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ABSTRACT: This contribution describes the nucleation and crystal growth behavior of hydroxyapatite (HAP) crystals grown in
agarose and silica hydrogels as well as their characterization via powder X-ray diffraction. The effect of several biological
macromolecules such as osteopontin, chondroitin sulfates B and C, and human serum albumin (HSA) on crystal growth behavior of
HAP is evaluated. From our results, osteopontin and chondroitin sulfates B and C inhibit the HAP crystal growth in agarose hydrogels.
Nevertheless, employing silica hydrogels, only osteopontin inhibits the crystal growth of HAP. On the other hand, HSA does not
show any effect on the formation of HAP crystals in both types of hydrogels.

1. Introduction
The chemical behavior of calcium in living organisms is quite
interesting. For instance, calcium salts rarely crystallize in
different tissues apart than bones. However, in abnormal
conditions, the crystallization of calcium salts occurs in softtissues causing severe damage in cardiac valves, arteries, and
kidney. Atherosclerosis is characterized by the formation of
atheroma plaque in the tunica intima and tunica media of
arteries.1 Consequently, the main risk factors that promote
development of this thickening and hardening process are high
levels of low-density apolipoproteins (LDL) cholesterol, and
triglycerides, associated with diseases such as obesity, hypertension, nicotine poisoning, diabetes, renal failure, and genetic
predisposition.2 One of the late mechanisms associated with the
formation of atheroma lesions is the vascular mineralization by
deposition of calcium phosphate.3
The onset and progression of calcification in arterial plaques
is poorly understood. However, accumulating evidence suggests
that pathologic calcification of atherosclerotic vessels shares
common features with normal bone growth such as cellular
proliferation, matrix deposition, and calcification. Type I collagen is associated with bone formation, and it is the main
collagen found in atherosclerotic plaques.4,5 Another common
feature of bone and calcified atherosclerotic arteries is the
presence of phosphatases and calcium binding phospholipids
in matrix vesicles that serve as nucleants of crystal formation.6–9
The mineral deposits in arterial plaques consist of crystalline
hydroxyapatite (HAP), the major inorganic component of
bone.10,11
The most appropriate methodology to study the in vitro
formation of HAP crystals is to grow these crystals under
diffusion control. For a long time, crystal growth in gels has
been demonstrated to be the best media to work in wellcontrolled conditions, perfectly emulating the crystal growth in
biological systems. Nevertheless, it took a quarter of a century
to apply crystal growth in gels using proteins in order to increase
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crystal quality. This enhancement in the crystal quality showed
also the important role of gels in the transport control as well
as in the crystal size of proteins and inorganic compounds.12
Recently, several investigations have described proteins as
the main component of the organic matrices associated with a
variety of biominerals, including tooth enamel,13 the nacreous
layer in mollusk shells,14 and trout otoliths.15 Synthetically,
crystal growth in hydrogels16–20 is an alternative to solutionbased strategies21–26 for controlling the morphology (growth)
of crystals. One advantage of using gels as a media for crystal
growth is that this method provides a stable mass transport
mechanism dominated by diffusion processes.27–30
We grew HAP crystals in gels to test the crystal growth
behavior in two different systems of hydrogels, agarose and
silica. In this contribution, it is demonstrated that crystal growth
in gels improves the direction, morphology, and quality of HAP
crystals. Additionally, the effect of biological macromolecules,
such as osteopontin (OPN), chondroitin sulfate (CS), and human
serum albumin (HSA), on the formation of these crystals was
also evaluated due to their importance in kidney problems and
other medical reasons.31 Finally, the influence of the type of
gel matrix on the obtaining of HAP crystals was also studied.
These results could contribute to elucidation in part of the
mechanisms related to cardiovascular biomineralization, and the
role of several biological macromolecules on the formation of
mineral.

2. Experimental Procedures
2.1. In Vitro Synthesis of Hydroxyapatite in Agarose Hydrogels. The synthesis of HAP was performed following the procedures
reported by Hunter and Goldberg32 and Eiden-Assmann et al.33 with a
few modifications and adapted to our crystallization setup. The
experimental setup is described as follows: a crystallization box
(cassette) was constructed consisting of two siliconized glass slides of
10 × 7 cm2 separated by a rubber separator of 4 mm thickness in order
to create a free space between glasses (in a similar way to the wellknown commercial protein electrophoresis cameras). It is recommended
to use a set of clamps around the cassette to fit the glasses and to avoid
dripping of the reactants or evaporation (drying off the cassette). After
building the cassette, this was filled with 2 mL 0.1% (w/v) agarose gel
containing 0.4 M calcium chloride prepared in Tris-HCl buffer pH 7.4.
After the gelling part of this first layer was obtained, 2 mL of 0.1%
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Figure 1. HAP crystal synthesis in agarose hydrogels and its interaction with different biological macromolecules. The first layer contained CaCl2,
while the second layer had Na2HPO4 0.4 M to pH 7.4. (A) Control HAP crystals, without addition of biological macromolecules. (B) Agarose
hydrogel, added with 10 µM HSA. (C) Agarose hydrogel, added with 10 µM OPN. (D) Agarose hydrogel, added with 10 µM CSB. (E) Agarose
hydrogel, added with 10 µM CSC. Note the inhibition of HAP crystal formation by biological macromolecules in the second layer (C-E). The
magnification is the same in all micrographs. The red scale bar corresponds to 1 mm.
(w/v) agarose gel containing 0.4 M of dibasic sodium phosphate was
prepared in the same buffer solution. The addition of the second layer
of gel (inside the cassette) was performed by using a couple of syringe
needles, one of them to avoid the air pressure and the second for
introducing the subsequent layer of gel.
2.2. In vitro Synthesis of Hydroxyapatite in Silica Hydrogels.
For these experiments, the crystallization cassettes were constructed
as it was previously mentioned. The synthesis of crystals was made
according to the procedure reported by Villacampa and García-Ruiz in
2000,34 with the following modifications: the gel was prepared with a
sodium silicate solution (Aldrich, 27% SiO2, 14% NaOH), density
1.06 g cm-3 acidified with a 1 M phosphoric acid solution. The final
pH of the gel was 10.42. The polymerization time of the gel ranged
between 1 and 2 min. On the gel layer, a solution of 1 M CaCl2 was
added (Sigma 98%) until the cassette was filled, and later it was sealed
with silicone and high vacuum grease to avoid evaporation, allowing
the diffusion of the calcium chloride and the phosphoric acid through
the matrix of the silica gel. The crystallization cassettes were stored at
18 °C and crystals were formed after approximately seven days. These
experiments were made in triplicates.
2.3. The Interaction of Biological Macromolecules (Promotion or Inhibition) on the Crystal Growth Process of Hydroxyapatite. The interaction of biological macromolecules with HAP
crystals was evaluated following the same experimental setup as
described above. For the agarose and silica hydrogels experiments, 10
µM of either one of the following proteins: OPN (SIGMA-O2260),
chondroitin Sulfate “B” (CSB) (SIGMA-C3788), chondroitin sulfate
“C” (CSC) (SIGMA-C4384), and HSA (SIGMA-A9511) was added
to the CaCl2 solutions. All experiments were done three- times and
performed at 18 °C.
2.4. X-ray Characterization of the Hydroxyapatite Crystals.
Once HAP crystals were obtained, the system was allowed to reach
equilibrium for one month. Afterward, crystals were separated, perfectly

washed with ethanol, and analyzed by X-ray powder diffraction in a
Bruker D8 Advantce 2-Theta powder X-ray diffractometer installed
with a graphite monochromator. Data were collected every 0.5 s.

3. Results and Discussion
3.1. Interaction of Biological Macromolecules (Promotion or Inhibition) on the Crystal Growth Process of Hydroxyapatite in Agarose Hydrogels. From the analysis of the
crystal growth process, Figure 1 shows that all crystals of HAP
were obtained in the second layer of the gel by counter diffusion
of calcium and phosphate ions. The explanation is that calcium
ions are smaller and diffuse more easily. These crystals showed
a dendrite-like shape and were initially formed in the interface
of the two gel layers. When the crystal growth process of HAP
is happening (look to the right on each image), the number of
crystals is reduced because at the interface the supersaturation
settles first and is higher than elsewhere. Figure 1A shows the
crystallization of HAP in the absence of any protein (control
experiment). In the presence of HSA, HAP crystals grew with
a similar morphology as in the control experiment, indicating a
null effect on the morphology of crystals (Figure 1B). However,
when the experiments were carried out in the presence of OPN
(Figure 1C), CSB (Figure 1D), and CSC (Figure 1E), no crystals
were formed. Each of these biological macromolecules inhibits
the crystal growth of HAP.
The crystals obtained in the control experiment were characterized by X-ray powder diffraction. All showed the typical
pattern of characteristic peaks for HAP (Figure 2A), as well as
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Figure 2. Powder X-ray diffractograms of HAP crystals grown in agarose gels, without biological macromolecules. (A) Typical diffractogram of
HAP. (B) Diffractogram showing the characteristic profile of octacalcium phosphate and brushite, precursors of the HAP.

octacalcium phosphate and brushite, which are the common
precursors of hydroxyapatite (Figure 2B).
3.2. Interaction of Biological Macromolecules (Promotion or Inhibition) on the Crystal Growth Process of Hydroxyapatite in Silica Hydrogels. In the silica hydrogel as well
as in the agarose hydrogel system, the formation of the HAP
crystals took place in the second layer of the cassette. Interestingly,
the crystals in silica hydrogels were bigger than those grown in
agarose (Figure 3A). The reason why these crystals of HAP are
bigger in silica hydrogels than in agarose is that silica hydrogel
has a smaller viscosity. Recently, it has been shown that glasses
of the type Na2O-CaO-SiO2 are materials that favor the formation
of HAP crystals. This is because this material interchanges Na+
and Ca2+ ions with protons in the surrounding fluid, which gives
rise to Si-OH groups that induce the nucleation of HAP.35 Na+
and Ca2+ also accelerate the nucleation of HAP by increasing the
ionic activity of the product.35 Taking advantage of these features
of the silicate matrix, in the diffusive precipitation system used in

this work, we have obtained pure hydroxyapatite by diffusion of
Ca2+ ions through a silica gel tritrated with phosphoric acid at high
pH values.
Silica hydrogels show that when HSA was added to the
system, no inhibition of the formation of HAP crystals is
observed. It is possible to observe the presence of a greater
number of crystals in comparison with the control, which
suggests that HSA could be acting as a precursor in the
formation of HAP crystals (Figure 3B). In the particular case
of OPN, the inhibition of the formation of HAP crystals was
remarkable since a considerable reduction in the size and number
of crystals was observed (Figure 3C). On the contrary, with
CSB there was less inhibition in the crystal growth than that
observed with OPN (Figure 3D). In the case of CSC, there was
no crystal growth inhibition (Figure 3E).
The effect of OPN in both systems, agarose and silica
hydrogels, was evident on the inhibition of the HAP crystal
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Figure 3. Synthesis of HAP crystal in silica hydrogels. The first phase contained 1 M CaCl2; the second phase silica hydrogel contained phosphate
ions. (A) Positive control for HAP crystals with no addition of biological macromolecules. (B) Silica hydrogel added with 10 µM HSA. (C) Silica
hydrogel, added with 10 µM OPN. (D) Silica hydrogel added with 10 µM CSB. (E) Silica hydrogel added with 10 µM CSC. Note the remarkable
inhibition of HAP crystals formation by OPN added to the system (C). The magnification is the same in all micrographs.

growth. The inhibition of HAP crystal growth by OPN is
explained in terms of a phosphorylation process, since OPN
phosphate groups are absorbed on the surface of HAP replacing
the orthophosphate ions causing a stereochemical effect on the
HAP crystal lattice.36 Recent studies have demonstrated that
differences in the phosphorylation of OPN cause inhibition and/
or nucleation of HAP crystals.37 Thus, the importance of these
changes in OPN phosphorylation is implied in the regulation
of biomineralization processes.
Glycosaminoglycans, CSB and CSC added to the agarose
hydrogels showed a considerable inhibition of HAP crystal
formation, maybe because their highly charged structure presented a strong chemical union with calcium and phosphate ions.
The chemical interaction of HAP with CSB and CSC as well
as with the solvent changes the hydrodynamic properties of the
solution.38

4. Conclusion
By using this experimental setup, the gel method has been
demonstrated to be a plausible tool to promote the generation
of HAP crystals in well-controlled conditions. According to
these results, it can be possible to explain that a better quality
of crystals is obtained in silica hydrogels, and the effect of
proteins depends on the gel matrix. This study demonstrates
that OPN inhibits the formation of HAP crystals in agarose as
well as in silica hydrogels. On the other hand, CSB, CSC, and
HSA promotes HAP crystallization in silica hydrogels. Our next
step will be focused on crystallizing these proteins and glycosaminoglycans and solving their 3D structure via X-ray
diffraction. The soaking procedure (diffusion through the
structure of protein crystals) of calcium and phosphate ions will
permit us to determine the binding sites where these inorganicprotein interactions are taking place.

In silica hydrogels CSB did not show the same effect on the
inhibition compared to the effect observed with OPN. Surprisingly, CSC produced the opposite effect on the crystal growth
of HAP. This promoter effect is probably due to the decrease
of gel viscosity and therefore the increase of the diffusion
process in the gel matrix.
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It has been also reported that chondroitin sulfates act to
promote the formation of HAP crystals in collagen gels under
physiological conditions.39 This observation could explain why
CSB and CSC promote the HAP crystallization in silica
hydrogels but not in agarose hydrogels.

(1) Lehto, S.; Niskanen, L.; Suhonen, M.; Rönnemaa, T.; Laakso, M.
Arterioscler. Thromb. Vasc. Biol. 1996, 16, 978–983.
(2) Mc Gill, H. C.; Infuster, V.; Ross, R.; Topol E. J., Eds. Lippincott
Raven: Philadelphia, 1996; Chapter 3, pp 25–41.
(3) Trion, A.; van der Laarse, A. Am. Heart J. 2004, 147, 808–814.
(4) Murata, K.; Motoyama, T. Artery 1990, 17, 96–106.

References

Effect of OPN, CS, and HSA on Crystallization of HAP
(5) Burleigh, M. C.; Briggs, A. D.; Lendon, C. L.; Davies, M. J.; Born,
G. V.; Richardson, P. D. Atherosclerosis 1992, 96, 71–81.
(6) Frink, R. J.; Achor, R. W. P., Jr.; Brown, A. L.; Kincaid, O. W.;
Brandenburg, R. O. Am. J. Cardiol. 1970, 26, 241–247.
(7) Ennever, J.; Vogel, J. J.; Riggan, L. J. Atherosclerosis 1980, 35, 209–
213.
(8) Hsu, H. H. T.; Camacho, N. C.; Tawfik, O.; Sun, F. Atherosclerosis
2002, 161, 85–94.
(9) Hsu, H. H. T.; Tawfik, O.; Sun, F. CardioVasc. Pathol. 2004, 13, 3–
10.
(10) Carlström, D.; Engfeldt, B.; Engström, A.; Ringertz, N. Lab. InVest.
1953, 2, 325–335.
(11) Boström, K.; Watson, K. E.; Horn, S.; Wortham, C.; Herman, I. M.;
Demer, L. L. J. Clin. InVest. 1993, 91, 1800–1809.
(12) Robert, M. C.; Lefaucheux, F. J. Cryst. Growth 1988, 90, 358–367.
(13) Moradian-Oldak, J. Matrix Biol. 2001, 20, 293–305.
(14) Levi-Kalisman, Y.; Falini, G.; Addadi, L.; Weiner, S. J. Struct. Biol.
2001, 135, 8–17.
(15) Murayama, E.; Takagi, Y.; Ohira, T.; Davis, J. G.; Greene, M. I.;
Nagasawa, H. Eur. J. Biochem. 2002, 269, 688–696.
(16) Falini, G.; Fermani, S.; Gazzano, M.; Ripamonti, A. Chem.-Eur. J.
1997, 3, 1807–1814.
(17) Fernandez-Diaz, L.; Putnis, A.; Prieto, M.; Putnis, C. V. J. Sediment.
Res. A Sediment. Petrol. Process 1996, 66, 482–491.
(18) Grassmann, O.; Löbmann, P. Chem.-Eur. J. 2003, 9, 1310–1316.
(19) Petrova, R. I.; Swift, J. A. J. Am. Chem. Soc. 2004, 126, 1168–1173.
(20) Estroff, L. A.; Addadi, L.; Weiner, S.; Hamilton, A. D. Org. Biomol.
Chem. 2004, 2, 137–141.
(21) Orme, C. A.; Noy, A.; Wierzbicki, A.; McBride, M. T.; Grantham,
M.; Teng, H. H.; Dove, P. M.; DeYoreo, J. J. Nature 2001, 411, 775–
779.
(22) Estroff, L. A.; Incarvito, C. D.; Hamilton, A. D. J. Am. Chem. Soc.
2004, 126, 2–3.
(23) Donners, J. J. J. M.; Nolte, R. J. M.; Sommerdijk, N. A. J. M. J. Am.
Chem. Soc. 2002, 124, 9700–9701.

Crystal Growth & Design, Vol. 8, No. 4, 2008 1339
(24) Cölfen, H.; Qi, L. Prog. Colloid Polym. Sci. 2001, 117, 200–203.
(25) Albeck, S.; Aizenberg, J.; Addadi, L.; Weiner, S. J. Am. Chem. Soc.
1993, 115, 11691–11697.
(26) Fu, G.; Valiyaveettil, S.; Wopenka, B.; Morse, D. E. Biomacromolecules 2005, 6, 1289–1298.
(27) Henisch, H. K. Crystals in Gels and Liesengang Rings; Cambridge
University Press: New York, 1988; Chapter 5, pp 116–137..
(28) Fialkowski, M.; Campbell, C. J.; Bensemann, I. T.; Grzybowski, B. A.
Langmuir 2004, 20, 3513–3516.
(29) Garcia-Ruiz, J. M.; Gavira, J. A.; Otálora, F.; Guasch, A.; Coll, M.
Mater. Res. Bull. 1998, 33, 1593–1598.
(30) Silverman, L.; Boskey, A. L. Calcif. Tissue Int. 2004, 75, 494–501.
(31) Beshensky, A. M.; Wesson, A. J; Worcester, E. M.; Sorokina, E. J.;
Snyder, C. J.; Kleinman, J. G. J. Am. Soc. Nephrol. 2001, 12, 2108–
2116.
(32) Hunter, G. K.; Goldberg, H. A. Proc. Natl. Acad. Sci. U. S. A. 1993,
90, 8562–8565.
(33) Eiden-Assmann, S.; Viertelhaus, M.; Heiss, A.; Hoetzer, K. A.; Felsche,
J. J. Inorg. Biochem. 2002, 91, 481–486.
(34) Villacampa, A. I.; Garcia-Ruiz, J. M. J. Cryst. Growth 2000, 211,
111–115.
(35) Kokubo, T. Anal. Quím. Int. 1997, 93, S49–55.
(36) Shimabayashi, S.; Uno, T. Crystal Growth of Calcium Phosphates in
the Presence of Polymeric Inhibitors. Calcium Phosphates in Biological
and Industrial Systems; Kluwer Academic Publishers: Boston, 1998;
Chapter 9, pp 193–216..
(37) Gericke, A.; Qin, C.; Spevak, L.; Fujimoto, Y.; Butler, W. T.; Sorensen,
E. S.; Boskey, A. L. Calcif. Tissue Int. 2005, 77, 45–54.
(38) Hunter, G. K.; Allen, B. L.; Grynpas, M. D.; Cheng, P. T. Biochem.
J. 1985, 228, 463–469.
(39) Gafni, G.; Septier, D.; Goldberg, M. J. Cryst. Growth 1999, 205,
618–623.

CG7011414

