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Abstract Sinus lift elevation restores bone mass at the

maxilla in edentulate patients before the placement of

dental implants. It consists of opening the lateral side of the

sinus and grafting beta-tricalcium phosphate granules (b-
TCP) under the olfactory membrane. Bone biopsies were

obtained in five patients after 60 weeks. They were

embedded undecalcified in poly(methyl methacrylate)

(pMMA); blocks were analyzed by nanocomputed

tomography (nanoCT); specific areas were studied by

Raman microspectroscopy. Remnants of b-TCP were

osseointegrated and covered with mineralized bone;

osteoid tissue was also filling the inner porosity. Macro-

phages having engulfed numerous b-TCP grains were

observed in marrow spaces. b-TCP was identified by

nanoCT as osseointegrated particles and as granules in the

cytoplasm of macrophages. Raman microspectroscopy

permitted to compare the spectra of b-TCP and bone in

different areas. The ratio of the *820 cm-1 band of

pMMA (–CH2 groups) on the m1 phosphate band at

960 cm-1 reflected tissue hydration because water was

substituted by MMA during histological processing. In

bone, the ratio of the *960 cm-1 phosphate to the amide 1

band and the ratio m2 phosphate band by the 1240–1250

amide III band reflect the mineralization degree. Specific

bands of b-TCP were found in osseointegrated b-TCP
granules and in the grains phagocytized by the macro-

phages. The hydration degree was maximal for b-TCP
phagocytized by macrophages. Raman microspectroscopy

associated with nanoCT is a powerful tool in the analysis of

the biomaterial degradation and osseointegration.

Keywords b-TCP � Raman microspectroscopy �
Nanotomography � Sinus lift � Bone graft � Tricalcium
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Introduction

Several types of biomaterials are available for filling bone

defects or performing bone graft to restore a suitable bone

volume and microarchitecture. Granules of biomaterials are

often used because they can easily fill a bone cavity (e.g.,

alveolar pouch after a tooth extraction, a bone cyst or a

larger defect, sinus lifting before dental implant placement)

[1, 2]. Various types of biomaterials can be prepared in the

granular form including morcellized autograft, cleaned and

purified allo- or xenogeneic bone, natural biomaterials

(coral or mother of pearl particles), and pure synthetic

calcium phosphate biomaterials (b-tricalcium phosphate

(b-TCP), hydroxyapatite). The interest of using granules is

to obtain a complete filling of the cavity, a condition that

cannot be achieved using compact blocks of materials. It

has been found that granules, gently packed in the grafted

area, maintain a 3D macroporosity which depends on the

size and microarchitecture of the granules themselves
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[3, 4]. b-TCP granules can be prepared with different

formulations and the macroporosity created between the

granules represents the space available for vascular inva-

sion and, subsequently, the migration of osteoprogenitor

cells [4]. Animal and human studies have found that bone

apposition is associated with resorption of the biomaterial.

A stack of b-TCP granules represents a suitable scaffold

serving for the anchorage of bone at the surface of the

granules associated with a direct resorption by mononu-

cleated macrophages and osteoclasts [5–8]. Macrophages

belong to the immune system, and interaction between

bone remodeling cells and the immune system has led to

the development of the concept of ‘osteoimmunology’ [9].

Macrophages directly interact with biomaterials whose

chemical composition influences the nature of the macro-

phagic response: M1 macrophages induce an inflammatory

and fibrotic response, while M2 macrophages are

immunosuppressive and favor wound healing [10–12]. It

has been found that macrophages play a key role in b-TCP-
induced osteogenesis and favor osteoblastogenesis from

stromal cells present in the bone marrow [13]. Degradation

of b-TCP by macrophages implies adherence of the cell at

the surface of the material and erosion by phagocytosis of

minute grains that have been sintered during the prepara-

tion steps of the granules. Histological analyses performed

on undecalcified sections have revealed numerous macro-

phages with a cytoplasm filled with b-TCP [5, 6, 14].

Several authors have reported that these cells express car-

bonic anhydrase, an enzyme necessary to proceed H? ions

used for decalcification [15, 16]. In addition, they can also

express TRAcP (tartrate-resistant acid phosphatase), an

enzyme necessary to complete the intracellular digestion of

collagen in osteoclasts [5, 17–19].

The aim of the present study was to analyze, in a series

of patients having had a sinus lift with b-TCP granules, the

morphological characteristics of the biomaterial degrada-

tion and osseoconduction using X-ray nanotomography.

The degradation of the biomaterial was searched by Raman

microspectroscopy on the different locations of b-TCP on

the tissue blocks.

Materials and Methods

b-TCP Granules

b-TCP granules used in this study were produced by Kasios

(L’Union—France) using the polyurethane foam technol-

ogy [20, 21]. The product composition was verified using

an X-ray diffractometer (XRD; Bruker D8 A25 Discover)

using Cu Ka radiation operated at 40 kV and 40 mA in the

2h range of 25�–45�. The resulting trace was analyzed and

compared with the standard library of known diffraction

patterns (JCPDS). The surface morphology was observed

by scanning electron microscopy (JEOL 6301F, Paris,

France). The b-TCP granules were glued on an aluminum

stub with a double-sided carbon sellotape. They were gold-

coated by sputtering with a MED 020 (Bal-Tec, Chatillon

sur Cher, France). Images were captured at a 3 kV accel-

eration voltage in the secondary electron mode. Some

granules were then embedded in poly(methyl methacrylate)

(pMMA) in the same conditions as bone biopsies (see

further).

Patients and Surgical Protocol

Five patients who presented a complete tooth loss at the

maxilla and who were candidate for implant placing after a

bone graft were enrolled in the study. Each gave her/his

informed consent to participate in the present study. This

experimental protocol was approved by the ethical com-

mittee of the French Collège d’Implantologie and was done

in accordance with the institutional guidelines of the French

Ethical Committee and with the 1964 Helsinki declaration

and its later amendments. The surgical protocol aimed at

increasing the thickness of the sinus floor using b-TCP
granules. The thickness of the sinus floor was appreciated on

CT scans before sinus lift elevation. A control CT scan was

performed before the placement of dental implants of stan-

dard diameter. The bone graft was harvested at the chin and

the chips of cortico-trabecular bonewere obtained andmixed

with the patient’s blood together with b-TCP granules to

obtain a kind of paste containing 10% autograft that could be

handled more easily.

The grafted area was prepared as follows: the mucope-

riosteal flap was removed after a lateral osteotomy on the

external face of the maxillary sinus (usually the opening is

15 mm in length and 10 mm in height). The Schneiderian

membrane was gently pushed through the window, away

from the bone to avoid perforation. The mixture containing

autograft particles, b-TCP, and blood was inserted into the

void space, under the membrane. Usually, a thickness of

several millimeters of the ‘paste’ was added to reconstitute

a suitable volume that will support the placement of

implants after healing. The full thickness flap was then

closed to the primary incisions and sutured with 4/0

VicrylTM (Ethicon SAS, Issy Les Moulineaux, France).

Bone Biopsy Harvesting

About thirty weeks after the bone graft, the implants were

placed in the maxilla. A small bone core was removed with

a dental trephine (Dexter, H. Zepf, Ref 08910 02/CE

01202/05, Argenteuil, France) with a 2.3 mm internal

diameter and 2.8 mm external diameter, mounted on a

contra-angle attachment. Bone biopsies were immediately
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transferred into Beebe’s fixative at 4 �C in a refrigerator

(ethanol 75%, formalin 10%, distilled water 15%) during

24 h and dehydrated with absolute acetone [22]. Samples

were received in the laboratory and embedded undecalci-

fied in pMMA. During the histological processing of the

biopsy, the tissues were dehydrated in acetone. Clearing in

xylene substitutes acetone in a second step and finally,

methyl methacrylate used during the infiltration step,

replaces xylene. Only recently, it has been reported that the

fraction of pMMA in a bone tissue represents the diffusion

space corresponding to the initial fraction of water (i.e., the

hydration of the tissue) [23]. Sections (7 lm in thickness)

were cut dry on a heavy duty microtome equipped with

tungsten carbide knives (Leica Polycut S with 50� knives).
They were stained with Goldner’s trichrome for the iden-

tification of osteoid tissue (recently formed and uncalcified

bone), and toluidine blue for cell analysis, as previously

described [24].

Nanocomputed Tomography (nanoCT)

Remnants of the blocks (half of the biopsy in thickness)

were transferred in a X-ray computed nanotomograph

(Nanotom, Phoenix, GE, USA). NanoCT analysis was done

at 65 kV and 450 lA using a copper filter. Five projection

images were averaged every 750 ms and the rotation angle

was 1.95�/min with a pixel size of 0.7 lm. Image recon-

struction was done on the projection images with the

DATOS software (Phoenix, GE) and a stack of 2D sections

was obtained for each specimen. 3D models were obtained

with VG StudioMax (Volume Graphics GmbH, Heidel-

berg, Germany).

Raman Microspectroscopy

The blocks were polished to a 1 lm finish with diamond

particles on a grinding machine (Struers, France) and

analyzed on a Senterra Raman microscope with the OPUS

5.5 software (Bruker optic, Ettlingen, Germany). A laser

beam was focused on the surface of the block to a

micrometer spot size through an Olympus BX51 micro-

scope with a 509 objective. Because bone has a strong

auto-fluorescence, the excitation laser wavelength was

785 nm with an excitation power of 100 mW and

8.12 cm-1 resolution. To obtain a given spectrum, 5 scans

of 15 s were averaged in each case. Spectra were obtained

on the areas previously identified by nanoCT and imaged

with the video epi-illumination of the Senterra microscope.

An automatic baseline was applied on all spectra (fitting

based on a x11 polynomial function). Raman analysis of the

raw b-TCP material was also obtained in two different

conditions: crude granules directly provided by the manu-

facturer in sterile vials and the same granules after

embedding in pMMA as above. In this last case, blocks

were trimmed and polished to expose the granules at the

surface of the block. The spectrum of pMMA used for

embedding the biopsy was analyzed in search of typical

representative bands that can be used to derive the degree

of hydration (or microporosity) of the tissue or the bio-

material considered [23]. The spectrum of the patients’

bone was obtained at distance from the remaining granules,

usually in the cortical bone. They were compared to the

spectrum obtained on a piece of human bone unembedded,

after pMMA embedding and after demineralization to

analyze the collagen of the organic phase of the bone

matrix. Other spectra of bone were observed in different

locations within the biomaterial and inside the phagocytic

cells. For each location, the spectra were obtained in at

least 3 areas. For the determination of the ratios of band

peaks, the values of all patients were averaged.

In the case of bone tissue, it is possible to determine the

degree of mineralization (or mineral to organic matrix

ratio) of the matrix as the ratio of the m1 phosphate band by

the 1590–1720 cm-1 amide1 band, as previously reported

[25]. Other authors have proposed the ratio of the m2
phosphate band by the 1240–1250 amide III band [26].

Results

b-TCP Granules

The granules’ composition consisted of phase pure and

highly crystalline b-TCP as verified by XRD (Fig. 1). The

resulting trace was analyzed and was found similar with the

standard library of known diffraction patterns (JCPDS N�
9-69). The geometry of the polyurethane foam produced

concave surfaces and macroporosity of the b-TCP granules

(Fig. 2a). An inner porosity, left by the polyurethane foam,

was also well defined in the form of triangular profiles

connected with grooves. The free surface of the granules

was formed by a pavement of polygonal grains stuck

together. A microporosity appeared at the surface of the

granules (Fig. 2b). The micropores (1–3 lm in width) were

noted at the confluence of some polygonal tiles of the

pavement (Fig. 2c). SEM also identified shear bands at the

surface of some pavement tiles; they have been formed

during sintering when lacunae and dislocation occur with

the motion of atoms at high temperature. On the granule-

fractured surfaces, microporosity was also evidenced

between the melted grains.

Histological Analysis

Remnants of the b-TCP granules were easily identified as

composed of numerous elementary grains packed together.
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Newly formed bone was found directly apposed at the

surface of the b-TCP granules and the Goldner trichrome

identified different cases: (1) fully mineralized bone

directly apposed on the granule; (2) packets of osteoid

tissue which have been deposited inside the internal

porosity of a granule or as a streak separating b-TCP and

mineralized bone; and (3) osteoid seam directly apposed at

the surface of the b-TCP granule, corresponding to the

beginning of elaboration of a new bone packet by osteo-

blasts. These different aspects are illustrated in Fig. 3a, b.

A mesenchymal reaction composed of fibroblasts, thin

collagen fibers, and macrophages was observed in the

marrow spaces between bone trabeculae anchored on the

granules. Most cells were mononucleated macrophages and

plurinucleated osteoclasts remodeling the bone or bioma-

terial surfaces (Fig. 3c, d). The cytoplasm of the macro-

phages in the mesenchymal reaction appeared filled with

numerous elementary b-TCP grains enlarging the cell.

These grains were 4.6 ± 0.6 lm in width. Under polarized

light microscopy, these elementary grains were lightly

refringent inside the cytoplasm (Fig. 3e, f). Numerous mast

cells clearly identified by the presence of metachromatic

cytoplasmic granules were also encountered in the mes-

enchymal reaction (Fig. 3e, f).

NanoCT

NanoCT could easily identify b-TCP due to its higher

calcium content when compared to the hydroxyapatite of

bone. Remnants of the granules were found covered by

newly formed bone whose osteocytic lacunae were

observed at high magnification. In some areas, the bio-

material appeared surrounded by mineralized bone, indi-

cating a complete osseointegration. The 3D reconstruction
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Fig. 1 X-ray diffractometry

(XRD) of the b-TCP granules

used in this study

Fig. 2 a Scanning electron microscopy analysis of a b-TCP granule

at high magnification showing the concave surfaces (reflecting

macroporosity) and the triangular inner porosity due to the removal

of the foam during the sintering step (arrow). b The microporosity

between melted grains is shown in an enlarged image. c Higher

magnification of the surface of a b-TCP granule showing the typical

tessellation with the presence of several micropores. Note also the

shear bands (white arrows) corresponding to dislocation lines created

during sintering
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models, obtained by volume rendering, appear in Fig. 4.

The internal porosity, produced by the polyurethane foam,

was evidenced as connected channels with a somewhat

triangular section with concave sides. These areas did not

fully mineralize and remained radio-lucent. The residual

volume of b-TCP in the grafted area varied between 5 and

10%. The most striking aspect was the direct observation of

packed elementary grains in the cytoplasm of macrophages

present between the trabeculae present in the marrow

spaces. Because the cell themselves and the fibers of the

mesenchymal reaction are radio-lucent, these macrophages

filled with radiopaque grains seemed floating in the marrow

spaces on 3D reconstructions. In some areas, they appeared

very numerous giving a ‘milky way’ appearance (Fig. 4d)

which is better appreciated on the video supplementary file.

Raman Microspectroscopy

Spectrum of the pMMA resin around the samples, deter-

mined in areas free of tissue, appears in Fig. 5a where the

Fig. 3 Histological analysis on undecalcified bone biopsies. a Typical

aspect of an osseointegrated b-TCP granule stained with Goldner’s

trichrome showing mineralized bone in green and osteoid tissue in red;

b-TCP is unstained and appears gray. 1—Fully calcified bone in direct

contact with the biomaterial; 2—osteoid tissue inside the internal

porosity of a granule; 3—osteoid seam in direct contact with the granule

and corresponding to the beginning of a newbone structure unit.bSame

aspect in another patient. c Undecalcified section stained with toluidine
blue: b-TCP appears in gray, bone trabeculae apposed at the surface of

the granules are evidenced (arrows). Note the loose mesenchymal

reaction (blue cells) containing numerous macrophages which have

engulfed grains of b-TCP giving them a gray tint (arrowheads).

d Higher magnification of the mesenchymal reaction containing

numerous macrophages filled with b-TCP grains (arrowheads) in

another patient. Toluidine blue staining. e Erosion of the material by

osteoclasts (arrowheads) in direct contact with a granule surface.

Macrophages filled with b-TCP grains are in the marrow spaces which

contain mast cells (arrow). f High magnification of the cells present in

the mesenchymal reaction showing both mast cells with numerous

metachromatic granules (arrows) and phagocytic cells with refringent

b-TCP granules distending the cytoplasm (semi-polarized microscopy)

(Color figure online)
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main peaks are labeled. The most typical were at 611 cm-1

(–COOCH3), 820 cm-1 (–CH2), 1735 cm-1 (–C=O), and

1460 cm-1 (CH). The spectrum of pure unembedded b-
TCP was determined on isolated granules and is repre-

sented in Fig. 4b. The major bands are attributed to the

different peaks of phosphate 959–970 cm-1 for t1,
370–500 cm-1 for the t2, 1030–1100 cm-1 for the t3, and
530–645 cm-1 for the t4. The t1 peak is has a typical bifid

appearance. When the granules were embedded in pMMA,

the same major peaks were observed together with some

specific peaks of pMMA at *820 and *1735 cm-1;

however, the t1 peak was modified by the presence of a

pMMA band at the same location (Fig. 5c). The other

specific peaks of the polymer were masked by those of the

phosphate groups. The ratio of the 820/t1 phosphate bands

was about 6.7 ± 2.0% corresponding to the inner micro-

porosity between the melted grains composing the gran-

ules. The same ratio determined on unembedded grains was

0.01%. The spectra of the osseointegrated b-TCP granules

in the patients provided similar data to those in the

embedded granules; however, the ratio 820/t1 phosphate

band was significantly increased in this area to

11.7 ± 4.6% (p = 0.007) versus embedded grains. The

spectra were also analyzed in the macrophages of the

marrow spaces. A typical spectrum appears in Fig. 4d. The

characteristic bands of b-TCP are observed together with

the presence of amide I and III bands coming from cell

proteins. Two additional peaks at 750 and 1050 cm-1 were

also observed and corresponded to other cytoplasmic pro-

teins impossible to characterize by this technique. Here

again, the presence of the *820 and *1735 cm-1 bands

of the pMMA was evidenced and the ratio of the

820 cm-1/t1 phosphate band was 33.9 ± 5.0%, a value

significantly increased versus the value obtained in the

center of the implanted granule (p\ 0.001).

The Raman spectrum of the bone matrix of an unem-

bedded human bone is given in Fig. 5. It reveals the clas-

sical peaks observed in the bone matrix with a prominent

Fig. 4 Nanocomputed tomography of bone biopsies performed after

sinus lift grafting which b-TCP granules. a 2D section showing the

biomaterial in light gray with fully calcified bone trabeculae (darker

gray) apposed directly onto the b-TCP. b 3D reconstruction model of

the same patient grafted 8 months before the biopsy; c Bone biopsy

performed in a patient grafted 9 months before. Note the osseointe-

gration of the granules; d Bone biopsy performed 6 months after the

graft. In each case, the macrophages containing b-TCP grains

(3–5 lm in width) are evidenced (yellow arrowhead) and form a

‘‘milky way’’ aspect (Color figure online)
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t1 phosphate peak at 960–970 cm-1, the 1240–1250 cm-1

peak stands for the amide III, 1660–1678 cm-1 for the

amide I, and 1450 cm-1 for the –CH2 group present in all

proteins. The Raman spectrum of the bone matrix mea-

sured in the grafted patients, at distance from a b-TCP
granule, is provided in Fig. 6 and revealed the presence of

the typical peaks of bone plus the distinct peaks at *820

and *1735 cm-1 corresponding to the presence of pMMA

which has infiltrated the bone matrix. The spectrum

determined in an internal pore appears in Fig. 6; this area

corresponds to a site filled with osteoid tissue on histo-

logical sections; it is similar to area #2 observed in

Figs. 3a–b and 4. The amide I and III peaks of the collagen

are observed together with the presence of some classical

phosphate peaks (m1 and m4) indicating incomplete min-

eralization. However, the m2 peak at 400–500 cm-1 was

reduced and an additional peak is noted at *1350 cm-1.

The degree of mineralization of the bone matrix was

determined in the trabeculae apposed on the granules and

in the internal pores which were filled with osteoid tissue

on histological sections. It was calculated (i) as the ratio of

the m1 phosphate/amide III band and (ii) as the ratio of the

m2 phosphate/amide III, and was found significantly

reduced in the osteoid tissue with both methods: resp

9.3 ± 2.5 versus 15.9 ± 3.9; p\ 0.0001 and 0.76 ± 0.74

versus 1.64 ± 0.37; p\ 0.0001. The presence of

the *820 and *1735 cm-1 bands of the pMMA was

evidenced and the ratio of the 820 cm-1/t1 band of the

phosphates gave a 39.8 ± 16% in the bone trabeculae and

65.5 ± 9.6% in the areas identified as osteoid tissue (p\ 0

0.001). The ratio obtained in a control bone embedded in

pMMA was 14.9 ± 2.7%.
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Fig. 5 Raman microspectroscopic analysis of pMMA used for

histological embedding; b-TCP from an unembedded granule;

collagen from a demineralized bone specimen; and an unembedded

human bone
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Fig. 6 Raman microspectroscopic analysis of the different areas

analyzed on the bone biopsies in patients grafted with b-TCP; in each

case, the original spectrum is provided (black spectrum) to show the

contribution of pMMA and after subtraction of the pMMA spectrum

(gray spectrum). The peaks at *820 and *1735 cm-1 indicating the

contribution of pMMA are figured as dotted lines. b-TCP granule

embedded in pMMA; b-TCP grains in the cytoplasm of macrophages

(identified by the characteristic m4 peak) with the presence of amide I

and III of cytoplasmic proteins. Note also the presence of two other

peaks at *700 and 1000 cm-1 corresponding to other cytoplasmic

proteins not observed in bone (arrows); bone in the trabeculae at

distance from a biomaterial granule; osteoid tissue present inside the

internal porosity of a granule
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Discussion

In the present study, undecalcified bone histology together

with nanocomputed tomography was used to clarify the

fine tissue changes that occur during osseointegration of b-
TCP granules in a series of patients after a sinus lift. b-TCP
(formula: Ca3(PO4)2) and hydroxyapatite of the bone

matrix (formula: Ca10(PO4)6(OH)2) can be easily distin-

guished in nanoCT images due to the higher radio-opacity

of the material. The biomaterial is made of 100% of min-

eral, while the mineral phase only represents 2/3 of the

bone matrix [27].

Raman microspectroscopy was used in parallel in

specific sites identified by the two methods to evaluate the

material and bone during in the grafted area. A similar

approach has previously been proposed with complemen-

tary histologic, nanoCT, and spectroscopic methods with

another biomaterial composed of aragonite [28]. The fac-

tors and cellular mechanisms controlling the degradation

and osseointegration of orthocalcium phosphate ceramics

such as b-TCP are still not completely elucidated. Dis-

crepancies can be noted between in vitro studies performed

using stimulated cell lines and in vivo studies in which the

cells take place in integrative physiological programs. This

is particularly evident when studying the remodeling of

bone and biomaterials which combines the action of bone-

resorbing cells (coming from the monocyte/macrophage

lineage) with osteoblasts (a highly differentiated form of

fibroblast). The histological findings noted in this series of

patients confirm our previous observations reported in the

same clinical situation [5]. Granules of b-TCP are

osseointegrated by a remodeling process combining the

activity of plurinucleated giant cells (which express the

tartrate-resistant acid phosphatase—data not shown here)

and macrophages present in the bone marrow and engulfing

b-TCP grains in their cytoplasm. These cells are accom-

panied by a number of mast cells present in the mes-

enchymal reaction between the granules and the newly

apposed bone. The presence of these cells is poorly

understood but they are frequently associated with active

osteoblasts in bone-forming areas [29, 30]. Degradation by

a double population of phagocyte cells (i.e., osteoclast and

macrophages) has been recognized in a large number of

Ca/P ceramics [8, 17, 19, 31–33]. Resorption of the bio-

material is associated with a direct apposition of bone at

the surface of the granule by active osteoblasts. Numerous

authors have confirmed the direct apposition of bone

matrix onto the surface of b-TCP granules [5, 8, 34–36].

However, it was found here that osteoid tissue deposited in

the deep internal porosity of the granules remained non-

mineralized. This was found both on Goldner-stained his-

tologic sections and on the nanoCT analysis which

identified these areas as radio-lucent. Electron microscopic

studies have shown that osteoblasts are capable to lay down

bone matrix inside the porosity of the material [8]. Here,

the inner porosity of the granules, due to the industrial

process [21, 37], produced areas that can be filled with

osteoid tissue in this closed space, far from the

bone/marrow interface. These area contain collagen and

other proteins identified by Raman microspectrometry,

together with a small amount of phosphate, (presence of

the m1 band, quasi-absence of the m2 peak) and the presence

of other proteins not found in the mature and fully min-

eralized bone matrix (*1350 cm-1 peak). It may reflect a

reduced access of free Ca2? or PO4
3- ions in areas far from

the bone surfaces or a reduced alkaline phosphatase

activity (a key enzyme elaborated by osteoblasts during

calcification). This situation resembles of the mineraliza-

tion defects observed in osteomalacia when streaks of

osteoid tissue remain under-mineralized and covered by

fully calcified bone. [38, 39].

In this study, nanoCT appeared as a most important tool

to evaluate the osseointegration of b-TCP. Previous studies
using microcomputed tomography (microCT) on bone

biopsies performed in man or animals were found inter-

esting to characterize the bone/biomaterial interface but

failed to identify the macrophages in the mesenchymal

reaction [5, 6, 40]. NanoCT differs from microCT by the

use of polychromatic X-rays allowing to detect more subtle

details. In addition, microCT softwares most often use

surface rendering algorithms to construct the 3D models.

Surface rendering is based on interactive thresholding of

the 2D sections for the generation of the 3D models, but it

succinctly represents the 3D configuration of complicated

objects. The threshold used to make a binary classification

decision of voxels on the stack of images produces isovalue

contour lines, but either a surface passes through the cur-

rent voxel or it does not. As a consequence, surface ren-

dering often exhibits false positives (spurious surfaces) or

false negatives (abnormal defects on the surfaces), partic-

ularly in the presence of small or poorly defined features.

Unlike surface rendering, volume rendering used in this

study loads the full dataset of the 2D grayscale sections

[41]. In this method, no threshold is necessary to compute

the geometric representation of the surface and 3D images

are formed by directly shading each voxel of the stack and

projecting it on the visualization plane. Voxels having

transitional values are not misclassified and small or poorly

defined features are not lost [42]. Because thresholding is

avoided, minute details can be observed at the cell level.

Osteocyte lacunae are shown in the newly formed bone

together with the presence of the numerous macrophages

whose cytoplasm was filled with b-TCP elementary grains.

The X-ray absorption property of the material allowed
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identification of these cells and their 3D distribution in the

mesenchymal reaction corresponds to the histological

findings in 2D sections [5, 7, 8]. The evolution of these

macrophages filled with b-TCP grains is largely unknown.

Whether these cells migrate to the regional lymph nodes

(as observed in case of wear debris in orthopedic pros-

theses) [43] or terminate the degradation of the material

locally has not been studied. Dissolution of b-TCP neces-

sitates the action of carbonic anhydrase type II, an enzyme

that catalyzes the conversion of CO2 and water to carbonic

acid which spontaneously produces H? and HCO3
-. The

enzyme is normally secreted by osteoclasts to demineralize

the bone matrix [44]. Culture experiments have shown that

macrophagic cell lines can express carbonic anhydrase II in

the presence of CaP biomaterials [17, 45]. However, his-

tochemical identification of the enzyme was not possible in

the present study. It is well known that macrophages can

adapt their enzyme repertoire to their tissular microenvi-

ronment, thus gaining a tissue specialization [46]. In an

in vivo study in the rabbit, it was found that macrophages

having phagocytized numerous b-TCP grains in the grafted

area were incapable to phagocyte supplementary fluores-

cent nano-beads [6]. A limitation of the study could be

represented by the use of formalin in the fixative. The

Beebe’s fixative used in the present study combines the

effects of ethanol (suitable for Raman analysis) and for-

malin (indispensable for cell preservation) [22]. In a sys-

tematic assay of different fixatives and embedding media

for bone before spectroscopic analysis, it was found that

aqueous fixatives such as formalin could cause alteration in

the crystallinity of the bone matrix and that alcohol should

be preferred [47]. However, alcohol is responsible for a

considerable shrinkage of tissues and is no longer recom-

mended for histological analysis [48]. In the present study,

the bones biopsies were fixed for a short period of time in a

fixative containing predominantly ethanol and a small part

of formalin to minimalize the shrinking effect of ethanol.

The short fixation period minimalizes the effects of for-

malin as reported by other authors [49–52].

Raman microspectroscopy clearly identified changes in

the spectrum of b-TCP depending on the localization of the

material. Unembedded b-TCP exhibited a typical bifid m1
peak as reported by others and attributed to a symmetric P–

O stretching mode [17, 53–55]. This aspect is lost in b-TCP
embedded in pMMA as the 950–1050 peak corresponding

to the –CH3 group was over imposed [56]. The presence of

pMMA was also evidenced by the occurrence of the two

other characteristic peaks at *820 and *1735 cm-1. In

the spectrum of the CaP particles internalized in the

cytoplasm of the macrophage, the same modified m1 peak

was noted together with additional peaks which identified

proteins by their amide I and III moieties together with

additional peak at *750 cm-1 (probably reflecting the –

COO- group of amino acids [57]) and at *1000 cm-1

(reflecting the –CC– groups of aromatic amino acids such

as Phe) [57, 58]. However, the exact nature of these

cytoplasmic proteins cannot be determined by this tech-

nique which can only identify specific functional groups

[59]. Raman microspectroscopy was also interesting to

evaluate the microporosity of b-TCP and the bone hydra-

tion as MMA can infiltrate microporosity and substitutes to

water in hydrated tissues during histological embedding

[23]. The *820 cm-1/m1 phosphate band was significantly
increased in the granules of b-TCP implanted in the

patients versus b-TCP granule embedded in pMMA. This

could reflect the increased diffusion volume reached by a

granule after implantation by water from the extracellular

fluids. This ratio was considerably increased in the grains

phagocytized by the macrophages and present in their

cytoplasmic vacuoles. When determined in a control

embedded bone block coming from a human cadaver,

the *820 cm-1/m1 phosphate ratio was 14.9 ± 2.7%

corresponding to the volume of diffusion of pMMA in bone

determined by histological methods [60]. This ratio was

increased in the newly apposed bone onto the b-TCP sur-

faces and reflected the lowest degree of organization of the

bone matrix with a lower mineralization degree. It was

significantly increased in the osteoid areas having an

increased degree of hydration. In the literature, the most

widely band used to determine the degree of mineralization

is the *960 phosphate band, characteristic of the carbon-

ated hydroxyapatite [61]. It should be noted that other

authors have proposed to use the ratio of the m2 or the m4
PO4/amide III to evaluate the composition of bone mineral

because they are independent of the tissue organization

[26, 62]. In the present study, the degree of mineralization

was computed using the two methods and the results

appeared similar and showed a reduction in the osteoid

tissue. The contribution of pMMA was also studied by

subtracting its spectrum to the original spectrum obtained

in the different areas of interest. There was a minor

underlying contribution of pMMA and collagen to the m1
PO4 band and the most contributive bands of collagen are

in the 1000–1800 cm-1 region [63]. The *820 cm-1 band

of the pMMA corresponds to the –CH2 group which is also

present as a minor peak in the collagen spectrum. The most

characteristic –CH2 band of collagen is at 1450 cm-1

(similar to the bone matrix).

Conclusion

Nanocomputed tomography and Raman microspectroscopy

are two additional methods to analyze histology of bone

grafted with biomaterials. They allow to clearly identify

newly degradation processes with the presence of b-TCP
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grains in the cytoplasm phagocytic cells. The mechanisms

of bone apposition onto the material can also be analyzed

with precision. The occurrence of unmineralized osteoid

tissue in the internal porosity reflects to the confinement of

these areas and was well revealed by the three methods.
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