. Only Newly
Regenerated Bone Is Considered

Pure Biocoral Biocoral + TCP (volume I) Biocoral + TCP (volume II) 70% TCP/30% HA

TV (mm3) 2.46 ¥ 109 2.46 ¥ 109 2.46 ¥ 109 2.46 ¥ 109

BV (mm3) 7.51 ¥ 108 7.14 ¥ 108 1.12 ¥ 108 6.40 ¥ 108

BS/BV (mm-1) 33 26 177 43

BV/TV (%) 30.5 29.0 4.6 26.0

Mean BTh (mm) 61 76 11 46

Mean BNr (mm-1) 5.00 3.82 4.03 5.65

Mean BSp (mm) 139 186 237 131

BNr = bone number; BS = bone surface; BSp = bone separation; BTh = bone thickness; BV = bone volume; HA = hydroxyapatite; TCP = tricalcium
phosphate; TV = total volume.
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for the same TVs, to the newly regenerated bone

(Table 5).

Anisotropic measurements of the retrieved samples,

i.e., the presence of preferential orientations, were per-

formed using the mean intercept length (MIL) method.

The basic principle of the MIL method is to count the

number of intersections between a linear grid and the

pore-material interface as a function of the grid orien-

tation w.37 The MIL (an intercept is the line between two

intersections) is calculated as the ratio between the total

length L of the line grid and the number of intersections.

MIL measurements in three dimensional may be fitted

to an ellipsoid, which can be expressed as the quadratic

form of a second rank tensor M.38 A fabric tensor H is

defined as the inverse square root of M.39,40 As the eigen-

vectors (u1, u2, u3) of the fabric tensor H give informa-

tion about the direction of the axes of the ellipsoid and

the eigenvalues (t1, t2, t3) express the radii of the ellip-

soid, the latter can be used to define the degree of anisot-

ropy, which denotes the ratio between the maximal and

minimal radii of the MIL. In this article, the eigenvalues

are summarized using the isotropy index I = t3/t1 and

the elongation index E = 1 - t2/t1.41 The isotropy index I

measures the similarity of a fabric to a uniform distri-

bution and varies between 0 (all observation confined

to a single plane or axis) and 1 (perfect isotropy). The

elongation index measures the preferred orientation of

a fabric in the [u1,u2] plane and varies between 0 (no

preferred orientation) and 1 (a perfect preferred orien-

tation with only parallel observations).

Finally, skeleton analysis was also applied in order to

derive a descriptor for the interconnectivity.

Provided that the scaffold is a connected structure

with almost no closed void cavities, a simple indicator of

the connectedness of the three-dimensional complex

pore space is the Euler number cV. For an open network

structure, the Euler number may be calculated from the

number of nodes n and the number of branches b after

skeletonization of the pore space as cV = n - b.37 It pro-

vides a measure of connectivity, indicating the number

of redundant connections: the breaking of a single con-

nection will leave the network less connected increasing

the value of cV, while the addition of a redundant con-

nection will decrease it.42 In order to normalize the Euler

number with respect to the size of the considered

volume V, the parameter “connectivity density” b com-

puted as b = (1 - cV)/V is commonly adopted.42 The

connectivity density does not carry information about

positions or size of connections, but it is a simple global

measure of connectivity that gives higher values for

better-connected structures and lower values for poorly

connected structures.

RESULTS

Preliminary Electron Microscopy Analysis of
the Scaffolds before In Vivo Tests

Biocoral specimens showed a very distinctive appear-

ance: the whole mass of the specimen appeared made

of large, irregular, and interconnected cavities in the

TABLE 4 Three-Dimensional Anisotropy Analysis of the Constructs Retrieved from In Vivo Tests. Mineralized
Tissues Are Considered (Scaffold + Newly Formed Bone)

Pure Biocoral Biocoral + TCP (volume I) Biocoral + TCP (volume II) 70% TCP/30% HA

Isotropy index, I (-) 0.81 0.84 0.87 0.75

Elongation index, E (-) 0.10 0.07 0.09 0.05

HA = hydroxyapatite; TCP = tricalcium phosphate.

TABLE 5 Three-Dimensional Anisotropy Analysis of the Constructs Retrieved from In Vivo Tests. Only Newly
Regenerated Bone Is Considered

Pure Biocoral Biocoral + TCP (volume I) Biocoral + TCP (volume II) 70% TCP/30% HA

Isotropy index, I (-) 0.78 0.81 0.89 0.71

Elongation index, E (-) 0.11 0.09 0.05 0.08

HA = hydroxyapatite; TCP = tricalcium phosphate.
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100- to 200-mm range, separated by solid walls 10 to

50 mm thick (Figure 1A). Neither smaller pores nor self-

similar structures were visible. At higher magnification,

the fracture surface reveals the walls as being made of

needle-shaped crystalline particles tightly packed to

form a solid, compact structure, where small pores or

canalicular cavities are only occasionally visible. The

natural surfaces are rather coarse and exhibit the ends

of the needle-like crystals, whose fine, regular texture

endows this material with a very high surface/volume

ratio.

b-TCP blocks, by contrast, formed a smoother and

more compact mass (Figure 1B) whose features became

really appreciable only at a relatively high magnification.

Under these conditions, the specimen showed a hard,

compact appearance, with a vitreous fracture and a large

number of small, heterogeneous, and partially intercon-

nected pores, mostly in the micrometer range, irregu-

larly dispersed across the specimen mass. The largest

cavities showed the remains of rounded, and partially

melted, particles, indicative of a sintering stage in the

specimen processing.

The biphasic HA (70% TCP/30% HA) was made in

form of a three-dimensional grid-like structure, highly

reminiscent of cancellous bone (Figure 1C). Slender

rods, 200 mm thick, were stratified and partially fused

in order to define intercommunicating spaces in the

100- to 250-mm range. This structure is per se indicative

of a good mechanical stability and of an unobstructed

accessibility by the vascular network.

Micro-CT Analysis

Figure 2 reports the histogram for each considered

sample as obtained excluding the histogram area with

the gray levels < 70, i.e., the area referred to background

and soft tissues. In Figure 2A, the gray level histogram

of the coralline-derived biomaterial (Biocoral) scaffold

(as retrieved from in vivo test after 6 months) was

compared with the same coralline-derived biomaterial

(Biocoral control) as it was before the in vivo test and

with the histogram referred to the sample made of

Biocoral beads in combination with b-TCP blocks

(volume I) as retrieved from in vivo test after 6 months

(TCP + Biocoral). Independently from the different

volumetric dimensions of the retrieved samples, it was

observed that after the in vivo tests, a huge amount of

bone is detected in both the samples. This is demon-

strated by the first peak on the left (gray value ~90),

corresponding to the linear attenuation coefficient of

the newly formed bone. Furthermore, it was noticed that

all the right peaks in the histograms in Figure 1A corre-

spond to a gray value ~144. This fact demonstrates that

the fragment (volume I) of the sample made of Biocoral

beads in combination with b-TCP blocks here con-

sidered presents residues of Biocoral beads without

traces of b-TCP material. On the contrary, the second

fragment (volume II) of the same sample (Figure 2B)

presents a peak corresponding to a gray value ~155,

corresponding to the linear attenuation coefficient of

the b-TCP at the 23-keV experimental energy. This fact

leaded the authors to consider the two fragments

(volume I and volume II) of the sample made of Bio-

coral beads and b-TCP blocks separately, the former

(volume I) describing the bioactivity of the Biocoral

beads, the latter (volume II) the bioactivity of the b-TCP

blocks. It has to be observed that, considering the histo-

gram reported in Figure 2, B and C, the TCP blocks did

not exhibit good performances in terms of bone regen-

eration (no peak was observed corresponding to bone):

this finding is not new and was previously clinically and

histologically observed by some of the authors (unpub-

lished material). In Figure 2C it was also reported the

comparison of the Biocoral bioactivity with the one

referred to the three-dimensional scaffold composed

by HA and b-TCP in the ratio of 30/70. It was found

that after the in vivo tests, a huge amount of bone

was detected in this last sample, as for those referred to

Biocoral scaffolds.

Representative thin three-dimensional subvolumes

are shown for each sample in Figure 3. In all the repre-

sented volumes, the vessel phase appears in green, the

newly formed bone in pink, and the scaffold, indepen-

dently from the specific biomaterial, in white. It was

possible to detect newly formed vessels (even if at low

resolution due to the experimental pixel size limit)

because the chosen synchrotron radiation micro-CT

setup, at the chosen experimental sample-to-detector

distance, contains not only absorption but also phase-

contrast signal, allowing also the visualization of these

unmineralized tissues.

In the sample referred to the Biocoral scaffold

(Figure 3A), a uniform distribution of vessels was

detected together with a huge amount of bone, unlike

the residual Biocoral, which was still not fully resorbed

after the in vivo test of 6 months. These data were con-

firmed by the volumetric quantification of the different
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phases (including a rough estimation of the vessel

amount) performed in the different entire specimens

and reported in Table 1. In the sample referred to the

b-TCP block scaffold (Figure 3B), the results were com-

pletely different: a small amount of regenerated bone,

almost surrounding and in adhesion with the peripheral

TCP grains, was detected with few vessels located as well

in the peripheral regions of the TCP block. Even these

observations were confirmed by the quantitative volu-

metric analysis reported in Table 1 and referred to the

whole TCP block (Biocoral + TCP volume II). Finally, in

Figure 3C, a representative three-dimensional subvol-

ume of the 70% b-TCP/30% HA sample, as retrieved

from in vivo test after 7 months, is shown. In this

sample, in analogy with the behavior of the Biocoral, an

extended and uniform vascularization, together with a

huge amount of newly regenerated bone, was observed.

It can be assessed, based on Table 1 quantitative analysis

(but also as shown on the histogram reported in

Figure 2C) for this specific sample, that the bone regen-

eration is combined to the TCP resorption: in fact, the

volumetric percentages change from 70% b-TCP/30%

HA before grafting to ~62% b-TCP/38% HA after

retrieval from the in vivo test.

As different scaffolds respond to in vivo tests in a

different way also depending on their intrinsic mor-

phometric characteristics, the retrieved specimens were

analyzed in order to characterize their three-dimensional

mineralized microarchitecture. These data are reported in

Table 2 and clearly show that, neglecting some slight

deviations (possibly due to the local differences in selected

subvolumes), the biocoral scaffold offers performances

comparable to the 70% b-TCP/30% HA one. Among

the examined samples, the sample referred to the b-TCP

block scaffold showed a mineralized volume (SV), a

mineralized-to-TV, and a mean STh higher than all the

other investigated samples. Consequently, also the specific

surface of the mineralized structure (SS/SV) and the mean

SNr were noticeably lower than in the other samples.

In Figure 4, a subvolume strictly referred to a

portion of a b-TCP block is shown. In particular, in

Figure 4B, the color map of the TCP wall thickness

distribution is reported. The TCP block results in an

assembling of single beads, each 350 to 400 mm thick,

with some mismatches, fractures, and inhomogeneity

possibly due to the harvesting process. Such inhomoge-

neity leads to a quite high mean strut spacing associated

to a high mean STh (as observed in Table 2), which

in turn results in an inhomogeneous distribution of

microvessels (on the external grain borders, as observed

in Figure 2B) and a small amount of regenerated bone

(in correspondence of the location of the new vessels).

Figure 4 (A) Three-dimensional reconstruction of the sample made of Biocoral beads in combination with b-tricalcium phosphate
(TCP) blocks: subvolume strictly referred to a portion of a b-TCP block. (B) Color maps of the wall thickness distribution in the
same TCP block subvolume.
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The structural analysis was repeated, this time

only considering the regenerated bone phase: results are

reported in Table 3. In this case, among the examined

samples, the sample referred to Biocoral scaffolds

showed bigger amount of newly formed bone (BV)

combined with an increment of the BV-to-TV (BV/TV)

ratio. Furthermore, they exhibited thicker mean tra-

becular thickness (TbTh) than the other investigated

samples. Consequently, also the specific surface of the

mineralized structure (BS/BV) was lower than in the

other samples.

The TCP block sample showed also the worst

morphometric characteristics in terms of newly formed

bone with the lowest BV, BV-to-TV (BV/TV), and mean

trabecular thickness (TbTh) with respect to all the other

investigated specimens (Table 3). These morphometric

data confirmed that, despite the optimal performances

of the b-TCP material in bone TE,43 the particular TCP

block morphometric characteristics do not favor bone

regeneration.

In agreement with the literature,44 the TCP/HA

scaffold exhibited good performances in terms of bone

regeneration and vascularization, as reported in Table 3.

In this case and differently from the Biocoral scaffold,

the new bone regenerates in adhesion to the same scaf-

fold that, on his turn, is only partially affected by resorp-

tion. In fact, with respect to the initial (pregrafting)

volume percentages of the two scaffold phases, namely,

70 vol% TCP and 30 vol% HA, 6 to 7 months after graft-

ing, the volume percentages were 62.5 vol% TCP and

37.5 vol.% HA, with the unique resorption of the TCP

phase.

Tables 4 and 5 report the results of the anisotropy

analysis of the samples (where isotropy index values

close to 1 mean perfect isotropy and elongation index

values close to 0 correspond to no preferred orienta-

tion). The sample referred to the b-TCP block is the

most isotropic sample of the presented ones for both the

scaffold and bone in-growth structure. Samples referred

to Biocoral scaffolds are also rather isotropic for both

the scaffold and bone structure. Sample 70% TCP/30%

HA exhibits the least isotropic behavior of all the con-

sidered samples for both the scaffold and bone structure

phase. Also, the elongation index for all the considered

samples is rather close to zero, meaning that there are no

preferred orientations in the [u1,u2] plane.

In Table 6, the connectivity index is reported, which

clearly shows that sample 70% TCP/30% HA has the

most well-connected structures in between the scaffold-

bone interface. The connectivity indexes of “pure

Biocoral” and “Biocoral + TCP (volume I)” are rather

close to each other, statistically confirming the stable

behavior in vivo of the calcium carbonate material;

meanwhile, the b-TCP-based block, namely, the

“Biocoral + TCP (volume II)”, has the most poorly con-

nected structures of all the presented samples.

Histological Analysis

Histology evidences showed the presence of newly

formed trabecular bone and residual grafted Biocoral

biomaterial mainly located in the central area of the

Biocoral specimen. The newly formed bone was in close

contact with the biomaterial particles and, inside the

biomaterial porous structure, it was possible to see some

spaces colonized by newly formed bone, with areas of

osteoid matrix undergoing mineralization (Figure 5,

A and B).

Also, the retrieved TCP/HA-based sample presented

portions characterized by newly formed bone trabeculae

with small percentages of residual biomaterial and areas

of tissue remodeling. The remaining biomaterial after

the in vivo test was partially incorporated in the newly

formed bone, while in other cases it was in the vicinity of

the bone neoformation areas (Figure 5, C and D).

It has to be stressed that while BV/TV ratio,

as extracted by micro-CT quantitative analysis and as

shown in Table 3, is in the range of 29.0 to 30.5 vol% for

the Biocoral-based samples and ~26.0 vol% for the TCP/

HA-based one, histology showed that newly formed

bone represented ~32.3 vol% for the Biocoral-based

samples and ~37.3 vol% in retrieved TCP/HA-based

samples.

TABLE 6 Three-Dimensional Connectivity Analysis of the Constructs Retrieved from In Vivo Tests

Pure Biocoral Biocoral + TCP (volume I) Biocoral + TCP (volume II) 70% TCP/30% HA

Connectivity index (mm-3) 6.4 10.9 2.8 22.9

HA = hydroxyapatite; TCP = tricalcium phosphate.
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Due to the extremely poor and nonhomogeneous

regenerative properties of the samples referred to the

b-TCP block scaffolds, as documented in the literature

and confirmed by micro-CT quantitative analysis, no

histological analysis was performed on this sample.

DISCUSSION

In the present work, the three-dimensional porous

architecture and microstructure of coralline-derived

calcium phosphate scaffolds were investigated by

synchrotron radiation x-ray microtomography after

long-term in vivo tests on humans. The results were

compared with those obtained on two different and

selected samples, namely, a b-TCP block and a biphasic

calcium phosphate porous scaffold both retrieved after

in vivo test on humans for similar times. While the

biphasic calcium phosphate was selected as control

because of its good and documented in vivo perfor-

mances as bone substitute, with several micro-CT

studies reported in the last years literature,20–22 the

b-TCP block scaffold was tested in order to verify if,

against the good bioactive properties of the biomate-

rial,18,19 the unfavorable morphometric properties

(reduced porosity and pore size) can play a critical role

in the mechanism of its behavior as bone substitute.

Independently from the different volumetric

dimensions of the retrieved Biocoral-based samples,

it was observed that after the in vivo tests, a huge

amount of bone is detected. This was demonstrated,

after micro-CT histogram segmentation, by the wide

peak area corresponding to the linear attenuation co-

efficient of the newly formed bone in Figure 2 and by

Figure 5 (A) Newly formed trabecular bone and residual grafted Biocoral particles (¥40); (B) osteoid matrix, undergoing
mineralization, inside the porous structure of the Biocoral biomaterial (¥100); (C) newly formed trabecular bone and residual
grafted hydroxyapatite (HA)/tricalcium phosphate (TCP) biomaterial (¥40); and (D) newly formed bone around the TCP/HA
structure (¥100). Toluidine blue and acid fuchsin.
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morphometric analysis reported in Tables 1 and 2. By

micro-CT, it was also possible to detect a rich and well-

distributed net of newly formed vessels in the retrieved

Biocoral-based samples (evidences in Figure 3A). In

fact, the selected synchrotron radiation experimental

setup supplies also phase-contrast signal, allowing the

visualization of these unmineralized tissues. It has to be

stressed that information on the neovascularization is

of paramount importance for the characterization of

grafted scaffolds because vascularized areas constitute

the sites where new bone formation is possible and

favored.

Biocoral scaffold, as confirmed by histological

results, was found to offer performances comparable

or (considering specific aspects) better than the 70%

b-TCP/30% HA control. In fact, the samples referred to

Biocoral scaffolds showed bigger amount of newly

formed bone (BV) combined to an increment of the

BV-to-TV (BV/TV) ratio. Furthermore, they exhibited

TbTh than the other investigated samples.

Samples referred to Biocoral scaffolds also appeared

rather isotropic, both considering the whole mineralized

structure (scaffold + newly formed bone – Table 4)

and only bone structure (Table 5), with well-connected

structures (Table 6).

In synthesis, the morphometric data, as extracted by

micro-CT data analysis, demonstrate the good in vivo

performances of the coralline-derived biomaterial

(Biocoral) scaffolds for bone regeneration that, in turn,

results homogeneously vascularized, resembling the

natural cancellous bone, where trabeculae are irregular

in shape and size. The good interconnectivity of scaf-

folds that open macropores is a valuable property

expected to allow bone cell migration into the scaffold,

bone in-growth, and implant vascularization in vivo.

By comparison of the Biocoral bioactivity with that

referred to the three-dimensional scaffold composed by

HA and b-TCP in the ratio of 30/70, it was observed that

after the in vivo tests, a huge amount of bone is also

detected, comparable to those referred to the Biocoral

scaffolds. Furthermore, in analogy with the behavior of

the Biocoral, an extended and uniform vascularization

together with a huge amount of newly regenerated bone

was observed (Figure 3C) in the 70% b-TCP/30% HA

sample. In agreement with the literature,45 we observed

that, based on Table 1 quantitative analysis (but also as

shown on the histogram reported in Figure 2C) for

this specific sample, the TCP/HA scaffold exhibits good

performances in terms of bone regeneration and vascu-

larization. Bone regeneration is combined to the TCP

resorption: in fact, the volumetric percentages modify

from 70% b-TCP/30% HA before grafting to ~62%

b-TCP/38% HA after retrieval from the in vivo test, with

the unique resorption of the TCP phase. These data were

confirmed by histology evidences.

Sample 70% TCP/30% HA experienced the least

isotropic behavior of all the considered samples

(Tables 4 and 5), but, even in this case, the elongation

index is rather close to zero, meaning that there are no

preferred orientations in the [u1,u2] plane. This biphasic

calcium phosphate-based sample was found to have the

most well-connected structures (Table 6), indicating

that the particular scaffold morphology may play a

role in the hunt of the optimal scaffold structure to be

implanted, regardless of the selected biomaterial.

The deviations between histology and micro-CT

quantitative results in terms of volume percentages of

regenerated bone demonstrate that the obtained three-

dimensional micro-CT data represent very innovative

progress as compared with the usual two-dimensional

histological images, which do not provide the overall

three-dimensional distribution of newly formed bone

within the samples (with special reference to the TCP/

HA-based one that seems highly inhomogeneous in

terms of bone and biomaterial residue distribution).

However, the sample referred to the TCP block scaf-

fold showed the worst morphometric characteristics in

terms of newly formed bone: a small amount of regen-

erated bone, almost surrounding and in adhesion with

the peripheral TCP grains, was detected with few vessels

located as well in the peripheral regions of the TCP

block. These data confirm that, despite the optimal per-

formances of the b-TCP material in bone TE,43 the par-

ticular TCP block morphometric characteristics do not

favor bone regeneration. In fact, it is largely assessed that

porosity and pore size of biomaterial scaffolds play a

critical role in bone formation both in vitro and in vivo.

According to the work of Hulbert and colleagues,46 the

recommended minimum pore size for bone TE scaffolds

is 100 mm (subsequent studies have shown better osteo-

genesis for implants with pores above 300 mm44,47,48): in

fact, large pores favor direct osteogenesis because they

allow vascularization and high oxygenation.

In conclusion, this work confirms that micro-CT

technique can play a fundamental role in advanced char-

acterization of bone TE constructs because it allows,
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in a noninvasive and nondestructive way, a complete,

precise, and high-resolution three-dimensional analysis

of their microstructural parameters.
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