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Abstract—Highly porous chitosan/hydroxyapatite composite
structures with different weight ratios (100/0; 90/10; 80/20;
70/30; 60/40; 50/50; 40/60) have been prepared by precipi-
tation method and freeze-gelation technique using calcite,
urea phosphate and chitosan as starting materials. The
composition of prepared composite scaffolds was character-
ized by X-ray diffraction analysis and Fourier transformed
infrared spectroscopy, while morphology of scaffolds was
imaged by scanning electron microscopy. Mercury intrusion
porosimetry measurements of prepared scaffolds have shown
different porosity and microstructure regarding to the HA
content, along with SEM observations of scaffolds after
being immersed in physiological medium. The results of
swelling capacity and compressive strength measured in
Dulbecco’s phosphate buffer saline (DPBS) have shown
higher values for composite scaffolds with lower in situ HA
content. Viability, proliferation and differentiation of
MC3T3-E1 cells seeded on different scaffolds have been
evaluated by live dead assay and confocal scan microscopy.
Our results suggest that the increase of HA content enhance
osteoblast differentiation confirming osteogenic properties of
highly porous CS/HA scaffolds for tissue engineering appli-
cations in bone repair.

Keywords—Chitosan, Hydroxyapatite, Scaffold, Unconfined
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INTRODUCTION

In recent years, there are numerous investigations
regarding the synthesis of new biodegradable scaffolds
for bone tissue replacement. To fulfill required features
of potential biomaterial substituent, wide range of
synthetic and natural polymers along with calcium
phosphate phases were used. The main goal is to
produce a material that will mimic extracellular matrix
(ECM) of bone. Synthetic polymers are generally inert
to biological molecules; therefore, natural polymers are
more adequate for these purposes. Chitosan (CS) has
shown to be a good candidate for tissue engineering
materials due to its chemical similarity to biological
molecules and short-time biodegradability in vivo via
specific enzymatic reactions.17,18 Apart from chemical
structure, chitosan can be processed by different
techniques for scaffold production: lyophilization,
electrospinning, thermally induced phase separation
(TIPS), particulate leaching, microsphere sintering,
etc.7,16,24,33,34

The potential material for tissue engineering (TE)
applications has to fulfill several requirements, such as
biocompatibility, bioactivity, biodegradability and
good mechanical properties. However, scaffold’s
topography (surface roughness), charge and wettabil-
ity, microstructure and interconnected porosity are the
main factors influencing the cell adhesion and activity,
neovascularization and angiogenesis.4,5,11,20 Besides
surface properties, the alteration of scaffold’s compo-
sition during neotissue formation affects further cell
proliferation and growth. Calcium phosphate salts
have shown good resorption ability in physiological
conditions, and depending on its composition, higher
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solubility.3,6,21 For instance, octacalcium phosphate
(OCP) has tendency to transform to calcium-deficient
hydroxyapatite (CDHA) similar to biological apatite
by hydrolysis reaction. By transforming, OCP influ-
ences the adsorption of specific biomolecules impor-
tant for cell activation.30,31 Even though stoichiometric
hydroxyapatite is the most studied bioactive compo-
nent of bone tissue engineering (BTE) scaffolds, in situ
precipitation of CDHA or carbonated HA (CHA) will
allow producing biomaterials more similar to the
inorganic part of natural bone tissue.

Natural bone can be defined as a metabolically
active tissue that undergoes continuous remodeling
process involving bone formation and bone resorption.
These counteracting processes are based on activity
of osteoblasts (bone formation), osteoclasts (bone
resorption) and osteocytes (bone maintenance). Under
normal conditions, kinetics of bone resorption and
bone formation are balanced, i.e., the amount of
removed bone is always equal to the amount of newly
formed bone tissue.9,25 In terms of fracture, bone tissue
healing is initiated in response to regulatory mecha-
nisms associated with inflammation and immune
response. Bone repair process involves several stages
that cause interactions between various types of
tissue: endochondral formation (cartilage formation),
intramembranous bone formation, followed by pri-
mary bone formation due to cartilage resorption, and
finally bone remodeling process.8 New bone synthesis
is controlled within osteoblasts and progenitor cells
through signaling mechanisms that regulate the actions
and transcription levels of various transcription fac-
tors. Those transcription factors are involved in the
regulation of the osteoblast phenotype, which in turn
regulate genes that code for bone matrix proteins.12

Runt-related transcription factor 2 (Runx2) is consid-
ered to be a central control gene within the osteoblast’s
phenotype which supports final progression to the
mature osteocyte and expression of obligatory genes
for mineralization of the bone extracellular matrix.
Runx2 is principally linked to osteoblast proliferation
and differentiation, which is indicated by increment of
its expression during osteoblast maturation. The
Runx2 transcript possesses ability to stimulate genes
such as: osteocalcin, osteopontin, collagen I, collage-
nase 3 (matrix metalloproteinase 1), bone sialoprotein,
alkaline phosphatase etc., which are considered to
reflect different aspects of osteoblast function and of
bone formation.12,25,28

This work is a continuation of our previous stud-
ies23 of the effect of in situ formed HA in chitosan
solution on the properties of highly porous CS/HA
composite scaffolds prepared by freeze-gelation tech-
nique. Different amount in situ non-stoichiometric
HA has shown significant influence on scaffolds

microstructure, while MTS assay confirmed no toxic
effect on fibroblast L929 cells evaluated by indirect
viability tests. In this work, osteogenic properties of
highly porous CS/HA scaffolds were evaluated by
in vitro culture of preosteoblast MC3T3-E1 cells
during 14 days under optimal differentiation condi-
tions. Live dead assay was performed to evaluate cell
viability, while expression of specific osteogenic dif-
ferentiation markers was evaluated by immunocito-
chemical assays on cells seeded onto different CS/HA
scaffolds compositions.

MATERIALS AND METHODS

Synthesis and Characterization

Scaffold’s Preparation

Composite scaffolds were prepared by freeze-gela-
tion technique. Prior to highly porous structure

formation, chitosan ( �M = 100–300 kg mol21, deacety-
lation degree, DD = 0.95–0.98; Acros Organics) was
dissolved in aqueous 0.36% acetic acid (HAc) solution
to form 1.2 wt% polymer solution. To synthesize HA,
an appropriate amount of calcite (CaCO3) and urea
phosphate ((NH2)2CO–H3PO4) in a Ca/P ratio of 1.67
was added into CS solution. The starting content of
these reagents were scaled according to the final CS/
HA theoretical weight ratios of 100/0, 90/10, 80/20,
70/30, 60/40, 50/50 and 40/60. Obtained solu-
tions/suspensions were set in molds and cooled down
to 4 �C before being frozen at 222 �C for 18 h. Then,
frozen samples were immersed into neutralization
medium of 1 mol dm23 NaOH/ethanol (1:1) at222 �C
for 12 h to induce gelation of chitosan. The wet samples
were removed from solution and rinsed in ethanol at
222 �C for 12 h, then at room temperature for 24 h,
and finally dried at room temperature. Highly porous
scaffolds (HPS) were produced and designated as fol-
lows: HPS-0, HPS-1, HPS-2, HPS-3, HPS-4, HPS-5 and
HPS-6, corresponding to chitosan/hydroxyapatite
weight ratio of 100/0; 90/10; 80/20; 70/30; 60/40; 50/50
and 40/60, respectively.

Scaffold’s Characterization

The Fourier transform infrared spectra (FTIR) of
scaffolds were recorded by attenuated total reflectance
(ATR) spectrometer for solids with a diamond crystal
(Bruker Vertex 70) at 20 �C over the spectral range of
4000–400 cm21, with 16 scans and 4 cm21 of resolution.

Mineralogical composition of prepared scaffolds
was investigated by X-ray diffraction analysis (XRD)
using a Shimadzu XRD-6000 diffractometer with Cu
Ka radiation operated at 40 kV and 30 mA, in the
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range of 5�< 2h< 70� at a scan speed of 0.2�/s. Iden-
tification of crystal phases was done by ICDD (Inter-
national Centre for Diffraction Data) card catalog.

Morphology of highly porous scaffolds was imaged
by the scanning electron microscope TESCAN Ve-
ga3SEM Easyprobe at electron beam energy of
10 keV. Previously to imaging, scaffolds were frozen
for cutting to preserve the porous microstructure.
Cutted samples were sputtered with gold for 120 s.

Pore size distribution was determined by means of a
mercury porosimeter from Micromeritics (Autopore
IV (9500)), as a function of intrusion volume (pressure)
of mercury. Due to the high porosity of the samples,
the weight of analyzed samples ranged from 20 to
30 mg per scaffold.

Physical Properties

Swelling Ability

The swelling capacity of each composite scaffold
(n = 3) was measured in Dulbecco’s phosphate buffer
saline (DPBS) at 37 �C for 24 h. For greater stan-
dardization of weight measurement, wet samples taken
out from DPBS were exposed for 5 min to ambient
temperature and atmospheric pressure. The weights of
the wet scaffolds were then determined, denoted as w1.
Afterwards, samples were vacuum dried at 50 �C until
constant mass and weighted again. The weights of the
dry scaffolds were denoted as w2. Swelling capacity was
calculated as the ratio of increased weight after
immersion (w1 2 w2) relative to weight w2.

Mechanical Tests

Unconfined compression of scaffolds was performed
in DPBS at room temperature. Prior to measurement,
each composite scaffold (n = 5) was immersed in
DPBS for 24 h to reach swelling equilibrium. Uncon-
fined compression was performed on swollen cylindri-
cal scaffolds, 8 mm in diameter, with mechanical
instrument Seiko TMA/SS6000 (Seiko Instrument
Inc., Japan) in three steps: (1) a pre-deformation from
0 to 2% of sample height at a rate of 200 lm/min to
normalize an initial reference test point, (2) an inter-
mediate step where this deformation was maintained
for 2 min, and (3) a final step from 2 to 80% defor-
mation at a rate of 50 lm min21.

Biological Evaluation

Argon plasma Treatment

Cell culture with MC3T3-E1 preosteoblasts was
performed on HPS-0, HPS-1, HPS-3 and HPS-5 to
investigate the influence of scaffolds composition on

cell adhesion, proliferation and differentiation. Prior to
cell culture, scaffolds were treated with argon plasma
surface modification performed in order to increase
cell adhesion.27 Argon plasma treatment was carried
out on Plasma Electronic Piccolo, 2.45 GHz generator,
with argon pressure of 50 Pa for 120 s on both sides of
scaffolds. Then, treated samples were swollen in DPBS
for 24 h and cut into cylindrical shape with diameter of
6 mm and 1–2 mm of height.

Cell Culture on Scaffolds

Cell culture with mouse MC3T3-E1 cell line was per-
formed on plasma treated scaffolds for 1, 7 and 14 days.
Plasma treated cylindrical-shaped replicas (n = 3) were
sterilized with 70% ethanol in vacuum and conserved at
4 �C for 24 h. After sterilization, samples were washed 3
times in DPBS and left immersed for 30 min. Final
washingwasperformedwithDulbecco’smodifiedEagle’s
culture medium (DMEM) and replicas were transported
into a 96-well plate previously coatedwith agar.Agarwas
deposited in polystyrene plates in order to avoid cell
adhesion onto wells and to favor confinement of cells
inside scaffolds in early adhesion stages.

Meanwhile, MC3T3-E1 cells were maintained in
basal medium with 10% FBS until they achieve con-
fluence. Scaffolds were seeded with 2.7 9 105 cells/
scaffold and incubated with DMEM medium supple-
mented with 10% FBS (fetal bovine serum) and 1%
penicillin/streptomycin in humidified atmosphere with
5% CO2 at 37 �C. After 3 days of culture, medium was
changed to differentiation medium composed of
DMEM supplemented with 10% FBS, 1% penicillin/
streptomycin, 50 lg/ml ascorbic acid, 10 mM b-glyc-
erophosphate and 1 lM dexamethasone. Medium was
changed every third day.

Live Dead Assay

Qualitative cell viability on cultured composite
scaffolds at 1, 7 and 14 days was determined with live/
dead staining by Live/Dead� Viability/Cytotoxicity
Kit (Invitrogen). Cultured samples were washed 3
times with DPBS and incubated with 2 lM calcein
acetoxymethyl (calcein-AM) and 4 lM ethidium
homodimer (EthD-1) in humidified atmosphere with
5% CO2 at 37 �C for 15 min. Live cells (stained in
green) and dead cells (stained in red) were analyzed by
fluorescence microscope (Leica TCS SP2 AOBS, Leica
Microsystems).

Cell Counting

Cell proliferation on different composite scaffolds at
1, 7 and 14 days was estimated by cell nucleus counting
using DAPI staining on different scaffold slices with
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60 lm of thickness cutted in a Leica CM1520 cryotome
at 220�C. Imaging was carried out by confocal fluo-
rescence microscope (Zeiss LSM 780, Axio Observer) in
16-tile mode scanning. Prior to statistical calculation,
outlier samples were discarded. Cell number on differ-
ent scaffolds is expressed as mean ± SEM (standard
error of mean) to indicate the precision of estimated
mean of population.

Immuno Assay

Differentiation of MC3T3-E1 preosteoblasts at 1, 7
and 14 days was examined by different antibodies to
confirm expression of differentiation markers: runt-
related transcription factor 2 (Runx2), osteopontin
(OPN) and integrin-binding sialoprotein (IBSP).
Firstly, cultured samples were washed with DPBS and
permeabilized with DPBS/Triton X-100 0.5% for
5 min at room temperature, and subsequently blocked
by DPBS/5% goat serum for 1 h. Then incubation
with primary antibodies with dilution 1:100 in DPBS/
5% goat serum was performed for 2 h at room tem-
perature. Next, samples were washed with DPBS/0.5%
Tween 20 and incubated with secondary Cy3 conju-
gated anti-rabbit and anti-mouse antibodies with
dilution 1:200 for 2 h at room temperature, with sub-
sequent addition of 5 lL of phallacidin per scaffold for
cytoskeleton staining. After washing second antibod-
ies, samples were conserved in 30% sucrose solution
for 24 h at 4 �C and finally fixed with cryoprotective
medium (OCT) at -80�C. Sample slices with 60 lm of
thickness were cut in a Leica CM1520 cryotome at
220 �C and mounted with Vectashield� DAPI for
nuclei staining. Detection of protein markers was
performed by confocal fluorescence microscope (Zeiss
LSM 780, Axio Observer).

Statistical Analysis

The results are expressed as mean ± standard
deviation (SD) or as mean ± SEM (standard error of
mean). Statistical comparisons between samples were
examined using one-way ANOVA analysis with value
p< 0.05 or p< 0.01 as a statistical significance.

RESULTS

In FTIR spectra (Fig. 1, left) characteristic phos-
phate (PO4

32) bands at two wave number regions are
seen: 1022–960 and 600–560 cm21. All prepared scaf-
folds (except HPS-1) show absorption band at
875 cm21 which could be associated with HPO4

22 or
CO3

22 group. The presence of apatite structure sub-
stitutions indicates a non-stoichiometric HA formation

with higher solubility in physiological conditions,
regarding the stoichiometric HA. Characteristic chi-
tosan bands, amid I and II (–NHC=O) and amino
(–NH2), are depicted in Fig. 1, left and Table 1. Amid I
(carbonyl part) and amino bands are clearly present in
all samples accompanied with slight shift regarding to
the pure chitosan scaffold (HPS-0).

X-ray diffraction analysis of composite scaffolds
confirmed apatite phase formation (Fig. 1, right).
Composite scaffolds with lower HA portion (HPS-2)
show presence of other calcium phosphate phase,
octacalcium phosphate (OCP), while HPS-1 scaffold
shows characteristic maximum of chitosan anhydrous
polymorph phase (CPA), as well.

SEM imaging shows highly porous structure of
HPS-0, HPS-1, HPS-3 and HPS-5 scaffolds after being
immersed in DPBS and vacuum dried at 50 �C
(Fig. 2). Drastic changes in pore size and shape with
higher HA content are noted. In addition, good pore
interconnectivity of scaffolds is present.

The analysis of swelling properties of different
composite scaffolds has indicated the highest swelling
capacity of HPS-1 (23.3 ± 0.1), while the lowest value
of 13.6 ± 0.6 has HPS-6 scaffold (Fig. 3). The signifi-
cant decrease of swelling ability regarding the chitosan
scaffold happens at HA portions higher than 30%.
Young’s moduli measured in wet conditions (DPBS)
have similar behavior as swelling capacity, i.e., HPS-1
scaffold possesses the highest compressive strength
with modulus value of 6.63 ± 0.73 kPa, which
decreases by the HA addition.

Open porosity values obtained by mercury intrusion
porosimetry are in range 84–91% for all prepared
scaffolds (except HPS-5: 73.0%). Each scaffold has a
wide distribution of pore diameter (Fig. 4), where
HPS-4 scaffold excels with highest maximum of pore
diameter distribution (d50 = 76.5 lm), which could be
a reason for having the lowest Young’s modulus.

Cell culture with MC3T3-E1 preosteoblast cells was
performed on HPS-0, HPS-1, HPS-3 and HPS-5 scaf-
folds for 1, 7 and 14 day. Cell viability was evaluated
by live dead staining, in which live cells are stained in
green and dead cells appear in red. Green staining of
cells on investigated scaffolds (Supplementary data 1,
Fig. SD1) confirms good cell viability. Nuclei counting
method have confirmed effective cell seeding into the
scaffolds and the increment of the cell number along
the time on each scaffold (Fig. 5). The decrement in
cell number after 14 days of culture suggests that cells
have been stopped proliferating and started to differ-
entiate, which has been indicated by immunological
assay presented in following results. Although HPS-5
shows lower cell number, the tendency of cell prolif-
eration is the same compared with other composite
scaffolds, which confirms good behavior for cell pen-
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etration, adhesion and growth. The addition of HA to
the chitosan matrix favors cell colonization, as the
number of cells in the composites is higher than in the
pure chitosan scaffold for all culture times.

Immunological assays of cell differentiation con-
firmed by bone formation markers are depicted in
Figs. 5, 6, 7, and 8 (and in Supplementary data
2–4). Cell nuclei appeared in blue, cytoskeletons
in green and specific proteins expression in red,
respectively.

Runt-related transcription factor 2 (Runx2) as an
early-stage osteoblast differentiation marker has been
detected in cells seeded on HPS-3 and HPS-5 scaffold
at day 1 (Fig. 6) and day 7, while expression in scaf-
folds HPS-0 and HPS-1 is absent during the entire
period of culture (Supplementary data, Figs. SD2a and
SD2b). The Runx2 has the ability to facilitate the
convergence of osteogenic signaling pathways, there-
fore, expression of osteopontin (OPN) and integrin
binding sialoprotein (IBSP) is expected. The expression

of OPN and IBSP has been found in HPS-3 and HPS-5
scaffolds at 1, 7 and 14 days of culture (Figs. 6, 7)
suggesting good osteogenic potential of the scaffolds.
On contrary, HPS-0 and HPS-1 have showed only
OPN expression at day 7 and 14 (Supplementary data
3–4).

DISCUSSION

Scaffold’s Characterization

The results of FTIR spectra of HPS composite
scaffolds show phosphate groups characteristic for
apatite phase (Fig. 1).1,26 Results of our previous
study22 have indicated possible interactions between
in situ formed HA and chitosan. In FTIR spectra of
CS/HA composites the phosphate band shifting was
observed, regarding the phosphate band of pure
hydroxyapatite prepared at the same conditions.
According to the literature15 the protonated amino

FIGURE 1. FTIR spectra (left) and XRD pattern (right) of prepared composite scaffolds.

TABLE 1. FTIR bands (k) of amid I (–C=O), amino (–NH2) and amid II (–NH–) bond of composite scaffolds.

Scaffold k (amid I) (cm21) k (amino) (cm21) k (amid II) (cm21)

HPS-0 1651 1589 1562

HPS-1 1650 1581 1562

HPS-2 1648 1579 1560

HPS-3 1647 1577 1560

HPS-4 1650 1577 1558

HPS-5 1652 1579 1560

HPS-6 1652 1575 1558

In Situ Hydroxyapatite Content Affects the Cell Differentiation 1111



groups of chitosan, NH3
+, being positively charged

form complex with phosphate ions facilitating nucle-
ation and growth of HA. The carbonyls of chitosan
can chelate calcium ions and arrange them into a

similar structure as HA crystal. In present study, the
shifts of specific chitosan groups (amid I and amino) in
composite scaffolds (Table 1) could indicate possible
chitosan–HA interactions.

FIGURE 2. SEM micrographs of cross section of (a) HPS-0; (b) HPS-1; (c) HPS-3; (d) HPS-5 scaffold after 24 h of DPBS immersion.

FIGURE 3. Swelling ratio (line) and Young’s modulus (bars)
of porous scaffolds after 24 h of DPBS immersion at 37 �C
(significant difference between two groups: *p< 0.05,
**p< 0.01).

FIGURE 4. Mercury intrusion volume vs. pore size (Dp) of
composite scaffolds.
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Confirmation of HA precipitation has obtained by
X-ray mineralogical analysis, according to ICDD data
base. Besides characteristic HA diffraction maxima,
another calcium phosphate phase has been identified as
octacalcium hydrogen phosphate pentahydrate (OCP).
Coexistence of hydroxyapatite and OCP has been
found in scaffold HPS-2, which is not surprising
regarding the suggested transformation mechanism
of OCP to HA via hydrolysis reaction in slightly
acidic conditions.10,29 The presence of OCP does not
interfere with bioactivity or biocompatibility of scaf-
folds. Moreover, conversion of OCP in physiological
conditions leads to calcium-deficient hydroxyapatite
(CDHA) similar to biological apatite. Those OCP-HA
transformation reactions are also implicated in
adsorption of serum and glycoproteins, i.e., in cell
activity. The existence of chitosan anhydrous poly-
morph (CSA) is caused by the preparation method
which uses a mixture of ethanol and NaOH as a gelling
medium.14,23

Swelling, Mechanical Properties and Porosity

One of the main factors that influence the biocom-
patible nature of artificial biomaterials is swelling
property, i.e., content of absorbed water which imparts
physicochemical properties to biomaterial. It is well
known that chitosan swells in aqueous solution, which
could be utilized as a biomaterial protection inside the
implanted space.19 All prepared scaffolds show high
swelling ratio (>130%) after 24 h being immersed in
DPBS at 37 �C (Fig. 3), which is of great importance
for cells and nutrients diffusion, and prevention of the
body fluid loss. The swelling ratio values indicate that
scaffolds have capacity to uptake and retain water
content greater than their own weight which is
advantage in practical applications to have stable

implant during cell culture or implanted site contact.
Higher content of inorganic phase (HPS-4, HPS-5 and
HPS-6) influences the absorbed water amount causing
constraining the swelling. This effect can be described
as a formation of HA barrier that prevents water
permeation into chitosan matrix. On the other hand,
scaffolds with lower inorganic phase content (HPS-
1and HPS-2) show slight increase in swelling capacity
regarding the pure chitosan scaffold. The inorganic
HA phase within chitosan matrix acts also as a filler
that could improve physicochemical properties of the
material, depending on the fraction added to the ma-
trix. Lower HA precursor’s amount can allow precip-
itation of smaller crystals of inorganic phase
homogeneously dispersed. That way, better matrix-
filler interactions and lower interface energy without
forming agglomerates, that represent weak load-bear-
ing point of the material, are obtained. Moreover,
during the swelling, texture of scaffolds is changing
from soft sponge to hydrocolloid by the increment of
absorbed water. With additional affect of ionic
strength of testing medium, it seems that lower content
of inorganic phase influences the formation of 3D
stable structure.

Unconfined compression has been measured for
swollen scaffolds from HPS-0 to HPS-5. The absence
of Young’s modulus of HPS-6 scaffold is due to its
high brittleness and inability to perform compressive
testing. Deformation of each composite scaffold under
compressive loading follows the same trend (Supple-
mentary data 5, Fig. SD5). When compressive loading
is applied, scaffolds show elastic behavior due to chi-
tosan ability to form a hydrogel. Likewise, spongy
structure is responsible for inability to determine the
maximum loading at break. HPS-1 scaffold shows
significant difference in Young’s modulus with respect
to pure chitosan scaffold (HPS-0). As seen from Fig. 3
the lower content of inorganic phase results in better
mechanical properties, as shown by Young’s modulus.
It is believed that the interaction between HA and
chitosan (ionic and/or polar) assist the site specific
nucleation and growth of HA nano-particles and en-
able more stress to be transferred from the matrix to
the filler during external loading.15 High amounts of
nano-sized filler can result in agglomeration of the
particles that represent weak load-bearing point of the
composite material. Interesting question arises by
correlating water uptake ability and mechanical
properties of composite scaffolds that are following the
same fashion. The highest swelling capacity and
Young’s modulus has obtained for HPS-1 scaffold,
which could imply the synergistic effect of water up-
take on mechanical properties of swollen scaffold.
However, composite scaffolds with higher HA content
(HPS-4 and HPS-5) possess ability to uptake a signif-

FIGURE 5. Cell proliferation on different composite scaf-
folds at 1, 7 and 14 days of culture.
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icantly lower amount of water compare to the pure
chitosan scaffold, still significant difference in Young’s
modulus regarding the chitosan has not been empha-
sized. It can be assumed that water uptake ability
implicates mechanical properties of swollen scaffolds,
since the amount of absorbed water depends not only
on materials composition, yet on the difference in
porosity and pore size distribution of the scaffold.32

Those properties complicate the understanding of the
impact of HA content on compressive strength of
investigated composite scaffolds.

Referring the mercury intrusion porosimetry results
(Fig. 4), the slight difference in pore size distribution

between composite scaffolds can be noticed (except
HPS-5 scaffold). Even though HPS-0 and HPS-2
scaffolds possess similar pore size distribution, HPS-2
shows significantly greater water uptake. This could
imply the isolated influence of HA as a reinforcement
agent during the material swelling, and indirect rein-
forcement under compressive load. Higher impact of
pore size distribution on compressive modulus could
be assigned to HPS-4 scaffold, as a composite scaffold
with largest pores and the most unstable swollen
structure.

Correlating the pore size and porosity, mineralogi-
cal composition and crystallinity, microstructure of

FIGURE 6. Expression of Runx2 on different composite scaffolds after 1 day of culture. Cells nuclei detected with Dapi (blue),
cytoskeleton with phallacidin (green), Runx2 (red). Scale bar: 50 lm.
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scaffolds, and regarding the wet conditions of testing
(swelling ability); it is hard to isolate the influence of
inorganic phase content on porous scaffolds compres-
sive strength. Even though swollen HPS-1 composite
scaffold in phosphate buffer saline possesses higher
Young’s modulus than chitosan scaffold, its applica-
tion as a bone substituent is limited on bone defect
repair. Therefore, future work will be focused on
modifying mechanical properties of composite scaf-
folds introducing another synthetic polymer to extend
material’s application.

Comparing the pore size distribution results
obtained by mercury intrusion porosimetry (MIP) with

the visual assessment by SEM imaging, broad distri-
bution of pore size of scaffolds is observed. MIP cal-
culation is based on hypothesis of material having
cylindrical pores, and regarding to the non-defined
porous structure of composite scaffolds (Fig. 2), it can
be assumed the existence of pore sizes larger than
~100 lm. So far, different pore size and structure has
been suggested for regeneration of various tissues.13

Pore sizes of 100–400 and 200–350 lm have been
suggested for tissue regeneration and osteoconduction,
while pore sizes of 5–15 and 70–120 lm could be
optimal for fibroblast and chondrocytes growth. It is
clear that optimal design for scaffold’s microstructure

FIGURE 7. Expression of OPN on different composite scaffolds after 14 days of culture. Cells nuclei detected with Dapi (blue),
cytoskeleton with phallacidin (green), osteopontin (red). Scale bar: 50 lm.
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and pore size distribution depends on the cell type
which will be applied.

Live Dead Assay and Cell Proliferation

Fluorescence staining of HPS-0, HPS-1 HPS-3 and
HPS-5 scaffolds shows good cell viability during the
whole period of culture (Supplementary data,
Fig. SD1). It can be noticed the homogeneous cell
distribution through the scaffold’s trabeculae, and cell
number seems to increase over culture time. Beside
good cell distribution, the cell orientation around HA
particles on scaffolds HPS-3 and HPS-5 can be

observed. Cell adhesion and proliferation depends on
surface properties of the scaffolds, such as
hydrophilicity, electrostatic charge, roughness, etc. It is
a fact that synthetic polymers are mostly hydrophobic
in their unmodified state which influences the cellular
proliferation. Cell adhesion to an artificial material is
provided by molecules of extracellular matrix adsorbed
from culture media or deposited by the cells them-
selves.2 Chitosan is a natural hydrophilic polymer that
contains specific amino groups possibly responsible for
preferable adsorption of binding molecules (proteins).
The presence of HA has positive influence on the cell
number which could be a result of synergic effect of

FIGURE 8. Expression of IBSP on different composite scaffolds after 14 days of culture. Cells nuclei detected with Dapi (blue),
cytoskeleton with phallacidin (green), IBSP (red). Scale bar: 50 lm.
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hydrophilicity and bioactivity. In addition to the ef-
fects of surface wettability and polarity the scaffold
surface topography, i.e., surface roughness obtained by
the plasma treatment may also affect protein adhesion
and consequently cellular responses.

Cell proliferation obtained by nuclei counting has
confirmed positive indication of live dead assay by
good cell adhesion and growth on each investigated
scaffold. Significant cell proliferation points out high
surface area of all composite scaffolds and sufficiently
large porosity and pore sizes for cell penetration and
proliferation. As mentioned above, primary cell adhe-
sion stage depends on surface properties and material’s
composition, but also on porosity, interconnectivity
and pore size. A close look on porosity values of
composite scaffolds (84–91%) revels slight difference
which can be eliminated as a determination factor for
cell proliferation in HPS-0, HPS-1 and HPS-3 scaf-
folds. Therefore, it can be concluded that increment in
cell number in scaffolds with HA content is a results of
bioactive component presence. Lower cell number in
HPS-5 scaffolds at primary cell adhesion stage could
indicate the effect of lower porosity, yet it is not unique
important factor affecting cell adhesion and growth.
Regarding the cell number calculated from pure chi-
tosan scaffold, positive influence of hydroxyapatite in
cell adhesion and proliferation as a bioactive compo-
nent can be confirmed.

Qualitative Protein Expression

Immunological assays were performed on HPS-0,
HPS-1, HPS-3 and HPS-5 scaffolds at 1, 7 and 14 days
of culture. Expression of specific markers, as osteoblast
phenotypes, was used to confirm MC3T3-E1 pre-
osteoblast cell differentiation.

When implanted in an osseous site, bone bioactive
materials such as calcium phosphate implants and
coatings provide a suitable environment for cellular
response and osteoblasts colonization. The addition of
calcium phosphate, mainly hydroxyapatite, in chitosan
scaffold has shown to increase cell adhesion, prolifer-
ation, alkaline phosphatase activity, protein adsorp-
tion, Type 1 collagen production and expression of
other osteogenic differentiation markers. Runx2 as a
principal osteogenic master gene for bone formation
that switches bone development and osteoblast differ-
entiation has been detected on scaffolds with higher
HA content (HPS-3 and HPS-5). Runx2 promotes
genes essential for progression of differentiation at
early stages of osteoblast differentiation and during the
extracellular matrix mineralization process. Detection
of principal osteogenic marker on HPS-3 and HPS-5
scaffolds at day 1 and 7 is accompanied by expression
of non-collagenous proteins osteopontin and integrin-

binding sialoprotein during the whole period of cul-
ture. The lack of Runx2 expression in HPS-0 and HPS-
1 scaffolds for each time point of culture indicates poor
osteogenic signal of those scaffolds. On the basis of
detection of osteogenic markers expression, it can be
concluded that chitosan/HA porous scaffolds with
higher content of in situ HA would provide suitable
environment for enhanced osteogenesis of MC3T3-E1
preosteoblasts. Additional quantitative analysis of
proteins quantity would give detailed information
regarding the correlation of HA content in porous
composite scaffold with cell differentiation mechanism.

CONCLUSIONS

Highly porous chitosan/HA scaffolds were prepared
by precipitation reactions and freeze-gelation method.
Different portions of hydroxyapatite have impact on
physical and biological properties of composite scaf-
folds. Compressive strength and swelling capacity
measured in physiological conditions have shown that
critical HA portion which improves chitosan proper-
ties do not exceeds 30 wt%. Cell culture experiment
confirmed cell viability of preosteoblast MC3T3-E1
cells during 14 days of culture. Qualitative analysis of
osteoblast’s phenotype expression indicates cell differ-
entiation on chitosan/HA scaffolds with higher HA
content. According to the positive osteogenic signal
with higher in situ HA content and interconnected
microstructure, presented scaffolds have shown to be a
potential candidate for repair of bone tissue defects.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (doi:10.1007/
s10439-015-1418-0) contains supplementary material,
which is available to authorized users.
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