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Abstract. There are a lot of publications on bone structure characterisation of the
biomaterials used as prosthesis. This work deals with the physicochemical
characterisation of the rat bone tissue harvested from the specimens treated in
hyperbaric chamber, using X-ray diffraction, scanning electron microscopy, and high
resolution solid state 31P-NMR and 13C-NMR. The bone samples from the rat
forelimbs, grafted with a pastille of MCPM/CC, were harvested from the rats treated
with oxygen in a hyperbaric chamber. The measurements on posterior limbs of the
reference rats are used as control.
Key words: rat bones, crystallinity, X-ray, NMR analysis, hyperbaric chamber,
morphology.

1. INTRODUCTION

The bone tissue is a variety of connective tissues constituted of cells
(osteoblasts, osteocytes, and osteoclasts), collagen fibres and intercellular
substances (amorphous or fundamental). The mineralization of the extracellular
matrix confers a remarkable resistance and hardness to the bone.
The intercellular substance has two components: the organic and the
inorganic matrices. The organic matrix is composed of collagen fibres attached to
an amorphous substance being composed of protein–mucoid-polysaccharide,
glycosaminoglycan or proteoglycan complexes, and glycoproteins.
The inorganic matrix is essentially composed of calcium phosphates,
calcium carbonate, and minor amounts of other salts. The combination between
inorganic constituents (responsible for the hardness and rigidity) and organic
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constituents (responsible for the resistance to the traction and pressure) associated
to the internal organisation of the bones are to the origin of the bone mechanical
properties.
The bones have their essential role to support the body, protecting in its
cavities, the inserted organs. They constitute the passive organs of the movement,
functioning as levers of force, resistance or displacement, on which muscles are
acting during the body movements [1]. The bones give the insertion of the muscles
by the tendons, protect the internal organs contained in the cranial and chest cavity
and are host of the marrow hematopoietic elements.
In addition to these functions, the bone tissue plays an important role in the
body metabolism because it represents a calcium bank, from which the ions can be
mobilised for the homeostatic regulation of their concentration in the blood and in
other body liquids [2]. From the morphological point of view, two types of bones
can be distinguished: spongy and compact. The spongy or trabecular bone is
constituted of a tri-dimensional network of “spicules”, lattice of thin threads of
bones, called “trabeculae”, building the pillars of strength delimiting a labyrinth of
interconnecting spaces occupied by the bone marrow.
In 1998, Rho et al. have studied the mechanical properties of the bones, both
at the micro- and nano-structure level [3]. Timonen et al. (1998) have introduced
the Nuclear Magnetic Resonance (NMR) in the characterisation of the bones. In
their study is included the application of the micro images for the tri-dimensional
characterisation of the “trabecular” bone [4]. In 2005 Legrand et al. have published
a work on the biomaterials used as prosthesis. The techniques used to characterise
these biomaterials are essentially the X-ray diffraction (XDR) and the Nuclear
Magnetic Resonance (31P-NMR) [5]. In 2000, Bohic et al. have introduced these
techniques together with the Fourier Transform Infrared Spectrometry (FTIR) to
characterise the rat bones [17].
The low crystallinity of the inorganic part at the amorphous limit of the bones
is the reason that the bone is elastic and not fragile [1–5, 17–20].
Many scientists utilized instrumental technique to characterize and evaluate
the properties of the bones [18–20]. Also, recently it was proposed the utilization
of thermal analysis (TA), thermogravimetry (TG), and differential scanning
calorimetry (DSC) to characterize the human bones. The efforts are devoted to
obtain an objective diagnosis [6–15].
The aim of this study is to characterise from physicochemical point of view
the rat bone tissue treated by hyperbaric oxygen by usual procedures used for
humans [21]. The spectroscopic characterisation has been done using X-ray
diffraction, scanning electron microscopy, and high resolution solid state 31P-NMR.
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2. MATERIALS AND METHODS
2.1. EXPERIMENTAL PROTOCOL

The rats (Rattus norvegicus) were kept in a cylindrical hyperbaric chamber
with a certification ISPSEL (diameter 270 mm, length 560 mm) for 90 min, 100 %
oxygen at 2.4 ATA (total absolute pressure, the equivalent of diving to 45 feet
underneath the seawater) 5 days a week for 4 weeks. The pressure inside the
chamber was no higher than 2.4 ATA.
The following samples of the forelimbs of the rat were studied:
 Control rat bones
 Bones of rats treated in hyperbaric chamber
 Grafted bones of rats treated in hyperbaric chambers.
The grafts have been prepared with a mixture of mono-calcium-phosphate
monohydrate (MCPM, Ca (H2PO4)2) (Aldrich, USA) and calcium carbonate (CC,
CaCO3) (Carlo Erba, Italy) powders, in the stoichiometric mole ratio 1:2.5 to
obtain a Ca/P ratio of about 1.67, a value typical for hydroxyapatite [22].
The rats were divided in two groups: first study group made of 6 grafted rats
(GR) and second study group made by 6 rats grafted and treated in hyperbaric
chamber (GR+HBC). The graft was been just on the anterior limbs of each rat.
Their posterior limbs without graft are only used as a control.
The removed members of the rats were prepared for the study by washing
them with a physiological solution during 30 days to remove the lipoid residues.
They were successively cleaned and then broken into big pieces and, finally, they
were put again in acetone for 2–3 days. The cleaning with acetone allowed us to
avoid the decomposition of the material and, at the same time, to get bone fraction
completely free of lipids.
3. CHARACTERISATION

The XDR gives information on the characteristics and diagnostic of the
materials that are either industrial or natural, in form of single crystals, aggregation
of small crystallites, blocks of metals, etc. [23].
The instrument used is a Philips 1730/10 diffractometer equipped with a
vertical goniometer PW 1830 and driven by a computer, endowed with a software
for powder X-ray diffractogram interpretations. The explored 2θ interval goes from
5° to 45° at a rate of 0.02° per second in order to determine the nature and the
crystallinity percentage of the various phases [24]. The intensity of the peaks is
evaluated by counts reported as an arbitrary unit. It is connected to the crystallinity
of the bones. The number of counts gives a qualitative analysis of the crystallinity
[23].
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The specimens of graft are characterized by porosity and pore size
distribution by mercury porosimetry utilizing a Micrometrics Auto Pore IV.
The scanning electron microscope (SEM) used is the Stereoscan 360S, totally
controlled and driven by a computerised system (CPU 32 bits). The SEM
microscope is equipped with an Energy Dispersive X-ray Analysis (EDAX)
system. Magic angle spinning NMR spectra of 13C and 31P were carried out on a
Bruker MSL 400 spectrometer. The 31P-NMR (161.92 MHz) spectra were
measured with a 2.5 µs (π/4) and a repetition time of 10.0 s, while the twelve 13CNMR (100.61 MHz) spectra were recorded with a 4.5 µs (π/2) pulse and a
repetition time of 4.0 s in CP condition (contact time = 5.0 ms). The number of
scans varied between 1,000 and 10,000 for 31P-NMR spectra and between 8,000
and 16,000 for 13C-NMR spectra [25, 26].
4. RESULTS AND DISCUSSION
4.1. CHARACTERISATION OF THE CONTROL TESTS

The XDR analysis was made on the bones of the forelimbs and posterior
limbs of the rats. Figure 1 shows the XRD of the bone samples of the forelimbs and
posterior limbs of the rats, related with a spectrum of pure hydroxyapatite (HPA)
(Carlo Erba RPE)
The peaks are characteristic of the hydroxyapatite and the diffractogram
spectra are identical for the bones of the forelimb and posterior limb. Indeed, as
Fig. 1C shows, the spectra of Fig. 1A and B are similar to that of 100 % crystalline
percentage hydroxyapatite.

Fig. 1 – X-ray diffractograms of the bones of: A) forelimb; B) posterior limb of the rats;
C) pure hydroxyapatite.
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The amorphous matrix is attributed to organic substances, while the
crystalline one is due to hydroxyapatite. Table 1 shows the 2θ values together with
the d-spacing of pure hydroxyapatite and of the bones of forelimb and posterior
limb.
Table 1
2θ and d-spacing data of pure hydroxyapatite and the control tests of bones of forelimb
and posterior limb of the rats
Hydroxyapatite (100 %)

Bones of forelimb (25 %)

Bones of posterior limb (32 %)

2θ

d-spacing

2θ

d-spacing

2θ

d-spacing

9.325
11.090
17.100
22.075
23.170
26.135
28.400
29.185
32.050
32.405
33.160
34.305
35.720
39.470
40.080
42.260
44.070

9.4762
7.9717
5.1811
4.0234
3.8357
3.4068
3.1401
3.0574
2.7903
2.7605
2.6994
2.6119
2.5116
2.2814
2.2478
2.1368
2.0531

9.130

9.6781

9.055

9.7561

26.060

3.4165

26.355

3.3789

32.085

2.7873

32.315

2.7680

39.885

2.2584

40.040

2.2500

The bone of the forelimb of the rat contains about 15–25 % crystalline
regions. The various differences are correlated with the initial weight of each
sample as it is shown in Fig. 2. It is clearly shown that the crystallinity increases as
a function of increasing initial weight of the bones.
Although the experimental points are rather scattered, it can be concluded
that, for the same initial weight, the crystallinity is higher for the bones of the
posterior limbs. This is due to a higher hydroxyapatite content that increases the
mechanical resistance of the limbs. Indeed, the use of the posterior limb is more
accentuated in the rats. They have to respond at a higher stimulation with respect to
the forelimbs.
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Fig. 2 – Variation of the crystallinity percentage of the bones as a function of their initial weight:
of the forelimb (circle and dotted line), and of posterior limb (square and full line).
4.2. CHARACTERISATION OF THE GRAFTED RAT BONES

The rat bone samples were grafted with a pastille of MCPM and CC powder.
Figure 3 shows the XRD spectra of the prepared pastille (black line) and graft
extracted from the sample (grey line). The spectrum is rather different from that of
pure hydroxyapatite. After about one month the pastille was extracted from
samples and the XRD analysis was carried out. It is obvious that the diffractogram
of the extracted pastille is more similar to that of the rat bones (Fig. 1 A, B) than to
that of pure hydroxyapatite (Fig. 1 C).

Fig. 3 – XR diffractogram of the: MCPM/CC pastille (black line) and graft extracted from the sample
(grey line).
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The XRD shows clearly that the graft can be absorbed by the rat organism
without any problem. In order to better emphasize this phenomenon, the
crystallinity of the bones of the forelimbs and posterior limbs of the rat is plotted as
a function of the initial weight of the bone (Fig. 4). These graphs are not different
from those obtained in the control tests (Fig. 2). This shows clearly that the graft,
although remaining in the body of the rat for several days, does not cause any
decompensation in the rat metabolism.

Fig. 4 – Variation of the crystallinity percentage of the bones as a function of initial weight of the bones in the
case of: grafted forelimb (circle and dotted line) and posterior limb (square and full line) of the rat.
4.3. BONE CHARACTERISATION OF THE RAT TREATED IN A HYPERBARIC CHAMBER

The XRD analysis was also carried out on bone samples of the forelimb of
the rat treated in a hyperbaric chamber. The hyperbaric oxygen therapy has led to
an inversion of the relationship between the crystallinity percentage and the initial
weight. Indeed, Fig. 5a, shows that the crystallinity percentage decreases as a
function of increasing initial weight.

Fig. 5 – Variation of the crystallinity percentage as a function of initial weight of the bones of the:
a) forelimb of the rat treated in a hyperbaric chamber (circle and dotted line); b) grafted forelimb of
the rat treated in a hyperbaric chamber (square and full line); c) grafted posterior limb of the rat
treated in a hyperbaric chamber (triangle and bold line).
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The same inversion occurs in the grafted samples from the rat treated in a
hyperbaric chamber (Fig. 5b), confirming again that the MCPM/CC pastille has no
effect on the metabolism of the rat organism. The hyperbaric therapy is thus
favouring the impoverishment of the bone crystalline phase.
The same behaviour is shown for the grafted posterior limb of the rat treated
in a hyperbaric chamber. Fig. 5c shows the decrease of the crystallinity percentage
of the grafted posterior limb of the rat treated in a hyperbaric chamber as a function
at increasing initial bone weight.
In all the above mentioned cases, a better linear correlation is obtained (i.e.
the experimental points are less scattered) when the rats are treated in a hyperbaric
chamber. In these cases, the correlation becomes more evident as it is shown in
Table 2 where the parameters are satisfying for the equation, y = a + bx, with the
regression coefficient r.
4.4. MORPHOLOGICAL STUDY OF THE RAT BONES

The morphology of the rat bones is studied by SEM. Figure 6a shows a
fragment of the forelimb bone of the rat where the filamentous form, characteristic
of the collagen, is clearly seen embedded in the organic matrix.

Fig. 6
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Fig. 6 (continued) – SEM picture of:
a) control test of forelimb of the rat;
b) bone of forelimb of the rat treated in a hyperbaric chamber;
c) grafted bone of forelimb of the rat;
d) surface of the MCPM/CC pastille extracted from the rat;
e) grafted bones of forelimb picture of the rat treated in a hyperbaric chamber;
f) bone of posterior limb of the rat;
g) grafted bone of posterior limb.

Figure 6b shows the SEM image of the bone of forelimb of the rat treated in a
hyperbaric chamber. The morphology is compact and no particular details can be
revealed. One can however, notice some filaments of collagen. In Fig. 6c one can
see the compactness of the forelimb bone of a rat grafted with a MCPM/CC
pastille. The slight variation in the morphology probably stems from the greater
calcification of the bones due to the presence of the graft. Figure 6d illustrates the
morphology of the graft after resection from the limb of the rat. Its surface is
regular and smooth. The filaments are remembering of those of collagen. Figure 6e
shows the morphology of the grafted forelimb bones of the rat treated in a
hyperbaric chamber. One can notice the presence of very small hydroxyapatite
crystals. Figure 6f shows the bone samples of the posterior limb of the rat used as a
control test. One can see much better the presence of collagen filaments. The
internal surface is more regular, although the rugosity increases due to the
interwoven nature of the structure. Figure 6g shows the surface of a bone of
posterior limb from a grafted rat. Its morphology is similar to that of grafted bone
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of forelimb. This shows once again the increase of compactness of the bone after
grafting.
4.5. NMR ANALYSIS OF THE SAMPLES

A typical magic angle spinning high resolution solid state 31P-NMR spectrum
is shown in Fig. 7. The maximum of the main NMR line is at 2.9 ppm with respect
to aqueous H3PO4 and is characteristic of the hydroxyapatite in the bone tissue [5].
The NMR line can be decomposed into a narrow line (linewidth at half height 450
Hz) and a broad line (linewidth of about 1,000 Hz). Note that the linewidth of the
narrow line is still broader than the pure hydroxyapatite (about 60 Hz [5]).

Fig. 7 – Magic angle spinning 31P-NMR spectrum of a control test
of the bone of the rat posterior limb.

The difference between different samples stems from the partial amorphous
nature the bone components. Indeed, the crystallinity arises only at about 20 %.
The 31P-NMR spectra of all the samples studied (Table 2) are similar showing that
the nature of the bone remains the same despite the variation of the crystallinity.
Table 2
Parameters of the equation, y = a + bx, together with the regression coefficient, r, for the crystallinity
percentage correlation of the bones with the initial weight of the bones, HBC = hyperbaric chamber
Sample
Control forelimb
Control posterior limb
Grafted forelimb
Grafted posterior limb
HBC forelimb
Grafted + HBC forelimb
Grafted + HBC posterior limb

Figure
3
3
6
7
8
9
10

a
–54.1
12.6
–65.5
–69.5
42.7
131.0
55.2

b
0.63
0.06
0.71
0.74
–0.02
–0.87
–0.26

r
0.762
0.069
0.779
0.978
–0.876
–0.980
–0.986
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Figure 8 shows the typical magic angle spinning (MAS) 13C-NMR of a bone
sample. One can notice that all the spectra are identical. It is easy to recognize the
components of the collagen, e.g. the amide-groups centred on the 170 ppm, the
proline components at 60, 46, 30 and 24 ppm, the glycine component at 50 ppm
[25].

Fig. 8 – Magic angle spinning 13C-NMR spectrum of posterior limb of control.

5. CONCLUSIONS

The X-ray diffraction was made on the bones of the forelimbs and posterior
limbs of the rat demonstrating that their crystalline matrix is due to hydroxyapatite.
The bone crystallinity increases as a function of increasing initial weight of bones.
The crystallinity is higher for the bones of the posterior limbs.
The crystallinity of grafted rat bones of the forelimbs and posterior limbs is
not different from those obtained in the control tests. This shows that the graft does
not cause any decompensation in the rat metabolism. The hyperbaric therapy has
led to an inversion of the relationship between the crystallinity percentage and the
initial weight in the treated samples, as well as compared to the control samples.
The same inversion occurs in the grafted samples treated in hyperbaric chamber.
The graft determines the compactness of the bone. Morphology of samples
harvested from the rats treated in hyperbaric chamber is similar to that of controls.
The 31P-NMR spectra of all the samples are similar, showing that the nature of the
bone remains the same despite the variation of the crystallinity.
The MAS 13C-NMR spectra of all samples are identical.
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