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Hydroxyapatite-collagen composites. Part I: can the decrease
of the interactions between the two components be a
physicochemical component of osteoporosis in aged bone?
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Abstract The interactions of Type I acid soluble collagen
(Col) with both carbonate-free hydroxyapatite (HA;igo)
and carbonate-rich one (CHA) were investigated. The aim
was to ascertain whether the increase of bone CO5>~ with
ageing could relate to the disease known as osteoporosis.
HA100-Col and CHA-Col composites with various ratios
were prepared and examined. Scanning electron micros-
copy and differential scanning calorimetry showed a
stronger adhesion of the Col matrix to the granules of
HA 00 than to those of CHA. FT-IR spectroscopy showed
that with HA oo both multiple hydrogen bonds of Col
peptide -NH groups with HA PO,*~, and electrochemical
interactions between Col peptide -C=0 groups and HA
Ca”* were present. In the presence of CO5>~, the interac-
tions between —NH and phosphate were diminished, and
Ca”" interacted more strongly with CO5>~ than with pep-
tide —C=0, so causing a separation between the two
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components of the bone extra-cellular matrix. The results
obtained strengthen the hypothesis that the substitution of
PO, ions by CO;*~ ions in the HA lattice might be a
significant component of osteoporosis, although further
investigation is needed.

1 Introduction

The extra-cellular matrix of the bone can be regarded as a
composite between a fibrous protein matrix, mainly colla-
gen (Col), and a mineral phase, mainly hydroxyapatite
(HA), with lesser amounts of other calcium phosphates,
calcium carbonate and other salts; the whole mineral phase,
the amount of which varies with the age and the regions of
the skeleton, is the most part of the composite [1]. A direct
physical bonding between the collagen fibres and the
apatite crystals has been ascertained in bone since more
than 40 years [2], although recently the role of the osteo-
pontin, a protein different from collagen, in the bone
toughness [3], as well as in the tooth drift-associated bone
remodelling [4], has been pointed out. During the ageing of
the bone, some modifications in its structure occur, which
with time result in the disease known as osteoporosis [5, 6].
The most relevant of them are the substitution of phosphate
ions by carbonate ions in the HA lattice [7], a release of
calcium due to metabolic acidosis [8], a general decrease of
the bone mineral density [9], and some alterations of the
cross-links between Col fibrils [10].

Considering the fact that, with ageing, an increase
occurs of the CO5>~ content in bone [7], mainly owing to
the progressive diminishing of the respiratory effectiveness
in eliminating CO, from blood, as well as to the patholo-
gies involving HA and Col in bone, the authors decided to
investigate whether these phenomena might be correlated.
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Fig. 1 Interactions between Col and HA both in the absence and in
the presence of carbonate ions

The starting hypothesis was that the presence of CO5”~
ions in the mineral phase could interfere with the ion—
dipole interactions between the Ca”" ions and the carbonyl
groups present in the Col polypeptide chains (see Fig. 1).
The hypothesis was tested with positive indications in
previous works [11, 12].

The present paper reports an investigation of some
physicochemical properties, carried out on Col-HA com-
posites, both in the presence and in the absence of CO5*~
in the mineral phase, with a particular attention to the
interactions at the interface. A scheme of the main inter-
actions is shown in Fig. 1; however, also the ionic inter-
actions of the Ca>" ions of HA with the carboxyl anions of
the aspartic and glutamic acid units of Col must be taken
into account; nevertheless, these interactions are less sig-
nificant, because of the relatively low amount of these two
amino acids: in the human skin, the Col o1 chain contains
4.1% aspartic acid and 7.1% glutamic acid, and the o2
chain contains 4.4% aspartic acid and 6.6% glutamic acid
[13].

2 Experimental

2.1 Materials

Type I acid soluble Col (Sigma, Buchs, SG, Switzerland,
from calf-skin) has a molecular weight of about 300 kDa.

Carbonate-free HA (HA;;o9) was prepared in the
ISTEC laboratories, following the standard procedure for a
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“biomedical grade” one [14], by a precipitation method,
under continuous stirring, in a multi-neck Pyrex glass
reactor, at a constant temperature of 85°C, under slow-flux
N, atmosphere, dripping a H3PO, solution in a Ca(OH),
suspension very slowly. To control continuously the pH
variation, and in particular to monitor exactly the equiva-
lence point for the theoretical chemical formula of HA,
Cas(PO4);0H, the pH-meter sensor was held constantly
immersed in the suspension. The powder so obtained was
dried in an oven at 90°C, and finally annealed at 1100°C
for 1 h [15]. The carbonated HA (CHA, FinCeramica
Faenza, Italy, lot n. 0401160002, declared carbonate molar
percentage 14.5%) was used as supplied. The elemental
analysis ascertained that the actual content of CO5>™ in the
lattice of CHA was 16.5 £ 1.5%. Conversely, the same
analytical technique did not detect any CO5*>~ in HA o,
which was found to have the composition of a stoichiom-
etric one [11, 15]. A carbonate-free HA and a greatly
carbonated one were used, in order to investigate either the
maximum or the minimum possibility of physicochemical
interactions between HA and Col. Both powders were
milled into almost spherical granules, using a jar mill with
ZrO, balls as grinders, then sieved to obtain powders with a
mean diameter ranging between 30 and 60 pm.

The Col-HA composites were prepared by the following
procedure. A 0.6% w/v Col solution was made dissolving
the protein in 0.5 M acetic acid under continuous stirring in
ice bath for 5 h. Two series of composites were prepared
adding to the solution either HA ;o9 or CHA, in different
weight ratios, under stirring for 5-10 min at room tem-
perature. The HA to Col weight ratios in each series were
the following: 10:90, 30:70, 50:50, 80:20. The ratios up to
50:50 were chosen because it was found that they were the
most suitable to ascertain how the properties of the com-
posites vary with the increasing HA content [11]; the 80:20
ratio, besides being very close to that present in the natural
bone, is that of a nanocomposite, which was tested suc-
cessfully on dogs [16]. The materials were manufactured as
thin films, by drying the suspensions under ventilated hood
at room temperature for about 48 h.

2.2 Analytical techniques

The elemental analysis of the carbon, used to calculate
the amounts of carbonate present in both HA;oy and
CHA, was performed by means of an elemental automatic
analyser (Finnigan Flash EA 1112, with TCD detector,
Finnigan, Bremen, Germany), equipped with a mass
spectrometer, using Na,COj3; powder as a reference stan-
dard. The oxidation tube was kept at 1000°C, the reduction
one at 680°C.

The scanning electron microscopy (SEM) was carried
out by means of a JEOL (Pieve Emanuele, MI, Italy) T-300
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instrument, on samples coated with 24 carat gold in a
vacuum chamber.

Differential scanning calorimetry (DSC) was carried out
in triplicate with a Perkin Elmer (Norwalk, CT, USA)
DSC7 apparatus in hermetic steel pans from 10.00 to
100.00°C at 10.00°C per min under N, flux. To perform the
tests in the presence of excess H,O, in each pan 10 pl of
distilled water were added to the quantities of the com-
posites containing 2.5 mg of Col each. So, the quantities of
the materials tested by DSC were 2.5 mg of pure Col.
2.8 mg of each 10:90 composite, 3.6 mg of each 30:70
composite, 5.0 mg of each 50:50 composite and 12.5 mg of
each 80:20 composite.

Total reflection and spotlight Fourier-transform infrared
(FT-IR) spectra and maps were carried out by means of a
Perkin Elmer Spectrum One FT-IR Spectrometer, equipped
with a Perkin Elmer Universal ATR Sampling Accessory
and a Perkin Elmer Spectrum Spotlight 300 FT-IR Imaging
System, using the “image” mode of the instrument. For
each sample, an area of 1 mm x 1 mm was defined to
cover all the structures present in the composites, and an IR
image was produced using a liquid nitrogen cooled,
16-pixel mercury cadmium telluride (MCT-A) line detector
at a 25 pm per pixel resolution. An absorbance spectrum
was recorded for each pixel in the PATR mode. We col-
lected the spectra by touching the ATR objective on the
sample and collected the spectrum generated from the
surface layers of the sample. The spotlight software used
for the acquisition was also used to pre-process the spectra.
The spectral images were analyzed with a compare corre-
lation image. The obtained correlation map indicates the
areas of an image where the spectra were most similar to a
reference spectrum. The spotlight software was also used to
determine the ratio between areas related to absorption
peaks of interest. Before capturing the IR image, the ZnSe
window is measured as a reference, and a background
spectrum was collected for each of the 16 pixels. All
spectra were recorded in the mid infrared region
(4000750 cm™ ") at 16 scans/pixel; the spectral resolution
was 4 cm™'; the spatial resolution was 100 x 100 pm.

Fig. 2 SEM micrographs of the
fracture surfaces of the 80:20
HA100-Col composite (left),
and of a healthy bone (right) [1]

3 Results

In a preliminary study [11], it was found that the SEM
micrographs of the fracture surfaces of both pure collagen
and HA-Col composites show that the fibril structure of
Col is present also in the composites up to 50:50 HA oo to
Col ratio, whereas the corresponding CHA-Col composites
show a more disordered structure and a less evident fibril
structure. As regarding the 80:20 composites, Fig. 2 shows
that the composite containing HA oo has a structure quite
similar to that of the healthy bone, while Fig. 3 shows a
whole structure very similar to that of an osteoporotic bone
in that containing CHA.

The Col thermal behaviour has been investigated by
means of the DSC, which can give information about the
temperature of the denaturizing process (T4) and then about
the thermal stability of Col, i.e. the resistance of the protein
molecule to unfold owing to the heat treatment. The ther-
mal denaturation of Col samples causes the destruction of
the triple helix and the unfolding of the separated single
peptide strands into random coils. The first step of this
helix-to-coil transition involves the disruption of the
structural water hydrogen bonds bridging together the three
chains of polypeptides forming the Col molecules; the
second step involves the disruption of the hydrogen bonds
between the helices of the a-chains. From the DSC curves
it is possible to calculate also the specific enthalpy varia-
tion (AH) for the denaturation process. As shown in Fig. 4,
only a significant endothermic event, attributable to the
denaturation of Col, is present, in the temperature range
between 10 and 100°C, in the DSC traces measured in
the presence of excess water. The Ty and AH values are
reported in Table 1 for both composite series. In the series
of composites containing HA g9, as the inorganic com-
ponent percentage in the composite increases, the Col
denaturation signal shifts quite regularly, from the value of
49°C of the 10:90 composite, a little lower than that of
54°C of the pure Col, towards higher temperatures, until to
the 61°C of the 80:20 composite. Conversely, no analogous
trend can be observed with CHA, where the values are very

@ Springer



640

J Mater Sci: Mater Med (2011) 22:637-646

Fig. 3 SEM micrographs of the fracture surfaces of the 80:20 CHA-Col composite (left), and of an osteoporotic bone (right) [1]
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Fig. 4 DSC traces of: Col and HA¢y-Col composites (upper graph),
and CHA-Col composites (lower graph), both having the signed
hydroxyapatite to collagen ratios. The tests were carried out in
hermetic steel pans, in the presence of 10 pl of added water.
The heating rate was 10°C/min

similar to that of pure Col up to the 50:50 composite, while
that of the 80:20 one falls to 49°C. At the same time, a
splitting of the signal is seen in the trace of the 10:90 CHA-
Col composite, with a second peak at 70°C, in addition to
the main one at 56°C. As regarding the AH values, those
of the composites containing HA o9 show a trend similar
to the corresponding Ty values; also for the CHA-Col com-
posites AH increases with decreasing the protein content,
but all the values are lower than those of the HA{;¢o-Col
ones.

@ Springer

Table 1 Temperatures of Col denaturation (T4) and specific enthalpy
variation (AH) for the pure Col and the composites of Col with both
HA 100 and CHA, with different HA to Col ratios

HA:Col HA 100 CHA

Ty (°C) AH (Jg™") T4 (°C) AH (g™
0:100 54 16.7 54 16.7
10:90 49 14.6 56 12.6
30:70 56 14.8 54 13.2
50:50 60 15.1 58 14.4
80:20 61 20.1 49 16.8

Table 2 Most significant IR absorption bands of Col

Absorption band and related vibrations Wave numbers

(em™")
Amide I, due to the stretching of C=0 1635
Amide II, mainly due to the SN-H 1550
in plane, mixed with vC-N
Amide III, mainly due to the vC-N, 1240
mixed with ON-H in plane
vN-H sensible to hydrogen bond strength 3082-3342

Spotlight FT-IR Chemical Imaging Analysis gives use-
ful information about the composite structure, and allows a
very accurate investigation of the chemical composition of
the material in different regions of the sample, giving
transmission, total reflection and ATR spectra and images.
The distribution of the components on the composite sur-
face was analyzed by means of FT-IR Chemical Imaging.
From the chemical map of each sample it was obtained the
medium spectrum, in which it was possible to identify the
typical bands of Col (see Table 2), as well as those of
the phosphate anion at 812, 1041 and 1232 cm™'. The
correlation index between the chemical maps and the
medium spectra was found to be close to the unit for the six
composites examined (see Fig. 5). So, it was possible to
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Fig. 5 Correlation maps for HA | ¢p-Col (left column) and CHA-Col (right column) composites, having the following HA to Col ratios: 10:90
(a, b); 30:70 (c, d); 80:20 (e, f)
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Table 3 Ratios between the areas of the bands due to the protein
matrix (amide I and amide II, from 1726 to 1487 cm_l) and those due
to the phosphate anion, between 1174 and 891 cm™". The values are
the arithmetical means of the ratios between the areas measured in
various regions of the maps

HA:Col Ratios

HA 100 CHA
30:70 1.32 + 0.20 2.05 + 0.05
50:50 0.48 + 0.05 0.74 £ 0.05
80:20 0.30 &+ 0.07 0.42 + 0.07

ascertain a homogeneous distribution of the components on
their surfaces, independently of the CO5*~ content.

More information about the chemical homogeneity of
the composites can be obtained from the ratios between the
areas of the bands, taken in various regions of the maps,
due to the protein matrix (amide I and amide II, from 1726
to 1487 cm™') and those due to the phosphate anion,
between 1174 and 891 cm™'. The data for the HA to Col
ratios of 30:70, 50:50 and 80:20, reported in Table 3,
indicate that the values did not vary very greatly within the
maps and decreased with increasing the HA content in the
composites, for both those with HA ;oo and those with
CHA, whereas all the latter were greater about 1.5-fold
than the former.

The infrared absorption bands related to the Col groups
able to undergo either electrostatic interactions with Ca®"
ions, like C=0, or hydrogen bonds with PO43_, OH™ and
CO327 ions, like N-H, are listed in Table 2. The FT-IR
analysis was then focused on the composites with a HA to
Col ratio of 80:20, because it is both very similar to that
present in the natural bone, and the most suitable to make
bone reconstruction devices [16]. The aim of measuring the
chemical interaction between the two components in the
absence and in the presence of carbonate ions was to mimic
the difference between healthy and osteoporotic bone. The
ratio of the amide I absorbance areas to the amide II ones
was evaluated, as well as the shift of their absorption fre-
quencies, since these bands are sensitive to the structural
changes within the Col molecules. Indeed, during the
organization of Col into fibrils, the intensity of the amide II
band increases greatly, owing to the lower hydration degree
due to the substitution of H,O molecules by HA crystals.
Moreover, one can observe a shift towards lower fre-
quencies of the amide I band at 1643 cm™', evident in the
fibrils containing HA;;op, because the amide carbonyl
stretching is weakened by the ion—dipole interaction with
Ca”*. Figure 6 shows spotlight FT-IR maps, measured on
both Col-HA composites with a HA to Col ratio of 80:20.
The chemical maps (Fig. 6a, c) show a quite uniform dis-
tribution of high-, middle- and low-absorbance areas in the
maps for both composites. In Fig. 6b the ratio of the amide
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I band to the amide II one for the Col-HA oy composite is
shown: with few exceptions, the ratio ranges between
values much lower and slightly greater than one. Con-
versely, the ratio between the amide I band and the amide
II one for the Col-CHA composite (Fig. 6d) is greater than
the unit in the most part of the map.

Figure 7 shows the spectra of both composites. The
spectra of the Col-HA; o9 composite, taken in the areas
having the signed amide I to amide II band ratios, are
shown in Fig. 7a—c. The spectra of the composite con-
taining CHA instead of HA (g, taken at the ratios of 1.00
and 1.30, are shown in Fig. 7d and e.

Figure 8a shows the absorbance spectra of the 80:20
HA{19o-Col composite, measured in the wave number
interval between 1800 and 1200 cm ™', taken at the points
having amide I to amide II band ratios (R) equal to 1.40,
1.00 and 0.77, respectively. The comparison shows a shift,
with decreasing R, of the amide I peak towards lower wave
numbers and of the amide II one towards higher wave
numbers, namely 1552 cm ! forR = 1.40, 1559 cm™! for
R = 1.00 and 1570 cm™! for R = 0.77. This effect, toge-
ther with the decreasing of the absorbance greater for
amide I than for amide II, causes the amide I band to
appear as a shoulder of the amide II one in the spectrum
taken at the lowest R. The analogous comparison between
the spectra of the 80:20 CHA-Col composite (see Fig. 8b),
taken at the R values of 1.40 and 1.00, shows only, in the
spectrum at R = 1.00, a flattening of the amide I band and

a shift of the amide II maximum from 1552 to 1565 cm™".

4 Discussion

All the experimental results show significant differences
between the composites containing HA;;op and those
containing CHA. However, the differences are not due to
the distribution of the inorganic component within the Col
matrix. Indeed, the quite constant correlation values, shown
by the FT-IR correlation maps in Fig. 5, indicate the same
substantially uniform distribution of both the HA; ;g
granules and the CHA ones within the Col matrix. Also the
microanalysis spectra, carried out previously [11], con-
firmed that there is no significant difference in the distri-
bution of both apatites within the whole collagen matrix.
As regarding the morphological analysis made by means of
SEM, the most significant results are the similarity of
the 80:20 HA|;go-Col composite with the healthy bone
(Fig. 2), and that of the 80:20 CHA-Col composite with the
osteoporotic one (Fig. 3). The latter SEM image also
resembles that of a composite formed with HA nanocrys-
tals grown inside self-assembled collagen fibres [17].

The results of the thermal analysis, carried out by means
of DSC, indicate that HA oo is generally more effective
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than CHA in stabilizing the composite. The quite regular
increasing of the T4 values in the upper graph of Fig. 4 and
in the corresponding column of Table 1 indicates a sta-
bilization of the protein structure by the inorganic filler in
the HA19p-Col composites, due to the presence of strong
interactions between the two phases. This trend indicates
also a diminishing of the presence of “bonded water”
between the Col fibrils with increasing HA (g, since part
of the interacting water might be substituted by the HA
crystals, which penetrates between the collagen fibrils.
Conversely, the lower graph in Fig. 4 and the corre-
sponding column in Table 1, where the T, values show, up
to the 50:50 CHA to Col ratio, a random trend and a close
similarity with that of the pure Col, indicate that CHA
cannot stabilize effectively the Col structure. As regarding
the 80:20 composite, which has a composition quite similar
to that of the natural bone, the Col structure seems even
destabilized by CHA, since the strong lowering of its
denaturation temperature, with respect to that of the pure
protein (see Table 1). This fact can be explained with the
presence of lower interactions between CHA and Col,
which can interact more easily with water. As regarding the

splitting of the Col denaturation signal in the trace of the
10:90 CHA-Col composite (see the lower graph of Fig. 4),
it might be due to the presence of two different kinds of
interaction, like those shown in Fig. 1. As regards the AH
values, their trend, which is only a very qualitative one, is
very similar for both series of composites. The only sig-
nificant experimental data are the lower values, shown in
Table 1, for the CHA-Col composites than for the HA1¢o-
Col ones: since the enthalpy variation is related to both the
Col denaturation and the breaking of the ion—dipole links
between the two phases of the composites, this lowering is
an additional sign of the phase separation between the
components of the bone structure, in the presence of a
CO5%~ excess, as a possible component of osteoporosis.
The correlation maps, shown in Fig. 5, indicate a sub-
stantially uniform distribution, in these composites, of both
the HA;jgo granules and the CHA ones within the Col
matrix. Such distribution is confirmed by the ratios,
reported in Table 3, between the areas of the bands, which
differ quite little from each other when measured in dif-
ferent regions of the maps. As regarding the values
observed for the CHA composites, greater than those of the
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HA 90 Ones, it must be taken in account the greater ratios,
present in the former, between the amide groups and the
phosphate ones, which are only the 83.5% of the whole
mineral phase. The fact that the increases are about the
same for all the composites examined agrees with this
interpretation, although no quantitative calculation can be
made, since each area measured is the sum of different
absorption bands with different molar absorptivity values,
The chemical map (Fig. 6a) of the HA[;g0-Col 80:20
composite, similar in composition to the natural bone,
agrees with the quite uniform distribution of Col and HA in
the composite, shown by the correlation map (Fig. Se).
This distribution appears more evident from the amide I to
amide II band ratio shown in Fig. 6b. The corresponding
maps in Fig. 6¢c—d confirm that the distribution of the
components is substantially uniform also in the composite
with 80:20 CHA-Col ratio. The modifications of the
spectra in Fig. 7a—c, depending on their positions on the
map, are a sign of strong interactions between HA ¢y and
Col; these modifications are near absent from the spectra in
Fig. 7d and e. This behaviour indicates that the interactions
involving the N-H groups of the peptide bonds and the
PO,*~ groups of HA are present more in the composites
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containing HA oo than in those with CHA. Our findings
agree with the studies on the ultra-structure of bone, where
the substitution of the phosphate with carbonate was found
to cause a decrease of the bone toughness, as greater as the
CO5”~ content in the mineral phase of bone is greater [18].
It is likely that, in the presence of CO327 ions, the inter-
actions between —-N-H and phosphate are diminished, and
Ca”" interacts more strongly with the carbonate than with
peptide —C=0, so causing a separation between the two
components of the bone extra-cellular matrix. This fact is a
sign of scarce interactions between CHA and Col,
according to the scheme in Fig. 1. The absorbance spectra
at different ratios (R) of the amide I absorbance areas to the
amide II ones are shown in Fig. 8 for different ratios of
both 80:20 composites; the shifts of their maximum
absorbance wavenumbers, as well as the variations of the
absorbance values, point out the different HA-Col inter-
actions in the two composites, since these bands are sen-
sitive to the structural changes within the Col molecules.
One can observe, as R decreases, a shift towards lower
wavenumbers of the amide I band at 1643 cm ™' and a great
decrease of its absorbance, evident in the fibrils containing
HA oo (Fig. 8a), because the amide carbonyl stretching is
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Fig. 8 Absorbance spotlight FT-IR spectra measured in the wave
number interval between 1800 and 1200 cm™', taken at the points
having the signed amide I to amide II band ratios (R) in the maps of
the HA;gp-Col 80:20 composite (a) and of the CHA-Col 80:20
composite (b)

weakened by the ion—dipole interaction with Ca*". At the
same time a decrease of the intensity of the amide II band
occurs, owing to the lower hydration degree due to the
substitution of H,O molecules by HA crystals. Conversely,
the same phenomena are less evident in the spectra of the
CHA-Col composite shown in Fig. 8b, thus indicating the
presence of weaker interactions.

The results obtained could also clarify some physico-
chemical aspects of the effectiveness of the substances able
to bind both Ca*" and Col, like the bisphosphonates and
the aminobisphosphonates, as a therapy for osteoporosis
[19-22]. However, this mechanism of action cannot
explain some negative side effects, like the bone necrosis
of the jaws, observed in patients treated with bisphospho-
nates [23-25]. So, these negative effects, likely correlated
with the known interactions of bisphosphonates with
osteoclasts and osteoblasts [26], should be studied also
from a physicochemical point of view, in addition to the
medical and surgical one. An analogous physicochemical
study could be useful for the asserted absence of these
negative side effects with other anti-osteoporosis drugs,
like parathyroid hormone [27, 28], which, however, does
not reduce the risk of hip fracture alone [22, 27], and
strontium ranelate [29].

Another possible use of these materials is the already
proposed fabrication of scaffolds for bone tissue recon-
struction [30]; the properties of the composite can be
improved, for this purpose, by the chemical or enzymatic
covalent cross-linking of the Col fibres [31].

5 Conclusions

In conclusion, the results obtained, although preliminary,
show that, in the CHA-Col composite as a synthetic model
of the osteoporotic bone, Ca®" interacts more strongly with
CO5*~ than with peptide —C=0, so causing a separation
between the two components of the bone extra-cellular
matrix. This fact strengthens the hypothesis, already pro-
posed [7, 11, 12], of the substitution of PO437 ions by
CO5”~ ions in the HA lattice as a significant component of
osteoporosis. However, more reliable information could be
obtained from the mechanical properties of the composites,
as well as by making all the tests on ex vivo specimens of
both healthy and osteoporotic bone. These researches will
be object of future investigation.
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