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The requirements for the production of suitable supports
for the growth of cells and tissues involve the use of
biocompatible and/or biodegradable materials and the pro-
cessing of the components into a porous matrix of adequate
morphology. The nature of the materials most widely used
for these purposes is organic (e.g., polymers),1–4 albeit
materials of different nature (e.g., ceramics and carbons
meshes, among others) have also been prepared with
morphologies suitable for cell growth.5–7 Materials like
hydroxyapatite (HA)8 and chitosan (CHI)9 are being widely
employed to develop a single three-dimensional (3D) porous
structure that combines a mechanical support resembling the
subchondral bone (bone-like layer), while also providing a
chondrogenic support in the top for the repairing of cartilage
(cartilage-like layer).10 Lately, the use of organic–inorganic
composite materials is attracting even increased attention.
However, the development of suitable hybrid materials for
tissue engineering still requires of further improvement to
tailor both the length scale at the organic–inorganic interface
and the composition. Controlling the length scale at the
organic–inorganic interface within the nanometer range
produces a wealth of both novel structural features and
enhanced properties arising from the synergistic interaction
of the individual constituents, that is, a consequence of the
strong mechanical interface between mineral substrate and
polymer matrix.11,12 In regards to the nanocomposite com-

position, those nanocomposites based on nanoparticles of
amorphous calcium phosphates (ACP) would be of greater
interest than those based on nanocrystalline HA given that
the ultimate formation of bone tissue requires of dissolution
of calcium phosphate precursor and subsequent recrystalli-
zation which eventually is favored for ACP.13

Biomineralization offers the opportunity to produce highly
organized nanocomposite structures, controlling specific
architectures over extended length scales for a wide range
of compositions.14 Enzymatically assisted routes offer the
possibility to synthesize a number of materials with excellent
control of the structural organization.15 In particular, HA
precursors and different calcium carbonate precipitates could
be obtained in solutions by enzyme-catalyzed decomposition
of urea by urease.16 Furthermore, the gradual generation of
base provided by urea hydrolysis has recently been used for
the preparation of monolithic and homogeneous chitosan
hydrogels.17 The homogeneous pH modulation besides the
low temperature used for urea hydrolysis allows for the
achievement of CHI hydrogels with a homogeneous 3D
network structure with biotechnological performance superior
to that of chitosan solutions gelled by neutralization with
alkaline solutions, gaseous NH3, or dialysis.18

Herein, we applied the urease assisted hydrolysis of urea
for the preparation of nanocomposites as a result of the
simultaneous precipitation of calcium phosphate and CHI
gelation (Scheme 1). The base generated by urea hydrolysis
promoted both CHI gelation and calcium phosphate precipi-
tation at biological temperatures (∼37 °C). Otherwise (e.g.,
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urea hydrolysis by thermal decomposition at 90 °C), CHI
would undergo partial decomposition.19 Macroporous hier-
archical structures were obtained by a cryogenic process20

(so-called ISISA, ice segregation induced self-assembly)21

that is simply based on the unidirectional freezing (at -196
°C) of the hydrogel nanocomposite. Upon freezing, the ice
formation (hexagonal form) causes every solute originally
dissolved/dispersed in the hydrogel to be segregated from
the ice phase. After freeze-drying, the resulting hierarchical
structures consist of well aligned micrometer-sized pores in
the freezing direction corresponding to the empty areas where
ice crystals originally resided, being the macrostructure
supported by the matter (e.g., calcium phosphate nanopar-
ticles dispersed within CHI matrix) accumulated between
adjacent ice crystals. Figure 1 shows the porous channels of
up to 90 µm (Figure 1a,b,c) that can be simply obtained by
using different freezing rates in the application of the ISISA
process to the hybrid hydrogel. The hybrid nature of the
hierarchical structure was corroborated by TG/DTA/DSC
experiments (see Supporting Information). The porosity of
the hierarchical structure was approximately 85%, no matter
the freezing rate used for preparation.

The character of the calcium phosphate embedded within
the CHI network as HA precursor was confirmed by
calcination (at 600 °C) of a monolithic portion of the hybrid
hierarchical structure. Actually, novel porous ceramic materi-
als have been described via calcination of their hybrid
counterparts.22 The calcined hierarchical structure was
composed of HA nanocrystals (HA-NP), as revealed by the
XRD pattern (see Supporting Information). TEM micro-
graphs confirm the formation of clusters of crystalline
nanoparticles of approximately 40 nm (Figure 2a). The
average particle size of HA-NP calculated from the broaden-

ing of different diffraction peaks (002 and 222) using
Scherrer’s equation was in good agreement with the mean
particle sizes observed in TEM micrographs (ca. 45 nm).
HRTEM (Figure 2b) shows the interplanar distance of
nanocrystalline HA along the [002] zone axis (e.g., 0.3 nm).
Interestingly, the calcined hierarchical structure kept both
the monolithic shape and the macroporous structure (partially
sintered) of the hybrid one (not shown). SEM micrographs
(Figure 2c,d) revealed a microsponge-like morphology23 built
of the above-described HA nanocrystalline aggregates.
Calibrated energy dispersion X-ray spectroscopy (EDS)
analysis performed over the structure of any of the hierarchi-
cal structures revealed a Ca/P ratio of 1.65, in good
agreement with that of HA (see Supporting Information).24

The question that arises is the nature of the precipitate of
calcium phosphate entrapped within the hierarchical structure
before calcination. XRD of hybrid hierarchical structure did
not exhibit any characteristic diffraction for crystalline HA
(see Supporting Information). TEM micrographs (Figure 3)
of hybrid hierarchical structure revealed spherical particles
of granular aspect, typical of hydrated amorphous calcium
phosphate (ACP); that is, Ca9(PO4)6 clusters of diameter
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Figure 1. SEM micrographs of different hybrid hierarchical structures
resulting from freezing hydrogel nanocomposites, with identical CHI and
calcium phosphate composition (93.25 and 6.75 wt %, respectively) at
different rates: (a) 0.7 mm/min, (b) 2.7 mm/min, and (c) 5.7 mm/min. Bars
are 50 µm.

Figure 2. TEM (a) and HR-TEM (b, along [002] zone axis) micrographs
of HA crystalline aggregates forming the HA-NP hierarchical structures.
Bars are 100 and 5 nm, respectively. SEM micrographs of HA-NP
hierarchical structures resulting from calcinations of ACP/CHI hybrid
hierarchical structures ISISA processed at freezing rates of 0.7 mm/min
(c) and 5.7 mm/min (d). Bars are 20 µm.

Figure 3. TEM (left) and HR-TEM (right) micrographs of ACP nanoclusters
forming the ACP/CHI hierarchical structure. Bars are 100 and 20 nm,
respectively.
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approximately 1.0 nm, which pack randomly with respect
to each other, forming large 30–50 nm spheres with tightly
held water residing within the interstices between clusters.25

Calibrated energy dispersion X-ray spectroscopy (EDS)
analysis performed over the structure of the noncalcined
hierarchical structure revealed a Ca/P ratio of 1.5, in good
agreement with that of ACP (see Supporting Information).
To further corroborate the presence of ACP nanoparticles
(ACP-NP) at the hybrid hierarchical structure, we performed
31P and 1H NMR spectroscopy of ACP/CHI and HA-NP
hierarchical structures (Figure 4). The isotropic 31P chemical
shifts (ppm) measured in MAS NMR experiments were 2.8
and 3.4, respectively (Figure 4a). The ACP line width was
7 ppm, compared to 1.6 ppm for HA, in good agreement
with the amorphous character of ACP.26 The proton coupling
(e.g., CP MAS) of ACP completely suppressed the 31P signal
after 2 ms of dipolar coupling26b which was a predictable
consequence of the structural model, that is, absence of
protons in the molecular structure and just interstitial water
between clusters. The band at ca. 6.5 ppm shown in
Figure 4b (e.g., 1H spectrum of the ACP/CHI hierarchical
structure) corroborates this issue. Meanwhile the CP MAS
spectrum of the HA-NP hierarchical structure reflected the
typical features of nanocrystalline hydroxyapatite, that is,
appearance of side bands and spectral shift (-0.5 ppm) of
the main band, as compared to that of the MAS spectrum.26c

Moreover, the 1H spectrum of the HA-NP hierarchical

structure shown in Figure 4b exhibited a narrow band at
approximately 0 ppm ascribed to OH groups of crystalline
hydroxyapatite, Ca10(PO4)6(OH)2.26c

The enzymatic formation of ACP-NP was also confirmed
in solution, albeit in this case, the reaction had to be
conducted at 0 °C and stopped before the pH rises to 6.5.18c

Otherwise, crystalline HA was obtained (see TEM micro-
graphs in Supporting Information). However, the pH reached
at the CHI hydrogel was 8, and the reaction took place at
37 °C, both features well above those required for achieve-
ment of ACP in solution. Taking into account that ACP
transformation into HA need ACP dissolution and renucle-
ation, the achievement of ACP within the CHI hydrogel is
indicative of a slowed down rate of dissolution of the
amorphous phase, most likely because of the electrostatic
adsorption of CHI on the ACP nanoparticles.

In summary, we have prepared ACP/CHI hydrogel nano-
composites (e.g., ACP-NP homogeneously dispersed within
CHI hydrogels) by an enzymatically assisted route that causes
ACP-NP precipitation and CHI gelation concurrently. ISISA
processing of hydrogel nanocomposites allows for the
formation of hierarchically organized ACP/CHI materials.
Calcination of these materials provides the formation of
inorganic hierarchically organized materials (e.g., HA-NP
hierarchical structures) in which individual HA nanoc-
rystals aggregate while keeping the macroporous structure.
The ISISA process also allows for control of the macroporous
size, from 25 up to 90 µm for ACP/CHI hierarchical
structures and from 3 up to 9 µm for HA-NP hierarchi-
cal structures. The morphology of the resulting hierarchical
structures (e.g., microsponge-like) besides the biocompatible
chemistry involved in their formation (i.e., combination of
an enzymatically assisted route to prepare hydrogel nano-
composite and the ISISA process to create macroporosity)
should make these materials very interesting for tissue
engineering purposes.
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Figure 4. (a) 31P MAS (blue line) and 31P CP MAS (red line) and (b) 1H
NMR spectra of ACP/CHI (left column) and HA-NP (right column)
hierarchical structures.

13Chem. Mater., Vol. 20, No. 1, 2008Communications


