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A B S T R A C T

Ceramic/polymer-based biocomposites have emerged as potential biomaterials to fill, replace, repair or re-
generate injured or diseased bone, due to their outstanding features in terms of biocompatibility, bioactivity,
injectability, and biodegradability. However, these properties can be dependent on the amount of ceramic
component present in the polymer-based composite. Therefore, in the present study, the influence of nanohy-
droxyapatite content (30 to 70wt%) on alginate-based hydrogels was studied in order to evaluate the best
formulation for maximizing bone tissue regeneration. The composite system was characterized in terms of
physic-chemical properties and biological response, with in vitro cytocompatibility assessment with human os-
teoblastic cells and ex vivo functional evaluation in embryonic chick segmental bone defects. The main mor-
phological characteristics of the alginate network were not affected by the addition of nanohydroxyapatite.
However, physic-chemical features, like water-swelling rate, stability at extreme pH values, apatite formation,
and Ca2+ release were nanoHA dose-dependent. Within in vitro cytocompatibility assays it was observed that
hydrogels with nanoHA 30% content enhanced osteoblastic cells proliferation and expression of osteogenic
transcription factors, while those with higher concentrations (50 and 70%) decreased the osteogenic cell re-
sponse. Ex vivo data underlined the in vitro findings, revealing an enhanced collagenous deposition, trabecular
bone formation and matrix mineralization with Alg-nanoHA30 composition, while compositions with higher
nanoHA content induced a diminished bone tissue response.

The outcomes of this study indicate that nanohydroxyapatite concentration plays a major role in physic-
chemical properties and biological response of the composite system and the optimization of the components
ratio must be met to maximize bone tissue regeneration.

*Corresponding author.

1. Introduction

Bone is a complex and dynamic tissue, which has the capability of
remodeling and regenerating, up to a certain extent [1]. However, these
physiological processes that contribute to tissue homeostasis can be
impaired due to osteoporosis, rheumatoid arthritis, vitamin D defi-
ciency and other metabolic conditions or traumatic fractures. These
conditions have a huge impact on diminishing patients' quality of life
and strongly affect healthcare costs, owing to requirements for

surgeries, long-term hospitalization and difficult recoveries [1–4].
Materials like auto−/allografts, inert metallic and ceramic implants
have been used to fill, replace, repair or regenerate injured or diseased
bone with clinical success [1–3]. However, these applications have
shown some associated limitations such as the risk of long-term foreign
body reaction, pathogen transmission, immunogenic rejection, im-
paired bone formation, poor vascularization and integration, and in-
accurate fitting to the defect size and shape [2–5].

Composites, based on the combination of different materials, such
as polymers and ceramics, have emerged, aiming to solve these lim-
itations in bone tissue engineering applications [6]. They can be
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designed to adjust to bone defects' shape and geometry, occupying the
available space in the damaged organ/tissue, precluding invagination
of the neighboring tissues and priming tissue healing [2,6]. Further-
more, they can easily be modified or co-formulated with other com-
ponents which impart additional properties such as osteoconduction,
osteoinduction and osteogenicity [2].

Among polymers, polysaccharides are very versatile, enabling sig-
naling molecules loading (e.g. growth factors, biomodulators, drugs)
and an intrinsic interaction with inorganic components [7]. In this re-
gard, alginate is a pH-sensitive, natural, hydrophilic, biocompatible,
injectable and biodegradable polysaccharide extracted from seaweed. It
is composed of two monomers, β-D-mannuronate and α-L-guluronate,
known to form gels in the presence of bivalent cations such as calcium
(Ca2+) [6,8,9]. Given these characteristics, this polymer has been
widely used for drug and growth factor delivery, cell encapsulation, and
as a scaffold in tissue engineering applications [8,9]. However, alginate
exhibits some limitations in the regard of prospective bone tissue ap-
plications, such as the absence of sites for cell attachment or specific
receptor interactions, which limits its long-term functionality, further
impaired by the swelling-disintegration-erosion of these hydrogels'
upon implantation, week biomechanical properties, poor bioresorb-
ability and bioactivity [10–13]. Therefore, the use of nanohydrox-
yapatite (nanoHA) as a reinforcing component with osteocondutive
capabilities can contribute to overcome some of these potential lim-
itations [4,14]. NanoHA is commonly used in bone tissue regeneration
due to its chemical similarity to the inorganic component of the bone
matrix and its inherent characteristics such as biocompatibility, os-
teoinduction, osteocondutive and osteointegration [4,15,16]. Although
in some studies nanoHA was already used to reinforce Alg matrixes
[14,17–20], no studies have yet addressed the systematic influence of
nanoHA on alginate-based hydrogel systems, neither the effect of dis-
tinct nanoHA amounts on its physic-chemical properties and biological
response. This is of the utmost relevance, since the amount of nanoHA
within the composition of polymer-based hydrogels is crucial to design
an efficient composite for bone tissue regeneration. Once nanoHA is
gradually degraded, it releases calcium (Ca2+) and phosphate (PO4

−3)
ions, which can modulate cellular behavior within the microenviron-
ment, through different signaling pathways, influencing the bone mi-
neralization process and bonding to the surrounding tissues [21]. Ac-
cordingly, some authors have reported that the level of solubility, bone-
like apatite layer formation, cell attachment, proliferation and differ-
entiation and, ultimately, bone growth rate, could be dependent on the
concentration of nanoHA incorporated into polymer-based composites
[21–23].

Therefore, an optimizing the ratio composite components must be
guaranteed for enhancing its potential clinical application. In this
context, the influence of nanoHA concentration on alginate-based hy-
drogel system was evaluated in terms of: (i) physic-chemical properties
(i.e., morphology, chemical analysis, water content, swelling behavior,
influence of pH on degradation and stability, surface charge, release of
calcium and phosphate ions, bioactivity response in simulated body
fluid), and (ii) biological response, with in vitro cytocompatibility
evaluation with human osteoblastic cells and ex vivo functional as-
sessment of bone formation studies, in order to define the best possible
combination of Alg-nanoHA for enhancing bone tissue regeneration.

2. Materials and methods

2.1. Preparation of Alg-nanoHA hydrogels

Initially, a 2% (w/v) alginate solution (Alg), was prepared by dis-
solving the sodium alginate (Sigma-Aldrich) powder in distilled water,
at room temperature. Then, this solution was mixed with nanoHA
powder (spherical microaggregates of nanoHA with average particle
size of 5 μm, nanoXIM.HAp202, FLUIDINOVA, S.A), at 0, 30, 50 and
70 wt%, during 1 h at 60 rpm. After homogeneity, each mixture was

dropped into a 250mM calcium chloride (CaCl2, Sigma-Aldrich) solu-
tion, and allowed to harden for 1 h. Spherical hydrogels were collected
and washed three times with sterile distilled water. Four hydrogel
compositions were produced: Alg (control), Alg-nanoHA30, Alg-
nanoHA50, Alg-nanoHA70, containing respectively 0, 30, 50 and 70 wt
% nanoHA.

2.2. Characterization of Alg-nanoHA hydrogels

2.2.1. Morphology
The composites matrix was characterized by transmission electron

microscopy (TEM, JEOL JEM 1400 TEM). Samples were initially fixed
in 2,5% glutaraldehyde and 2% paraformaldehyde in cacodylate buffer
0.1 M (pH 7.4) (both Sigma-Aldrich), dehydrated and embedded in
Epon resin (TAAB). Ultrathin sections (40–60 nm thick) were stained
with uranyl acetate and lead citrate and examined using a JEOL JEM
1400 microscope (TEM). Images were digitally recorded using a CCD
digital camera Orious 1100W. Three samples were used for image ac-
quisition.

External and internal structure and morphology of hydrogels were
observed by scanning electron microscopy (SEM). Samples (n=3)
were coated with a gold layer (SPI-Module) in an argon atmosphere,
and examined using a FEI Quanta 400FEG/ESEM microscope.

2.2.2. Chemical analysis
Chemical characterization was performed using attenuated total

reflectance – Fourier transformed infrared spectroscopy (ATR – FTIR),
with a Perkin –Elmer 2000 FTIR spectrometer. The samples (n=3)
were analyzed at a spectral resolution of 2 cm−1 and 100 scans were
accumulated per sample.

2.2.3. Water content and swelling behavior
Gravimetric method was employed to calculate the water content

and swelling ratio, as previously described [24]. Briefly, for water
content (W) evaluation, the samples were dried at 60 °C until a constant
weight was reached. The water content was calculated using Eq. (1):

=
−

×Water content W W
W

(%) 100w d

w (1)

where Ww (g) and Wd (g) are the wet and dried weights of the samples,
respectively. The results were taken as the mean values of eight mea-
surements.

The swelling behavior was evaluated by measuring the changes in
sample weight versus sample immersion time, in phosphate buffer saline
(PBS, Sigma-Aldrich). Swelling behavior was evaluated for 28 days at
37 °C, and the media was replaced every 4 days to maintain the initial
media volume. The equilibrium swelling ratio was calculated using Eq.
(2):

=

−

×Swelling ratio
W W

W
(%) 100f i

i (2)

where, Wi and Wf are the initial and final weights of the samples, re-
spectively. The results were taken as the mean values of eight mea-
surements.

2.2.4. Influence of pH on stability
The stability of composites, at different pH values, were evaluated

through changes in samples weight, as previously described [6]. The
samples were immersed at different pH values, ranging between 1 and
13, at 4 °C for 24 h. Afterwards, they were weighted and the weight
alteration ratio (%), at different pH was quantified using Eq. (2). The
results were taken as the mean values of eight measurements.

2.2.5. Zeta potential – charge surface
Zeta potential was determined from streaming potential measure-

ments with a commercial electrokinetic analyzer (EKA, Anton Paar)
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using a special powder cell adapter inside a cylindrical cell. The sam-
ples were mounted inside the power cell occupying a volume of about
48.75mm3, thus maintaining an overall constant height of sample for
all measurements. Streaming potential was measured using Ag/AgCl
electrodes installed at both ends of the streaming channel. The elec-
trolyte used was 1mM KCl at pH of 6.06 ± 0.10. Experiments were
performed at 24 °C. The conductivity of the electrolyte solution was
measured during the assay. The streaming potential was measured
while applying an electrolyte flow in alternating directions and pressure
ramps from 0 to 200mbar. For each test, six pressure ramps were
performed (three in each flow direction to cope with the asymmetric
potential fluctuations). The results were taken as the mean values of
eight measurements.

2.2.6. Release of calcium ions
The concentration of calcium (Ca2+) ions released from composites

were determined according to ISO 10993-14 - “Biological evaluation of
medical devices- Part 14: Identification and quantification of degrada-
tion products from ceramics”. Briefly, the samples were placed in Tris
[hydroxymethyl]aminomethane-HCl (Tris-HCl) solution (pH 7.4,
Sigma-Aldrich) at 37 °C and 120 rpm. At each time-point, supernatant
was collected and filtered (0.2 μm, Merck). Ca2+ concentration was
determined by inductively coupled-plasma atomic emission spectro-
scopy (ICP-AES). The results were taken as the mean values of five
measurements.

2.2.7. Bioactivity assay in simulated body fluid
The apatite deposition on composites was evaluated according to

Kokubo's method [25]. Samples were immersed in Simulated Body
Fluid (SBF) and incubated at 37 °C and 120 rpm, for 7 days. The apatite
formation was evaluated by SEM, as described above. The surface ele-
mental composition was carried out by Energy-dispersive X-ray spec-
troscopy (EDS), and the mass fractions of the elements were quasi-
quantitatively calculated from at least three large field analysis mea-
surements. Three samples were used for image acquisition and SEM-
EDS analysis.

2.3. In vitro cytocompatibility assessment with human osteoblastic cells

Human mesenchymal stromal cells (hMSCs) isolated from femoral
bone marrow, were obtained from an orthopedic surgical procedure, in
accordance with established protocols [26]. hMSCs were maintained in
minimum essential medium alpha modification (α-MEM), containing
10% fetal bovine serum (FBS), 100 unit's/mL penicillin, 100 μg/mL
streptomycin and 2.5 μg/mL of amphotericin B (all reagents from
Gibco). To evaluate the cell response to composites, third subculture
cells were seeded at 104 cells/cm2, at 37 °C for 24 h in a humidified
atmosphere of 5% CO2. Afterwards, the medium was discarded and the
composites were incubated with adherent cells. Cultures, grown in the
presence of composites were further characterized throughout the cul-
ture time up to 21 days, regarding cell proliferation, metabolic activity,
cytoskeletal and mitochondrial organization, cell morphology, alkaline
phosphatase activity and gene expression analysis of relevant osteo-
genic markers. hMSCs grown directly on tissue culture plates, in the
absence of composites, were used as controls. The results were taken as
the mean values of five measurements.

Additionally, for the analysis of gene expression, an osteogenic-in-
duced control, established in osteogenic-induced conditions - culture
medium further supplemented with 10mM β-glycerophosphate 10−8 M
dexamethasone and 50 μg/mL ascorbic acid (all reagents from Sigma-
Aldrich), was established.

2.3.1. Metabolic activity of the cultures and cell proliferation
Cultures metabolic activity was evaluated using the MTT assay. At

each time-point, cultures were incubated with 10% MTT solution (3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide,

5mg/mL, Sigma-Aldrich) for 3 h at 37 °C. After the incubation period,
the culture medium was removed, and the formazan salts were dis-
solved with dimethylsulfoxide (DMSO, Panreac). Absorbance was de-
termined at 550 nm on a microplate reader (BioTek).

DNA content was measured using the Quant-iT Picogreen DNA
assay (Invitrogen) according to the manufacturer's instructions.
Initially, cells were washed with PBS and solubilized with 0.1% (v/v)
Triton X-100 solution. Cell lysate was then mixed with the Pico-Green
solution and incubated in the dark at room temperature for 5min. The
fluorescence intensity was measured with a microplate reader at 485
and 528 nm for emission and excitation, respectively. The results are
expressed in nanograms of DNA.

2.3.2. Immunofluorescence analysis
Cell cytoskeleton filamentous actin (F-actin) organization and mi-

tochondrial distribution, as well as the morphology of the cells were
assessed by immunofluorescence imaging. Briefly, live cells were in-
cubated with MitoSpy™ Red CMXRos (250 nM, Biolegend) for 30min,
at 37 °C. Cells were then washed with PBS and fixed with 3.7% paraf-
ormaldehyde for 15min. Following cells' permeabilization, nonspecific
binding sites were blocked with 1% bovine serum albumin (Sigma-
Aldrich) for 30min. F-actin was stained with Alexa-Fluor 488 phal-
loidin-conjugated antibody (1:50, 30min, Molecular Probes), and nu-
cleus counterstaining with DAPI (1 μg/mL, 10min, Sigma-Aldrich).
Images of fluorescent-labelled cells were obtained with a Selena S di-
gital imaging system (Logos Biosystems). Three samples were used for
image acquisition.

2.3.3. Gene expression analysis
At 21 days of culture, quantitative reverse-transcriptase polymerase

chain reaction (qRT-PCR) analysis was performed to evaluate the ex-
pression of relevant osteogenesis-related markers. Briefly, total RNA
was extracted using TRIZOL® reagent (Invitrogen) and reverse tran-
scribed into complementary DNA (cDNA) with iScript™ Adv cDNA Kit
(BioRad), according to the manufacturer's instructions. The expression
of genes: Runt-related transcription factor 2 (RUNX-2, BioRad ID:
qHsaCED0044067), Sp7 transcription factor (SP7, BioRad ID:
qHsaCED0003759), collagen type I (COL1A1, BioRad ID:
qHsaCED0043248) and bone gamma-carboxyglutamate protein
(BGLAP, BioRad ID: qHsaCED0038437), was quantitatively determined
in a RT-PCR equipment (CFX96, BioRad) using iQ™SYBR®Green
Supermix (BioRad). Beta-actin (ACTB, qHsaCED0036269) gene was
used as the reference gene for normalization. The cycling conditions
were as follows: an activation cycle at 95 °C for 3min, followed by
40 cycles of 95 °C degeneration for 10 s, 60 °C annealing and extension
for 30 s. The melting curve analysis was carried out on each sample to
ensure a single amplicon at 55–95 °C for 10 s/cycle, with 0.5 °C incre-
ment each cycle. The cycle threshold (Ct) for each transcript expression
was export from Bio-rad CFX maestro software. The relative intensity of
each target gene was normalized to ACTB levels, and calculated via the
2−ΔΔCt method.

2.4. Ex vivo functional assessment of bone formation

The biofunctionality of composites was assayed ex vivo in an em-
bryonic chick femoral segmental defect model. Briefly, femurs were
dissected from day 11 chick embryos (Gallus domesticus), where the soft
tissues, such as adherent muscles and ligaments, were carefully re-
moved while preserving the periosteum. The femurs were cut at mid
diaphysis for the establishment of a segmental defect, with a number 11
scalpel blade. Femurs, with composites being implanted within the mid-
diaphysis defect, were carefully settled onto Netwell™ Insert (440 μm
mesh size polyester membrane, Corning) in 6 well plates. Implanted
femurs were maintained for 11 days in minimum essential medium (α-
MEM), containing ascorbic acid (50 μg/mL), penicillin (100 units/mL)/
streptomycin (100 μg/mL) and 2.5 μg/mL amphotericin B, at liquid/gas
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interface, in a humidified atmosphere of 5% CO2 and 37 °C. Culture
media was changed daily for the duration of the experiment. At the end
of the culture period, femurs were fixed in 4% paraformaldehyde
(Sigma-Aldrich) and prepared for histological examination. Samples
were dehydrated through a series of graded alcohols, cleared in
Histoclear® and embedded in paraffin. Tissue sections 6 μm thick were
cut from across the femur samples and stained with Alcian blue/Sirius
red (AB/SR), Masson's trichrome or von Kossa staining, as previously
described [27]. Images were captured with an Olympus BX-51/22
dotSlide digital virtual microscope and created using OlyVIA 2.1 soft-
ware (Olympus Soft Imaging Solutions, GmBH). Eight femurs (n= 8)
per experimental condition, with a total of six sections from each femur
for each histological stain were evaluated.

2.5. Statistical analysis

All experiments were performed in triplicate as independent ex-
periments. The results were reported as the arithmetic mean ±
standard deviation. The experimental data were analyzed using IBM®

SPSS® Statistics (vs. 22.0, Statistical Package for the Social Sciences
Inc). The one-way analysis of variance (ANOVA) followed by the post
hoc Turkey HSD multiple comparison tests were used to determine the
significant difference (p < 0.05).

3. Results

3.1. Alg-nanoHA hydrogel system characterization

3.1.1. Morphology characterization
Fig. 1 presents digital images of composites that were obtained by

mixing Alg and nanoHA, at different weight percentages (0, 30, 50 and
70 wt%), into spherical hydrogels, via external gelation. Overall, the
samples showed tightly knit and smooth surface, and a whitened col-
oration proportional to the amount of nanoHA added (Fig. 1A), which
also led to a slight increase in terms of area and weight, although no
significant differences were found between different conditions
(Table 1).

The matrix, structure and morphology of composites is shown in
Fig. 1B and C. TEM analysis allowed to characterize the Alg matrix as
network of fibril-like structures, and to observe that nanoHA content
increased the crosslinking of the Alg network (Fig. 1B). Through SEM
analysis, it was shown that all samples present a lamellar structure with
irregular pores in the inner layer (Fig. 1C). Alg hydrogels showed a
smooth surface, whereas Alg-nanoHA showed a rougher surface, as
comparing to control, due to the presence of nanoHA (Fig. 1C). The
nanoHA particles were well embedded and homogeneously dispersed
throughout the Alg matrix, both externally and internally (Fig. 1C).

3.1.2. Chemical analysis
The ATR – FTIR spectra (Fig. 2A) shows the chemical composition of

the hydrogels. Alg displayed the characteristic alginate bands, as the
asymmetric and symmetric stretching of carboxylic group (COO−) on
the polymeric backbone, found at 1592 and 1417 cm−1, respectively.
The broad peak spread over the range 3311 to 3307 cm−1 corresponds
to hydroxyl group (OH−). The bending of the OH– group of the carboxyl
is depicted at 819 cm−1. ATR – FTIR spectra of the Alg-nanoHA showed
a shift of the COO– bands towards lower wavelengths, proportionally to
the increase in nanoHA ratio. Bending and stretching of the phosphate
group (PO4

3−) were observed at 1020 cm−1 and 559 cm−1, respec-
tively, that are attributed to the overlap of COO– stretching of Alg and
PO4

3− stretching of nanoHA. Moreover, their intensity increased with
increasing of nanoHA content. The presence of bands at 3365 cm−1 and
629 cm−1 was assigned to OH– group, corresponding to lattice water.

3.1.3. Water content and swelling behavior
Table 1 shows the water content and swelling ratio of the

composites. The water content was inversely proportional to the
amount of nanoHA (Table 1). No significant differences in the water
content were observed between Alg (control) and, Alg-nanoHA30, and
Alg-nanoHA50 hydrogels. However, the water content of Alg-na-
noHA70 was significantly lower compared to Alg (control) and other
Alg-nanoHA hydrogels (Table 1).

The swelling behavior of the hydrogels was evaluated by measuring
the changes in sample weight over time. No weight differences were
observed between samples over time (data not shown). For all samples,
the swelling equilibrium was observed after 18 h. The swelling ratio
was inversely proportional to the nanoHA amount (Table 1). All Alg-
nanoHA hydrogels showed significantly lower swelling ratio compared
to Alg (control). However, no significant differences on the swelling
ratio were observed between Alg-nanoHA30 and Alg-nanoHA50. While,
the swelling ratio of Alg-nanoHA70 was significantly lower than that of
Alg-nanoHA30 and Alg-nanoHA50.

3.1.4. Zeta potential – charge surface
Zeta potential values of composites are presented in Table 1. All

samples showed a negative zeta potential, which was affected by high
nanoHA content. No differences of zeta potential values were found
between Alg and Alg-nanoHA30. However, Alg-nanoHA50 and Alg-
nanoHA70 showed higher zeta potential values than that of Alg (con-
trol) and Alg-nanoHA30 hydrogels.

3.1.5. Influence of pH on stability
In Fig. 2B the stability of the composites at different pH values are

presented. The introduction of nanoHA did not affect the behavior of
hydrogels, in which a shrinkage and breakdown of the matrixes were
verified, at acid and alkaline pH values, respectively. However, com-
posites stability was proportional to the nanoHA content. The Alg-na-
noHA hydrogels were more stable at higher pH values compared with
Alg (control).

3.1.6. Release of calcium ions
Fig. 2C depicts the released Ca2+ concentration from hydrogels

detected by ICP-AES.
At day 1, the Ca2+ release from Alg (control) was 86 ppm, while

from Alg-nanoHA hydrogels, the Ca2+ concentration was proportional
to the amount of nanoHA. The released Ca2+ concentration maintained
constant for all composites until day 3. Afterward, this period, an in-
crease of released Ca2+ concentration released was observed for Alg-
nanoHA hydrogels, where, from Alg-nanoHA30, the Ca2+ ions release
was significantly lower than released from Alg-nanoHA50 and Alg-
nanoHA70 throughout the 28 days of incubation.

3.1.7. Bioactivity assay in simulated body fluid
The bioactivity of developed composites was addressed by SEM

imaging and EDS spectra, after 7 days' immersion in SBF solution
(Fig. 3). No apatite crystals deposition was observed on Alg hydrogel,
while on Alg-nanoHA, an increase of apatite crystals deposition was
observed, evidencing bumps and clusters of apatite's crystals on the
composites' surface. Through EDS elemental analysis, the chemical
composition of these crystals were identified, attesting to be CaP par-
ticles. On Alg surface, only Ca was detected, whereas, on Alg-nanoHA
surfaces Ca and P were identified, confirming its surface apatite mi-
neralization (Fig. 3). EDS semi-quantitative analysis revealed an in-
crease of Ca/P ratio proportional to the content of nanoHA within the
composite: Alg-nanoHA30 – Ca/P= 1.04, Alg-nanoHA50 – Ca/
P= 1.44, and Alg-nanoHA70 – Ca/P=1.60.

3.2. In vitro cytocompatibility assessment with human osteoblastic cells

3.2.1. Metabolic activity of the cultures and cell
The hMSCs cultures metabolic activity and cell proliferation were

evaluated by MTT assay (Fig. 4A) and DNA quantification (Fig. 4B),
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Fig. 1. (A) Digital images of composites with different nanoHA weight ratios (0, 30, 50 and 70%). (B) Matrix of hydrogels observed by TEM. Scale bar corresponds to
200 nm. (C) SEM micrographs of external and internal structure of composites. Scale bars correspond to 1mm and 200 μm.
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Table 1
Physical characteristics of the composites.

Hydrogels Weight (g) Area (cm2) Water content (%) Swelling ratio (%) Zeta potential (mV)

Alg (control) 0.021 ± 0.003 0.270 ± 0.013 95.9 ± 1.6 172.7 ± 6.8 −14.358 ± 1.431
Alg-nanoHA30 0.021 ± 0.003 0.283 ± 0.013 94.8 ± 1.7 150.1 ± 5.5⁎ −13.144 ± 1.670
Alg-nanoHA50 0.022 ± 0.003 0.291 ± 0.012 93.1 ± 1.5 149.6 ± 4.1⁎ −9.111 ± 1.812⁎,#

Alg-nanoHA70 0.025 ± 0.003 0.303 ± 0.013 88.2 ± 1.1⁎,# 104.3 ± 6.0⁎,# −9.747 ± 0.741⁎,#

Data are expressed as mean ± SD (n= 8).
⁎ Significant differences compared to Alg (control), with p < 0.05, obtained by Tukey's post-hoc test;
# Significant differences different between Alg-nanoHA hydrogels, with p < 0.05, obtained by Tukey's post-hoc test.

Fig. 2. (A) ATR–FTIR spectra of composites. (B) Stability of the hydrogels at different pH, after 24 h incubation. (C) Released Ca2+ ions concentration from
composites over time. Data are expressed as mean ± SD (FTIR (n= 3); pH stability (n=8) and released calcium (n=5)).
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respectively. Either in the control conditions or in the presence of hy-
drogels, hMSCs metabolic activity increased throughout the culture
period with no significant differences between experimental conditions,
at any time of incubation (Fig. 4A). Regarding total DNA content, in
control conditions, an increase level was attained throughout the cul-
ture time suggesting an active cell proliferation throughout the entire
culture period. Comparatively, Alg and Alg-nanoHA30 hydrogels in-
duced a similar cell proliferation whereas Alg-nanoHA50 and Alg-na-
noHA70 showed a significantly reduced cell proliferation, at day 14 and
21, as compared to the other experimental conditions (Fig. 4B).

3.2.2. Immunofluorescence analysis
The hMSCs cytoskeleton, mitochondrial organization and mor-

phology of cells grown in the presence of developed hydrogels were
assessed by immunofluorescence following F-actin and mitochondrial
staining, and nucleus counterstaining. Representative micrographs of
the cellular culture at day 3 and day 14 are presented on Fig. 5. In
control conditions, at day 3, cells presented a dense network of F-actin
filaments arranged as stress fibers, with cells presenting a flattened and
elongated morphology with evident cytoplasmic extensions and long
filopodia. Mitochondrial probe revealed an organized tubular network
of fused mitochondria, with a preferential perinuclear localization. In
addition, cells were found to establish prominent cell-to-cell contacts.
Cultures grown on the presence of Alg or Alg-nanoHA hydrogels pre-
sented a similar morphology and mitochondrial structure, inducing a
similar cytoplasmic organization, F-actin polymerization and mi-
tochondrial arrangement under the different experimental conditions.

On day 14, established cultures presented a confluent cell layer within
control and in cultures grown with Alg or Alg-nanoHA hydrogels. Cells
presented an elongated morphology and a dense mitochondrial network
with perinuclear organization.

3.2.3. Gene expression analysis
Gene expression analysis was carried out by quantitative RT-PCR in

order to address the osteogenic activation of hMSCs, grown in the
presence of developed composites (Fig. 6). hMSCs (control) were grown
under basal and osteogenic inducing conditions and were assessed
through the expression of the osteogenic transcription factors Runx2
and Sp7, as well as their downstream effectors Col1a1 and BGLAP.

Regarding the expression of Runx2, cultures grown in the presence
of Alg presented a similar expression as compared to basal control.
Cultures grown in the presence of Alg-nanoHA presented a significantly
higher level than basal control and Alg, that, in the case of Alg-
nanoHA30 and Alg-nanoHA50, were further found to be significantly
higher than the osteogenic-induced control. Regarding Sp7, Col1a1 and
BGLAP expression, cultures grown in the presence of Alg hydrogels
presented significantly higher levels than basal control. Cultures grown
in the presence of Alg-nanoHA hydrogels, particularly Alg-nanoHA30
and Alg-nanoHA50, significantly increased Sp7, Col1a1 and BGLAP
expression to levels similar to those attained in osteogenic-induced
cultures.

Fig. 3. SEM images and EDS spectra of composites surface after immersion in SBF for 7 days. Scale bar corresponds to 5 μm.
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3.3. Ex vivo functional assessment of bone formation

To address the biofunctionality of developed composites, these were
implanted in segmental mid-diaphysis defects in embryonic chick fe-
murs, grown for 11 days. Histological assessment of the implanted fe-
murs is presented on Fig. 7.

Femurs cultured in the absence (control) and presence of Alg hy-
drogels moderately induced the osteogenic activation, with evidence of
collagen deposition at the defect margin, as observed by the red col-
oration in SR/AB staining and corresponding blue coloration within
Masson's trichrome staining. Evidence of tissue mineralization was
further attained at the developing bone collar within the peripheral
structure of the tissue, as observed by von Kossa staining. Interestingly,
Alg-nanoHA hydrogels induced a distinctive biological response. Alg-
nanoHA30 and Alg-nanoHA50 enhanced the osteogenic response; both
induced collagen deposition at the marginal bone collar and within the
central region of the bone diaphysis, as sustained by the more intense
collagen-positive matrix identified on histochemical staining. In addi-
tion, an organized pattern of thick mineralized trabecula was identified
within the collar structure of the diaphysis. Comparatively, a sig-
nificantly higher osteogenic activation was attained with Alg-
nanoHA30, with a strong collagenous matrix being deposited within the
central and marginal regions of the diaphysis, in close association with

an organized and thick mineralized trabecular structure. Contrariwise,
the implantation of Alg-nanoHA70 induced a reduced collagen de-
position at the defect margin, as observed by both histochemical
staining techniques. Furthermore, a thinner trabecular organization
within the collar bone at the diaphysis was verified, with lessened
mineralized trabecular organization.

4. Discussion

Composites, combining ceramics and polymers, have emerged as
potential biomaterials for the management of bone defects [6]. The
osteoconductive/osteoinductive, biocompatibility and bioactivity
properties of nanoHA materials [7,28] combined with the injectability,
biocompatibility and biodegradation properties of Alg polymers
[29,30] can improve the physic-chemical and cell adhesion/tissue de-
velopment of the attained composites, enhancing bone tissue re-
generation [31–33]. However, these properties could be dependent on
the amount of ceramic nanoparticles used within the polymer-based
composite, as observed by other authors [21–23]. In this context, in the
present study, the influence of nanoHA content on an alginate-based
hydrogel system was studied, regarding its physic-chemical and biolo-
gical properties, within in vitro and ex vivo studies, aiming to optimize
the combination of Alg and nanoHA within the established system for

Fig. 4. (a) Metabolic activity and (b) proliferation of hMSCs cultured in the presence of hydrogels. *significant differences between hydrogels and hMSCs (control),
for each time point, with p < 0.05, obtained by Tukey's post-hoc test. Data are expressed as mean ± SD (n=5).
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maximizing the bone regeneration process.
Initially, physic-chemical characteristics of Alg-nanoHA hydrogels

were addressed. Alg-nanoHA hydrogels, regardless of the nanoHA
content, showed a considerable matrix strength, stiffness and

permeability, typical of this type of gelation [34]. The characteristic
absorption bands of Alg and nanoHA can be clearly seen in the ATR-
FTIR spectra, indicating a successful entrapment of nanoHA into the Alg
matrix, without chemical reactions occurring between them. The

Fig. 6. Gene expression of hMSCs cultured in basal medium, osteogenic-inducer medium, Alg and Alg-nanoHA hydrogels. *Significant differences between all
conditions used, with p < 0.05, obtained by Tukey's post-hoc test. The relative intensity of each target gene was normalized to beta-actin levels (ACTB), and
calculated via the 2−ΔΔCt method. Data are expressed as mean ± SD (n= 3). Related transcription factor 2 (RUNX-2), Sp7 transcription factor (SP7), collagen type I
(COL1A1) and bone gamma-carboxyglutamate protein (BGLAP).

Fig. 7. Histological analysis of embryonic chick femurs implanted with developed composites and cultured for 11 days. Femurs were stained with Alcian blue/Sirius
red, Masson's trichrome and von Kossa. Images depict the segmental defect region of the femur in contact with the composite that was lost during histological
preparation. Alcian blue/Sirius red (AB/SR) staining marks the proteoglycan cartilage at blue, and the production of collagen at red. Masson's trichrome staining
marks the collagen fibers at blue, and van Kossa staining marks the bone mineralization at black. Scale bars correspond to 50 and 200 μm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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entrapment of nanoHA increased the crosslinking of the polymeric
network, mainly when nanoHA was added at 70%. This phenomenon
was probably due to the ability of the Ca2+ ions, from the nanoHA
particles, induces a specific and strong interaction with G-blocks of Alg,
increasing the structural cohesion and leading to a stronger matrix with
low solubility in water [35]. Moreover, nanoHA particles promoted the
formation of rougher surfaces. Some authors have reported that rough
implant surfaces, e.g. nanophase titania, zinc oxide or bioglass polymer
composites, allow enhanced tissue ingrowth and improve the cell ad-
hesion, proliferation and differentiation compared to smooth polymeric
substrates [36,37]. All Alg-nanoHA hydrogels showed interconnected
pores, thus contributing to the retention of a large amount of water in
the alginate matrix and further promoting diffusion of nutrients and
macromolecules into the structure, following tissue implantation
[23,38].

Water-swelling characteristics of composites play an important role
in the absorption of body fluids and transfer of cell nutrients and me-
tabolites [39,40]. The interactions of carboxyl (-COOH) and hydroxyl
(-OH) groups of the polymeric network with water molecules, leads to
their diffusion into the hydrogel driven by the osmotic pressure [17].
However, the water-swelling content of composites decreased with the
inclusion of nanoHA, with a significant impact when nanoHA was
added at 70%. The presence of nanoHA, particularly at high level, could
further contract and restrict the movability of the Alg polymeric chains,
creating elastic forces within the hydrogel network, providing re-
sistance to water diffusion and swelling tendencies [17,39] and, con-
sequently, affecting the diffusivity of nutrients, proteins and metabo-
lites and cell-matrix interactions [17].

The balance between the attractive and repulsive forces in compo-
sites was determined by zeta potential measurements [9]. Several au-
thors have shown that low zeta potential values in sodium alginate,
carragennan, chitosan, and galactomannans might be associated with a
higher concentration of Ca2+ ions [9,41,42]. Thereby, with the in-
troduction of nanoHA, there was an increase of Ca2+ ions within the
polymeric matrix, which could have contributed to increase the ionic
strength of the network, consequently bringing zeta potential closer to
the isoelectric point [42], which was particularly evident for Alg-na-
noHA50 and Alg-nanoHA70. Some authors have reported that the ne-
gative surface charge of sheet-shaped hydrogels and calcium compo-
sites can positively affect the protein adsorption, osteoblast attachment
and proliferation [43,44].

The pH of tissue fluids undergoing repairing events may play a
regulatory role in the healing and mineralization processes of bone
since, at the early healing phase, tissue pH is lower than normal phy-
siological pH (7.2), owing to accumulation of acidic metabolites in
tissue fluids [45]. Furthermore, during the mineralization phase, an
increase in tissue calcium content occurs due to the mineral deposition
associated with new bone formation which promotes the increase in pH
to reach more alkaline values [45]. The composites used in the present
study showed to be stable at a large range of pH values, in which their
behavior and stability were found to be influenced by the nanoHA
content. At acidic conditions occurs the protonation of the COO– groups
of the Alg network [46], and the presence of nanoHA increases Ca2+

concentration and consequently the degree of network cross-linking,
promoting the shrinkage of the composites. Under alkaline conditions
occurs the ionization of COO– groups of Alg and the diffusion of Ca2+

ions from gelling sites, endorsing the swelling of composites [46]. The
high stability of Alg-nanoHA hydrogels at high pH values may be fur-
ther related to the stability of nanoHA at neutral and alkaline en-
vironments [47].

Additionally, the bioactivity response of the composites was char-
acterized regarding the apatite deposition on the materials' surface,
upon immersion in SBF. The formation of bone-like mineral on the
surfaces is correlated with an increase in the implant's calcium phos-
phate solubility [48] and is an essential property to indicate the
bonding with living bone [48,49]. No mineral layer was observed over

Alg hydrogels, but the presence of nanoHA induced significantly the
mineral layer growth with apatite structures developing on Alg-nanoHA
hydrogels, which increased with increasing nanoHA content. This in-
crease of apatite on Alg-nanoHA surfaces is probably due to the avail-
ability of negatively charged hydroxyl groups on nanoHA that acted as
a nucleation site for crystal deposition [48,49]. However, the observed
Ca/P molar ratios were lower than that of stoichiometric hydro-
xyapatite (HAP), i.e. 1.67 [50]. Several authors have shown that apatite
coatings via SBF incubation can have lower Ca/P ratios than stoichio-
metric HA [50,51]. Once, the apatite's in vertebrate bone and enamel is
not pure hydroxyapatite, it contains other ions, including, CO3

2−, Cl−,
Mg2+, Na+, and K+. Small amounts of some of these ions (i.e. Mg2+,
Na+) can substitute for Ca2+ ions in the crystal lattice resulting in a
lower Ca/P ratio [50].

In fact, the presence of nanoHA into Alg hydrogel increase the
source of Ca2+ ions into the system, as observed by the released Ca2+

concentration from hydrogels detected by ICP-AES. The Ca2+ ions
could affect the remineralization of demineralized areas, since Ca2+

concentration leads to a growth in the saturation of mineralized tissues
with nanoHA, favoring the deposition of apatite in the lesions and
eventually promoting remineralization [52]. Moreover, the amount of
Ca2+ ions released from biomaterials can play a vital role in regulating
of the chemotaxis, proliferation and osteogenic differentiation of os-
teoblast cells [49].

The obtained results showed that the nanoHA modified the physic-
chemical characteristics of Alg-based hydrogel system. As described,
these characteristics could play a vital role in the diffusivity of nu-
trients, proteins, and metabolites, cell-matrix interactions, chemotaxis,
cell proliferation/differentiation, healing and mineralization, high-
lighting the importance of optimizing the synergism between bioma-
terials to be addressed in bone tissue regeneration.

The biological response of Alg-nanoHA hydrogel system was also
evaluated trough in vitro cytocompatibility assessment with human
osteoblastic cells and ex vivo functional assessment of bone formation.
In the present study, hydrogels with nanoHA at 30% promoted higher
cell proliferation when compared to those with higher nanoHA content
(50 and 70%), at 14 and 21 days, underlining the importance of
nanoHA content for the bioactivity of the composite. Likewise, Eosoly
et al. found that MC3T3 cells proliferation was affected when high
content of nanoHA was used within PCL composites [21]. One possible
explanation is the optimal amount of Ca2+ ions released from compo-
sites, due to the solubility of nanoHA and of Alg hydrogel [53,54].
Several authors have described that Ca2+ ions released from composites
(e.g. calcium alginate, nanohydroxyapatite-chitosan, polysaccharide-
enriched calcium sulfate) can affect significantly the metabolism of
osteoblast cells and bone remodeling within the implantation site
[28,44,49,55]. The increase in Ca2+ ions concentration could lead to a
disturb within the intracellular calcium homeostasis, which plays a vital
role in cell proliferation and apoptosis [56,57], for instance, calcium
active calcium-dependent endonucleases that cleavage the DNA
[56,58,59], and lead to a decrease of cell proliferation. Some authors
pointed out that cell proliferation is hydroxyapatite nanoparticles dose-
dependent [56,59].

The cell morphology and cytoskeletal organization are important
clues of cell homeostasis [60]. Some authors have described that more
elongated cells present a higher degree of cytoskeletal tension (F-actin
filaments) and differential expression of downstream effectors, such as
RhoA and ROCK, which could enhance pathways associated with os-
teogenesis [60,57]. In the present study, regardless of the composition
of the composites, hMSCs presented elongated morphology with evi-
dent cytoplasmic extensions, indicating good cell functionality and
osteogenic potential.

hMSCs cultures grown in the presence of composites were further
characterized for the activation of the osteogenic program, with the
assessment of Runx2, SP7, Col1a1, and BGLAP gene expression. Runx2
is a key transcriptional regulator for the osteogenic differentiation,
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directly and indirectly modulating the expression of osteoblastic-spe-
cific genes; SP7is also a transcription factor that acts downstream of
Runx2, being necessary for the later differentiation of the osteogenic-
committed cells into mature osteoblasts [61,62]. Accordingly, hMSCs
grown under osteogenic-stimulating conditions (i.e. in the presence of
dexamethasone and ascorbic acid) presented significantly higher levels
of both Runx2 and Sp7 transcription factors, a process that seems to
result from the upregulation of distinct intracellular pathways, namely
converging to the TAZ and MPK1 activation [63]. Comparatively,
hMSCs cultures grown in the presence of Alg were found to display
Runx2 levels similar to basal control, whether cultures established in
the presence of Alg-nanoHA hydrogels presented significantly higher
levels than basal control, and further found to be similar (Alg-na-
noHA70) or significantly higher (Alg-nanoHA30 and Alg-nanoHA50)
than those attained in osteogenic-induced hMSCs. This suggests that
Alg-nanoHA hydrogels are greatly effective on inducing osteogenesis in
vitro through a significant induction of the master osteogenic regulator
Runx2 [61]. Assayed hydrogels were also found to induce the expres-
sion of Sp7 to levels like to those attained in osteogenic-induced cul-
tures, further sustaining the increased ability to promote the osteo-
blastic differentiation. Runx2 and Sp7 transcription factors may
subsequently regulate the expression of osteoblastic matrix-related
genes such as alkaline phosphatase, bone sialoprotein and, as presently
evaluated, Col1a1 and BGLAP, by binding to specific enhancer regions
[64]. Col1a1 is a major constituent of the organic extracellular matrix
of bone tissue and its expression has been found to occur at high levels
during the early stages of osteogenesis, considering an early osteogenic
marker [65]. BGLAP codes a major non-collagenous protein of the ex-
tracellular matrix being regarded as a late marker of the osteogenic
differentiation pathway with a high-level expression associated with
the maturation and late differentiation of osteoblastic populations [65].
BGLAP product further contains a Gla (gamma carboxyglutamate) do-
main, which binds to calcium and hydroxyapatite, regulating bone
mineral maturation [65]. Alg-nanoHA hydrogels, particularly Alg-na-
noHA30 and Alg-nanoHA50, were found to significantly increase
Col1a1 and BGLAP to levels similar to those attained in osteogenic-
induced cultures, sustaining the increased osteogenic activation of
hMSCs.

Ex vivo data underlined the in vitro findings, revealing an enhanced
osteogenic response by Alg-nanoHA hydrogels, particularly the Alg-
nanoHA30 composition. This condition induced a strong collagenous
matrix deposition at the defect margin and stimulated the mineralized
trabecular organization at the collar structure. Compositions with
higher content of nanoHA (i.e. Alg-nanoHA50 and Alg-nanoHA70)
presented an inferior osteogenic activation, whether Alg hydrogel in-
duced the lowest osteogenic activation, in a way similar to control.
Previous studies have demonstrated the osteogenic-inducing ability of
chitosan/hydroxyapatite composite systems, in bone tissue-related ap-
plications [20,66,67]. Notwithstanding, no previous studies have ad-
dressed the development and biological evaluation of Alg hydrogels'
loading with nanoHA particles at different ratios. In the present study,
the ability of Alg-nanoHA composites to significantly induce the os-
teogenic activation in both in vitro and ex vivo systems was observed.
Furthermore, a differential biological response was attained with the
loading of distinct nanoHA particles' proportions.

5. Conclusions

This work denoted that the nanoHA concentration has a vital role in
physic-chemical properties and biological response of the assayed
composite. Broadly, physic-chemical features, like water-swelling ratio,
stability at extreme pH conditions, apatite formation and Ca2+ release
from Alg-nanoHA hydrogels were nanoHA dose-dependent. The biolo-
gical response of composites was influenced by nanoHA content, in
which Alg-based hydrogel with the nanoHA 30% content enhanced, in
vitro, the osteoblastic cells' proliferation and osteogenic activation, and,

in ex vivo, enhanced the collagenous deposition and trabecular bone
formation, while those with higher concentrations (50 and 70%) im-
paired the biological response. The results showed the need to optimize
the ratio of the composite's components in order to maximize bone
tissue regeneration.
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