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Abstract Polyhydroxybutyrate/chitosan/calcium phosphate
composites are interesting biomaterials for utilization in
regenerative medicine and they may by applied in recon-
struction of deeper subchondral defects. Insufficient infor-
mations were found in recent papers about the influence of
lysozyme degradation of chitosan in calcium phosphate/
chitosan based composites on in vitro cytotoxicity and
proliferation activity of osteoblasts. The effect of enzymatic
chitosan degradation on osteoblasts proliferation was stu-
died on composite films in which the porosity of origin 3D
scaffolds was eliminated and the surface texture was mod-
ified. The significantly enhanced proliferation activity with
faster population growth of osteoblasts were found on
enzymatically degraded biopolymer composite films with α-
tricalcium phosphate and nanohydroxyapatite. No cyto-
toxicity of composite films prepared from lysozyme
degraded scaffolds containing a large fraction of low
molecular weight chitosans (LMWC), was revealed after
10 days of cultivation. Contrary to above in the higher
cytotoxicity origin untreated nanohydroxyapatite films and
porous composite scaffolds. The results showed that the
synergistic effect of surface distribution, morphology of
nanohydroxyapatite particles, microtopography and the
presence of LMWC due to chitosan degradation in com-
posite films were responsible for compensation of the

cytotoxicity of nanohydroxyapatite composite films or
porous composite scaffolds.

1 Introduction

Composites with biopolymer matrix and calcium phosphate
bioactive component represent systems, which are currently
interesting for utilization in reconstruction and regenerative
medicine, maxillofacial surgery and other medicine fields.
The chitosan belongs to hydrophilic biopolymer poly-
saccharide types with inductive and stimulation activity on
connective tissue rebuilding [1]. Because of the sufficient
swelling and water uptake of chitosan based composites
during the preparation, it make possible to create large-
porous substrates after lyophilization. A low addition of
nanohydroxyapatite (up to 2 wt%) to the chitosan solution
with following formation of highly porous scaffolds by
lyophilization showed an enhanced proliferation activity and
population growth of osteoblasts but no effect of different
molecular weight of chitosan on proliferation was found [2].
The nanohydroxyapatite or nano-β-tricalcium phosphate
addition to chitosan improved the bioactivity of composite
scaffolds and affected the apatite formation on surface [3, 4].
Chitosan scaffolds with higher deacetylation degree (DD)
more supported the attachment and proliferation of L929
cells than more acetylated ones [5]. The influence of chit-
osan addition in the form of hardening liquid to calcium
phosphate cement (CPC) mixture on viability and growth
rate of osteoblasts was evaluated by Hesareki and Nezafati
[6]. It was demonstrated improving of CPC flexural strength
without affecting osteoblast viability on CPC/chitosan
micro- or macro-porous composites [7]. The comparable cell
viability on chitosan/nanohydroxyapatite and chitosan/
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microhydroxyapatite macroporous scaffolds with hydro-
xyapatites from marine fish bone was shown without
observable cytotoxicity [8]. The low molecular weight
chitosan in CPC composites exhibited both the strong anti-
bactericidal activity and the severe cytotoxicity [9]. On the
other hand, no effect of the chitosan molecular weight
(depolymerized with nitric acid) on antibacterial action was
observed but chitosans with a low DD had enhanced anti-
bacterial activity [10]. Treatment of MC3T3-E1 cells in
solutions with the water soluble low molecular chitosan
(amylase hydrolysis) caused a significant increase in osteo-
blastic activity [11]. Above results verified the strong
influence of the molecular weight of chitosan on activity of
cells and bacteria. The poly(3-hydroxybutyrate) (PHB)
represents natural biodegradable and hydrophobic biopoly-
mer utilized in blends and composites. The porous hydro-
xyapatite reinforced polyhydroxybutyrate-co-valerate
scaffolds (2 wt% hydroxyapatite) showed the rise in stiff-
ness, strength, and improving in-vitro bioactivity of scaf-
folds due to presence of the bioactive hydroxyapatite
component [12]. A porous biphasic calcium phosphate/
chitosan/ polyhydroxybutyrate asymmetric membrane sti-
mulated proliferation of gingival fibroblasts and osteoblasts
[13]. Polyhydroxybutyrate/hydroxyapatite nanocomposite
exhibited a pronounced cell differentiation resulting from a
high surface roughness and large amount of exposed
hydroxyapatite [14]. The addition of a nano-sized reinfor-
cing phase to PHBV (polyhydroxybutyrate-co-valerate)
reduced the proinflammatory response and osteoclasts failed
to form of the functional actin rings or resorption pits on
composite materials [15]. It has been shown that the
degradation of biopolymer component in PHBV/HA and
PHBV/TCP composites increased more rapidly and the
mineralized reactions occurred on PHBV/TCP in SBF
solution [16]. The miscibility and mutual intermolecular
interaction were demonstrated between polyhydroxybutyrate
and chitosan chains [17, 18]. The nanofibrous PHBV–chit
scaffolds had good fibroblast proliferation activity and a
superior ability for improving fibroblast adhesion [19].
Similarly, the organic soluble (in chloroform) PHB–chit
composites exhibited non-cytotoxic behavior [20]. A sig-
nificant reduction in the average molecular weight of bio-
polymers was found in pure chitosan scaffold after
precipitation of the chitosan in the presence of propylene
carbonate and in blends after mutual mixing with PHB [23].
No or limited informations were found in recent papers
about the influence of lysozyme degradation of chitosan in
calcium phosphate/chitosan or calcium phosphate/chitosan/
PHB composites on in vitro cytotoxicity and proliferation
activity of osteoblasts despite of that lysozyme represents
enzyme normally present in human body fluids like e.g.
serum and it can affect the properties of chitosan composites
after implantation of into body.

In this paper, the influence of microstructure, physico-
chemical properties and enzymatic degradation of poly-
hydroxybutyrate/chitosan/calcium phosphate composites on
in vitro osteoblast response were studied. The stable
nanohydroxyapatite and transformable α-tricalcium phos-
phate (TCP) particles or powder tetracalcium phosphate/
nanomonetite cement composite mixtures (TTCPMH) were
used as fillers in biopolymer polyhydroxybutyrate/chitosan
system. The in vitro osteoblast response on composites was
evaluated on untreated highly porous scaffolds with large-
scale pores and the effect of chitosan degradation was stu-
died on compact composite films with eliminated pores after
pressing the origin porous scaffolds.

2 Experimental procedure

2.1 Synthesis of calcium phosphates

Calcium-deficient nanohydroxyapatite (HAP) was synthe-
sized by the coprecipitation of Ca(NO3)2 ·4H2O (Sigma-
Aldrich, analytical grade, concentration of 0.5 mol dm−3)
and (NH4)2HPO4 (Sigma-Aldrich, analytical grade, con-
centration of 0.5 mol dm−3) solutions with a molar ratio of
Ca/P= 1.66. The pH was kept at 10.5 by adding of NH3(aq)
(1:1). Ageing time was 72 h. Precipitates were washed with
distilled water and filtered over the membrane filter (Mil-
lipore, 0.2 μm pore size). Nanohydroxyapatite (HAP)
powders were dried at 110 °C for 2 h.

Tetracalcium phosphate (Ca4(PO4)2O) was prepared by
annealing an equimolar mixture of calcium carbonate
(CaCO3, analytical grade, SigmaAldrich) and dicalcium
phosphate anhydrous (DCPA) (CaHPO4, Fluka, (Ph. Eur.),
Fluka), at 1450 °C for 5 h. After cooling, the product was
crushed by milling in a planetary ball mill (Fritsch) for 2 h
and the phase purity was evaluated using the X-ray powder
diffraction analysis (XRD, Philips X Pert Pro). The powder
tetracalcium phosphate/nanomonetite cement mixture
(TTCPMH) was synthesized by in situ reaction between
tetracalcium phosphate and diluted solution of the ortho-
phosphoric acid (analytical grade, Merck) in ethanol (1:4).
The ethanolic orthophosphoric acid solution/tetracalcium
phosphate ratio was 1. The H3PO4 was added at such an
amount that the final Ca/P mole ratio in powder mixture was
equal to 1.67, which corresponds to the Ca/P mole ratio in
HA.

α-TCP was synthesized by solid state reaction of calcium
carbonate (CaCO3, analytical grade, SigmaAldrich) and
dicalcium phosphate anhydrous (DCPA) (CaHPO4, Fluka,
(Ph. Eur.) powder mixture at 1350 °C for 2 h and following
crushing in agate mortar. The Ca/P ratio was 1.5 and
starting powder reactants were homogenized in ball mill
(agate balls) in distilled water.
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2.2 Preparation of blends and composites

The blends with polyhydroxybutyrate (GoodFellow)/chit-
osan (SigmaAldrich, middle) ratio equals 1:1, were pre-
pared by mixing of PHB (dissolved in propylene carbonate)
and chitosan (in 1 % acetic acid) solutions. The composites
with 50 wt% of calcium phosphate component were pre-
pared by the mutual mixing of calcium phosphate, PHB
(propylene carbonate was used as solvent), and chitosan
solutions (1 % acetic acid solution as solvent) in corre-
sponding amounts. Note that the same solution volumes
were used for preparation of composites. Mixing was car-
ried out using a magnetic stirrer at 400 rpm. Final suspen-
sions were filtered, washed with acetone and molded into
block form (4 mm × 25 mm × 3mm), cut to smaller parts
(4 × 4 × 3 mm), freezed at −20 °C and lyophilized (Ilshin)
for 6 h. Samples in the form of thin film were prepared by
pressing of porous scaffolds at 90MPa in mold with 6 mm
diameter and 200 nm thickness.

2.3 Characterization methods

The chemical interactions were evaluated by FTIR spec-
troscopy (Shimadzu, IRAffinity1, KBR method). The
microstructure of scaffolds was observed by field emission
scanning electron microscopy (JEOL FE SEM JSM-7000F)
after coating with gold (ion sputter, FINE COAT, Jeol JFC
–1100; 1.2 kV, 4 mA for 10 min). The distribution of
molecular weights of chitosan in origin blends and blends
after 3 days of chitosan degradation in lysozyme, was
determined by gel permeation chromatography (GPC,
Watrex, RI detector).The separation was carried out on the
PL gel mixed OH 8 μm at 1 mL/min flow rate of mobile
phase (phosphate buffered saline, PBS, pH = 6). The cali-
brations of molecular weights in blends were carried out
using dextrans with various average molecular weights. The
molecular weight distribution of chitosan in samples was
evaluated by Clarity software. The chitosan degradation in
scaffolds by lysozyme solution (2 mg/mL, PBS, pH= 7.4)
at 37 °C was characterized by the amount of reducing
sugars created during enzymolysis at selected times. The
reducing ends of sugars (RES) were determined by the
potassium ferricyanide method described by Ni et al. [21].
N-Glucosamine (Sigma-Aldrich) solutions were used as
standards, and determination was carried out at 65 °C by the
kinetic measurement of absorbance at 420 nm after 10 min
(UV-1800, Shimadzu) from reagent addition and sample
mixing. The contents of RES in samples were calculated as
an amount of N-Glucosamine related to sample mass. The
surface roughness of the samples was measured by the 3D
optical profilometer (PLu Neox Sensofar, Spain) in a con-
focal mode with 150 × objective (NA 0.95, maximum slope

71°, vertical resolution <1 nm). The image analysis was
done using the SensoMap standard software.

2.4 In vitro pH and conductivity measurements

The in vitro pH variations during soaking in PBS (pH= 7.4)
were evaluated by simple immersion test. Briefly, porous
scaffolds (about 40 mg) were immersed into 40 mL of PBS
at 37 °C. The pH solution was recorded by a pH-meter
(WTW, Inolab 720, SenTix 41 electrode) up to 7 days of
soaking. The procedure was repeated three times for each
specimen and the results were expressed as the mean pH
value. Conductivity measurements were carried out by
soaking of scaffolds (cca 40 mg) in 40 mL of distilled water
at 37 °C. The conductivity was recorded by digital con-
ductometer HANNA HI 9033 equipped with HI 7630W
electrode. The calibration of conductometer was done with
0.1 M KCl solution.

2.5 Water uptake and swelling cement composites

Swelling of composite samples was carried out in 1.5 mL
vials by immersion of porous substrates (cca 20 mg) or
substrates in the form of films (about 15 mg) to 0.9 % NaCl
solution at 37 °C up to constant mass. Soaking was done
triplicate for every sample. Swelling was evaluated as ratio
of weight of wet sample to this one of origin dry sample.

2.6 Cell cultivation and viability testing

MC3T3E1 mouse preosteoblasts (ECACC, Salisbury, UK)
were cultured in culture flasks with surface areas of 75 cm2

(SPLLife Sciences, Korea) in MEM (Minimum essential
medium) with Earles balanced salts, 2 mM L-glutamine
(SAFC Biosciences, Hampshire, UK), 10 % fetal bovine
serum (Sigma-Aldrich) and ATB-Antimycotic (Penicillin,
Streptomycin, Amphotericin) solution (Sigma-Aldrich).
Cells were maintained at 37 °C in 5 % CO2 atmosphere with
95 % humidity in an incubator (Memmert). The medium
was changed every 2 days. After the cells reached about
80 % confluence, they were harvested by trypsinization
using 0.25 % Trypsin–EDTA (Sigma-Aldrich) solution
followed by the addition of fresh medium to create a cell
suspension and the cell numbers were calculated using a
Neubauer hemacytometer. Samples were sterilized in an
autoclave at 121 °C. The cell proliferation was examined
using an MTS test (Cell titer 96 aqueous one solution cell
proliferation assay, Promega, Madison, USA). The ster-
ilized scaffolds were placed into the 96-well suspension
plate, seeded with 1.0 × 104 cells in 200 μL of complete
osteogenic medium alpha modification MEM with
50 µg/mL ascorbic acid, 50 nM dexamethasone and 10 mM
β-glycerophosphate (obtained from Sigma) and cultured at
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37 °C in atmosphere containing 5 % CO2 and 95 %
humidity in an incubator. The cell proliferation on scaffolds
was evaluated for 2 and 10 days after cell seeding. Imme-
diately before the assay, the culture medium was removed
from the wells and replaced with fresh medium and the
MTS reagent was added. After 2 h of incubation, the
intensities of coloring, which characterize the formazan
concentration (produced by proliferating cells) in culture
medium, were evaluated using a UV–VIS spectro-
photometer (Shimadzu) at a wavelength of 490 nm. The
measured absorbencies of medium from wells with cell
seeded substrates were compared with the ones from wells
free of scaffolds in the tissue culture polystyrene plate
(treated 96-well tissue culture plate, cellGrade Brand) see-
ded with cells (1.0 × 104 cells in 200 μL of complete
osteogenic medium). The pure complete culture medium
was used as a blank.

The ALP activity of osteoblasts was determined using
the phosphatase substrate (Sigma-Aldrich, 5 mg tablet in
5 mL diethanolamine buffer, pH = 9.8). Proliferated osteo-
blasts were lysed by adding 200 μL phosphate buffer saline
with 0.1 % (v/v) of Triton X-100, 20 mM Tris and 1 mM
MgCl2 to each well, followed by freezing at −20 °C for 1 h
and centrifuged at 10,000 rpm for 10 min. Following the
100 μL phosphatase substrate was added to 100 μL of cell
lysate and the mixture was incubated at 37 °C for 1 h. The
alkaline phosphatase reaction was stopped by the addition
of 50 μL of 3M NaOH. The concentration of p-nitrophenol
was determined from a calibration curve using UV/VIS
spectrophotometry at 405 nm. The ALP activity was
expressed in μmoles of p-nitrophenol produced per 1 min
per μg of DNA. The statistical evaluation of results (n= 3)
was performed using ANOVA analysis at level α= 0.05.
The DNA content in samples or control wells after culti-
vation was evaluated by the fluorescence method (fluo-
rometer Picofluor, Turner Biosystems) with the Hoechst
33258 dye. The calf thymus DNA (Sigma-Aldrich) was
used for calibration. The density, distribution and mor-
phology of the MC3T3E1 cells grown on tested discs were
visualized with fluorescent live/dead staining (fluorescein
diacetate/propidium iodide) by an inverted optical fluores-
cence microscope (Leica DM IL LED, blue filter).

3 Results

3.1 XRD and FTIR analysis

The XRD patterns as prepared samples with TCP and
TTCPMH cement components are shown in Fig 1A. The
lines corresponding to starting calcium phosphate phases
(TCP (JCPDS 29-0359), tetracalcium phosphate (JCPDS
25–1137), and nanomonetite phase (JCPDS 09-0080)) were

identified in patterns of origin cement powders (Fig. 1A a, b).
No newly formed crystalline calcium phosphate phase (like
hydroxyapatite) was visible in patterns of composites
(Fig. 1A c, d). Despite of the content of nanomonetite phase
was significantly reduced in TTCP composite (decrease in
intensity of monetite lines) and strongly amorphous regions
(between 2θ~10–15 and 25–35°) of biopolymer compo-
nents characterized by wide background were observed in
the pattern. Note that no lines from the reflections of planes
of crystalline PHB component were found in diffractogram
(Fig. 1Ad). In the case of TCP composite system, the lower
amorphization of biopolymers than in TTCP composite was
revealed (especially in PHB biopolymer, which contains a
higher fraction of crystalline PHB component (Fig. 1Bd)) as
resulted from the comparison of diffractograms by the
presence wider and low intense lines at 2θ~14 and 17° from
reflections of (020) and (110) PHB planes of crystalline
component [22] respectively and the presence of a low
intense background from amorphous parts in biopolymers
(Fig. 1Ac). The reduction in PHB crystallinity and the rise
in an amount of amorphous phase in PHB/chitosan blends is
in accordance with previous results [23]. The formation of
nanohydroxyapatite and the fully transformation of origin
calcium phosphates in composites after 7 days of soaking in
PBS are identified in Fig. 1B, curves c, e, f. The synthesized
nanohydroxyapatite (JCPDS 24-0033) (Fig. 1Bb) had a
higher crystallinity degree than it was found in all types
calcium phosphate composites after setting because of their
much larger width of peaks without visible separation of
lines in region 2θ between 30–35°. The biopolymers in
cement composites contained higher fraction of amorphous
components than in the case of HAP composite. Note that
XRD diffractograms of cement composites were practically
the same.

FTIR spectra verified vibrations of characteristic func-
tional groups of polyhydroxybutyrate, chitosan and hydro-
xyapatite in composites after 7 days of soaking in PBS
(Fig. 1C). Insignificant changes were found in stretching
vibrational mode of C =O group in polyhydroxybutyrate
located at 1723 and 1747 cm−1, which correspond to crys-
talline and amorphous part of PHB respectively [24] and a
high fraction of the amorphous PHB component was found
in all composite types. The intensity of amorphous band of
PHB was higher in TTCP composite. Band arises from
amide I vibrations of chitosan at 1656 cm−1 was strongly
affected by overlapping with vibration of water at 1630 cm−1

in hydroxyapatite and amide II vibrations from chitosan in
calcium phosphate composites were located at around 1554
and 1536 cm−1 whereas the high frequency amide II
vibrations were identified in spectra of pure biopolymer
blend only [25, 26]. This effect could be related to degra-
dation of the origin chitosan structure with disordering and
weakness of hydrogen bonding due to shortening of
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biopolymer chains by calcium phosphate admixing [27]. In
region of wavenumbers between 650 and 540 cm−1, the
O–P–O bending υ4 vibrations of phosphate group and peak
from P–OH deformation vibrations in HAP at 630 cm−1

were confirmed in spectra of all composites [28, 29]. This

result is in accordance with XRD analysis of samples after
soaking where almost full transformation to calcium
deficient nanohydroxyapatite was found. Note that no
interaction between chitosan and phosphate due to phos-
phorylation of chitosan were verified by FTIR analysis,

Fig. 1 XRD patterns A as
prepared samples with TCP and
TTCPMH cement components;
B comparison of composites
after 7 days soaking in PBS
(HAP, PHB, PHB/chitosan—
pure starting components). C
FTIR spectra from vibration of
characteristic functional groups
of polyhydroxybutyrate,
chitosan and hydroxyapatite in
composites after 7 days of
soaking in PBS (a TCP
composite, b PHB/chitosan
blend, c HAP composite d TTCP
composite)
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because no peaks from specific P–O–C bending vibrations
at 800 cm−1 (region without overlapping FTIR bands) were
recorded [30].

3.2 Microstructure of scaffolds

The particle morphology of starting TTCPMH and TCP
powder precursors is shown in Fig. 2a, b. The TCP powder
component was composed of particle agglomerates in the
form of mutually interconnected irregular tricalcium phos-
phate particles with average size around 5 μm. Particles had
smooth surface texture, which corresponds with a high
temperature solid state synthesis and used crushing method
(Fig. 2a). In the case of biphasic tetracalcium phosphate/
nanomonetite cement mixture, the formation of coarser
agglomerates with the fine monetite phase distributed close
to origin tetracalcium phosphate particles is clearly
demonstrated in Fig. 2b. The average size of agglomerates
was about 7 μm and the size of monetite particles did not
exceed 100 nm. A large-scale porous microstructure with
the high fraction of spherical pores size up to 80 μm was
observed in chitosan/polyhydroxybutyrate blend (Fig. 2c).
No clearly distinguished or separated individual polymer
phases were visible in detail micrograph what confirms
good homogeneity of prepared blend. The heterogeneous
microstructure was revealed in the HAP composite with
wider pore size distribution between 10–80 μm and a high
roughness because of the incorporation of HAP agglomer-
ates to biopolymer blend (Fig. 2d). HAP particles are tightly
joined to the smooth biopolymer matrix and no extra-
polymer fibres or other polymer objects with different
morphology were found in microstructure. A similar type of
heterogeneous microstructure as in the last system was
observed in Fig. 2e, where the microstructure of TCP
cement composite is shown. Contrary to HAP composite,
the large spherical pores with dimensions up to 150 μm
were visible in microstructure and tricalcium phosphate
particles were coated with polymer blend and incorporated
into biopolymer matrix. The texture of polymer matrix in
TCP cement composite was the same as in HAP composite.
Absolutely different microstructure regarding previous two
composite types was observed in TTCP cement composite
scaffolds (Fig. 2f). The high fraction of small 2–4 µm
spherical pores and a low number of about 50 µm pores can
be found in microstructure what give composite scaffold the
spongy-like character. No visible calcium phosphate parti-
cles were identified in microstructure. For demonstration of
calcium phosphate particles distribution in composites and
the better distinction of calcium phosphates in micro-
structures, the EDX mapping of elements on surfaces of
samples was done. From the comparison of maps in Fig. 2g,
where the distribution of calcium and phosphorus in com-
posites is revealed, resulted the relatively homogeneous

distribution of calcium phosphates in all samples. The
coarser particle agglomerates were found in HAP and TCP
composites contrary to both the partially particle dis-
aggregation and a more homogeneous distribution of cal-
cium phosphate particles demonstrated in the spongy-like
microstructure of TTCP cement composites.

The changes in particle morphology and microstructure
of composite scaffolds were verified after 7 days soaking in
PBS solution (Fig. 3). The surface of HAP composites was
coated with contiuous calcium phosphate layer composed of
extremely fine nanosized apatite-like particles (Fig. 3a). On
the other hand the very thin (a few tens nanometers)
agglomerates of plate-like hydroxyapatite particles up to
5 µm length were precipitated during the transformation of
TCP (Fig. 3b) or TTCPMH (Fig. 3c) cement components in
composites. The high surface roughness is demonstrated in
images of these scaffolds, where the thin edges of plate-like
particles were oriented out of sample surface (almost per-
pendicularly to surface).

The surface textures of the PHB/chitosan and composite
films prepared from 14 days enzymatically degraded scaf-
folds are shown in Fig. 4. Relatively smooth texture
(Sa= 0.56; Sq= 0.67 µm) with long irregular narrow
microcracks was found on PHB/chitosan films (Fig. 4a).
The roughness of HAP composite films was a bit smaller
(Sa= 0.40 and Sq= 0.52 µm) than that of pure biopolymer
films. Non porous texture with long fiber-like objects with
thickness does not exceed 5 µm and irregularly shaped
objects standing out from surface were visible in HAP films
(Fig. 4b). EDX map from this sample clearly indicated that
the extending surface and uniformly distributed objects
characterize regions with the higher density of hydro-
xyapatite particles, which are not good interconnected with
biopolymer matrix after pressing. In the case of TTCP
composite films, the texture was composed of separated
regions of calcium phosphate phase (white objects) and
biopolymer blend region as it was verified by EDX map
(Fig. 4c). The surface of TTCP film was smoother
(Sa= 0.13; Sq= 0.17 µm) than HAP film, non porous
microstructure with few very thin short microcracks at
boundaries between calcium phosphate particles and bio-
polymer matrix were observed. Approximately double
values of roughness parameters were measured in TCP
composite films than HAP films (Sa= 0.25; Sq= 0.32 µm).
None sharply microscopically distingiushed regions with
pre-concentrated calcium phosphate and biopolymer phases
were identified on surface of TCP films. Despite of two
different types of texture were found in films. The EDX
analysis showed that almost pure biopolymer regions are
represented by rougher and rounded surface objects with the
large number of very short and thin microcracks displaced
between globular extremely fine biopolymer particles
(Fig. 4d).
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Fig. 2 Particle morphology of starting TCP (a) and TTCPMH (b) powder precursors, microstructure of composite scaffolds (c PHB/chitosan
blend, d HAP composites, e TCP composites, f TTCP composites) and EDX mapping of Ca and P elements distribution in composite scaffolds (g)
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3.3 pH and conductivity changes during composite
soaking, lysozyme degradation of chitosan

In Fig. 5, the dependences of both the pH of PBS and
conductivity of water on soaking time of composite scaf-
folds are shown. Practically the same dependences with
small changes in pH values were measured during soaking
of PHB/chitosan blend, HAP and TCP composite scaffolds.
On the other hand, the rapid rise in pH values up to 9 was
revealed during first 48 h (with maximum at about 100 h) of

TTCP composite scaffold soaking in PBS at 37 °C. The
gradual pH decrease was found after 150 h of soaking but
the pH around 9 was still measured after 14 days (336 h).
The conductivity of water was insignificantly changed
during soaking of the biopolymer blend. A slowly increase
in conductivity up to 120 µS without any changes with
prolonged time period was observed in suspension with
HAP composite. A gradual rise in conductivity up to 330 µS
was confirmed during soaking of TCP composite and con-
ductivity close to maximal value was stabilized approx.

Fig. 3 Particle morphology and microstructure of composite scaffolds
after 7 days soaking in PBS solution (a HAP composites, b TCP
composites, c TTCP composites), microstructure details of

enzymatically degraded scaffolds after 14 days of treatment in PBS/
lysozyme solution at 37 °C (d PHB/chitosan blend, e HAP composites,
f TCP composites, g TTCP composites)
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after 160 h of soaking. The dependence of conductivity of
TTCP water suspension on soaking time had similar char-
acter as in the case of pH measurement. Thus, the maximum
conductivity (~520 µS) was observed after 100 h with fol-
lowing decrease (~280 µS) after 210 h of soaking and con-
ductivity was stabilized on this value.

Enzymatic lysozyme degradation of chitosan in compo-
site scaffolds in PBS/lysozyme solution at 37 °C was
evaluated via measurement of RES, which are produced due
to the degradation and shortening of chitosan chains. About
triplicate rise in the content of RES in biopolymer blend
was shown after 3 days of degradation (Fig. 6a) with fol-
lowing an insignificant change in RES content after 14 days
and fast rise after 31 days of degradation in this system. In
the case of calcium phosphate composites, a small increase
in amount of RES was identified with soaking time in
lysozyme solution up to 31 days. Note that the total
reduction in scaffold weights after lysozyme treatment did
not exceed 2 % and it was independent on composition of
composites. The changes in distribution of chitosan average
molecular weight (Mw) after 3 days of enzymolysis of
samples were evaluated by GPC chromatography. From the
comparison of Mw in composite scaffolds (Fig. 6b) resulted
the reduction in Mw of origin biopolymer even unaffected
by lysozyme attack. The strong effectivity of lysozyme to
chitosan degradation was verified after 3 days of soaking
when Mw were lowered and close to 3–5 kDa.

The microstructure details of enzymatically degraded
scaffolds after 14 days of treatment are depicted in Fig. 3.
The strong degradation of chitosan in pure biopolymer
blends characterizes the formation of separated thin plate-
like particles with size up to 5 µm due to debonding and

disruption of chitosan chains (Fig. 3d) with damaging of the
original smooth morphology of scaffold surface (Fig. 2c).
Very fine deposites of calcium phosphate phase are visible
in the image. In the microstructure of lysozyme treated HAP
composite scaffolds, similar large plate-like biopolymer
particles were visible commonly with the long thin fibre-
like hydroxyapatite particles precipitated on the surface of
biopolymer plates or fibres (Fig. 3e). The high number of
hydroxyapatite particles (1 µm in size) with the same plate-
like morphology like had chitosan particles after enzyme
degradation was found in the microstructure of TCP scaf-
folds (Fig. 3f). Different character of microstructure was
visible in TTCP composite scaffolds, where plate-like
polymer particles were not identified probably as the
result of their thicker compact calcium phosphate coating
after the cement component transformation (Fig. 3g). Note

Fig. 5 Changes in pH of PBS (solid lines) and conductivity of water
(dashed lines) during soaking of composite scaffolds (Black triangle
PHB/chitosan, inverted red triangle HAP composite, cross symbol
TCP composite, asterisk TTCP composite)

Fig. 4 Surface textures of composite films prepared from 14 days
enzymatically degraded scaffolds and altitude surface distribution (in
detail) (a PHB/chitosan film, b HAP film (arrows mark hydroxyapatite
particles), c TTCP film (bright regions represent calcium phosphate
phase), d TCP film (circles define regions with pure biopolymer

blend); morphology of osteoblasts on untreated composite film sur-
faces after 48 h of culture in incubator at 37 °C, 5 % CO2 and 95 %
humidity (e PHB/chitosan blend, f TCP film, g HAP film, h TTCP
film)
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that the long biopolymer fibres were clearly observed in all
composite microstructures and the scaffold structures were
more opened.

3.4 Water uptake and swelling of porous substrates and
composite films

The differences in water uptake or swelling between porous
and non-porous (film) substrates are shown in Fig.7, where
the final water uptake at a constant mass of samples is
demonstrated. The fast swelling was revealed after first 2 h
of soaking when the mass increments even achieved about
90 % of the final water uptake and the constant mass of
samples was found after 2 days of swelling. The mass
increment of porous substrates is composed of two main
components—the change in mass due to solution uptake
(0.9 % NaCl) into porous microstructure and swelling of
biopolymer matrix. As resulted from image, almost the
same weight changes were found after 48 h soaking of
composite films whereas the mass increment of biopolymer
film was bit higher (about 20 % difference). From com-
parison of scaffolds and film substrates results that in the
case of biopolymer and HAP scaffolds, about 50 % of mass
increment arised from solution uptake in pores. The weight
changes of all lysozyme treated films except HAP film were
comparable and independent on enzyme degradation (sta-
tistically insignificant differences, P > 0.40). The mass

increments (around 80 % higher than in other films) of
degraded HAP composite films were the same like in por-
ous HAP scaffolds.

3.5 Attachment and morphology of osteoblasts on film
surfaces, proliferation and osteoblast ALP activity
on composites

The proliferation of osteoblasts on porous composite scaf-
folds is shown in Fig. 8. From comparison resulted that the
most intense proliferation and population growth of cells
were found on scaffolds based on biopolymer blend and the
viability reached about 60 and 75 % of standard after 2 and
10 days respectively. The cell proliferation on TCP and

Fig. 6 a Average molecular
weights of chitosan in origin
scaffolds and after enzymatic
lysozyme degradation of
chitosan in composite scaffolds
after 3 days in PBS/lysozyme
solution at 37 °C, b Content of
RES in composite scaffolds after
enzyme degradation in PBS/
lysozyme solution at 37 °C

Fig. 7 Differences in water uptake or swelling between porous and
non-porous (film) composite substrates

181 Page 10 of 16 J Mater Sci: Mater Med (2016) 27:181



TTCP composite scaffolds was the same after 48 h of cul-
ture (approx. 60 % of standard) and the cell viabilities after
10 days of cultivation (Fig. 8a) on both scaffold types were
much lower than 70 % level, which represents limity for
enhanced cytotoxicity of evaluated biomaterial (EN ISO
10993-5). Despite of above facts, the rise in population of
osteoblasts was verified with the prolongation of cell cul-
tivation on cement composite scaffolds (Fig. 8b) but the
growth in cell number was slower than in the case of bio-
polymer scaffolds or standard. No viability was measured
on the HAP composite after 10 days of culture, thus, this
scaffold was severe in vitro cytotoxic for osteoblast cell
line. The ALP osteoblast acivity was significantly enhanced
on both cement composites after 2 days of cultivation and it
was higher on the biopolymer scaffolds than on standard
polystyren microplate (Fig. 8c).

Absolutely different behavior of cells was demonstrated
on composite films prepared by the simple pressing in steel

mould. The osteoblast attachment and cell morphology on
film surfaces after 48 h of culture in incubator at 37 °C, 5 %
CO2 and 95% humidity are documented in Fig. 4e–h. The
high density of osteoblasts was observed on the biopolymer
blend (Fig. 4e) and despite of the similar cell distribution on
TCP composites (Fig. 4f), the more prolonged shape of cells
with visible filopodia was found on composite films. A
lower density of osteoblasts with spherical morphology was
confirmed on HAP composite films (Fig. 4g). Note that no
dead cells (red color) were identified on above type of
samples. On the other hand, better spreading of osteoblasts
characterized by the occupation of a larger area on film
surfaces with longer mutually interconnected filopodia was
revealed on TTCP composite films (Fig. 4h). The few dead
cells were observed on surface of this sample.

The lowest proliferation activity of osteoblasts was
measured on lysozyme treated HAP composite films and
did not exceed 10 % of the cell proliferation on standard. In

Fig. 8 Proliferation of osteoblasts on porous composite scaffolds in
relation to standard at given time of culture (a) and to standard after 48
h of cultivation (b), ALP activity of osteoblasts; proliferation of
osteoblasts on composite films in relation to standard at given time of

culture (c) and to proliferation on untreated films of each composite
type (d) (A-TCP films (numbers sign the time of degradation),
T-TTCP films, H-HAP films, P-PHB/chitosan films)
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comparison with HAP scaffolds, the proliferation was even
lower after 2 days of cultivation but it rose after 10 days of
culture and achieved about 35 % proliferation on standard.
A statistically much higher proliferation was found on
degraded biopolymer films (~50%) than cement composite
films (~35 %) after 2 days of culture and the population
growth of cells was faster on cement composite films
(Fig. 8d) (statistically insignificant difference after 10 days
of cultivation, P > 0.1711). Very similar proliferation
activity of osteoblasts was identified after 48 h of culture on
all surfaces of lysozyme treated films (around 22–35 % of
standard) irregardless degradation period. From Fig. 8d
results that the fast population growth was verified mainly
on treated HAP and TCP composite films with almost 95 %
proliferation in relation to control after 10 days of cultiva-
tion. Thus the cytotoxicity of HAP and TCP treated com-
posite films was very low after prolonged cultivation
contrary to the moderate cytotoxicity of TTCP and biopo-
lymer composites, on which the cell proliferation reached
about 65–70 % proliferation of standard. The relative pro-
liferations of cells calculated as formazan concentration
produced by cells on lysozyme treated films relatively to
this one on untreated films are documented in Fig. 8e.
Statistically significant effect (P< 0.0001) of lysozyme
treatment on cell proliferation was demonstrated in the case
of HAP composite films where approx. 200 and 300 %
increase in proliferation activity independently on degra-
dation time was found in relation to untreated films. About
20 % enhancing of cell proliferation activity was observed
on treated TCP composite films compared to untreated one
(statistically significant difference, P < 0.0002). The pro-
liferation on treated biopolymer films was reduced during
first 48 h of cultivation irregardless time of enzymolysis
with following rise to values close to that of untreated film
(no difference, P> 0.8815) after 10 days of culture. No
effect of lysozyme treatment on osteoblast proliferation
activity was confirmed on TTCP composite films.

4 Discussion

The composite calcium phosphate scaffolds were prepared
by the simple preparation procedure without accent on
disaggregation of agglomerates generally present in powder
solid nanophases like nanohydroxyapatite or cement cal-
cium phosphate mixtures with nanosized component. The
motivation for using of such an experimental method was
the fact that there are insufficient informations about
behaviour of osteoblasts on polyhydroxybutyrate/chitosan
composites reinforced with various calcium phosphates and
secondly, to show some view on the effect of substrate
microstructure and lysozyme degradation of chitosan in
substrates on osteoblast response. From comparison of

scaffold microstructures and evaluation of their influence on
osteoblast proliferation resulted that despite of similar
microstructural character of HAP and TCP scaffolds char-
acterized by the larger pores and homogeneously distributed
calcium phosphate agglomerates, absolutely different cell
behaviour on these scaffolds was observed. On the other
hand, contrary to the finer pore structure details in TTCP
scaffolds than in TCP scaffolds, the same proliferation of
osteoblasts after 48 h was measured. These facts clearly
demonstrate that the pore size distribution does not play the
main role in explanation of different osteoblast response in
composite scaffolds after 48 h of culture and it could be to
have a some influence with prolonged culture only because
the population growth of osteoblasts was slower on TTCP
than on TCP scaffolds. The extremely values of pH during
the cultivation due to transformation of the cement phases
represent the second parameter, which could be affect the
cell viability. Note that pH values of PBS solution after
immersion of biopolymer scaffold, HAP and TCP compo-
site scaffolds were almost equal to starting pH of PBS (7.4)
and they were practically unchanged during 14 days of
soaking whereas the rapid rise in pH solution (up to 9.5)
after TTCP scaffold immersion was confirmed. Variations
in pH solution after immersion of various calcium phos-
phates depend on transformation mechanism of cements,
where dissolution/precipitation mechanism characterizes
processes in TTCP/nanomonetite cements and hydrolysis in
the case of TCP cement are main processes. As it can be
seen in Fig. 5, the gradual rise in conductivity of solution
during soaking of TCP scaffold is characteristic for slowly
hydrolysis and the transformation connected with difusion
of ions contrary to rapid increase of the solution con-
ductivity after immersion of TTCP sample due to dissolu-
tion and hydrolysis of both cement phases and following
interaction of ions with precipitation of nanohydroxyapatite.
The final phase in cement composites represents a similar
type of calcium deficient hydroxyapatite (with similar
values of solubility constants), which verify very close
values of conductivity after fully transformation of cement
components. Despite of insignificant changes in pH and the
lowest rise of ionic concentration in solution with the HAP
composite scaffold, the proliferation of osteoblasts during
first 48 h was only half than on other scaffolds, thus, the
large pH changes (to basic region) in culture medium were
not responsible for weak proliferation of cells on composite
scaffolds. Note that the number of osteoblasts on substrates
during starting culture period after cell seeding on substrates
depends mainly on adherence of cells to surface of substrate
because no extracellular matrix with integrins is still present
on scaffolds and cells have to adapt to substrate or on
cultivation conditions. In the next stage, the cell adherence
can be strongly affected by the cell secretion of extracellular
matrix at substrate surface or to culture medium, where the
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concentration of specific proteins increases with time at
proper conditions. The surface of composite substrates was
significantly modified by the precipitation of extremely fine
calcium deficient hydroxyapatite particles in the form of
more compact coating on HAP scaffolds or by the forma-
tion of plate -like agglomerates of nano-hydroxyapatite
particles on cement composite scaffolds. It was demon-
strated that the adsorption of proteins from medium
increased with the crystallinity of hydroxyapatite particles
[31] and the coarser plate-like nanohydroxyapatite particles
improved the proliferation activity of osteoblasts and sup-
ported expression of mature osteogenic markers because of
the differential cell responses to subtle changes in the apa-
tite microenvironment [32]. The higher pre-adsorbed
amounts of extracellular matrix proteins and serum
proteins on hydroxyapatite substrates supported the cell
attachment and cell proliferation [33]. Besides the cell
apoptosis of osteoblasts was enhanced by cell contact with
the coarser rod-like hydroxyapatite particles (200 nm in
length and 50 nm in diameter) in contrast with the cell
growth and the inhibition of cell apoptosis by fine 20 nm
spherical nanohydroxyapatite particles [34]. Similarly the
precipitation of the extremely fine calcium phosphate
coating on the surface of hydroxyapatite ceramics in the
complete culture medium demonstrated markedly improved
osteoblast adherence and proliferation during cultivation
[35] contrary to insignificant differences between the initial
cell attachment and the proliferation of osteoblasts on har-
dened CPC or sintered hydroxyapatite samples. Despite of
the nanocrystalline CPC samples had a more enhanced
differentiation potential than crystalline hydroxyapatite
samples [36]. On the other hand, the reason for the observed
enhanced cytotoxicity of the nanohydroxyapatite could be
the change in osmotic pressure of the culture medium after
release of water from the nanocrystalline lattice [37]. It was
shown the suppression in the cell proliferation on fine
nanoneedles or nanofibers in contrast to good cell growth
on the smoother large grains or substrates consisting of
wide nanosheets [38]. From measurement of osteoblast
proliferation on composite scaffolds resulted that the gra-
dual precipitation of fine calcium phosphate deposits on
HAP scaffolds did not help to improve the adherence or
viability of osteoblasts on substrates with cultivation time
because no live cells were found after 10 days of culture on
HAP substrates. On the other hand, the population of
osteoblasts rose with culture time on TCP and TTCP
cement scaffolds (containing plate-like hydroxyapatite
agglomerates even with lower or the same crystallinity like
in the case of HAP scaffolds) although slower than on
biopolymer substrates or control. It may be speculated that
swelling or water uptake in scaffolds could be positively
affect the viability of cells due to improving the flow of
nutrition to cells but the HAP scaffolds had much higher

swelling than other composite scaffolds. It is clear that
amorphous or nanocrystalline character of hydroxyapatite
phase in composite substrates was not the reason for poor
proliferation activity of osteoblasts or cell dead on HAP
composite scaffolds. We believe that the crucial role on
proliferation and viability of osteoblasts had the different
microtopography of surfaces in scaffolds characterized e.g.
by defined porosity, proper morphology of hydroxyapatite
particles or agglomerates and their distribution in scaffolds.
For elimination of the influence of porosity or different pore
distribution and the large topographic differences between
individual composite scaffolds, the scaffolds (treated or
untreated with lysozyme) were pressed under same condi-
tions to form of films. This method allowed studying direct
effect of lysozyme degradation of chitosan in composites on
osteoblast behaviour.

The strong influence of the calcium phosphate addition
to polyhydroxybutyrate/chitosan blend on average mole-
cular mass of chitosan was verified in Fig. 6, where almost
triplicate decrease in Mw of chitosan in untreated composite
scaffolds and the content of reducing sugar ends (RES)
respectively in comparison with biopolymer blends were
found. The lysozyme is effective enzyme for the degrada-
tion of chitosan with partially acetylated amino group [39].
The chitosan enzymatic hydrolysis by lysozyme is influ-
enced by the proper distribution of N-acetylated groups in
chitosan chains, which are binding to active sites of enzyme
[40, 41]. Enzyme degradation by lysozyme during 3 days
caused further reduction in Mw of chitosan in all samples
with insignificant changes in an amount of RES because the
high molecular mass chains of chitosan were degraded
during this stage. The content of RES gradually rose with
time of enzymolysis in biopolymer blend, HAP and TCP
scaffolds while no changes were revealed in TTCP com-
posite scaffolds. It is clear that the microstructure of bio-
polymer scaffolds was more opened to action of lysozyme
and the formation of hydroxyapatite coating in any form at
sample surfaces (including inner surfaces of pores) sig-
nificantly hinder to the access of enzyme to chitosan in
composite scaffolds. The rapid rise in pH of lysozyme
solution containing the TTCP substrate caused decrease in
lysozyme activity, which is maximal at pH around 6.2 [42].
Besides the dense calcium phosphate coating was formed
on the substrate. These effects were the reason for no rise in
RES in TTCP sample with enzymolysis time. The presence
of plate-like biopolymer particles with exception of TTCP
composite scaffolds, where the more compact hydro-
xyapatite layer was created on pore surfaces, demonstrated
the degradation of chitosan fibers in scaffolds. The results
from measurement of proliferation activity of osteoblasts on
films clearly showed different response than on scaffolds.
The statistically reduced viability of osteoblasts on all
composite films in comparison with scaffolds was observed
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after 2 days of cultivation. No effect on cell proliferation
was found on untreated biopolymer films while the pro-
liferation on untreated HAP films was strongly suppressed
(P> 0.2242). This evidenced, that porosity of calcium
phosphate composites plays the positive role on the osteo-
blast adherence and proliferation during a short time period
after cell seeding. The rapid population growth of osteo-
blasts was found on all untreated films after 10 days of
culture with about 70 % viability relatively to control. In the
case of untreated HAP film, viability of osteoblast did not
exceed 40 % of control and the film could be still char-
acterized as severe cytotoxic. Note that it can be seen dif-
ference between behaviour of osteoblasts on scaffolds and
films, where the stronger cell growth was observed after
10 days of culture. It is possible to assume that the surface
roughness could be affect on adherence and proliferation of
osteoblast during first 48 h of culture but for example dif-
ferences between roughness of individual lysozyme treated
films were not so large (Sa in region 0.13–0.56 µm, HAP
films had the highest roughness from other composite films)
and besides, no clearly dependence of the cell viability on
roughness was identified. It was found that larger differ-
ences in Sa of hydroxyapatite ceramics from 0.78 to
2.86 µm caused about 15–20 % change in proliferation of
osteoblasts [43] and the same proliferation of osteoblasts
was measured on surfaces of micro- or nano- hydro-
xyapatite loaded polyhydroxybutyrate films [44]. On the
other side, extremely small variances in surface roughness
(in nanoscale level) of polyhydroxybutyrate/hydroxyapatite
films caused around 30 % increase in ALP activity of
osteoblasts [45]. No correlation between swelling films and
osteoblast proliferation was measured too. The effect of
lysozyme degradation of chitosan in composites demon-
strates Fig. 8d, where the proliferation of osteoblasts on
treated films is compared relatively to that of untreated
films. The significant enhancing of cell viability was
revealed on treated HAP films after both evaluated culture
period. The statistically significant rise in viability of
osteoblasts was found on treated TCP films compared with
untreated films after 10 days of cultivation. Note that no
dependence of cell viability on time enzymolysis was
confirmed in the case of HAP or TCP films and probably
the confluence of cells was achieved on these substrates
after 10 days of culture. None or a small decrease in pro-
liferation of osteoblasts were measured on treated TTCP
and biopolymer films respectively, thus the presence of
LMWC in treated biopolymer films had insignificant effect
on cell viability. The enhanced swelling was evidenced in
the lysozyme treated HAP films, which was comparable
with water uptake and swelling of porous HAP scaffolds.
Because of none such an effect was measured in other
samples including biopolymer films, this fact demonstrates
that synergistic effect of nanohydroxyapatite particles with

a high specific surface, incorporated to starting composite
mixture and the low molecular weight chitosan produced by
lysozyme degradation support swelling of composites. Note
that no dependence of cell viability with enzymolysis time
was found on treated composite films. No reduction in
viability of cells and rise in antimicrobial activity were
showed on polyhydroxybutyrate-co-valerate/chitosan com-
posite films [46]. It was revealed that the low molecular
water soluble chitosans caused a significant increase in
ALP, cell viability, and mineralization of osteoblastic cells
[11]. A small decrease in viability (10–20 %) of osteoblasts
was observed in biomimetically precipitated calcium
phosphates in chitosan solution [47]. The enhanced osteo-
blast cytotoxicity was revealed on CPC/low molecular
chitosan composites with Mw equal 3 and 20 kDa [9]. From
above analysis resulted that the synergistic effect of uni-
formly distributed nanohydroxyapatite particles, proper
surface micro- or nano- topography and the presence of
LMWC in HAP composite films practically compensated
the cytotoxicity of origin untreated films or scaffolds. If
compare HAP scaffolds and films, a much higher roughness
and different topography of pore surfaces in scaffolds due
to presence of hydroxyapatite agglomerates is clearly
evidenced what can play the crucial role in severe cyto-
toxicity of scaffolds. Besides the strong swelling of treated
HAP films probably significantly changed the film surface
topography and following the cell adherence to films as
resulted from comparison of cell viabitilies on both HAP
film types.

5 Conclusions

The adherence and proliferation of osteoblasts on biopoly-
mer and cement composite scaffolds during first 48 h from
cell seeding were good and viability of osteoblasts achieved
around 60 % of control. The slower population growth of
cells on composites than on biopolymer scaffolds was
observed in following culture period up to 10 days and the
strong cytotoxicity of HAP composite scaffolds composed
of agglomerates of nanohydroxyapatite particles was
revealed. After elimination of the effect of substrate por-
osity, microstructure and texture parameters on osteoblast
proliferation by pressing of scaffolds to film form, the cell
growth and viability of osteoblasts on films were sig-
nificantly enhanced with prolongation of culture but the
cytotoxicity of lysozyme untreated HAP films was still
much higher than that of other composite films. It was
evidenced that the porosity of composites plays positive
role on osteoblast adherence and proliferation during a short
time period after cell seeding. No cytotoxicity of treated
composite films prepared from lysozyme degraded scaf-
folds, which contained LMWC, was revealed after 10 days
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of cultivation. The faster population growth of osteoblasts
was found on treated HAP films, which supports opinion
that the synergistic effect of distribution and morphology of
nanohydroxyapatite particles, proper surface micro- or
nano- topography and mainly the presence of LMWC in
HAP composite films were responsible for compensation of
the cytotoxicity of origin untreated HAP films or scaffolds.
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