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Abstract The aim of this work is to assess the behavior of
biocomposites (CPSs) in regard to the generation of biogenic
hydroxyapatite and also their degradation depending on the
concentration of cross-linker agent, pH, and ionic strength.
The development of these composites with potential applica-
tion in bone tissue regeneration is based on alginate and syn-
thetic nano-hydroxyapatite (nano-HA), which was used as a
cross-linker agent. The CPSs showed the capability to develop
biogenic hydroxyapatite when they were incubated in simu-
lated body fluid (SBF) depending on the incubation time and
concentration of the linker. These results were analyzed by x-
ray diffraction (XRD), Fourier transform infrared (FT-IR), and
scanning electron microscopy (SEM). Furthermore, the CPSs
have shown resistance to the degradation (demonstrated by
swelling and dissolution tests) when the mentioned conditions
were modified. Finally, the development of a liquid crystalline
phase within the composites, which contributes to reinforce
their structure, is a novel finding in this study. This behavior
has been shown by means of optical microscopy (OM) with
crossed polaroids. Thus, these composites displayed promis-
ing results to be used as bone filling materials in the future.

Keywords Alginates . Nano-hydroxyapatite . Composites .

Mesophases . Bone filling materials

Introduction

Nowadays, autologous bone graft remains the gold standard
for management of bone defects. However, there are some
drawbacks associated with this methodology such as bone
resorption, infections, limited availability of grafts, bleeding
with further hematoma in the involved site, chronic pain with
further increase in the donor-site morbidity, and also addition-
al cost [1, 2]. Therefore, the design and development of new
materials so as to replace the native bone in treatment of bone
diseases are essential.

The materials used in tissue engineering must be biocom-
patible and act as a temporary 3D support for cell adhesion,
deposition, and growth of the new extracellular matrix and
also be able to be integrated into the surrounding tissue.
Finally, the degradation of the devices must proceed in a
controlled manner while maintaining their structural integrity
until they are replaced by the new tissue [3]. In this context,
ceramic materials were chosen for this application
because of their good osteoconductive properties and
osseointegration [4]. Ceramic materials for bone filling
based on hydroxyapatite are used for treating bone deficien-
cies caused by illness state or injury [5]. The development of
new bone is promoted by injection of this material into bone
defects but replacing hydroxyapatite (HA) with host bone
after implantation requires a long time nevertheless [6].
For this reason, the application of these ceramic materials
requires the combination with other type of cements to
strengthen their interaction between the bone cavity matrix
and biomaterials and, thus, improve the adhesion of HA [7].
To overcome this issue, biocompatible biopolymers with
bio-adhesion capability could be used. Within biopolymers,
we can find alginates (ALGs), which are widely used for a
variety of reasons such as their water-solubility, biodegrad-
ability, and thickening effect in certain conditions, with
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capability of forming hydrogels in situ. As a consequence,
composites based on alginate would be suitable to fill large
bone defects and they would be easily absorbed by the pa-
tient’s body. Furthermore, biogenic hydroxyapatite could be
deposited when these biocomposites are incubated in simu-
lated body fluid [8].

Some of the features required by alginates, which contrib-
ute to reach a suitable bone device, were previously described.
However, there is another aspect that must be considered: the
behavior of this polymer depends on pH values. This charac-
teristic is important because the zone of the body affected by
an injury displays a pH variation depending on naturally trig-
gered biological processes [9]. Therefore, materials with pH
adaptation capability could be considered for future designs of
bone filling devices. Lin and Yeh [10] have reported that the
presence of hydroxyapatite, along with alginate, increased the
cell attachment in the inner parts of the bone matrix and of-
fered a suitable choice of scaffold systems for bone tissue
engineering. Hence, the developed composites might be ap-
plied in bone regeneration in combination with bioactive ce-
ramics with promising results [11]. There is a strong interfacial
interaction between alginate and hydroxyapatite by means of
electrostatic forces and H bonds [11, 12]. However, the integ-
rity of the composite is not kept by these forces alone. It has
been reported that alginate and xanthan gum have helical
structure and, under certain conditions, hydrogels formed by
a blend of these two polymers [13, 14] can develop
mesophases. From this perspective, our work is one of the first
to report the development of these structures with alginate
hydrogels. Furthermore, the mesophases could be used as
drug delivery systems such as those reported by Quirolo
et al. [15].

Therefore, biocomposites can keep their integrity in the
tested media by means of the calcium effect, H bonds, elec-
trostatic interactions, and liquid crystal formation. As a con-
sequence, it has been reported that both the hydroxyapatite
[16, 17] and alginate [18–20] can be used as carrier systems
for one or more drugs [11, 21].

The aim of this work is to demonstrate that composites
based on nano-HA (synthesized in our laboratory) and algi-
nate can develop biogenic hydroxyapatite when they are in-
cubated in SBF, and they have dissolution and swelling pa-
rameters that ensure their stability during the contact with
body fluids and their conditions. These results were reached
by comparing the effect of Ca2+ ions (provided by hydroxy-
apatite suspensions and, conversely, CaCl2 solutions) on the
hardness and strength of biocomposites and by assessing be-
havior when these structures are subjected to different solvents
media which simulate the variability of pH in physiological
conditions. Thus, this work tries to contribute with the under-
standing of biodegradable and bio-adhesive systems which
could work as wound dressings potentially applicable to bone
injuries or defects.

Materials and methods

Materials

Sodium alginate (ALG) with mannuronic/glucuronic acid ra-
tio (M/G) estimated in 0.79 by 1H NMR according to the
literature [22] was purchased from Fluka (Switzerland, N:
71238, molecular weight (Mw) = 231,500 g mol−1).
Hexadecyl-trimethyl ammonium bromide (CTAB,
Mw = 364.48 g mol−1, 99% Sigma), a poly(propylene glycol)
(PPG, Sigma-Aldrich,Mw = 425 g mol−1, δ = 1.004 g cm−3 at
25 °C), sodium phosphate (Na3PO4, Mw = 148 g mol−1, 96%
Sigma), calcium chloride (CaCl2, Mw = 91 g mol−1, 99%
Sigma), and sodium nitrite (NaNO2, Mw = 69 g mol−1, 97%)
were used without further purification. For solution prepara-
tion, only triple-distilled water was used.

The nano-hydroxyapatite (nano-HA) was synthesized by
means of micelles of CTAB with PPG. They form an orga-
nized hierarchical network which creates bioactive superstruc-
tures resulting in associations of nano-rods. Under synthesis
conditions, CTAB forms rod-like micelles of 47 nm length
that behaves as a template for deposition of PO4

−3 and Ca2+

ions. This procedure yielded a hydroxyapatite with the follow-
ing formula: Ca10(PO4)6(OH)2 and with aMw = 1004 g mol−1

[5]. The size and surface features of the nano-rods are very
relevant for developing a good osseointegration. For this rea-
son, PPG is used to reduce the size of the nano-rods and
modify their topology for improving the cell adhesion [5].

Methods

Composite preparation

For this study, two types of biocomposites (CPSs) were de-
veloped with a water solution (W) (pH = 5.8) of alginate 2%
(w/v). For the first type, synthetic nano-HAwas used as cross-
linking agent and, for the second one, CaCl2 solution was
utilized as a control set. Then, two other sets of CPSs were
prepared using different solvents: (a) phosphate buffer saline
(PBS) (pH = 7.4) and (b) acetate buffer (BAc) (pH = 4.2). The
biocomposites prepared with (a) and (b) were developed to
confirm the appearance of tridimensional ordered structures
(mesophases) in the swelling tests, observed by means of op-
tical microscopy (OM) in electronic supplementary material
(ESM). The materials were labeled as Ca:CPSs and HA:CPSs
depending on the kind of cross-linker agent used. The former
composites were prepared using external cross-linking, by
adding CaCl2 in three different concentrations, whereas the
latter were developed utilizing three different concentrations
of previously synthesized nano-HA as the cross-linking agent.
Finally, the last group of CPSs was obtained using both CaCl2
and nano-HA (Ca1/HA2:CPS). In this final set, the used con-
centrations were Ca1 and HA2 for CaCl2 and nano-HA,
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respectively. The procedure is described as follows: 15 ml of
alginate solutions (in water, phosphate buffer or acetate) were
put into petri dishes and different amounts of cross-linking
agents containing solutions were added. For this purpose,
the concentrations used to cross-link the CPSs were in accor-
dance with the molar mass of the reagents (CaCl2 and HA).
The biocomposites labeled Ca1 were developed by adding
1ml of a 110mMCaCl2 solution to 15ml of 2% (w/v) alginate
solution. For Ca2 and Ca3, 2 and 3 ml of 110 mMCaCl2 were
added, respectively. The composites called HA:CPS were de-
veloped by adding 1, 2, and 3 ml of a 11 mM of HA suspen-
sion to 15 ml of 2% alginate solution (w/v), and they were
consequently called HA1:CPS, HA2:CPS, and HA3:CPS.
Thus, the amount of calcium in Ca:CPSs was the same as in
HA:CPSs. Once prepared, the CPSs were dried up to constant
weight at 60 °C during 24 h in an electric oven. Then, they
were rehydrated with their respective solution (water, PBS, or
BAc) and dried to reach a more homogenous point
consistency.

At the same time, biocomposites with a solution of alginate
1% (w/v) and Ca2 of CaCl2 and HA2 of nano-HA concentra-
tions as cross-linking agents were studied in the three men-
tioned media (water, and phosphate and acetate buffers).
However, since these dissolve in a short time, we only ob-
served them byOM (shown in ESM) as any other study would
have been unproductive.

Swelling ratio test

Swelling ratio test of biocomposites was used as a measure of
the extent of cross-linking or, in other words, as a measure of the
effect of cross-linking agents depending on the different media.
Previously weighted, they were incubated at 37 °C in different
solvents during 10, 60, and 1440min. The used solvents were as
follows: water (W) (pH = 5.8), acetate buffer (BAc) (pH = 4.2),
and phosphate-buffered saline (PBS) (pH = 7.4).

Once swollen in these different solvents, the biocomposites
were weighed again. Finally, a relation between final weight
(Wf) and initial weight (Wi) was established following the
Rhim method [23]:

SW ¼ W f

W i
� 100 ð1Þ

Measurements were done three times on independent ex-
periments and the results are shown in the ESM as mean
values of the three assayed replicates ± the standard deviation.

Dissolution test

The dissolution assay has been performed to evaluate the de-
gree in which the biocomposites keep their mass and

consistency after incubation at 37 °C during 10, 60, and
1440 min. In addition, the difference in their behavior at dif-
ferent pH values could be evaluated. The dried biocomposites
were weighted and then incubated in water, acetate buffer, or
phosphate-buffered solution during the mentioned time.
Finally, they were removed from the incubation solutions
and dried up in the oven up to constant weight. Thus, relations
between final (Wf) and initial (Wi) dried weights were
established as follows:

DT ¼ W i−W fð Þ
W i

� 100 ð2Þ

Measurements were done three times on independent ex-
periments and the results were shown as mean values of the
three assayed replicates ± the standard deviation.

Optical microscopy

Optical microscope micropictures were carried out with a
Nikon Eclipse E-200 POL polarizing microscope (Tokyo,
Japan). All samples were laid on excavated slides and dried
up to constant weight in the oven at 60 °C during approxi-
mately 1 h. This exposition time is shorter than those present-
ed in the BComposite preparation^ section because of the
smaller thickness of the structures. Microphotographs were
taken with and without crossed polarizers, and in some cases,
a 1λ retardation plate was intercalated.

Bioactivity assay

To carry out the bioactivity assay, the material was kept in
contact with simulated body fluid (SBF) following the stan-
dard procedure described by Kokubo et al. [8, 24, 25], which
has a composition and ionic concentration similar to those of
human plasma, containing Na+ (142.0 mM), 211 K+

(5.0 mM), Mg2+ (1.5 mM), Ca2+ (2.5 mM), Cl−

(148.8 mM), HCO3
− (4.2 mM), HPO4−2 (1.0 mM), and

SO4
−2 (0.5 mM). The synthesized materials were immersed

in 1.5 SBF at 37 °C for periods of 7, 15, and 30 days; the
specimens were removed from fluid, rinsed with distilled wa-
ter, and finally dried. The temperature (37 °C) was maintained
by placing the samples in a thermostatic bath throughout the
experiment.

FT-IR spectroscopy The FT-IR spectra were obtained in
4000–400 cm−1 wavelength range by a NICOLET Nexus
470 spectrophotometer, with a 2-cm−1 resolution and
64 scans/min using an AVATAR Smart Diffuse Reflectance
Accessory.

The samples were performed at 1% weight/weight in KBr;
therefore, 2 mg of either oven-dried sample and 200 mg of
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KBr (FT-IR grade, Aldrich Chemical Co.) were homogenized
thoroughly in an agate mortar with precaution taken to avoid
the moisture.

After grinding, the sample mixture was heaped over the top
of the microsample cup. Any excess material was removed
with a straight edged tool. For the background, a microsample
cup of pure KBr was prepared. Each record was done in
triplicate.

Scanning electronmicroscopy The SEMmicropictures were
obtained using a JEOL 35CF, Tokyo, Japan. The composites
treated as described in the BFT-IR spectroscopy^ section were
observed using a SEM to explore the surface morphology and
evaluate their changes.

X-ray powder diffraction Powder X-ray diffraction (XRD)
data were collected with a Philips PW 1710 diffractometer
with Cu Kα radiation (λ = 1.5418 nm) and graphite
monochromator, operated at 45 kV, 30 mA, and 25 °C.
The mean crystalline size (δ) of the particles was calculat-
ed from XRD line broadening measurement using the
Scherrer equation [5, 26]:

δ ¼ 0:89λ
βcosθ

ð3Þ

where λ is the wavelength (Cu Kα), β is the full width at
the half maximum of the hydroxyapatite (211) line, and θ is
the diffraction angle. The fraction of crystalline phase (Xc)
of these ceramics was evaluated by the following equation
[5, 26]:

Xc ¼ 1−υ112=300
I300

ð4Þ

where I300 is the intensity of (300) diffraction peak and I112/
300 the intensity of the hollow between (112) and (300) hy-
droxyapatite diffraction peaks. The estimated uncertainties are
about 20% [5].

All the biocomposites were dried in an oven after the
incubation time and then washed with distilled water and
dried again. This protocol was repeated twice and finally
XRD measurements were carried out. It is important to
remark that XRD measurements were performed before
and after the incubation process to establish a ratio be-
tween hydroxyapatite used as a linker and the biogenic
hydroxyapatite produced during the incubation. This pro-
cedure was performed with three independent samples
and therefore biocomposites with same (dried) weights
were used for the comparison.

Results and discussion

Relation between features of the biocomposites
and the formation of biogenic hydroxyapatite

The fact that each polymer has its own influence on the nu-
cleation and growth of hydroxyapatite nanocrystals by specif-
ic organic–inorganic interactions between components [27]
highlights the importance of the polymer election. Kokubo
et al. [8] have shown that bone-like apatite can deposited onto
organic polymer gels surfaces containing carboxylic groups
after their incubation in simulated body fluid. In the current
work, this behavior was demonstrated by FT-IR, SEM, and
XRD.

The FT-IR spectra of HA2:CPSs are shown in Fig. 1a. The
three spectra correspond to different incubation times (black
solid line, 7 incubation days; black dashed line, 15 days; and
dark gray solid line, 30 days). In this figure, three important
bands named A, B, and C are displayed. A and B bands at
1613 and 1400 cm−1 correspond to asymmetric and symmet-
ric stretching of vibration bands of carboxylates (COO−)
groups, respectively. The presence of these bands indicates
that biocomposites have a certain number of free COO−

groups working as nucleation sites, from which the growing
of biogenic hydroxyapatite is generated. In this spectrum, the

a

b

Fig. 1 a FT-IR of biocomposites with concentration 2 of nano-HA as a
cross-linker and incubated in SBF. Black solid line, 7 incubation days;
black dashed line, 15 days; and dark gray solid line, 30 days. b
Magnification of a between 700 and 450 cm−1
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C band at 1098 cm−1 corresponds to phosphate (PO4
3−) group

of hydroxyapatite [28, 29]. Additionally, it demonstrates that
an increase in incubation time generates an increase in the
hydoxyapatite growth. Despite this, there was no considerable
difference between biocomposites with incubation times of 15
and 30 days. A greater splitting of this band (C) indicates
higher crystallinity of the hydoxyapatite. There are other
bands in this figure that indicate its presence, and therefore,
they are represented with dotted lines and correspond to the
following bands: 560–600 cm−1 (which represents the vibra-
tion band of phosphate (PO4

3−) group) and 670 cm−1 (which
represents the carbonate hydroxyapatite (CO3:HA) forma-
tion). It has been assumed that all the bands ascribed to
PO4

3− group correspond to the hydroxyapatite because of
the results obtained by XRD which are discussed below (see
Fig. 4).

For better comprehension, a magnification of the zone be-
tween 450 and 700 cm−1 is displayed in Fig. 1b. Hence, when
nano-hydroxyapatite is used as cross-linker, the band of car-
bonate group of carbonate hydroxyapatite appears (at
670 cm−1) independently of the incubation time (7, 15, or
30 days) in simulated body fluid. It is clearly noted that, an
increase of the peak at 560–600 cm−1 represents the presence
of biogenic hydroxyapatite in the system when incubated dur-
ing 15 days or more. Finally, the vibration modes between
calcium ions and carboxylate groups of alginate at 819 cm−1

are shown. From the analysis of the region between 3000 and
3700 cm−1, almost five peaks can be recognized related to the
oxygen and hydrogen stretching. The band at 3440 cm−1 cor-
responds to adsorbed water and the others, located at 3744,
3223, 3100, and 3000 cm−1, may be assigned to different
structural OH groups in hydroxyapatite crystals [5] (–OH
groups associated to phosphate groups, and others with minor
interactions with the environment).

Therefore, for all the biocomposites performed and incu-
bated during 15 days into SBF, the FT-IR spectra displays an
important increase in the band at 1036 cm−1 corresponding to
the (v3) phosphate (PO4

3−) absorption which is associated to
the growth of hydroxyapatite coating on their surface. These
results agree with those reported by Ruso et al. [30].
Biocomposites cross-linked with nano-hydoxyapatite showed
a clearly superior (v3) PO4

3− adsorption band intensity when
compared to those which use CaCl2 as cross-linker, and this
effect was confirmed by scanning electron microscopy (SEM)
(see Fig. 3). This behavior is associated to the material’s bio-
activity and its osseointegration capacity and is in agreement
with the work of Kokubo et al. [8]. It is important to remark
that the HA:CPSs with 7 days of incubation did not show
neither the peak presence at 560–600 cm−1 nor an increase
in the peak at 1036 cm−1 corresponding to the (v3) phosphate
(PO4

3−) absorption; therefore, the biogenic capability of the
biocomposites into simulated body fluid is clearly noted after
15 days of incubation. However, this last peak at 1036 cm−1

appeared when synthesized hydroxyapatite was used as a
cross-linker. Furthermore, the obtained results confirm an in-
crease in the CPSs’ bioactivity by the incorporation of nano-
HA.

Figure 2a shows the complete FT-IR spectra of
biocomposites prepared in water incubated in SBF during
15 days. Figure 2b shows a magnification of these spectra
between 700 and 450 cm−1. Here, the vibration band of phos-
phate (PO4

3−) group of hydroxyapatite 560–600 cm−1 is more
evident for HA:CPSs than for Ca:CPSs. However, for
Ca2:CPS, this peak is also evident. This band confirms that
these biocomposites can develop biogenic hydroxyapatite

a

b

c

Fig. 2 a FT-IR of ALG 2%w/v biocomposites incubated in SBF 15 days.
Three of them use CaCl2 as a cross-linker and other three use nano-HA.
Black solid line, Ca1; black dashed line, Ca2; light gray solid line, Ca3;
light gray solid line, HA1; dark gray solid line, HA2; and dark gray solid
line, HA3. b Magnification of a between 700 and 450 cm−1. c
Magnification of a between 1200 and 800 cm−1
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when are incubated in SBF during 15 days. Figure 2c shows a
magnification of the spectra between 1200 and 800 cm−1. As
mentioned above, the band at 1036 cm−1 corresponds to the
(v3) PO4

3− absorption band and is associated to the growth of
an HA coating on their surface. Based on this study, we can
affirm that our system generates a coating of biogenic hy-
droxyapatite in SBF after 15 days of incubation.

Figure 3 shows SEM micropictures of biocomposites de-
veloped in water and incubated in SBF. Figure 3a, b corre-
sponds to composites with concentration 2 of nano-HA, with
an incubation time of 7 and 15 days, respectively. Crystals
with sizes between 0.5 and 2 μm are shown. Similar results
with bigger crystals sizes were reported by Zhang [31]. In
these figures, it is possible to see that an increase of incubation
time generates larger cumulous of biogenic hydroxyapatite,
always with the same features. Figure 3c shows a CPS
cross-linked with CaCl2 (Ca2) with 15 days of incubation.
Here, the cumulous of biogenic hydroxyapatite is smaller than
the one presented in Fig. 3a, b (HA:CPS) and detectable by
FT-IR. Figure 3d shows a 30-day incubated CPS cross-linked
with HA2 concentration. It is possible to note that biogenic
hydroxyapatite is growing inside the biocomposites with fea-
tures similar to the ones observed in other assays.

Therefore, these pictures show that an increase of incuba-
tion time of our materials into SBF generates more biogenic
hydroxyapatite and that the growth increases when using
nano-HA as a cross-linker instead of CaCl2.

Figure 4 shows the X-ray diffraction patterns of three
biocomposites built in water and then incubated during
15 days in SBF. The composites were carried out using con-
centration 2 of nano-HA (dark gray), concentration 2 of CaCl2

(light gray), and concentrations 2 and 1 of both nano-HA and
CaCl2 (black line) as cross-linkers, respectively. All the ob-
served peaks are readily indexed and are in agreement with
those reported by D’Elía et al. [5]. The patterns presented in
this figure reinforce the fact that our materials cross-linked
with nano-HA generate more biogenic hydroxyapatite than
those with CaCl2.

Accordingly, biogenic hydroxyapatite can grow on the sur-
face of composites, depending mainly on the chosen polymer
(which has negative charged groups), the presence of synthe-
sized hydroxyapatite used as cross-linker, and the incubation
time.

Fig. 3 SEM images of
biocomposites developed in water
(with and without HA) and
incubated in SBF: a 7 incubation
days, HA2; b 15 incubation days,
HA2; c 15 incubation days, Ca2;
d 30 incubation days, HA2

Fig. 4 XRD of biocomposites incubated in SBF during 15 days. Solid
black line, HA2 + Ca1; light gray line, Ca2; dark gray line, HA2
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Effect of concentration of nano-HA, pH, and ionic
strength in the stability of the biocomposites (CPSs)

The pH and ionic strength have a great implication on the
stability of biocomposites. The assessment of the stability
was carried out by means of swelling tests and dissolution
tests. Optical microscopy (OM) was used to confirm the liquid
crystals formation inside the materials.

The swelling and dissolution studies were carried out in
three different media at 37 °C: phosphate buffered saline
(PBS) (pH = 7.4), water (pH = 6), and acetate buffer
(pH = 4.2). PBS was chosen because the physiological pH is
approximately 7.4. Likewise, water and acetate buffer were
chosen because their pH is similar to the cellular interaction
pH and by-osteoblast remodeling pH, respectively [9].

The first group of nano-HA composites (HA:CPSs) was
developed in water and incubated in water. The dissolution
test results are shown in Table 1 (electronic supplementary
material, ESM). All the HA:CPSs show that their mass de-
creases when the incubation time increases, reaching a com-
plete loss of composites mass at 1440 min.

A swelling ratio test was conducted using three
biocomposites with different nano-HA concentrations, vary-
ing from HA1 to HA3. No significant differences were ob-
served after 10 min of immersion. However, the recovered
mass of HA2 and HA3 CPSs was almost twice the recov-
ered mass of HA1:CPS after 60 min. The control group
(Ca1, Ca2, and Ca3:CPSs) shows a typical behavior for
these kinds of systems: the swelling ratio test values increase
as the incubation time increases. In addition, an increase of
the cross-linker concentration decreases the swelling values
as was reported by Rhim et al. [23]. This effect could be
explained by the fact that the increase of the cross-linking
agent quantity decreases the capability of biocomposites to
absorb water because of the closeness among alginate
chains. Nevertheless, this factor becomes less relevant as
the media exposure time increases.

The effect of phosphate-buffered saline (pH = 7.4) in swell-
ing test values for biocomposites developed in water is shown
in Table 2 of electronic supplementary material, ESM. Here,
the swelling values for the different composites did not change
after 60 min of incubation. However, unlike biocomposites
incubated in water, these did not reach their complete disso-
lution after 1440 min of incubation. By comparing Ca:CPSs
submerged in water with those immersed in phosphate buffer,
it is shown that they are similar terms of value but not so in
terms of their exterior aspect, as the latter are slimier and
stickier. This could be explained by the presence of carboxyl-
ate groups on the backbone of alginate chains which confers a
pH-dependent stability. The response to pH variation is evi-
dent from higher swelling ratios reached with bigger pH
values (to compare Table 2 with Table 3 ESM) due to chain
expansion from the presence of ionized carboxylate groups on

the backbone. For this reason, swelling ratios in phosphate-
buffered saline are higher than in other solvents.

Table 3 ESM shows the results of swelling test in acetate
buffer. This assay and the previous one (in phosphate solution)
show the role of pH in the behavior of biocomposites. For
each measured time (10, 60, and 1440 min), the swelling test
values for HA:CPSs were higher than those for Ca:CPSs; but
inside each group, no changes were evidenced with the in-
crease of incubation time and the concentrations of nano-HA
and CaCl2. This finding suggests that a resistant structure is
formed from nano-HA’s calcium dissolution, which generates
new cross-linking points that improve the biocomposites’
strength. Therefore, HA:CPSs soaked in acetate buffer show
a bigger change in their behavior depending on pH conditions
than those soaked into phosphate buffer and, consequently,
could be potentially used to develop drug delivery systems
such as those reported by Lucinda-Silva et al. [29]. In this
contribution, the researchers were able to achieve faster drug
releases based on systems with high swelling degrees. In con-
sequence, the design of a pH-dependent drug delivery system
is proposed as future work.

In addition to the release of ions, produced by the change of
pH, there are other structures that also contribute with the
reinforcement of reticulation of composites. For this reason,
the emergence of ordered structures (liquid crystals) helps to
maintain the structure of composites as by optical microscopy
(Fig. 6). Therefore, finding these structures (which are more
visible in the case of acetate buffer) supports the fact that the
biocomposites did not dissolve during our experiments using
the mentioned media. One of the advantages of using nano-
HA as the cross-linking agent is that the composites developed
resistant structures at cellular interaction pH, without the need
to use high concentrations of CaCl2 (which increases their
hardness) and, therefore, obtaining very versatile materials.
However, to keep this versatility, strength, and capability of
developing these ordered structures at all employed pHs, a
small amount of CaCl2 is need. In addition, CaCl2 is needed
to keep the integrity of composites at pH = 6. Table 4 ESM
displays the swelling test of the materials made with HA2 and
Ca1 concentrations, which were incubated in different media.
The assay shows that biocomposites did not dissolve
completely despite the media they were submerged into.
Therefore, the use of small amounts of CaCl2 is necessary to
guarantee the stability of the biocomposites at any human
body pH value.

The main in vivo degradation mechanism of alginate-based
biomaterials is the disintegration of the material due to the
gradual exchange of calcium ions with sodium ones. The al-
ginate (ALG) chains themselves are relatively stable under
physiological conditions (pH = 7.4 at 37 °C) and are suscep-
tible to degradation by reactive oxygen species [32]. However,
its optimum stability is reached at pH = 6. Usually, it is nec-
essary to use calcium salts (CaCl2 and CaCO3) or divalent/
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trivalent cations (as cross-linking agents) for gelation and
ALG resistance improvement [33]. Magnesium ions in high
concentrations can be used [34]. This gelation mechanism is
known as external gelation and is extremely safe for cells; it
has been widely used in medicine, including cell therapy and
tissue engineering [35]. If calcium ions are used, these are
released from the matrix by reducing the pH, which increases
its degradability [36]. Other kind of external gelation is also
produced by other sources of calcium (e.g., calcium precipi-
tates) where the ion interacts with the exterior surface shell of
the polymer droplet such as in the foam of alginate. Other type
of formation of beads is produced by means of water-in-oil
emulsions where the calcium is dispersed in the organic phase.
There is also another mechanism known as internal gelation,
which is produced by the inclusion of D-gluconic δ acid lac-
tone (GDL) in an alginate solution where hydroxyapatite is
added [37]. This gelation is triggered in situ by the instanta-
neous release of calcium (from an insoluble salt) via gentle pH
adjustment as reported by Pinto Reis et al. [38]. This process
generates more homogeneous matrices by means of a slow
release of calcium ions through insoluble salts when exposed
to low pH values [39]. However, the pH value for internal
gelation must be controlled owing to the rate of acid hydroly-
sis for alginates at pH around 3 or 4 being higher than those for
neutral polysaccharides [40]. For this reason, the gelling ki-
netics is strongly dependent on the method used for the intro-
duction of the cross-linking ions, and hence, homogeneous or
inhomogeneous hydrogel can be obtained. Due to that fact,
composites based on alginate can reach a stable state at low
pH, keeping their partial structure and furthermore, guarantee-
ing that the system could interact with the damaged tissue
during the need time. Since this polymer is an acidic polyelec-
trolyte, it is important to note that the pKa value, as well as the
enthalpy of dissociation, depends on the degree of dissociation
and, therefore, on the solutions’ pH value used for preparing
the hydrogels which is relevant to perform these hybrid
systems.

Biocomposites prepared only with nano-HA have enough
biogenic activity (see the BBioactivity assay^ section) but
more resistance is needed to behave as an effective bone tissue
dressing. For this reason, we carry out a study using the first
concentration of CaCl2 (Ca1) and the second concentration of
nano-HA (HA2) as cross-linkers to keep the biogenic activity
and improve their resistance. In this work, a part of nano-HA
is dissolved by decreasing the pH values, thus providing cal-
cium ions which can improve the resistance of the composites.
Therefore, a decrease of pH values will not lead to the degra-
dation of the composites unlike the behavior previously ob-
served in traditional gels. Hence, a pH decrease (such as the
one produced by cell remodeling states) will not produce an
early degradation of these materials.

The dissolution test, just like the swelling study, was per-
formed using three different media: water (pH = 5.9),

phosphate-buffered saline (PBS) (pH = 7.4), and acetate buff-
er (pH = 4.2).

Table 5 ESM shows the dissolution test values in water,
represented as the percentage of dissolved mass of HA:CPSs
and control CPSs (Ca:CPSs = Ca1, Ca2, and Ca3). In this
table, no significant differences among the HA:CPSs are
shown when the amount of nano-HA in the composites is
increased. The Ca:CPSs’ dissolvedmass increases with longer
incubation times, as well as with the decrease of the concen-
tration of calcium ions in the aforementioned composites. The
biocomposites tested in phosphate buffer are shown in Table 6
ESM. Here, contrary to what happened with those incubated
in water, the increase of incubation time and nano-HA con-
centration did not change the dissolution values between 60
and 1440 min., and therefore, the composites did not reach
their complete dissolution after 1440. This probably occurs
due to the formation of ordered structures such as the
mesophases shown in Fig. 5b. Table 7 ESM shows the disso-
lution values of biocomposites into acetate buffer. Here, no
significant differences are evidenced among the three
HA:CPSs. This is likely due to the formation of mesophases,
which reinforce the structure, and because of the release of
calcium ions from nano-HA (used as a cross-linker) when pH
value is reduced. The liquid crystal phases are shown in Fig.
5c. The formation of these phases supports the results
displayed in Table 8 ESM, where HA:CPSs dissolution is
reduced by the calcium ions provided by CaCl2. The FT-IRs
show a decrease in the band between 600 and 550 cm−1 which
confirms that the nano-HA, used as a cross-linker at low pH,
dissolves when exposed to physiological medium. The inter-
nal gelation is presumably what reinforces the alginate chains.

Figure 5 shows biocomposites developed in water, which
change their structure depending the media in which were
soaked. The pictures displayed were obtained using an optical
microscope with a retardation plate. The biocomposites devel-
oped in water with HA2 concentration and immersed in ace-
tate buffer solution formed a liquid crystal phase. Figure 5a
shows this behavior, which had not been reported in the
consulted literature. Figure 5b shows the PBS-submerged
composites and their birrefringent structures. Finally, Fig. 5c
clearly shows the formation of a liquid crystal phase in the
materials cross-linked with both HA2 and Ca1 and soaked in
acetate buffer solution.

It is important to note that the biocomposites that were
submerged into buffer solutions display birrefringent struc-
tures and those immersed in water do not. Particularly, the
materials immersed in acetate buffer developed more ordered
structures. This behavior has been reported by Williams and
Phillips [41] for different mixtures made with alginate and
xanthan gum, which form ordered phases in a wide range of
concentrations [42]. Other mesophase was characterized as
pre-cholestecic when cellulose nanocrystals were included in
alginate gels and also with inorganic materials such as silica
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[43]. This behavior is possible because macromolecules such
as this polymer can develop ordered structures under certain
conditions (concentration, temperature, and ionic strength)
[44]. These structures also appear with lower concentrations
of ALG (see Figures 1 and 2 of the ESM).

The influence of the solvents in the biocomposites demon-
strated that different structures are generated. With these tests,
it is possible to show that they have a pH-dependent behavior.
For this reason, their use as a filling material shows promising
results when these materials are subject to the different pH
ranges at physiological conditions. Other findings have re-
vealed that an order-disorder transition of aqueous xanthan
gum/acacia gum blends depends on the pH values, the ionic
strength, and the ion exchange, which affect the stability and
helical conformation of xanthan gum molecules [45].

Our samples are too coarse to display simple textures as oil
streaks or spherulites; however, interference colors are really
notorious. Owing to the helical and rod-like structure of
xanthan gum and a very large number of inter- and intra-
molecular associations, several liquid crystalline characteris-
tics have been reported [13, 14]. Therefore, in a polyelectro-
lyte, the distance between two charged groups depends on the
spatial conformation. When polymers adopt helical conforma-
tion, this structure is stabilized by a decrease of the tempera-
ture or increase of the external salt concentration. Therefore,
large rod chains form and stay in their spatial position, thus
developing stable mesophases. For this reason, the liquid crys-
tal phases appear with the increase of salt and no birrefringent
phases are shown when water is used as soak medium. Thus,
biocomposites developed in water and then soaked with dif-
ferent saline solutions (which simulate the physiological con-
ditions) can develop liquid crystal phases.

The FT-IR spectra of biocomposites developed with both
CaCl2 and nano-HA as cross-linkers and acetate buffer (see
the BComposite preparation^ section) are shown in Fig. 6. It is
important to remark that these composites prepared using ac-
etate buffer as a solvent with or without nano-HA did not
present the peaks between 600 and 550 cm−1 after incubation
in SBF. This finding confirms that the nano-HA used as a
cross-linker in these composites and then exposed to physio-
logical medium is dissolved bymeans of internal gelation and,

due to this fact, the provided Ca2+ ions from nano-HA con-
serve the structure of the biocomposites during more time. For
this reason, these materials present lower dissolution rates and
lower swelling ratios. After the reinforcement of their struc-
ture, there are more bridges formed between Ca2+ ions and
carboxylic groups of alginate chains, and, as a consequence,

a

b

Fig. 6 a Biocomposites using CaCl2 and HA as cross-linkers (Ca1HA2)
and kept incubated 15 days in SBF: black solid, the materials developed
in water. Dashed black line in PBS and dark gray line in BAc. b
Magnification of a between 700 and 450 cm−1

Fig. 5 Micropictures of biocomposites of ALG 2%w/v performed in water and then dissolved in solvents and returned to dry. aCPS with HA dissolved
with BAc. b CPS with HA dissolved with PBS. c CPS with HA2 + Ca1 dissolved with BAc
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these negatively charged carboxylic groups will not be avail-
able for the deposit of biogenic hydroxyapatite.

Influence of the ionic strength of media in the liquid
crystal formation and composites aspect

The electrostatic interactions strongly modify the properties in
polyelectrolytic polymers solutions, due to the screening ef-
fects when salts are added. These effects are characterized by
Debye length that establishes the distance in which electro-
static charges are screened [46]. Owing to that fact, an increase
in ionic strength generates not only an order between the al-
ginate chains but also keeps their fluidity. This behavior, as-
sociated with those generated by pH modifications, enables
the occurrence of liquid crystal phases. Therefore, the forma-
tion of anisotropic phases is associated with the well-oriented
2D structure of polymer chains depending on their ionization
state which is conditioned by pH, the screening role of the ions
of the solution (ionic strength), and also the Ca2+ presence
which reinforce the ordering of the gel. The atomistic structure
of the junction zone of alginate gels is commonly described in
the light of the Begg-box^ model initially proposed by Grant
et al. [47]. Therefore, chains associate in a regular helical
conformation providing specific sites for the chelation of cal-
cium ions via tight binding interaction with two carboxylate
groups and a number of sugar hydroxyl groups from the two
chains [48].

Alginate is composed by a linear hetero-polysaccharide
formed of two different monomers (1 → 4)-β-linked: the β-
D-mannuronic acid (M) and the α-L-glucuronic acid (G). The
presence of carboxylic groups makes it behave as an anionic
substance, exhibiting a pH responsive behavior, and thus, it
presents higher swelling ratios when pH values are increased
because the carboxyl groups of both mannuronic acid
(pKa = 3.38) and glucuronic acid (pKa = 3.65) are ionized.
Therefore, if the pH of the ALG-containing solution is
lowered below the pKa of the constituting acids, phase sepa-
ration or hydrogel formation occurs. Several investigations
have focused on the pH dependence of alginic acid precipita-
tion. It was found that molecular weight and composition play
an important role in determining the pH of the precipitation of
the polysaccharide [40]. In particular, MG-block-rich alginate
show a reduced tendency to phase-separate at acidic pH values
when compared with G- and M-rich alginates, likely because
of their higher degree of Bconformational disorder^ of the
glycosidic bonds [49]. Ionically cross-linked alginate hydro-
gel disperses via an ion exchange process involving loss of
divalent ions into the surrounding medium. However, the
speed of gelation is too fast to be controlled due to the high
solubility of calcium chloride in aqueous solution, and for this
reason, it is mandatory to dry and then re-hydrate the materials
to reach a homogenous texture. The lack of composites ho-
mogeneity limits their application on injectable scaffolds.

Therefore, the gelation speed affects the gel uniformity and
strength directly. In order to slow and control the gelation,
CaCl2 can be replaced by calcium sulfate (CaSO4) or calcium
carbonates (CaCO3) which have lower solubility. In this study,
CaCl2 is replaced by nano-HA and the composites made with
calcium chloride are used as control.

A probable behavior is shown in Fig. 7. This behavior
could be developed into living systems and is schematized
as follows: in physiological conditions of pH (pH = 7.4) and
ionic strength, the shapes of these compounds developed with
water as solvent could be distorted, but part of it is maintained
by the arisen of mesophases perceived as birefringence zones
by optical microscopy (less birefringence than in acetate buff-
er). This condition would, on the one hand, favor the release a
part of an active substance potentially contained into the ma-
trix and, on the other hand, enable the infiltration of cells
responsible for bone remodeling that would cause a decrease
in pH values (to 4.2) inside of the materials. This decrease of
pH would generate an increase of their resistance through the
release of Ca2+ ions from nano-HA (corroborated in swelling
and dissolution tests) and the arising of a birrefringent struc-
ture of liquid crystal which help the structuration of
biocomposites. In this context, our systems would acquire an
additional resistance by the reinforcement of the liquid crystal
matrix (corroborated by optical microscopy) that could cause
the reduction of the release of active ingredients. On the other
hand, the growth of biogenic hydroxyapatite, which is pro-
moted by the remainder of the nano-HA synthetic included
in the composites, is evidenced onto and inside the matrix (see
SEM micropictures). This manifests when materials are incu-
bated in SBF irrespective of whether they are subjected to

Fig. 7 Biocomposites in different media and then incubated in SBF. The
orange cube represents the composites and the colored cube inside them
represents the liquid crystal formation which appears with the
modification of ionic strength. Light blue stars represent synthetic
hydroxyapatite and the yellow ones, the biogenic
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solutions with different pH and ionic strength (acetate or phos-
phate buffers).

Drug delivery by organized systems

Hydrophilic matrix systems have become relevant because
they can be applied to sustained-release drug delivery sys-
tems, as a result of their excellent uniformity and ease of
manufacture. There are many examples which describe the
capability of the gels to carry out these systems and also others
when they are combined with ceramics materials [16, 18, 19,
50, 51]. In addition, the development of liquid crystal phases
improves the use prospects of biocomposites owing to their
potential utilization as drug delivery systems. The use in drug
delivery is possible because liquid crystals can retain a drug
inside of their lattice and then this active substance can be
released from this 3D structure by a disassembly process
which loses its shape [15]. In this context, there are different
systems that report the use of liquid crystals for drug delivery
such as those proposed to deliver antioxidants and vaccine co-
adjuvants [52, 53]. Accordingly, we propose three different
mechanisms by which our composites could carry a drug:
the first, by adsorption of the drug onto nano-HA; the second,
retained among alginate chains by interaction of electrostatic
forces between the charged groups and ions; and finally, by
means of interaction with the liquid crystal matrix.

Conclusion

The relevance of this work lies on the assessment of
biocomposites developed between with nano-hydroxyapatite
synthesized in our laboratory, with proven osteoconduction
and osseointegration capabilities, and a bio-adhesive biocom-
patible polymer such as alginate. One of the most important
findings of this work is that composites could serve as filler
material in bone diseases. Other important accomplishment is
that their stability at low pH values has considerably been im-
proved. It was shown that the biocomposites develop biogenic
hydroxyapatite when incubated in simulated body fluid and this
growth depends on the incubation time and the amount of
synthetic hydroxyapatite introduced into the composites as a
cross-linking agent. This property has been studied by SEM,
XRD, and FT-IR.

In concordance with the results of this work, we also pro-
pose that biocomposites may be used as potential drug deliv-
ery systems for analgesics, anti-inflammatories, and/or antibi-
otics, because of their capability to change from amorphous
state to liquid crystal phases inside the composites, which can
be modulated depending on the physiological pH values and
ionic strength conditions. In this context, we demonstrated
that the appearance of liquid crystal structures was not enough
to keep these materials in a stable form, and for this reason, a

portion of synthesized hydroxyapatite contributes to maintain-
ing their integrity providing Ca2+ ions to their structure when
pH value decreases. The decrease of biocomposites’ stiffness
at physiological pH is an important factor because the fluids
and cells that reside in the zone of injury, capable of develop-
ing low pH conditions, can interact with these composites and
reinforce their resistance thought internal gelation.

However, in addition to nano-hydroxyapatite, another
source of Ca2+ ions is needed tomaintain the structure of these
composites (demonstrated by dissolution test) so as to be used
as a potential inclusion in a live tissue.

In addition to these promising features, biocomposites
show a pH-dependent behavior which presents encouraging
previous results that should be corroborated through in vitro
and in vivo studies to achieve an improvement in treatments
for filling in bone injuries or illness-bone states.
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