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Abstract: Calcium phosphate chitosan-based composites have gained much interest in recent years for
biomedical purposes. In this paper, three-dimensional calcium phosphate chitosan-based composites
with different mineral contents were produced using a green method called ice segregation induced
self-assembly (ISISA). In this methodology, ice crystals were used as a template to produce porous
structures from an aqueous solution of chitosan (CS) and hydroxyapatite (Hap) also containing acetic
acid (pH = 4.5). For better characterization of the nature of the inorganic matter entrapped within
the resulting composite, we performed either oxygen plasma or calcination processes to remove the
organic matter. The nature of the phosphate salts was studied by XRD and NMR studies. Amorphous
calcium phosphate (ACP) was identified as the mineral phase in the composites submitted to oxygen
plasma, whereas crystalline Hap was obtained after calcination. SEM microscopy revealed the
formation of porous structures (porosity around 80–85%) in the original composites, as well as in the
inorganic matrices obtained after calcination, with porous channels of up to 50 µm in diameter in the
former case and of up to 20 µm in the latter. The biocompatibility of the composites was assessed
using two different cell lines: C2C12GFP premyoblastic cells and MC3T3 preosteoblastic cells.
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1. Introduction

Hydroxyapatite (Hap) is a naturally occurring calcium phosphate, the chemical structure of
which is (Ca5(PO4)3OH). Among other calcium phosphates, Hap is the most thermodynamically stable
and presents interesting properties such as excellent biocompatibility, and favorable osteoconductive
and bioactive properties. It is therefore widely preferred as the biomaterial of choice in dentistry,
orthopaedics and regenerative medicine [1,2]. Chemically, Hap bioceramics closely resemble the
inorganic component of natural bone [3]. Calcium phosphate materials included in natural bone have
some specific characteristics such as mineral nanophase, poorly crystallized nature and the presence of
non-stoichiometric apatite phase. This mineral phase contains different ions such as carbonate, sodium,
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and fluoride, among others, in a polymeric fibre matrix of collagen. Hap composites with polymers
and metals have been developed to improve the mechanical properties of porous Hap or to produce
partially biodegradable artificial bone grafts for tissue engineering [4,5]. Moreover, surface topography
favors cell adhesion, and Ca2+ and (PO4)3− release from these scaffolds regulates bone cell migration,
proliferation and differentiation [6]. With regard to the role played by Ca2+ and (PO4)3− release in
bone regeneration, i.e., based on the dissolution of calcium phosphate precursor and the subsequent
recrystallization into bone tissue, nanocomposites based on nanoparticles of amorphous calcium
phosphate (ACP) would be of even greater interest than those based on nanocrystalline Hap [7–9].

Chitosan (CS) is a linear polymer of natural origin composed of randomly distributed β-(1→4)-
linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit). CS is a cationic
polymer, soluble in acid aqueous media but not at physiological pH. It is biodegradable, biocompatible
and non-toxic, and therefore it has been used in a wide range of biomedical applications, such as bone
and cartilage tissue engineering, due to its structural similarity to GAGs (glycosaminoglycan’s) [10,11].
From a technological point of view, CS is very versatile and with it materials with different
configurations (porous scaffolds, fibres and so on) can be easily produced [12]. Moreover, CS has been
incorporated into Ca-P coatings using electrochemical deposition [13]. In fact, CS-Hap composites
have gained interest, since it is possible to combine the properties of both materials avoiding the
disadvantages of Hap, such as its brittleness. These composite materials have demonstrated good
biocompatibility and osteocompatibility.

Most of the processes designed to produce foams and scaffolds make use of solvents and templates
that need to be removed prior to the material use in applications such as biomedicine. Removal
of these chemical compounds is not a trivial issue, and cryogenic processes that make use of ice
as a friendly template provides an interesting alternative to conventional chemical solvents and
templates [14]. Our group coined the term ISISA (ice segregation induced self-assembly) to refer to the
preparation of inorganic, organic, and hybrid materials with well-patterned macroporous structures
via the unidirectional freezing of aqueous suspensions and hydrogels in liquid nitrogen [15]. This ice
formation causes most solutes originally dispersed in the aqueous suspension to be segregated from
the ice phase, giving rise to a macroporous structure characterised by “fences” of matter enclosing ice.
The scaffolds obtained after subsequent drying (by both simple thawing and freeze-drying) show a
macroporosity that corresponds to the empty areas where ice crystals originally resided (Scheme 1).
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Scheme 1. Macroporous three-dimensional structures produced via unidirectional ice segregation
of a solution of chitosan containing dissolved Hap, and subsequent freeze-drying. Adapted from
References [14,15].

In this paper, macroporous three-dimensional structures were produced via ISISA of a solution of
chitosan containing dissolved Hap, and these structures were subsequently freeze-dried with the aim
of developing a material with properties closer to those of living bone, such as mineral nanophase and
monolithic structure.
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2. Results

As mentioned in the introduction, we produced macroporous three-dimensional structures
composed of calcium phosphate homogeneously dispersed in a chitosan matrix using a cryogenic
process known as ice segregation induced self-assembly (ISISA). The experimental conditions used for
the preparation of a set of CSCaP composites are shown in Table 1. Three monoliths (denoted as samples
CSCaP1, CSCaP2, and CSCaP3) with different CaP contents were produced. The mineral content of
the monoliths was confirmed by thermogravimetric studies (Figure S1). Moreover, Thermogavimetric
analysis (TGA) scans revealed how weight loss followed a common trend for every sample. The first
weight loss occurred around 50–70 ◦C and was assigned to humidity loss (Table 1). The second one
happened around 250–270 ◦C and was assigned to chitosan deacetylation and degradation. Finally,
the third one appeared around 440–470 ◦C and was assigned to the oxidative decomposition of the
carbonaceous residue produced in the second thermal event [16]. It is worth noting that Hap has
two types of water in its structure—adsorbed and lattice water. Adsorbed water is irreversibly lost
in a temperature of 25–200 ◦C without any effect on lattice parameters. On the contrary, lattice
water is irreversibly lost at a temperature of 200–400 ◦C and causes a contraction in the a-lattice
dimension during heating. Typically, no further weight loss has been described in the temperature
range of 400–800 ◦C [17]. The agreement of CSCaP1 and CSCaP2 between residual weight and mineral
content included during monolith preparation revealed that the abovementioned weight loss mostly
corresponded to chitosan decomposition. Meanwhile, weight loss in CSCaP3 extended up to 525 ◦C,
most likely due to some delayed CaP dehydration. Actually, mineral content was around 25% at
470 ◦C, and this amount is close to that which corresponds to the amount of Hap originally included
during monolith preparation.

Table 1. Sample preparation conditions of CSCaP composites and thermogravimetric analysis.

Sample CS/CaP
Weight Ratio

Theoretical Mineral
Content, %

Humidity at
55 ◦C, % 1

Residual Weight
at 650 ◦C, % 1

CSCaP1 56:3.75 6.25 8.9 7.3
CSCaP2 56:14 20.0 9.0 19.4
CSCaP3 56:26.3 31.9 8.0 20.3

1 As determined by thermogravimetric analysis of the samples.

The structure of the macroporous hierarchical structures is shown in Figure 1. In all cases, pore
diameters were around 20–50 µm. The sample with the lowest CaP content (ca. 6.25%) exhibited a
lamellar-like morphology with low interconnectivity among layers. As the concentration was increased,
the structure became honeycomb-like as consequence of the enhanced interconnectivity among layers.
The porosity was around 80–85% for every sample no matter the initial Hap content. In particular, the
porosity for CSCaP1, CSCaP2 and CSCaP3 was 83.4, 80.1 and 84.6, respectively.
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we performed the XRD of a physical mixture of CS and Hap in the wt % used for CSCaP3 preparation 
(Figure S2). In this case, peaks corresponding to crystalline Hap (Hap standard ICDD-PDF-00-024-
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temperature exposure of the composites to oxygen plasma. This process is typically used for the 
removal of organic impurities from two-dimensional surfaces. In biomaterials, oxygen plasma has 
also been used for either sterilization purposes or functionalization of the organic component of the 
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Figure 1. SEM micrographs of different hierarchical structures resulting from freezing samples with
different CS/CaP ratios. CSCaP1 (upper line), CSCaP2 (middle line) and CSCaP3 (bottom line). From
left to right, bars are 200, 50 and 20 µm, respectively.

CSCaP composites were also studied by XRD (Figure 2A). Unfortunately, the composites exhibited
no crystalline features, i.e., the broad band centered at ca. 25 degrees corresponded to the sample
holder (silica substrate) used for XRD. The lack of chitosan crystallinity is due to the presence of
acetic acid, which may hinder the formation of inter- and intramolecular hydrogen bonds in chitosan
and avoid packaging in an ordered fashion. Meanwhile, any crystalline feature coming from CaP
was undetectable even in the sample with the highest mineral content, CSCaP3. For comparison, we
performed the XRD of a physical mixture of CS and Hap in the wt % used for CSCaP3 preparation
(Figure S2). In this case, peaks corresponding to crystalline Hap (Hap standard ICDD-PDF-00-024-0022)
were perfectly visible in the diffraction pattern. Based on this, the lack of crystalline features in CSCaP1,
CSCaP2 and CSCaP3 revealed the amorphous nature of CaP salts or, alternatively, the minor presence
of very small Hap crystals. Attempts aiming to obtain further insights about the CaP features in CSCaP
samples—e.g., by TEM, FTIR, etc.—failed because the major content of chitosan masked any potential
CaP response.

Thus, we performed two different treatments—e.g., oxygen plasma (samples denoted as
CSCaPOP) and calcination (samples denoted as CSCaPC)—to eliminate the polymer, either partially or
totally, and thus favor the study of the mineral residue. The former consisted of the room-temperature
exposure of the composites to oxygen plasma. This process is typically used for the removal of organic
impurities from two-dimensional surfaces. In biomaterials, oxygen plasma has also been used for
either sterilization purposes or functionalization of the organic component of the biomaterial [18,19].
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In all these works, the mineral phase remained unmodified after oxygen plasma treatment. In our
case, the open macropore structure of our samples allowed the use of oxygen plasma for CS removal
under experimental conditions—low pressure and temperatures below 100 ◦C—where the nature of
the mineral phase remained basically unaltered. After oxygen plasma treatment, polymer removal
ranged between 40% and 88% in the resulting samples, e.g., from CSCaP3OP to CSCaP1OP. The second
approach followed for full CS removal was, according to previous TGA scans, calcination at 650 ◦C in
air atmospheres so that the residue just corresponded to the mineral phase in the resulting samples,
e.g., CSCaP1C, CSCaP2C and CSCaP3C.
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Figure 2. XRD pattern of CSCaP3 (A); CSCaP1C (B); CSCaP2C (C) and CSCaP3C (D) samples.

The Fourier transform infrared spectrum (FTIR) of CSCaPOP samples (Figure S3) revealed the
presence of calcium phosphate, e.g., bands at around 606 and 563 cm−1 (ν4). The assignment of
further signals was difficult because of overlap with those coming from chitosan. The FTIR spectrum of
CSCaPC samples also exhibited phosphate bands, e.g., at around 1088 and 1036 cm−1 (ν3), 960 (ν1) and
601 and 570 (ν4). A wide absorption band within the range from ~3600 cm−1 up to 3100 cm−1 points on
ν3 and ν1 with H2O molecules bonded with hydrogen for stretching modes and an absorption band at
1629 cm−1 referable onto the deformation mode ν2 of H2O molecules proves the presence of physically
adsorbed water in the synthesized samples [20]. The signal at 874 cm−1 could be ascribed to either
HPO4

2−, thus denoting the presence of non-stoichiometric Hap, or to carbonate. Signals observed at
1422 and 1468 cm−1 along with the signal at 874 cm−1 are typical of carbonate [21]. No signal from
chitosan (around 1550 cm−1) was observed due to the amide I, which indicates that the polymer was
effectively eliminated during calcination. This result is in good agreement with thermogravimetric
analysis (Figure S1, Table 1). From FTIR analysis, it was possible to determine the splitting factor
(SF) [22]. This parameter has been related to crystalline Hap and increases along with the crystallinity.
As seen in Table 2, the SF increased from CSCaP1C to CSCaP2C in good agreement with the XRD
analysis. In sample CSCaP3C, the SF value was similar to CSCaP1C.
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Table 2. Effect of CaP content on the crystallinity and crystallite size of CaP in the CSCaPC monoliths.

Sample Crystallinity, Xc (%) 1 Splitting FactorSF 2 Crystallite Size, Xs (nm) 1

CSCaP1C 76 3.5 18
CSCaP2C 86 4.1 21
CSCaP3C – 3.2 17

1 Determined from XRD analysis. 2 Determined from FTIR analysis.

The XRD pattern of CSCaPOP samples did not reveal any characteristic diffraction for crystalline
Hap (Figure S2B). On the contrary, the XRD of CSCaPC samples revealed the typical XRD pattern of
crystalline Hap (Hap standard ICDD-PDF-00-024-0022) with diffraction peaks at 2θ values of 25.9,
31.7, 32.9, 39.8, 46.7, 49.5, and 53.1, which are indexed to (002), (211), (300), (310), (222), (213) and
(004) planes, respectively (Figure 2B–D) [23]. The degree of crystallinity (Xc) (Table 2) increased along
with the original CaP content in the composites. It was not possible to determine Xc of the sample
CSCaP3C (original CaP content was 30%) since the peaks used to determine Xc (valley between 112
and 300 planes, see Materials and Methods for more details) were not properly defined. The crystallite
size measured from the XRD data was lower than 25 nm in the three samples.

We also investigated CSCaPOP and CSCaPC samples by transmission electron microscopy (TEM).
TEM micrographs of CSCaPOP samples (Figure 3A–C) showed calcium phosphate particles aggregated
in clusters of around 25–50 nm in diameter embedded in the chitosan matrix remaining after oxygen
plasma treatment. CSCaPC samples exhibited a more crystalline-like morphology with a significant
reduction in particle diameter as compared to CSCaPOP samples (see Table 2). Among the different
CSCaPC samples, particles in CSCaP1C exhibited a lower dispersion in diameter than particles in both
CSCaP2C and CSCaP3C, where the higher mineral content favored aggregation (Figure 3D–F).
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We finally investigated whether CSCaPOP and CSCaPC samples were capable of preserving a
monolithic structure after their respective treatments. In this regard, CS removal was by no means
trivial in CSCaOP samples, and the monolithic structure collapsed no matter the mineral content.
This was not the case for CSCaPC samples where the formation of crystals and their subsequent
aggregation allowed for the preservation of the structural integrity of the monoliths, obviously with
certain shrinkage as compared to the original composites. In fact, this was observed by scanning
electron microscopy (SEM), as the deformation caused by shrinkage decreased along with the mineral
content of the original composite, i.e., more so for CSCaP1C than for CSCaP2C and CSCaP3C (Figure 4).Materials 2017, 10, 516  7 of 14 
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The above study of CSCaPOP and CSCaPC samples revealed some interesting features.
In agreement with previous works, CS removal in CSCaPOP provided negligible changes in the
nature of the mineral phase [18]. For instance, XRD confirmed the non-crystalline features of the
calcium phosphate salts. Meanwhile, calcination indeed promoted a significant change in the original
nature of the CaP salts and crystalline Hap was observed in every sample—see FTIR and XRD.

For the purpose of elucidating further differences between the calcium phosphate salts in the
original and calcined samples, we studied both samples by 31P NMR spectroscopy (Figure S4).
The isotropic 31P chemical shift (ppm) measured by magic angle sample spinning NMR (MAS NMR)
was around 1.5 and 3.1 in CSCaP and CSCaPC samples, respectively. We also performed 1H→31P
cross-polarization (CP) for different contact times (Figure 5). CP allows for the enhancement of
low-intensity solid-state NMR signals from dilute spins by polarization transfer from abundant
spins. Since CP relies on heteronuclear dipolar couplings between the source and target spins, its
efficiency is uniquely dependent on the concentration, distribution and mobility of the nuclei involved.
In particular, CP has been widely used to obtain insights about the composition of different calcium
phosphate salts and thus distinguish them—for instance, bone apatites from synthetic ones [24,25],
or ACP salts from crystalline ones [26]—based on the different percentages of water molecules and
hydroxyl groups that characterize each particular calcium phosphate type. In the particular case of
crystalline apatites and amorphous calcium phosphate salts, CP efficiency is typically linear for contact
times longer than 8 ms in the former case, whereas it reaches a maximum earlier in the latter because
there are fewer apatite-structural-hydroxyl groups than water molecules occupying the interstices
among the ACP clusters [26]. This was actually our case, with the CP efficiency growing linearly up
to contact times of 10 ms for CSCaPC1 and CSCaPC3, and reaching a maximum for contact times
of 1.5–2 ms for CSCaP1 and CSCaP3. It is worth noting that the TEM micrograph of CSCaPOP, in
which CS removal provided negligible changes in the nature of the mineral phase, well resembled the
characteristic cluster morphology of ACP salts.
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Once the nature of the calcium phosphate included in the CS matrix was revealed, the next step
was to determine the biocompatibility of CSCaP composites using two different cell lines: C2C12GFP
premyoblastic cells (cells modified to include a fluorescent marker, see Materials and Methods section
for more details) and MC3T3 preosteoblastic cells. At 7 days, the metabolic activity of the seeded cells
on the supports (CSCaP composites and CS scaffold) was analyzed in both cell cultures (Figure 6).
C2C12GFP and MC3T3 cell cultures showed a similar trend. First, low metabolic activity values for CS
control and CSCaP1 composites were obtained for both cell lines. Although no specific signs of cell
death were detected in these samples, only isolated cell clumps were observed in the surface and into
the porous structures (Figures S5 and S6). The cell attachment of the premyoblastic C2C12GFP cell line
was poor, with rounded morphologies slightly adhered to the surface. The MC3T3 osteoblastic cell line
results were similar, with a low cell activity over these composites. An intermediate situation was found
for CSCaP2, with small cell patches proliferating in these samples. In this case, premyoblastic and
preosteoblastic cell monolayers were found growing on the surfaces and inside the inner structures.
Finally, CSCaP3 showed good cytocompatibility behavior for both cell lines, with high metabolic
activity readings. In this sample, higher cell densities and larger cell monolayers with an outstretched
cell morphology were detected.
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3. Discussion

In this paper, we have described the preparation of macroporous CS scaffolds containing CaP salts.
The samples were produced by mixing CS and Hap solutions followed by a unidirectional freeze-drying
process (so-called ice segregation induced self-assembly, ISISA). With this methodology, macroporous
scaffolds with an excellent control of the structural characteristics (Figure 1) and a homogeneous
distribution of the mineral phase were easily prepared. TGA analysis was in good agreement with the
CS/CaP mass ratio used for monoliths preparation (Table 1). After sample calcination at 650 ◦C, the
macroporous structure was kept and pure CaP macroporous structures were produced (Figure 4).

FTIR spectra of samples exhibited the typical signals assigned to CaP (Figure S3). After calcination,
the intensity of the signals ascribed to the polymer was negligible, confirming the lack of remaining
polymer as anticipated by TGA analysis. The presence of carbonate in calcined samples pointed to the
formation of non-stoichiometric Hap, and this is the natural phase found in bone.

XRD patterns of CSCaP and CSCaPC samples were investigated to determine the crystalline nature
of the samples. The XRD pattern of CSCaP samples showed no crystalline signals, while that of CSCaPC
showed intense bands at 2θ of around 26◦ and 33◦, indicating the preferred formation of Hap during
calcination. It is worth noting that this pattern is typically found not only in stoichiometric Hap but it
also appears in calcium-deficient apatites [27]. The XRD pattern indicated that a poorly crystalline Hap
(Xc lower than 86%) with broad diffracted peaks was produced after monolith calcination at 650 ◦C.

After examining the XRD pattern, the question arose as to what calcium phosphate type, e.g.,
poorly crystalline or ACP, was formed in the CSCaP monoliths. The 31P MAS NMR spectra of
CSCaP samples exhibited a signal at around 2.8 ppm. This signal is typically attributed to PO4

3-
groups from amorphous calcium phosphate (ACP) or low crystalline Hap [26]. The results of 1H→31P
cross-polarization (CP) experiments revealed important differences between calcined and non-calcined
samples (Figure 5). Non-calcined samples exhibited fast polarization rates, while calcined ones showed
lower rates. A similar pattern has been previously described in the case of enamel and dentin, and
can be explained by differences in the microstructure of the samples. Calcined samples showed a
pattern similar to enamel (highly crystalline apatite mineral, ca. 96 wt %), while non-calcined samples
showed a pattern similar to dentin (partially amorphous apatite, which also contains an organic
matrix and water) [28]. Previous 31P CP MAS studies on ACP composites have reported the full
suppression of the signal at large contact times [29]. This was not observed in the current case, so
the presence of poorly crystalline calcium phosphate could not be fully disregarded. Nonetheless,
given the morphological resemblance observed in the TEM micrographs between our non-calcined
samples and those morphologies typically assigned to ACP, e.g., cluster-like structures [29,30], we can
conclude that ACP was the most plausible form of CaP entrapped within the CS matrix in CSCaP
monoliths. The presence of ACP was an excellent result for the application of CSCaP composites
for bone repair. It is worth noting that scaffold materials used in tissue engineering need to be
non-toxic and possess good biocompatibility, so we next tested whether CSCaP composites exhibited
these features. The amount of calcium phosphate in the CSCaP composites strongly affected the
efficacy of cell proliferation (Figure 6); i.e., the larger the calcium phosphate content of the composite,
the better the cell attachment and proliferation. These results were in agreement with previous
studies. It is well known that premyoblastic and preosteoblastic cells attachment and proliferation
depend on the chemical composition of the sample’s surface [4]. In this case, the CaP salts acted
as suitable precursors for bone tissue regeneration, and the CaP-enriched scaffolds were capable of
up-regulating the first adhesion steps [3]. Moreover, it is well known that both materials (CS and CaP
salts) permit the development of controlled delivery devices (including growth factors or antibiotics
among other molecules of interest) [31–34]. In fact, previous studies using biocomposites containing
nano-sized Hap had a great effect on the early stages of osteoblast behaviour (cell attachment and
proliferation) [35]. In our case, the addition of ACP, i.e., nano-Hap, into a CS scaffold also played
a similar role; it improved cell attachment, proliferation, and cell morphology when compared to
the CS scaffold alone [36]. Currently, one of the main objectives in the design of biomaterials is to
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reproduce the physical and chemical characteristics of the damaged tissue. Cortical bone is a highly
compact matrix, mainly based in ordered and cylindrical osteons, which gives support and strength.
In contrast, cancellous bone is presented as an interconnected network of trabeculae where bone
marrow is localized. In our composites, the structure, with porosities of around 80–85%, mimicked
the native architecture of bone trabecular tissue, whereas certain resemblances between chitosan and
ECM glycosaminoglycans (GAGs) contribute to the grafting capabilities of the composites being able
to approach those of original bone [37]. With regard to the porous structure, it is worth noting that
angiogenesis and bone ingrowth—both prerequisites to enhance tissue regeneration—will be also
promoted [38]. Bone trabecular repair was actually observed in a previous work using monoliths with
a similar architecture and containing bone morphogenetic protein (BMP-2) [39].

4. Materials and Methods

4.1. Materials

Low molecular weight chitosan (CS, batch number 06513 AE, viscosity 185 cps and deacetylation
degree of 90.8% as described by the supplier) and hydroxyapatite (Hap) were supplied by Aldrich
(St. Louis, MO, USA). Other reagents were of analytical grade.

4.2. Preparation of CSCaP Composites

A CS solution (2.5% w/v) in acetic acid 0.2 M (pH 4.5) was mixed with different volumes of Hap
solution (70 mg/mL) in HCl 1M (pH 3.0) under vigorous stirring in an ice-cold bath. The mixture was
loaded into insulin syringes and unidirectionally frozen at 77 K in a liquid nitrogen bath at a rate of
5.9 mm/min. The freezing rate and freezing direction was controlled using homemade dip-coating
equipment. The frozen samples were cut in cylinders of 10 mm and freeze-dried (ThermoSavant Micro
Modulyo® freeze-drier, Madison, WI, USA). Samples with different CS/Hap ratios denoted as CSCaP1,
CSCaP2 and CSCaP3 were produced (Table 1).

Samples were calcined at 650 ◦C for 4 h in air at a heating rate of 1 ◦C/min and cooled at
10 ◦C/min (samples denoted as CSCaPC). In order to better study the nature of the mineral phase
in the CSCaP composites, samples were treated in a commercial oxygen-plasma etching stripper
(Tetra Pico, Diener Electronics, Ebhausen, Germany) for the elimination of organic matter in mild
conditions of temperature (e.g., 20 ◦C) for 6 h, until no weight loss was observed (samples denoted
as CSCaPOP). The chamber was first evacuated to an ultimate pressure of about 0.12 mbar. Then,
commercially available oxygen was leaked into the discharge chamber. The pressure was fixed at
0.4 mbar during the experiment. The plasma generator worked at a frequency of 40 kHz. The power
used in the experiments was about 300 W. With this treatment, the polymer was partially removed
without altering the nature of the mineral phase.

4.3. Sample Characterization

The morphology of the samples was investigated by scanning electron microscopy (SEM,
Carl Zeiss, Oberkochen, Germany) with a Zeiss DSM-950 instrument and by transmission electron
microscopy (TEM, Jeol, Peabody, MA, USA) with a 200-KeV JEOL 2000 FXII instrument. For SEM
studies, samples were mounted on a stub of metal with adhesive and coated with gold. For TEM
studies, samples were milled and dispersed in acetone with sonication. One drop of the solution was
put in the grid and the solvent was evaporated prior to sample examination.

Fourier transform infrared spectra (FTIR) were collected by a NICOLET 20 SXC FTIR
(ThermoFisher, Madison, WI, USA). Samples were milled previous to sample analysis. Mercury
porosimetry measurements were carried out using a Micromeritics Autopore II 9220 mercury
porosimeter (Micromeritics Instrument Corp., Norcross, GA, USA) following the standard procedure.

Thermogravimetric analysis (TG/DTA) was carried out with a SEIKO TG/ ATD 320 U SSC 5200
(SEIKO instruments, Chiba, Japan). Samples were heated from 20 ◦C to 650 ◦C at a heating rate



Materials 2017, 10, 516 11 of 14

of 5 ◦C/min under air flow (20 mL/min). XRD patterns were obtained with a Bruker D8 advance
diffractometer (Bruker, Billerica, MA, USA) using Cu Kα radiation (step size 0.05◦, counting time 3.5 s).

The peak broadening of XRD reflection was used to estimate the crystallite size (Xs) in a direction
perpendicular to the crystallographic plane using Scherrer’s formula (Equation (1)):

Xs =
0.9λ

FWHM.cosθ
(1)

where Xs is the crystallite size (nm), λ is the wavelength of the X-ray beam (λ = 0.15406 nm for Cu Kα

radiation), FWHM is the full width at half maximum of the diffraction peak under consideration (rad),
and θ is the diffraction angle. The diffraction angle around 2θ = 26◦ (peak assigned to (002) Miller´s
plane family) was selected for the calculation of the crystallite size, since it has large intensity and is
isolated from the others.

The fraction of the crystalline phase (Xc) in the Hap was evaluated by the following equation
(Equation (2)) [32]:

Xc = 1− V112/300
I300

(2)

where I300 is the intensity of (300) diffraction peak and V112/300 is the intensity at the valley between
(112) and (300) diffraction peaks of Hap.

The splitting factor (SF), as an indication of crystallinity, was calculated from the FTIR
measurements using the method given by Weiner and Bar-Yosef [22]. After a baseline correction
between 400 and 800 cm−1, the intensity of the two PO4

3− vibration bands at 603 cm−1 (a) and
571 cm−1 (b) in the absorbance mode was measured and their sum was then divided by the intensity
(c) of the valley between these absorption bands above the baseline; i.e., SF = (a + b)/c. The software
Origin 7 was used for calculations.

31P NMR spectra of calcined and non-calcined samples were acquired using a Bruker AVANCE
200 spectrometer (Bruker, Billerica, MA, USA) with a 4-mm Bruker probe operating at 9.4 T and
162 MHz. The amount of sample used was around 5 mg. The spinning frequency was 10 kHz for
the magic angle sample spinning (MAS) RMN and 7 KHz for cross-polarized MAS (CP-MAS) NMR.
The contact time for 31CP-MAS NME ranged from 0.1 to 10 ms. The 90◦ pulse length was 6 µs, the
repetition time was 5 s and the number of scans was 800.

4.4. In Vitro Cell Culture and Seeding

Cell culture C2C12-GFP (ATCC® CRL-1772™, Manassas, VA, USA) mouse premyoblastic cells
were treated with a lentivirus to integrate a GFP gene into the C2C12 genome. Cells were cultured in
high glucose Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% phosphate saline
buffer (FBS), (Hyclone™, Fisher Scientific, Waltham, MA, USA) plus antibiotics (100 U/mL penicillin
and 100 µg/mL streptomycin sulphate, Sigma-Aldrich, St. Louis, MO, USA). MC3T3 cell line (ATCC®

CRL-2593™, Manassas, VA, USA) is a mouse preosteoblastic cell line. Routine passaging of the cell
line was performed in 25-cm3 flasks and cells were maintained in complete α-MEM (A10490, Gibco,
UK) without ascorbic acid supplemented with 10% fetal bovine serum, (Hyclone™, Fisher Scientific,
Waltham, MA, USA) plus antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin sulphate,
(Sigma-Aldrich, St. Louis, MO, USA). For both cell lines, culture conditions were 37 ◦C in a humidified
5% CO2 atmosphere. Cell passaging was performed when cell growth reached ≈ 80% confluence.

CSCaP samples were cut to form cylinders of similar size and were placed into the wells of a
standard 24-well plate. Samples were washed three times with phosphate buffer solution, after which
the hydrogels were exposed to UV irradiation for 40 min for sterilization. After sterilization, the
samples were washed three times with culture medium (DMEM) prior to cell seeding. Cells were
seeded at a density of 10,000 cells/sample and a minimum of three monoliths of each sample type
was used for each experiment. Afterwards, 1 mL of pre-warmed complete culture medium was added
to each well and all the samples were housed in a humidified 37 ◦C, 5% CO2 atmosphere incubator.
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Samples were observed and fluorescent images were captured at specific time points using an inverted
fluorescence microscope (Olympus IX51, Olympus, Melville, NY, USA).

4.5. Cell Morphology

Cells on the material were fixed with 4% paraformaldehyde (PFA) solution for 15 min. After
PFA was removed, cells were rinsed with phosphate saline buffer twice and permeabilized with 0.1%
(v/v) Triton X-100, washed with PBS again and stained with Texas Red®-X phalloidin (ThermoFisher,
Madison, WI, USA), a high-affinity F-actin probe conjugated to red fluorochrome, for 20 min at
room temperature in darkness. Finally, fluorescent-labelled cells were observed using an inverted
fluorescence microscope (Olympus IX51, Olympus, Melville, NY, USA) with a TRICT filter (λex/λem
= 550/600 nm) for Actin using CellD analysis software (Olympus, Olympus, Melville, NY, USA).

4.6. Cell Proliferation

Metabolic activity of cell cultures was measured by Alamar Blue assay following the
manufacturer’s instructions (Biosource, Camarillo, CA, USA). This method is non-toxic, scalable
and uses the natural reducing power of living cells, generating a quantitative measure of cell viability
and cytotoxicity. Briefly, Alamar Blue dye (10% of the culture volume) was added to each well,
containing living cells seeded over films, and incubated for 90 min. Assays were performed on each
sample type in triplicate. The fluorescence (λex/λem 535/590 nm) of each well was measured using a
platereader (Synergy HT, Biotek, Winooski, VT, USA).

5. Conclusions

In this paper, we prepared a chitosan-based macroporous composite containing amorphous
calcium phosphate (ACP) salts by, first, dissolving commercial Hap in a chitosan solution and then
applying the ISISA process. The formation of ACP was particularly interesting because it exhibits better
in vivo osteoconductivity and biodegradability than other mineral phases, e.g., tricalcium phosphate
and hydroxyapatite. Moreover, ACP can increase alkaline phosphatase activities of mesoblasts,
thus enhancing cell proliferation and promoting cell adhesion. Finally, it is also worth noting that
the composite’s structure, with porosities of around 80-85%, mimicked the native architecture of
bone trabecular tissue, whereas certain resemblances between chitosan and ECM glycosaminoglycans
(GAGs) contributed to the grafting capabilities of the composite being able to approach those of original
bone. Under these premises, our composite became a quite promising candidate for tissue repair and
regeneration. In fact, the studies carried out in this work with premyoblastic and preosteoblastic cell
lines demonstrated how the ACP content in the composite was a key parameter for cell proliferation; i.e.,
increasing the ACP content from 6 to 32 wt % resulted in a remarkable increase in the metabolic activity
of premioblastic cells (five-fold) and preosteoblastic cells (three-fold). Based on these preliminary
in vitro results, an in vivo animal model response will be evaluated in future studies to assess the
potential clinical application of this composite.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/5/516/s1.
Figure S1: Thermogravimetric analysis of CSCaP composites. (A) CSCaP1; (B) CSCaP2 and (C) CSCaP3
samples. Figure S2: XRD pattern of (A) Chitosan; (B) Hydroxyapatite and (C) physical mixture of chitosan
and hydroxyapatite. Figure S3: FTIR spectra of CSCaP1OP (A) and CSCaP1C (B) samples. Figure S4: Typical
31P NMR spectra of CSCaP (A) and CSCaPC (B) samples. Figure S5: Fluorescence microscopy of premyoblastic
C2C12-GFP cell culture at 7days. (A) CS scaffold; (B) CSCaP1 composite; (C) CSCaP2 composite and (D) CSCaP3
composite. Figure S6: Actin staining of osteoblastic MC3T3 cell culture at 7 days. (A) CS scaffold; (B) CSCaP1
composite; (C) CSCaP2 composite and (D) CSCaP3 composite.

Acknowledgments: This work was supported by Ministry of Economy, Industry and Competitiveness (Project
MAT2013-42957-R and MAT2015-68639-R). The authors would like to thank M.C. Gutierrez from ICMM-CSIC for
her helpful comments during paper writing.

Author Contributions: I.A. and F.M. conceived and designed the experiments related to material synthesis and
characterization, E.M. conceived and designed the experiments related to biological testing; I.A., C.M. A.C., S.A.
and E.M. performed the experiments; I.A, F.M. and E.M. analysed the data; I.A. and F.M. wrote the paper.

www.mdpi.com/1996-1944/10/5/516/s1


Materials 2017, 10, 516 13 of 14

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Fernández, E.; Gil, F.J.; Ginebra, M.P.; Driessens, F.C.M.; Planell, J.A. Calcium phosphate bone cements for
clinical applications. Part I: Solution chemistry. J. Mater. Sci. Mater. Med. 1999, 10, 169–176. [PubMed]

2. Al-Sanabani, J.S.; Ahmed, J.S.; Madfa, A.; Fadhel, A. Application of Calcium Phosphate Materials in Dentistry.
Int. J. Biomater. 2013. [CrossRef] [PubMed]

3. Heimann, R.B.; Lehmann, H.D. Fundamentals of interaction of bioceramics and living matter. In Bioceramic
Coatings for Medical Implants; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2015; pp. 41–68.
[CrossRef]

4. Deng, X.; Hao, J.; Wang, C. Preparation and mechanical properties of nanocomposites of poly(D,L-lactide)
with Ca-deficient hydroxyapatite nanocrystals. Biomaterials 2001, 22, 2867–2873. [CrossRef]

5. Anjaneyulu, U.; Vijayalakshmi, U. Preparation and characterization of novel sol-gel derived hydroxyapatite/Fe3O4

composites coatings on Ti-6Al-4V for biomedical applications. Mater. Lett. 2017, 189, 118–121. [CrossRef]
6. Surmenev, R.A.; Surmeneva, M.A.; Ivanova, A.A. Significance of calcium phosphate coatings for the

enhancement of new bone osteogenesis—A review. Acta Biomater. 2014, 10, 557–579. [CrossRef] [PubMed]
7. Webster, T.J.; Ergun, C.; Doremus, R.H.; Siegel, R.W.; Bizios, R. Enhanced osteoclast-like cell functions on

nanophase ceramics. Biomaterials 2001, 22, 1803–1810. [CrossRef]
8. Xu, J.L.; Khor, K.A.; Dong, Z.L.; Gu, Y.W.; Kumar, R.; Cheang, P. Preparation and characterization of

nano-sized hydroxyapatite powders produced in a radio frequency (RF) thermal plasma. Mater. Sci. Eng. A
2004, 374, 101–108. [CrossRef]

9. Chou, Y.-F.; Chiou, W.-A.; Xu, Y.; Dunn, J.C.Y.; Wu, B.M. The effect of pH on the structural evolution of
accelerated biomimetic apatite. Biomaterials 2004, 25, 5323–5331. [CrossRef] [PubMed]

10. Rinaudo, M. Chitin and chitosan: Properties and applications. Prog. Polym. Sci. 2006, 31, 603–632. [CrossRef]
11. Muzzarelli, R.A.; Greco, F.; Busilacchi, A.; Sollazzo, V.; Gigante, A. Chitosan, hyaluronan and chondroitin

sulfate in tissue engineering for cartilage regeneration: A review. Carbohyd. Polym. 2012, 89, 723–739.
[CrossRef] [PubMed]

12. Swetha, M.; Sahithi, K.; Moorthi, A.; Srinivasan, N.; Ramasamy, K.; Selvamurugan, N. Biocomposites
containing natural polymers and hydroxyapatite for bone tissue engineering. Int. J. Biol. Macromol. 2010, 47,
1–4. [CrossRef] [PubMed]

13. Zhou, J.; Cai, X.; Cheng, K.; Weng, W.; Song, C.; Du, P.; Shen, G.; Han, G. Release behaviors of drug loaded
chitosan/calcium phosphate coatings on titanium. Thin Solid Films 2011, 519, 4658–4662. [CrossRef]

14. Deville, S.; Saiz, E.; Tomsia, A.P. Ice-templated porous aluminia structures. Acta Mater. 2007, 55, 1965–1974.
[CrossRef]

15. Gutíerrez, M.C.; García-Carvajal, Z.Y.; Jobbagy, M.; Yuste, L.; Rojo, F.; Abrusci, C.; Catalina, F.; Monte, F.;
Ferrer, M.L. Hydrogel Scaffolds with Immobilized Bacteria for 3D Cultures. Chem. Mater. 2007, 19, 1968–1973.
[CrossRef]

16. Wang, S.F.; Shen, L.; Tong, Y.J.; Chen, L.; Phang, I.Y.; Lim, P.Q.; Liu, T.X. Biopolymer chitosan/montmorillonite
nanocomposites: Preparation and characterization. Polym. Degrad. Stab. 2005, 90, 123–131. [CrossRef]

17. Liao, C.J.; Lin, F.H.; Chen, K.S.; Sun, J.S. Thermal decomposition and reconstitution of hydroxyapatite in air
atmosphere. Biomaterials 1999, 20, 1807–1813. [CrossRef]

18. Myung, S.W.; Kim, B.H. Oxygen and nitrogen plasma etching of three-dimensional hydroxyapatite/chitosan
scaffolds fabricated by additive manufacturing. J. Appl. Phys. 2016, 55, 01AB07. [CrossRef]

19. Laroussi, M. Low Temperature Plasma-Based Sterilization: Overview and State-of-the-Art. Plasma Process Polym.
2005, 2, 391–400. [CrossRef]

20. Krishna, S.R.D.; Siddharthan, A.; Seshadri, S.K.; Kumar, T.S.S. A novel route for synthesis of nanocrystalline
hydroxyapatite from eggshell waste. J. Mater. Sci. Mater. Med. 2007, 18, 1735–1743. [CrossRef] [PubMed]

21. Weiner, S.; Bar-Yosef, O. States of preservation of bones from prehistoric sites in the Near East: A survey.
J. Archaeol. Sci. 1990, 17, 187–196. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/15348165
http://dx.doi.org/10.1155/2013/876132
http://www.ncbi.nlm.nih.gov/pubmed/23878541
http://dx.doi.org/10.1002/9783527682294.ch3
http://dx.doi.org/10.1016/S0142-9612(01)00031-X
http://dx.doi.org/10.1016/j.matlet.2016.11.078
http://dx.doi.org/10.1016/j.actbio.2013.10.036
http://www.ncbi.nlm.nih.gov/pubmed/24211734
http://dx.doi.org/10.1016/S0142-9612(00)00285-4
http://dx.doi.org/10.1016/j.msea.2003.12.040
http://dx.doi.org/10.1016/j.biomaterials.2003.12.037
http://www.ncbi.nlm.nih.gov/pubmed/15110483
http://dx.doi.org/10.1016/j.progpolymsci.2006.06.001
http://dx.doi.org/10.1016/j.carbpol.2012.04.057
http://www.ncbi.nlm.nih.gov/pubmed/24750856
http://dx.doi.org/10.1016/j.ijbiomac.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20361991
http://dx.doi.org/10.1016/j.tsf.2011.01.012
http://dx.doi.org/10.1016/j.actamat.2006.11.003
http://dx.doi.org/10.1021/cm062882s
http://dx.doi.org/10.1016/j.polymdegradstab.2005.03.001
http://dx.doi.org/10.1016/S0142-9612(99)00076-9
http://dx.doi.org/10.7567/JJAP.55.01AB07
http://dx.doi.org/10.1002/ppap.200400078
http://dx.doi.org/10.1007/s10856-007-3069-7
http://www.ncbi.nlm.nih.gov/pubmed/17483877
http://dx.doi.org/10.1016/0305-4403(90)90058-D


Materials 2017, 10, 516 14 of 14

22. Berzina-Cimdina, L.; Borodajenko, N. Research of calcium phosphates using Fourier Transform Infrared
Spectroscopy. In Infrared Spectroscopy—Materials Science, Engineering and Technology; Theophanides, T., Ed.;
INTECH Open Access Publisher: Rijeka, Croatia, 2012. [CrossRef]

23. Chen, F.; Wang, Z.C.; Lin, C.J. Preparation and characterization of nano-sized hydroxyapatite particles and
hydroxyapatite/chitosan nano-composite for use in biomedical materials. Mater. Lett. 2002, 57, 858–861.
[CrossRef]

24. Kaflak, A.; Kolodziejski, W. Kinetics of 1H 31P NMR cross-polarization in bone apatite and its mineral
standards. Magn. Reson. Chem. 2008, 46, 335–341. [CrossRef] [PubMed]

25. Mathew, R.; Gunawidjaja, P.N.; Izquierdo-Barba, I.; Jansson, K.; García, A.; Arcos, D.; Vallet-Regí, M.;
Edén, M. Solid-State 31P and 1H NMR investigations of amorphous and crystalline calcium phosphates
grown biomimetically from a mesoporous bioactive glass. J. Phys. Chem. C 2011, 115, 20572–20582. [CrossRef]
[PubMed]

26. Raynaud, S.; Champion, E.; Bernache-Assollant, D.; Thomas, P. Calcium phosphate apatites with variable
Ca/P atomic ratio I. Synthesis, characterisation and thermal stability of powders. Biomaterials 2002, 23,
1065–1072. [CrossRef]

27. Jager, C.; Welzel, T.; Meyer-Zaika, W.; Epple, M.A. solid state NMR investigation of the structure of
nanocrystaline hydroxyapatite. Magn. Reson. Chem. 2006, 44, 573–580. [CrossRef] [PubMed]

28. Sun, Y.; Brauckmann, O.; Nixdorf, D.R.; Kentgens, A.; Garwood, M.; Idiyatullin, D.; Heerschap, A. Imaging
human teeth by phosphorus magnetic resonance with nuclear overhauser enhancement. Sci. Rep. 2016.
[CrossRef] [PubMed]

29. Gutiérrez, M.C.; Jobbágy, M.; Ferrer, M.L.; del Monte, F. Enzymatic Synthesis of Amorphous Calcium
Phosphate−Chitosan Nanocomposites and Their Processing into Hierarchical Structures. Chem. Mater. 2008,
20, 11–13. [CrossRef]

30. Nardecchia, S.; Gutiérrez, M.C.; Serrano, M.C.; Dentini, M.; Barbetta, A.; Ferrer, M.L.; del Monte, F. In situ
precipitation of amorphous calcium phosphate and ciprofloxacin crystals during the formation of chitosan
hydrogels and its application for drug delivery purposes. Langmuir 2012, 28, 15937–15946. [CrossRef] [PubMed]

31. Ngiam, M.; Liao, S.; Patil, A.J.; Cheng, Z.; Chan, C.K.; Ramakrishna, S. The fabrication of nano-hydroxyapatite
on PLGA and PLGA/collagen nanofibrous composite scaffolds and their effects in osteoblastic behavior for
bone tissue engineering. Bone 2009, 45, 4–16. [CrossRef] [PubMed]

32. Abarrategi, A.; Moreno-Vicente, C.; Martinez-Vazquez, F.J.; Civantos, A.; Ramos, V.; Sanz-Casado, J.V.;
Martinez-Corria, R.; Perera, F.H.; Mulero, F.; Miranda, P.; et al. Biological properties of solid free form
designed ceramic scaffolds with BMP-2: In vitro and in vivo evaluation. PLoS ONE 2012. [CrossRef] [PubMed]

33. Landi, E.; Tampieri, A.; Celotti, G.; Sprio, S. Densification behaviour and mechanisms of synthetic
hydroxyapatites. J. Eur. Ceram. Soc. 2000, 20, 2377–2387. [CrossRef]

34. Thein-Han, W.W.; Misra, R.D. Biomimetic chitosan-nanohydroxyapatite composite scaffolds for bone tissue
engineering. Acta Biomater. 2009, 5, 1182–1197. [CrossRef] [PubMed]

35. Cardoso, M.J.; Costa, R.R.; Mano, J.F. Marine origin polysaccharides in drug delivery systems. Mar. Drugs
2016, 14. [CrossRef] [PubMed]

36. Bose, S.; Tarafder, S. Calcium phosphate ceramic systems in growth factor and drug delivery for bone tissue
engineering: A review. Acta Biomater. 2012, 8, 1401–1421. [CrossRef] [PubMed]

37. Pramanik, N.; Mishra, D.; Banerjee, I.; Maiti, T.K.; Bhargava, P.; Pramanik, P. Chemical synthesis,
characterization, and biocompatibility study of Hydroxyapatite/Chitosan Phosphate Nanocomposite for
bone tissue engineering application. Int. J. Biomater. 2009. [CrossRef] [PubMed]

38. Li, G.; Wang, L.; Pan, W.; Yang, F.; Jiang, W.; Wu, X.; Dai, X.; Hao, Y. In vitro and in vivo study of additive
manufactured porous Ti6Al4V scaffolds for repairing bone defects. Sci. Rep. 2016. [CrossRef] [PubMed]
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