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Synthesis of Calcium Phosphate Nanoparticles in
Collagen Medium

Celso A. Bertran,™ Lauter J. M. Allegretti, Sérgio Bertazzo

Summary: Mineralization of the proteic matrix composed mostly of collagen type I is
controlled by specific interactions of ions Ca®>" and PO3~, present in the biological
fluid, with the matrix, and by the diffusion of these ions. The specific interactions and
the diffusion of ions combined; result in the nucleation and formation of calcium
phosphate particles. Moreover, they control the morphology, size, crystallinity and
composition of the particles. In this work, precipitation of calcium phosphate
particles in a collagen matrix type | was carried out through impregnation of the
matrix with a Ca>" and POf; solution, with Ca/P ratio 1.67 and pH 2.5. Precipitation of
particles associated with matrix structuring was carried out by adsorption of gaseous

ammonia.

Introduction

The bone matrix that composes bone tissue
may be considered a true composite,
composed of interconnected calcium phos-
phate nanoparticles (c.a 70% m/m), origi-
nated in the mineralization of a protein
matrix composed mostly of collagen
type .02

The interaction between ions present in
the body fluid and the protein matrix leads
to the formation of calcium phosphate
nanocrystals, which is the mineralization
of the protein matrix. These calcium phos-
phate nanocrystals, similar to carbonated
hydroxyapatite in composition, form agglo-
merates and interconnected structures, like
the ones observed in micrographs of in-
organic bone phase.*! The formation and
morphology of the bone matrix, as well as
the calcium phosphate nanocrystal aggre-
gation are controlled by several para-
meters. Control of these processes has been
attributed to the chelate effect of carbox-
ylate groups present in collagen on
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jons Ca?*, to ion diffusion in the protein
matrix, as well as the supersaturation of
ions Ca®" and PO,’" in body fluid when
compared to the solubility of carbonated
hydroxyapatite at biological pH.

With a view to understanding in vivo
mineralization, the in vitro mineralization
of collagen gels and of polymeric gels con-
taining carboxylate groups has been stud-
ied. In order to mimic in vivo minerali-
zation conditions, it is imperative that the
conditions that are assumed to result in the
formation of bone matrix be used as a
model.

In order to mimic the formation of a
bone matrix, collagen or polymeric gels are
generally impregnated with Ca®>" and
PO,>~ solutions, at pH values that do not
result in supersaturation, compared to
carbonated hydroxyapatite solubility. After
the gel has been impregnated, pH is
increased either by addition of a basel®”]
or by homogeneous precipitation, due to
urea hydrolysis.[&g]

In this work, precipitation of calcium
phosphate particles in a collagen type I
matrix was carried out through impregna-
tion of the matrix with a Ca®" and PO}~
solution, with Ca/P ratio 1.67 and pH 2.5.
Precipitation of particles associated with
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matrix structuring was carried out by
controlled adsorption of gaseous ammonia.

Impregnation of the matrix with a Ca®*
and PO3~ solution, followed by pH increase
through controlled absorption of gaseous
ammonia results in mineralization of the
matrix at body temperature (37°C) and
promote the action of calcium phosphate
nucleation sites, represented by carboxy-
late groups of collagen.

Experimental Part

Preparation of Collagen Matrix
Collagen matrix type I was obtained from
tendons of Wistar rat tails, through dis-
solution of tendons in acetic acid 0.5M.!"!
The colloid was filtered in order to
eliminate impurities and then a NaCl solu-
tion was added to it, so as to make the final
saline concentration 0.7M. At this concen-
tration, there is almost exclusive precipita-
tion, or fibrilogenesis, of collagen type L. In
order to finally isolate the collagen matrix,
the mixture was centrifuged at 10°C and
10.000 rpm.[1%!

Mineralization of the Collagen Matrix

The collagen matrix previously isolated
was dialyzed at 4°C for 36 hours in
deionized water in order to eliminate
residual NaCL.[1%! During dialysis, volume
of the dialysis bag and collagen mass were
adjusted, so that at the end of dialysis, a
collagen gel at concentration 0.1g/mL
would be obtained. After dialysis was over,
the bag containing the collagen gel was
soaked in a solution 0.167M Ca®>" and
0.1IM POj~ (Ca/P=1.67), at pH 2.5. The
ionic solution was changed every 12h, three
times.

Mineralization of the collagen matrix
after impregnation with Ca®>" and PO3-
solution was carried out through controlled
gaseous ammonia permeation of the gel.

Deproteination of Mineralized

Collagen Matrix.[™

The mineralized matrix was treated with
1mL of hydrazine hydrate (60% ) for 12h, at
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27°C, so as to eliminate the protein matrix
and therefore allow determination of the
morphology of calcium phosphate particles
and aggregates formed during minerali-
zation. Alternatively, the mineralized mat-
rix was also treated with 1mL each day of
hydrazyne for 72h at 60°C. After depro-
teination, the material was washed in
ethanol, to which drops of NH,OH had
been added to keep the medium basic. This
procedure was repeated 3 times and after
each wash the solid was isolated by centri-
fugation.

To draw a comparison with calcium
phosphates resulting from mineralization of
collagen matrix, femur bones of Wistar rats
at 1 year of age were also deproteinated
with hydrazine, for 72h at 60 °C.[*%!

Techniques for Material Characterization
The collagen matrices (both the miner-
alized and the not mineralized), the calcium
phosphates isolated from the mineralized
matrices and the inorganic bone phase were
characterized by XRD, SEM, FTIR and
ICP-OES.

Results and Discussion

Interaction Between Calcium

lons and Collagen

The interaction between calcium ions and
the collagen matrix was evaluated by IR
spectroscopy of the material obtained after
it had been soaked in the Ca** and PO;~
ionic solution, at pH 2.5. Figure 1 presents
the FTIR spectra obtained with the ATR
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Figure 1.
Infrared Spectrum obtained by ATR of pure collagen
gels and collagen gels with Ca®* and P03~ (FTIR).
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technique, both for collagen gels and for
collagen gels soaked in Ca®" and PO} .

The FTIR spectra (Figure 1) of collagen
gels and collagen gels soaked in Ca*"
and PO} are very similar up to 1500 cm ™.
However, the peak at 1349 cm ™!, correspond-
ing to the stretching of groups COO- in pure
collagen, shifts to 1343 cm ™! in the collagen
soaked in Ca®" and PO;~ solution.

The shift observed in the infrared spect-
rum might be attributed to a possible inter-
action between calcium ions and carboxy-
late ions of collagen, as proposed by Rhee
et a3 The interaction between calcium
ions and anionic groups of collagen, chiefly
with the carboxylate groups, has been
considered pivotal for the mineralization
of the collagen matrix, playing an important
role in the formation and arrangement of
calcium phosphate particles.'>14

Composition of the Material Precipitated

in Collagen Matrix

Figure 2 presents the FTIR spectra of the
deproteinated materials: the collagen mat-
rix after mineralization, as well as the
inorganic bone phase of Wistar rats. The IR
spectra of the deproteinated mineralized
collagen and of the inorganic bone phase
are similar. The peaks observed in Figure 2
might be attributed to the v; antisymmetric
stretching of PO}~ or v stretching of PO in

HPO%‘ (1100, 1093 and 1047 cm’]) and vy
bending of PO3~ or v, bending in HPO3~
(616 and 581 cm ). The similarity
observed between the spectra indicates that
both calcium phosphates, the one formed
within the collagen matrix and the inor-
ganic bone phase, have very similar com-
position.

The deproteinated mineralized collagen
and the inorganic bone phase were dis-
solved in nitric acid and their Ca/P ratio was
determined by ICP-OES. Table 1 shows the
results of these determinations.

Effect of Collagen Matrix Upon

Morphology of the Precipitate

The effect of the collagen matrix upon the
morphology of calcium phosphate nano-
particles obtained in the mineralization
process was evaluated by scanning electron
microscopy. Figure 3 and 4 show the results
of hydrazine-deproteination for 12 hours at
27°C, and for 72 hours at 60°C, respec-
tively.

In Figure 3 it is possible to see globular
agglomerates of calcium phosphate nano-
particles coated by the collagen matrix,
what indicates that they were formed within
the collagen matrix. Figure 3B, which re-
presents a magnification of micrograph 3A,
makes particle size (approximately 0,5 um)
readily visible.
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Figure 2.

FTIV spectra of the inorganic bone phase and deproteinated mineralized collagen.
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Table 1.
Ca/P ratio obtained by ICP-OES.

Deproteinated mineralized collagen

Ca/P ratio 1.67 +0.05

Inorganic bone phase
1.71+£0.05

Figure 3.
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Micrographs of deproteinated mineralized collagen and of calcium phosphate prepared after treatment with
hydrazine for 12 hours at 27 °C. Figure 3B, represents a magnification of micrograph 3A.

The micrograph in Figure 4, obtained
after the action of hydrazine for 72 hours at
60 °C, shows that the particles observed in
Figure 3 are actually formed from calcium
phosphate nanoparticle agglomerates, en-
cased in the globular structures observed in
Figure 4.

Particle Size Determination

The materials precipitated on the collagen
matrix and the inorganic bone phase were
analyzed by X-ray diffraction for determi-
nation of crystallite size, using Debye
Sherrer equation.[lg] Figure 5 presents the

Figure 4.

Micrograph of acicular
obtained by the action of hydrazine upon the com-
posite collagen/ calcium phosphate for 72h at 60 °C.

agglomerate materials,
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diffractograms obtained for the calcium
phosphates precipitates both on the col-
lagen matrix and on the inorganic bone
phase of Wistar rats. Although broad, the
peaks at 26° (002) and 32° (211), present
diffraction patterns typical of apatites,
possibly hydroxyapatites.'*?° The resem-
blance between the diffractograms of the
two distinct materials indicates a similarity
in composition between them.!]

Application of Debye-Scherrer equation
to peak width at 25.8° 26 (plane 002) results
in a mean crystallite size of 20 nm, for the
calcium phosphate precipitated on the col-
lagen matrix and for the inorganic bone
phase (Table 2), what demonstrates that the
globular agglomerates observed in Figure 3
and 4 are actually formed from yet smaller
particles.

Conclusions

The effect of the collagen matrix on
the mineralization process, due to calcium
phosphate nucleation sites, which are rep-
resented by carboxylate groups of collagen,
results in the formation of globulars
agglomerates of calcium phosphate nano-
particles. and X-ray diffractometry analyses
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X-ray diffractograms of calcium phosphate precipitated on collagen and inorganic bone phase.

Table 2.
Crystallite size of synthetic calcium phosphates and
inorganic bone phase, obtained by Debye—Scherrer.“gl

Material Size (nm)
Synthetic Calcium Phosphate 20 nm
Inorganic Bone Phase 20 nm

show that calcium phosphate nanoparticles
present reduced crystallinity and mean
crystallite size of 20nm. The crystallinity
and mean crystallite size are similar to
those of the inorganic bone phase.

Determination of calcium phosphate
nanoparticle composition results in Ca/P
ratio of 1.67, which is the same as that of
hydroxyapatite.

The mineralized collagen matrix might
have potential for application as biomaterial.

Acknowledgements: The authors thank Chemis-
try Institute of State University of Campinas,
CNPq and FAPESP for the support.

[ R. Murugan, S. Ramakrishna, Compos. Sci. and
Technol. 2005, 65, 2385-2406.

[2] J. H. Bradt, M. Mertg, A. Teresiak, W. Pompe,
Chem. Mater. 1999, 11, 2694-2701.

[3] S. Bertazzo, C. A. Bertran, Bioceramics 2006, 18(1),
3-6.

[4] X. Su, K. Sun, F. Z. Cui, W. ). Landis, Bone, 2003,
32(2), 150-162.

[5] S. Bertazzo, C. A. Bertran, J. A. Camilli, Biocera-
mics 2006, 18(1), 11-14.

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[6] G. He, S. Gajjenraman, D. Schultz, D. Cookson, C.
Qin, W. T. Butler, J. Hao, A. George, Biochemistry
2005, 44, 16140-16148.

[71Y. Zzhai, F. Z. Cui, ). Crysl. Growth 2006, 291,
202-206.

[8] J. Song, V. Malathong, C. R. Bertozzi, J. Am. Chem.
Soc. 2005, 127, 3366-3372.

[9] ). Song, E. Saiz, C.R. Bertozzi, J. Am. Chem. Soc.
2003, 125, 1236-1243.

[10] S. L. Schor, J.Cell Sci. 1980, 41, 159-175.

[n] ). D. Termine, E. D. Eanes, D. ). Greenfie,
M. U. Nylen, R. A. Harper, Calcif. Tissue Res. 1973,
12, 73-90.

[12] A. A. Baig, ). L. Fox, Z. Wang, W. I. Higuchi, S. C.
Miller, A. C. Barry, M. Otsukea, Calcif. Tissue Int. 1999,
64, 329-339.

[13] S. Rhee, J. D. Lee, ). Am. Chem . Soc. 2000, 83,
2890-2892.

[14] 1. Mayumi, Y. Moriwaki, R. Yamaguchi, Y. Kuboki,
Connect. Tissue Res. 1997, 36, 73-83.

[15] E. G. Nordstrém, K. H. Karlsson, J. Mater. Sci.
-Mater Med. 1990, 1, 182-184.

[16] K. Kandori, A. Yasukawa, T. Ishikawa, Chem.
Mater. 1995, 7, 26-32.

[17] S.). Gadaleta, E. P. Paschalis, R. Mendelshn, A. L.
Boskey, Calcif. Tissue Int. 1996, 58, 9-16.

[18] H. P. Klug, L. E. Alexander, in: “X-ray diffraction
procedures  for  polycrystalline and amorphous
materials”, 2nd ed., John Wiley and Sons, New York
1974, p. 687-692.

[19] S. Rhee, Y. Suetsugu, ). Tanaka, Biomaterials
2001, 22, 2843-2847.

[20] L. M. Rodrigues, M. R. Vallet, Chem. Mater. 2000,
12, 2460-2465.

[21] A. L. Boskey, A.S. Posner, Orthop. Clin. North Am.
1984, 15(4), 597-612.

www.ms-journal.de

81



