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Abstract

This work reports on the physicochemical properties and in vitro cytotoxicity assessment of
chitosan—calcium phosphate (Cs—CP) scaffolds for bone tissue engineering, which were
synthesized by a novel biomimetic co-precipitation method. X-ray diffraction (XRD) along
with scanning electron microscopy (SEM) analysis confirmed the porous morphology of the
scaffolds and the amorphous nature of the inorganic phase with different crystallite sizes and
the formation of various forms of calcium phosphate. Compressive mechanical testing
revealed that the Young’s modulus of the biomaterials is in the range of human trabecular
bone. In vitro tests were performed on the biomaterials for up to 14 days to study the behavior
of the osteoblast-like human cell line (MG63), primary human osteoblasts (HOS) and human
dermal microvascular endothelial cells (HDMEC). The cytotoxicity was evaluated by

the MTS assay for cell metabolism and the detection of membrane integrity (lactate
dehydrogenase-LDH release). An expression of the vascular endothelial growth factor (VEGF)
in the cell supernatants was quantified by ELISA. Cell viability gave values close to untreated
controls for MG63 and HOS, while in the case of HDMEC the viability after 2 weeks in the
cell culture was between 80-90%. The cytotoxicity induced by the Cs—CP scaffolds on MG63,
HOS and HDMEC in vitro was evaluated by the amount of LDH released, which is a sensitive
and accurate marker for cellular toxicity. The increased levels of VEGF obtained in the
osteoblast culture highlights its important role in the regulation of vascularization and bone
remodeling. The biological responses of the Cs—CP scaffolds demonstrate a similar
proliferation and differentiation characteristics of the cells comparable to the controls. These
results reveal that biomimetic Cs—CP composite scaffolds are promising biomaterials for bone
tissue engineering; their in vivo response remains to be tested.

(Some figures may appear in colour only in the online journal)
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1. Introduction

The treatment and reconstruction of bone defects remains a
major challenge for bone tissue engineering. Patients who
suffer from bone defects, from high-energy traumatic events,
bone resection (tumour or infection) or bone-related diseases,
encounter problems due to the lack of an ideal bone scaffold
[1]. The bone graft substitute market was valued at $1.9
billion in 2010 and is forecasted to reach $3.3 billion in 2017,
with a compound annual growth rate of 8.3% [2]. Treatment
options may include autografts, allografts and xenografts [3].
Nevertheless, the use of autografts may enhance post-operative
donor site morbidity [4]. Allografts or xenografts may elicit
an immune response, disease transmission or implant rejection
[5, 6]. Thus, the need for bone substitute scaffolds in various
clinical circumstances and the limited availability of suitable
bone grafts are the driving forces for the development of
tissue engineering approaches to bone repair [7]. To overcome
the aforementioned limits of the autogenous and allogenic
bone grafts, an increasing interest has arisen in developing new
synthetic bone scaffolds. Several approaches such as sol-gel
technology [8], selective laser sintering [9], electrospinning,
mineralization and biomimetic methods [10, 11] in addition
to many others are used for bone regeneration with the
common objective to regenerate bone defects and restore the
lost function. Furthermore, tissue engineering scaffolds can
also be integrated into the surrounding tissue, resulting in a
seamless transition between the two. This could prevent stress
shielding and resorption of the healthy adjacent bone. These
advantages can be mostly attributed to the development of
biomimetic scaffolds. The use of biomimetic methods implies
an artificial design scaffold that mimics certain advantageous
features of the natural extracellular matrix to facilitate cell
recruiting/seeding, adhesion, proliferation, differentiation and
tissue neogenesis [12, 13]. The design of biomimetic materials
represents an attempt to obtain materials with the ability
to induce specific cellular responses and direct new tissue
formation mediated by specific interactions.

Recently, three-dimensional biodegradable scaffolds,
based on natural polymer-polysaccharides or proteins, have
become a target of interest in the field of bone tissue
engineering [14, 15]. Scaffolds play an important role in
tissue engineering by guiding new tissue growth in vivo and
in vitro. They act as a matrix for the anchorage of cells,
stimulate specific cellular responses, are carriers of growth
factors and are also responsible for the retention of cells in the
defect that is to be filled [16]. Natural polymers often possess
highly organized structures which can guide cells to grow
at various stages of development. They may also stimulate
an immune response at the same time [17] and contain
similar structural groups to natural extra-cellular components.
One of the most common biopolymers used for different
biomedical applications, including bone tissue engineering, is
chitosan (Cs) [18]. Cs is a linear polysaccharide, composed
of glucosamine and N-acetyl glucosamine units linked by
B (1-4) glycosidic bonds. Cs is considered a suitable
material for biomedical applications due to its properties
such as tissue compatibility, bioresorbability, antibacterial

activity and haemostatic characteristics [19]; its degradation
products are non-toxic, non-immunogenic, non-carcinogenic
[20] and allow osteoconduction due to its porous structure
[21]. Although polymeric materials alone have revealed
some positive results for bone regeneration [22, 23], efforts
have been made to improve and stimulate the bone response
by mixing them with bone-like apatite or calcium phosphate
ceramics [24-26]. Calcium—phosphate (CP) ceramics are a
frequent choice and have consistently demonstrated excellent
cellular and tissue responses in vitro and in vivo. The
bioactivity of these ceramics has been attributed to the
similarity of their composition and structure with the mineral
phase of the bone [27]. Studies have demonstrated that
CP materials have superior stability and in vivo osteogenic
properties compared with autologous bone grafts [28, 29].
CP ceramics are widely used as bone substitute materials
due to their osteoconductive and biocompatible properties,
chemical structures similar to bone minerals, their stability
in fluids and human tissue and have been used as graft
materials for bone repair, augmentation and substitution
[30-32]. It is well known that CP enhances osteoconductivity
and extends the degradation rate of the scaffolds [33, 34].
Additionally, it has been demonstrated that CP ceramics induce
bone marrow mesenchymal stem cell attachment, proliferation
and differentiation [35, 36].

We reported previously that the formation of CP crystals
on biopolymer fibres, without the use of any organic
solvents, using an in situ biomimetic co-precipitation method
suggested a high potential use of these biomaterials in bone
tissue regeneration [37, 38]. However, before the in vivo
evaluation of a biomaterial, it is of the upmost importance
to evaluate its in vitro properties, such as the mitochondrial
activity measured via the MTS assay, the membrane integrity
determined by the LDH assay and an expression of the
VEGF in the cell supernatants over a period of time,
the latter being a major growth factor for vascularization.
The objective of this research was to evaluate the cellular
viability /cytotoxicity, an expression of differentiation and the
proliferation markers of different cell types that are relevant
for bone regeneration (MG63—osteoblast-like human cell
line, HOS—primary human osteoblasts and HDMEC—human
dermal microvascular endothelial cells) [39, 40].

2. Materials and methods

All chemicals were obtained from Sigma unless otherwise
indicated.

2.1. Scaffold preparation

Cs—CP disks 10 mm in diameter and 1.5 mm thick were
used in this study. The scaffolds were prepared as previously
reported [37] by precipitation of CPs from its precursors
(CaCl,, NaH,PO,) on a Cs matrix, in the presence of NH4OH.
Briefly, an aqueous solution of CaCl, (40 wt%) and an aqueous
solution of NaH,PO4 (25 wt%) were slowly added to a Cs
solution (1 wt% in HCI 1.5 wt%) and homogenized; the pH
was adjusted to 7.0 with an aqueous solution of NH,OH
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(25 wt%) and maintained for 24 h. Subsequently, the obtained
mixture was washed with ultra-pure water until a neutral pH
was reached and then dried at 37 °C in disk shapes. Various
formulations were prepared in which different overall Cs
concentrations were used, Cs—CP1—19.83% and Cs—CP2—
65.74% respectively, while keeping the theoretical Ca/P ratio
constant at 1.65 (similar to bone composition). The scaffolds
were sterilized with a diluted ethanol solution (70%) for
15 min, followed by intensive washing in sterile phosphate
buffer saline (PBS).

2.2. Scaffold characterization

2.2.1. Scanning electron microscopy. A Tescan-Vega
microscope was used to observe the cross-sectional
morphology of the scaffolds. All samples were coated with
gold and the analysis was performed at an accelerating voltage
of 30 kV.

2.2.2. X-ray diffraction (XRD) and energy-dispersive x-ray
spectroscopy. XRD (XRD-6000 SHIMADZU) was carried
out to determine the crystal phases of the scaffolds using
monochromatic CuK,, radiation at 40 kV. An estimate of bone
apatite average crystallite size, was calculated [41, 42] from
Scherrer’s equation (1):

kX
L=
B cosb

ey

where L denotes the average crystallite size, A represents the x-
ray radiation wavelength (0.154056 nm), & is a constant related
to the crystallite shape and is approximately equal to unity, 8
which is experimentally measured, is the full width of the peak
at half of the maximum intensity (rad). The crystallite size of
the Cs—CP scaffolds (L), from the main peaks 002 and 112
reflection from the XRD pattern, is calculated by Scherrer’s
equation to compare the scaffolds with pure CP synthesized
in the same condition as the composite scaffolds. At the same
time the crystallinity of the Cs—CP scaffolds was evaluated
from XRD data using the following equation (2):

Bm x 33/ Xc = Ky @)

where X¢ is the crystallinity degree, B,, the full width of
the peak at half intensity of 002 or 112 reflection in (26
degree), K4 is a constant set at 0.24 [43]. An EDX-VEGA
IILSH//TESCAN instrument was used to study the chemical
composition of the samples.

2.2.3. Mechanical properties. The mechanical behavior of
the scaffolds (average diameter 6 mm, average length 10 mm)
was tested under static compression force, with a Zwick /Z005
mechanical testing instrument. The compressive modulus (or
Young modulus) of the scaffolds was calculated from the plot
of the force versus the material strain. Three scaffolds for each
composition were tested and the measurements are reported as
an average of these values.

2.3. Biocompatibility in vitro

2.3.1. Cells, culture conditions and scaffold seed-
ing. MG63 cells (ATCC, Rockville, MD) were cul-
tured in DMEM (Gibco) 4+ 10% fetal bovine serum
(Invitrogen) + 2 mMGlutamax I (Life Technolo-
gies) + 100 U/100 mg mL~! Penicillin/Streptomycin. The
HOS cells were isolated as described [44, 45]. The HOS cells
were harvested exclusively from excess bone tissue obtained
during the contouring procedures of iliac crest bone transplant
operations for use in extensive reconstruction procedures of
the facial skeleton. Bone cells were obtained and processed in
accordance with local ethical regulations.

HOS cells were cultured in a medium of DMEM 4500 mg
L' glucose +10%fetal bovine serum +2mMGlutamax
I + 100U/100 mg mL~! Penicillin/Streptomycin+75 mg
L~! ascorbic acid.

HDMECs were isolated from the juvenile foreskin as
already described [46] and cultivated in an endothelial
cell basal medium MV (Promo Cell) supplemented with a
15% fetal bovine serum, Penicillin/Streptomycin (40 units
Penicillin mL~"), 40 ug Streptomycin sulphate mL~!,
Invitrogen, sodium heparin (10 g mL~!) and a basic fibroblast
growth factor (bFGF, 2.5 ng mL~") in a humidified atmosphere
at 37 °C (5% CO,). HOS and HDMEC cells were used until
passage 4 and MG63 as previously described.

The cells were seeded onto the Cs—CP scaffolds at a
density of 6.0 x 10* cells mL~" in a 24-well plate (Cellstar®,
Greiner Bio-one) and cultivated for different periods of time up
to 14 days. Standard 24-well tissue culture plates (polystyrene)
were used as a control surface. Cells were maintained under
standard cell culture conditions (5% CO,, 95% humidity and
37 °C). At predetermined times the medium was changed and
collected (stored at —20 °C) in order to carry out further
analysis. An expression of the VEGF and the LDH activity
from supernatants were analyzed by ELISA.

2.3.2. Cytotoxicity assays. MTS conversion assay (Promega,
Madison, WI). CellTiter 96®Aqueous One Solution Cell
Proliferation assay was used to study cell viability. The
metabolic cell activity (an indirect measure of cytotoxicity)
was measured by the conversion of MTS to formazan, which
can be photometrically detected. MTS was mixed with fresh
medium at the ratio 1:5 and added to the cells for 1.5 h.
The cells were placed in a CO, incubator at 37 °C. After
the incubation time the supernatants were transferred to
a new microplate and the optical density was measured
photometrically at 492 nm.

The percentage of cell viability was calculated according
to the following equation:

Abssample

% Cell viability = x 100 3)

Scontrol
where Absgmple is the absorbance of cells tested with various
formulations and Abs.qnio1 18 the absorbance of control cells
(incubated with cell culture media only).
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Figure 1. SEM micrographs of the cross-section in Cs—CP1 and Cs—CP2 scaffolds.

2.3.3. LDH activity assay (Promega, Madison, WI). The
CytoTox 96® Non-Radioactive Cytotoxicity assay was
performed following the manufacturer’s protocol. This assay
measures the LDH activity in the cell culture supernatants.
Briefly, 50 gL of supernatants from all samples were
transferred to a new microplate and 50 puL of the LDH
substrate mix was added to each well. The enzymatic reaction
was carried out for 30 min in the dark at room temperature
and stopped by the addition of 50 uL of Stop Solution
(0.2 g L' KH,PO). The optical density was measured at
492 nm against a blank sample (a medium without cells with a
LDH substrate mix and stop solution). The cells were seeded
in 24 well plates (Cellstar®, Greiner Bio-one). The cells were
then in contact for 24, 48 and 72 h with the Cs—CP scaffolds;
after these times the supernatant was used to determine the
membrane integrity determined by the LDH assay. LDH
release in each sample was calculated as a percentage of
the total LDH amount of the cells compared to the untreated
control.

2.3.4. VEGF quantification. ~For each time, three samples
were taken. The VEGF was quantified by ELISA using the
human VEGF DuoSet (R&D Systems, Minneapolis, MN)
according to the manufacturer’s protocol. The VEGF value
for comparisons was represented as the accumulation of the
total to that particular time of all the previous values i.e.
accumulated from the various measurements performed on
the medium at medium change. The culture medium was used
as blank.

2.3.5. Cell imaging. Confocal laser scanning microscopy
(CLSM) was used to study the morphology, viability and
distribution of the cells in the scaffolds. To visualize the cell
nucleus using fluorescence, Vectashield-DAPI (4,6-diamino-
2-phenylindole) (Vector Laboratories, CA) was used. This

Table 1. The formulation of Cs—CP scaffolds and a brief
presentation of their characteristics.

Characteristics Samples Cs—CP1 Cs—CP2
Elemental composition Cs (%) 19.83 65.74
EDX Ca/Pratio 1.52 1.73
Solution retention at 24 h (%) PBS 136 167
PBS-Human Albumin 188 158

fluoresces bright blue when it binds selectively to double
stranded DNA. The viability of the cells in the Cs—CP
scaffolds were imaged using a fluorogenic substrate, calcein-
acetoxymethyl ester (Calcein AM, Molecular Probes). Calcein
AM is hydrolyzed into fluorescent products that are retained by
the cells with an intact plasma membrane (green fluorescence).

2.4. Statistics

A statistical evaluation of the data was performed using an
SPSS 10 statistical package. One-way analysis of variance
(ANOVA) was employed to assess the statistical significance
of results at a probability of error of 5% (*), 1% (**) and 0.1%
(***). Data are from three replications of each experiment and
are reported as mean £ SD.

3. Results and discussion

3.1. Scaffold characterization

Two different formulations were prepared with various overall
Cs concentrations and their characteristics are presented in the
table 1.

Cs—CP scaffolds were characterized by SEM, XRD
and compression testing. The SEM morphology and the
microstructures of the cross-sectional areas of both scaffolds
are shown in figure 1. The Cs—CP scaffolds showed a structure
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Figure 2. XRD diffractograms of (a) CP, (b) Cs—CP1, (¢) Cs—CP2.

of irregular interconnected pores with variability in the pore
size distribution and a homogeneous microstructure (Cs—CP1).
With an increasing concentration of Cs in the scaffold (Cs—
CP2), the pore size decreased and the polymer matrix included
inorganic crystals as shown in figure 1.

The XRD results of the composite scaffolds and CP are
shown in figure 2. According to the Joint Committee Powder
Diffraction Standards (JCPDS), different phases are identified
in the composite scaffolds, due to the CP produced by
precipitation from its precursors (CaCl, and NaH,;PO,), such
as tri-calcium phosphate, dicalcium phosphate hydroxyapatite
and so on, all of them having recognized properties in
development of the new bone tissue [32]. In table 2 the values
of crystallite size and crystallinity for the main peaks 002
and 112 reflection from the XRD pattern. The values found
for crystallite size are in the range of bone apatite crystallites
[47—49] and are presented. Several reports show that small
crystallite domains result in a better contact reaction and
stability at the interface between the CP and the natural bone
as well as the promotion of early bone in-growth [50, 51].

Furthermore, the physiological temperature used in the
synthesis of the prepared scaffolds resulted in the formation
of crystal sizes in the range of adult human bone (~10 nm)
[32], consequently these composite scaffolds may be a good
candidate for this type of application. The crystallinity values
were found to be below 1, indicating a low crystallinity, which
is similar to that found in biological apatites [52]. The results of
mechanical testing are shown in table 2. The formulation with
the lowest amount of Cs (Cs—CP1), corresponds to the highest
Young modulus (140.63 MPa), followed by a composite with
the highest amount of chitosan (Cs—CP2) and a lower Young
modulus (69.40 MPa).

The values obtained for these scaffolds are in the range of
human trabecular bone [53].

3.2. Biocompatibility in vitro

3.2.1. Cytotoxicity of the scaffolds—MTS measurement. The
MTS tetrazolium compound is reduced by cells into a colored
formazan product that is soluble in a tissue culture medium.
The quantity of the formazan product as measured at 492 nm

is directly proportional to the number of living cells in a
culture. To examine the cytotoxicity of Cs—CP composites,
these materials were incubated with different cell types MG63,
HOS and HDMEC for up to 336 h and the cell viability
(control set at 100% cell viability) was investigated by MTS
assay. Figure 3(a) shows that Cs—CP composites did not
have any effect on the viability of the MG63, while for a
HOS and HDMEC culture the values of cell viability after
336 h presents a slight decrease, ranging between ~80 and
90%. Our data are consistent with other previous investigations
[54, 55]. Regardless of the cell type used, the cell viability was
comparable to the control. The results indicate that all three
cell types are viable on Cs—CP composite scaffolds.

3.2.2. LDH release. The numbers of nonviable cells were
estimated by the colorimetric method using a CytoTox
96® Non-Radioactive Cytotoxicity Assay kit. The assay
measures the release of LDH, which is a stable cytosolic
enzyme that is released into the culture medium from cells
with a damaged plasma membrane, resulting in the conversion
of a tetrazolium salt (INT) into a red formazan product. The
concentration of the dye is proportional to the number of dead
cells. The results shown in figure 4(a) indicate the LDH release
into the supernatant for the MG63 culture. The data reveal
that the LDH did not increase significantly, indicating that
the Cs—CP scaffolds do not exert any significant degree of
cytotoxicity. The results of the membrane integrity determined
by the LDH assay, for HOS and HDMEC culture (figures 4(b)
and (c¢)) indicate a difference between the Cs—CP scaffolds
investigated, which correspond with the results of the viability
test. Thus, in the case of the HOS, the Cs—CP1 scaffold shows
over the 72 h period approximately 7% to 13% cell lysis of the
population, compared to values of maximally 3.9% for the Cs—
CP2 scaffold (figure 4(b)). Figure 4(c) demonstrates clearly
that endothelial cells (HDMEC) on the Cs—CP1 scaffold suffer
from approximately 10% to 20% cell lysis, which is markedly
higher than for Cs—CP2, which shows minimal toxic effects.

3.2.3. VEGF quantification. — The effect of the Cs-—
CP composite scaffolds on VEGF gene expression was
investigated in MG63, HOS and HDMEC cells. VEGF is
produced and secreted by a variety of cell types [56] and
evidence exists that osteoblasts produce and secrete VEGF in
response to various physiological agents [57, 58].

VEGF is one of the most powerful pro-angiogenic growth
factors and exerts well-established actions on endothelial
cells, as well as a proposed direct effect on osteoblast
functions [59, 60]. Evidence that VEGF directly stimulates
migration and differentiation of primary human osteoblasts
has been reported [61]. Furthermore, from in vivo studies,
VEGEF levels have been suggested to be a significant factor
for monitoring biological and pathological tissue reaction to
implants or transplants [62—64]. In this study, the VEGF profile
investigated by the MG63 cells in contact with Cs—CP scaffolds
(figure 5(a)) indicated small, though statistically significant
differences from the untreated control, but overall the trend was
similar. Thus, although MG63 cells on the Cs—CP1 scaffold
showed slightly lowered VEGF production over the 14 day
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Figure 3. Mitochondrial activity measured via the MTS assay for A-MG63, B-HOS and C-HDMEC culture at different times for Cs—CP
composites. Data are depicted as a percentage of the untreated control. Triplicates were performed and the data represent means £ SD.
*P < 0.05, **P < 0.01 and ***P < 0.001 compared to the untreated control.

Table 2. Average crystallite size and crystallinity of the CP formed into Cs matrix of the scaffolds.

FWHM FWHM Crystallite size, Crystallite size, Crystallinity  Crystallinity =~ Young Modulus
Batch Ca/Pratio  (002) (112) Loo (nm) Li1> (nm) Xc oo Xci2 (MPa)
Bone 1.67 - - ~10* - - - 40-400
Cs—CP1 1.52 0.96 1.75 8.40 4.66 0.62 0.51 140.63
Cs-CP2 1.73 1.21 1.96 6.63 4.15 0.58 0.49 69.40

*According to [49].

study period, neither scaffold elicited any massive change in
VEGF production which could be interpreted as biologically
significant. Regarding the VEGF concentration from the HOS
culture (figure 5(b)) the VEGF values were significantly
higher on both scaffold types compared to the untreated
control.

Overall these data indicate that the Cs—CP scaffolds
did not markedly affect the production and secretion of
VEGEF. Furthermore, the scaffolds could be a good substrate
concerning the VEGF production by HOS. In the HDMEC
culture, no VEGF was detected.

The results obtained for the osteoblast (MG63 and HOS)
culture on Cs—CP scaffolds were consistent with previous
investigations, as osteoblasts were the predominant source

of VEGF [65]. The up-regulation of genes coding for potent
angiogenic inducers, like VEGF, acting synergistically in vivo
and in vitro [66] suggests that in vivo Cs—CP scaffolds may
be expected to support vascularization, although the latter still
has to be proven in separate studies.

3.2.4. Scaffold morphology. Tests on cell viability and
proliferation on Cs—CP scaffolds were performed before the
CLSM study. Calcein AM was used to stain the cells cultured
for 168 h (figure 6) because at this time the cells are well
distributed on the Cs—CP scaffolds. The cells were evenly dis-
tributed in the Cs—CP scaffolds and appeared to bridge over the
pores. Moreover, they showed a morphology similar to cells
grown under normal culture conditions. At the final time point
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for cell culture (336 h), a live staining (calcein AM) and DAPI  Calcein AM staining (figures 7(a) and (b)) confirmed that the
counterstain was performed on whole samples (figure 7). The MG63 cells colonized the Cs—CP scaffolds to a high degree.

samples chosen for staining were Cs—CP scaffolds in a culture Staining of the nuclei of MG63 after 336 h of culture
with MG63 due to the fact that cell viability was highest in  was performed by DAPI, a reagent that specifically binds
this cell type compared to the HOS and HDMEC culture. to DNA regions rich in thymine, giving a blue staining
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Figure 7. Confocal laser scanning microscopy imaging and
cross-sections of an image series of MG63 stained with Calcein AM
((a) Cs—CP1 and (b) Cs—CP2) for viable cells (green) and DAPI
staining of the nuclei of MG63 cells ((c) Cs—CP1 and (d) Cs—CP2).
The images were taken at 336 h after cell seeding and demonstrate
widespread colonization of the scaffolds and lack of toxicity even
after 14 days of cultivation on the biomaterials.

reaction (figures 7(c) and (d)). The results indicate that the
composite scaffolds Cs—CP presents a good potential as a
substrate for the adhesion, spreading and proliferation of cells
relevant for bone regeneration. Naturally, the next step of the
investigation (to be performed in a separate in vivo study)
is to elucidate whether these positive results in vitro can be
confirmed in the complexity of the implantation situation, in
which inflammatory processes come to bear.

4. Conclusions

In this work, in vitro biocompatibility studies were performed
for Cs—CP composite scaffolds synthesized via a biomimetic
co-precipitation method. The XRD results showed that
composites based on Cs and CP contain different forms
of calcium phosphate (CP), with various Ca/P ratios and
crystallite size as well as crystallinity similar to bone tissue.
The Cs—CP composite scaffolds showed mechanical properties
in the range of human trabecular bone. Cell viability studies
were performed using human cells of osteoblast origin (MG63,
HOS) as well as microvascular endothelial cells (HDMEC).
From assays for mitochondrial activity and detection of
membrane integrity, data are presented that support the
possible application of Cs—CP scaffolds to bone and wound
tissue engineering. Assessment of VEGF expression (secreted
protein) was performed and the results suggest that Cs—CP
scaffolds could be a good substrate with respect to the support
of vascularization. The morphology of cells visualized by
phase contrast microscopy and immunofluorescent staining
investigated by CLSM clearly demonstrated that cells adhered
to the biomaterials, and over a period of 14 days gave
widespread colonization. Therefore, this study underscores
Cs—CP composite scaffolds as a promising biomaterial for
bone tissue engineering. Animal studies remain to be carried
out in order to evaluate the effect of the Cs—CP scaffold on
bone regeneration in vivo.
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