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Abstract In this study, alginate and alginate:chitosan semi
interpenetrating polymer network (IPN) scaffolds were pre-
pared by freeze-drying process. Alginate scaffolds were
crosslinked with different concentrations of CaCl,, i.e. 0.5, 1
or 3% (w/v), in 96% (v/v) ethanol solutions for two different
periods, i.e. 4 and 24 h, after freeze-drying. Scanning elec-
tron microscope (SEM)/ Energy Dispersive Analysis by
X-ray (EDAX) analysis and swelling studies indicated that
crosslinking of scaffolds with 3% (w/v) CaCl, for 24 h was
effectively created suitable alginate scaffolds in terms of
optimum porosity and mechanical stability. This is why,
alginate:chitosan semi IPN scaffolds were prepared at the
crosslinking condition mentioned above in 70:30, 60:40
and 50:50% (v/v) alginate:chitosan ratios. Besides
the attachment and proliferation abilities of ATDCS5
murine chondrogenic cells on alginate, 70:30% (v/v) algi-
nate:chitosan and 50:50% (v/v) alginate:chitosan scaffolds,
their cellular responses were assessed for chondrogenic
potential. These structural and cellular outcomes demon-
strate potential utility of chitosan semi IPNs in alginate
scaffolds. Comparative results found in relation to alginate
scaffolds, support the necessity for alginate:chitosan scaf-
folds for improved cartilage tissue engineering.

1 Introduction

Tissue engineering is recognized as a promising strategy
for creating biological body parts as alternatives for
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transplanting harvested tissues and organs [1]. For cartilage
treatment in tissue engineering, a scaffolding material
plays a critical role in guiding chondrocyte cell attachment
and proliferation for new tissue formation in 3D [2, 3].
There are some potent biopolymers that can be used as
starting materials to prepare stable scaffolds for cartilage
tissue engineering including poly(L-lactide)/poly(e-capro-
lactone) [4], polyglycolide [5] and poly(lactide-
co-glycolide) [6]. Nowadays, using naturally occurring
biopolymers as scaffolds has become a new trend for car-
tilage tissue engineering which may be due to their
biodegradability, low toxicity and low disposal costs. For
example, cellulose provides the structure of higher plants,
chitin is the main component of exoskeleton of several
molluscs, keratin causes thermoinsulation in hair and
collagen supports connective tissues mechanically [7].
However, selecting an appropriate biomaterial for the tar-
get tissue is a key factor since the ideal cell-carrier
substance should be one that closely mimics the natural
environment in the extracellular matrix (ECM).

Alginates, are naturally occurring polysaccharides
composed of (1-4)-linked f-p-mannuronic acid (M units)
and o-L-guluronic acid (G units) monomers which vary
in amount and sequential distribution along the polymer
chain depending on the source of the alginate, have been
extensively used as synthetic ECMs [§8, 9]. Sodium
alginate forms relatively stable hydrogels through iono-
tropic gelation. Divalent cations like Ca>" cooperatively
bind between the G blocks of adjacent alginate chains,
creating ionic interchain bridges which cause gelling of
aqueous alginate solutions. Not only several therapeutic
agents, including antibiotics, enzymes, growth factors
and DNA, have already been successfully incorporated in
alginate gels [10], but also alginate hydrogels have been
widely studied for bone and cartilage regeneration
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applications as scaffolds [11, 12]. Chitosan is a partially
deacetylated derivative of chitin which is biodegradable,
biocompatible, nonantigenic, nontoxic, and biofunctional
[13]. Moreover, it represents some articular cartilage
components like glycosaminoglycans (GAGs) and hyal-
uronic acid [14] and has been used as a scaffold for
cartilage repair [13—15]. Since chitosan is regarded as a
cationic polysaccharide, shows excellent cell adhesive
properties, it is reported that the alginate-chitosan hybrid
polymers have potential as a scaffold material for carti-
lage and bone tissue engineering [16, 17]. The alginate-
based chitosan hybrid polymer fibers improved adhesion
capacity of fibroblasts compared with alginate polymer
fiber in ligament and tendon tissue engineering [18].
Moreover, alginate blends with chitosan were studied as
an improved alternative to chitosan for cartilage repair
and regeneration [19]. However, the results obtained
were inconsistent since anchorage dependent mammalian
cells were unable to interact with alginate polysaccha-
rides or their hydrogels due to minimal protein
adsorption arising from their highly hydrophilic nature
[20, 21]. It has been previously reported that alginate
microspheres were able to discourage cell adhesion
which is improved by incorporation of calcium phos-
phate [22]. Rowley et al. demonstrated that alginate
surfaces could not support cell adhesion and RGD
modified alginate hydrogels were reported as another
approach to promote cell adhesion [23].

In the present study, we aimed to investigate potential
effects of chitosan semi-interpenetrating networks (IPNs)
on alginate scaffolds and to determine the biological
aspects of these novel scaffolds which are beneficial for
cartilage tissue engineering. Previous studies investigated
alginate-chitosan blends in terms of a compact algi-
nate:chitosan hybrid scaffold relating to cartilage repair
[16, 18, 19]. It has been previously reported that algi-
nate-chitosan hydrogel blends forming semi-IPNs were
used for several drug delivery applications [24, 25].
However, alginate scaffolds containing chitosan semi-
IPNs have not been investigated in terms of cartilage
repair. In this paper, we generated alginate scaffolds
containing different amounts of chitosan semi-IPNs for
cartilage tissue engineering. Our first goal is to determine
the feasibility of alginate scaffolds containing chitosan
semi-IPNs over alginate scaffolds, then to investigate the
compositional amount of chitosan in constructs regarding
to material and chondrocytic cell interactions. We first
outlined the preparation and structural characteristics of
alginate and alginate:chitosan semi-IPNs. Then ATDCS5
chondrogenic cell line was used to demonstrate cell
responses related to chondrogenesis, evaluated by scan-
ning electron microscopy (SEM) and GAG and DNA
quantities.
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2 Materials and methods
2.1 Materials

Chitosan derived from crab shell with a deacetylation
degree (DD) of minimum 85% was purchased from Aldrich
(Cat. No: 417963, Germany). Sodium alginate was
obtained from Fluka AG (Cat. No: 71240, Germany).
Fluorescein 5(6)-isothiocyanate (FITC) were obtained from
Sigma (Germany). Acetic acid (HPLC grade), ethanol
(96% v/v) and acetone were from Merck (Germany). For
cell culture studies papain from papaya latex, cysteine—
HCI, hexamethyldisilazane and glutaraldehyde were pur-
chased from Sigma Corporation (Germany). ITS premix
(insulin, transferrin and selenium), 1,9-dimethyl-methylene
blue and Hoechst 33258 were purchased from Sigma-
Aldrich. All solvents used in this study are analytical grade.

2.2 Preparation of alginate scaffolds

Porous alginate scaffold samples were prepared by freeze-
drying method which was described in our previous pub-
lication with regard to preparation of chitosan scaffolds
[26]. In brief, sodium alginate solutions with concentration
of 2% (w/v) were prepared by dissolving sodium alginate
in ultra-pure water and were filtered using a 0.45 pum filter
(Millipore) in order to eliminate the impurities. These
solutions were poured into 24-well tissue-culture polysty-
rene dishes (TCPS, TPP Switzerland), having a diameter of
15 mm, to a depth of approximately 5 mm and frozen at —
20°C for 24 h. Then they were transferred into a freeze-
drier (Christ, Germany) and lyophilized at —80°C for
4 days to ensure that they were completely dried. Freshly
lyophilized alginate scaffolds were crosslinked by different
concentrations of CaCl, (0.5, 1 or 3% (w/v)) in 96% (v/v)
ethanol solutions for 4 or 24 h periods. Crosslinked algi-
nate scaffolds were washed with distilled water and freeze-
dried for 1 day.

2.3 Preparation of alginate scaffolds containing
chitosan semi-IPNs

Chitosan was dissolved in 0.2 M acetic acid to prepare the
solutions of 2% (w/v) concentration, then these solutions
were filtered using a 0.22 pm filter to eliminate the
impurities. Chitosan solutions mixed with previously pre-
pared 2% (w/v) alginate solutions in proportions of
(alginate:chitosan) (50:50)% (v/v), (60:40)% (v/v) and
(70:30)% (v/v). The mixtures were poured into 24-well
TCPS dishes and frozen at —20°C for 24 h. Then they were
transferred into a freeze-drier and lyophilized at —80°C for
4 days. Freshly lyophilized scaffolds were first immersed
in 96% (v/v) ethanol for overnight in order to stabilize
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chitosan in alginate:chitosan scaffolds. Then porous scaf-
folds were incubated in CaCl, (3% w/v in ethanol) solution
for crosslinking of alginate for 24 h. Crosslinked alginate-
chitosan scaffolds were washed with distilled water and
freeze-dried for 1 day.

2.4 Microstructural characterization of alginate
scaffolds

2.4.1 SEM and EDAX analysis

Surface and cross-section morphologies of lyophilized
alginate and alginate:chitosan semi IPN scaffolds were
examined by using a JEOL (JSM-840A, Japan) SEM after
coating with a gold-palladium layer. The elements present
in alginate scaffolds were shown by EDAX (Oxford, UK)
in order to indicate Na/Ca content in structure.

2.4.2 Swelling studies

Stabilized alginate and alginate:chitosan scaffolds were
fully rehydrated in Dulbecco’s phosphate buffered saline
(DPBS; pH 7.4) at 37°C in order to investigate the swelling
characteristics. Samples were taken out of the buffer
solution and the excess of buffer was removed by blotting
with filter paper. Swelling ratios were determined gravi-
metrically in dry basis by using the following equation:

Swelling ratio = (W — Wy) /W, (1)

where W, is dry weight and W is wet weight of alginate
scaffold. All the swelling experiments were repeated at least
three times and results were reported as average values.

2.4.3 Porosity

The porosity of the alginate:chitosan scaffolds was mea-
sured by liquid displacement [27]. Hexane was used as the
displacement liquid as it permeates through scaffolds
without swelling or shrinking the matrix. Scaffolds (dry
weight, W) were immersed in a known volume (V) of
hexane in a graduated cylinder for 5 min. The total volume
of hexane and the hexane-impregnated scaffold was
recorded as V,. The hexane-impregnated scaffold was then
removed from the cylinder and the residual hexane volume
was recorded as V5. The total volume of the scaffold was

V=(V2=Vi)+(Vi—=V3)=Vy - V;, (2)
V, — V; is the volume of the polymer scaffold and

V, — V3 is the volume of hexane within the scaffold. The
porosity of the scaffold (¢) was obtained by

& (%) = (Vl — V3)/(V2 — V3) x 100. (3)

2.4.4 Visualization of chitosan semi IPNs
in alginate:chitosan scaffolds

To visualize chitosan in scaffolds, a fluorescent dye, fluo-
rescein 5(6)-isothiocyanate (FITC, Sigma, Germany), was
used to label primary amine groups on chitosan structure by
dialysis tubing cellulose membrane technique [28]. Briefly,
for each ml of chitosan solution 50 pl FITC solution (1 mg/ml)
was added and incubated in dark for 8 h at 4°C. Finally,
prepared solution was dialysed by cellulose membrane
(Sigma, Germany) for two days. Then FITC labeled chitosan
was used for preparation of alginate:chitosan scaffold as
described above. Visualization of prepared scaffolds was
performed by fluorescence microscope (Olympus, USA).

2.5 Cell culture studies

Cell culture studies were carried out with ATDCS cell line,
a murine chondrogenic cell line, which was purchased from
Riken Cell Bank (Japan). The cells were subcultured in
flasks using Dulbecco’s modified Eagle’s medium
(DMEM)/Ham’s F12 (Sigma Co., Germany) supplemented
with 5% (v/v) fetal bovine serum (FBS, Sigma Co.) and 1%
penicillin—streptomycin (Biological Ind., Israel). The cells,
maintained at 37°C in a humidified CO, (5%) atmosphere
(Heraus Instruments, Germany), were dissociated with
0.25% trypsin-EDTA (Sigma, Germany), centrifuged and
resuspended in medium prior to cell seeding. Cells at
passage number 3 were used in this study.

2.5.1 Cell culture and seeding

Cell cultures were conducted in sterile 24-well TCPS dishes
in stationary conditions. Prior to cell culture experiments,
24-well TCPS dishes were precoated with parafilm and were
soaked in 96% ethanol and placed under UV light for 30 min
for sterilization. Alginate and alginate:chitosan semi IPN
scaffolds (50:50)% (v/v), 70/30% (v/v) (alginate:chitosan),
having 1.4 mm diameter and 2 mm thickness (average dry
weight is 0.01 g), were sterilized with 70% ethanol for 1 h
and equilibrated in sterile Dulbecco’s PBS (pH 7.4, 24 h).
Then scaffolds were immersed in conditioning medium for
1.5 h prior to cell seeding. Finally, 1 ml of culture medium
supplemented with 1x ITS premix (insulin, 10 pg/ml;
transferrin, 5.5 pg/ml; and selenium, 5 ng/ml) was added in
order to maintain 4 x 10* cells/ml inoculation density for
each scaffold. The medium was replenished every two days.

2.5.2 Cell attachment and viability

Cell attachment and viability of cells in scaffolds were
quantitatively assessed by mitochondrial activity assay with
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3-[4,5-dimethylthiazol-2-yl]-diphenyltetrazolium bromide
(MTT) formazan. In brief, culture medium was aspirated
and washed with 600 pl prewarmed PBS (pH 7.4). 600 pl
prewarmed culture medium supplemented with 60 pul MTT
solution (2.5 mg/ml MTT dissolved in PBS) was added to
each sample which were incubated at 37°C for 3 h. After
incubation period, the medium was removed from each well
and scaffolds were transferred to another 24-well Petri dish.
400 pl of 0.04 M HCl in isopropanol solution was added to
each well to dissolve formazan crystals. The resulting
solution of crystal violet color was removed and centrifuged
at 13,000 rpm for 2 min. 200 pl supernatant was used for
measuring optical density spectrophotometrically at
570 nm with reference to 690 nm using a microplate reader
(Asys UVM 340, Austria). MTT assay was also applied to
the scaffolds without cells as control and the data was
subtracted from measured values. In terms of cell attach-
ment, the growth index was determined from MTT assay
results at the end of first day since only attached cells
remain viable in scaffolds. Viability of cells was checked by
MTT assay results after 1 week of incubation period.

2.5.3 Biochemical analysis

Cell-scaffold constructs (n = 3 per group) were frozen,
lyophilized, and papain digested [29], using 1 ml enzyme
solution per 4-40 mg dry weight of the sample. The
number of cells per construct was assessed from the DNA
content using a spectrofluorometer (Cary Eclipse, Austra-
lia) and conversion factor of 7.7 pg DNA per chondrocyte
[30]. GAG contents were measured spectrophotometrically
using dimethylmethylene blue [31] and bovine chondroitin
sulfate as a standard. GAG assay was also applied to the
scaffolds without cells as control and the data was sub-
tracted from measured values.

2.5.4 Microscopic imaging of cells within scaffolds

The morphology of the cells in the scaffolds was observed
by a SEM (JSM-840A, Japan) at the end of 1 and 4 weeks
of incubation. The scaffolds were gently washed with PBS
and cells were fixed with 2.5% (v/v) glutaraldehyde in
0.1 M PBS (pH 7.4) for 1 h at 4°C. Then the scaffolds were
dehydrated in ethanol series (30, 50, 70, 90 and 100%
(v/v)) and rinsed with hexamethyldisilazane.

2.6 Statistical analysis
All data are expressed as means + standard deviations of a
representative of three similar experiments carried out in

triplicate. Statistical analysis was performed by one-way
analysis of variance (ANOVA) in conjunction with
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Tukey’s post hoc test for multiple comparisons using SPSS
version 9.0 software.

3 Results and discussion
3.1 Fabrication of alginate scaffolds

Porous alginate scaffolds were prepared by freeze-drying
method. In this method, alginate solutions were frozen to
maintain ice crystals and freezing alginate solutions were
lyophilized in order to maintain porous and interconnected
structure by removal of ice crystals from the frozen solu-
tions. Alginate scaffolds were crosslinked with different
concentrations of CaCl,, i.e. 0.5, 1 or 3% (w/v) in 96% (v/
v) ethanol solutions for two different periods, i.e. 4 and
24 h. The sample became insoluble due to the physical
crosslinking through the Ca”" bridges. Since crosslinking
is performed by exchange of sodium and calcium ions [32],
Na/Ca ratios of fabricated alginate scaffolds, indicating
success of crosslinking, are calculated by determining Na
and Ca amounts (wt.%) by EDAX analysis. Results showed
that with increasing crosslinking concentration and time
period, Na/Ca ratio is decreased as expected (Table 1).
The morphological structure of crosslinked alginate
scaffolds are shown in Fig. la—c. Cross-section SEM
images of alginate scaffolds with three different cross-
linking concentrations and 4 h periods showed not only a
complete porous morphology but also an interconnected
structure was observed for all types of scaffolds. However,
it was observed that alginate scaffolds with high cross-
linking concentration showed a more uniform structure and
pores are seemed to be close to each other (Fig. lc).
Moreover, it was observed that not only changing cross-
linking concentration from 0.5 to 3.0% (w/v) but also
changing crosslinking time period from 4 to 24 h affected
the morphological structure of scaffolds. It was observed
that alginate scaffolds fabricated with 24 h crosslinking
time periods showed the same morphological changes of
alginate scaffolds for high crosslinking concentrations.
According to the SEM images, the pore sizes of alginate
scaffolds prepared with 0.5 or 1% (w/v) crosslinking

Table 1 EDAX analysis of fabricated alginate scaffolds

Alginate scaffolds croslinked with Na/Ca ratio

0.5% (w/v) CaCl, for 4 h 1.118 £ 0.12
0.5% (w/v) CaCl, for 24 h 0.900 £+ 0.17
1% (w/v) CaCl, for 4 h 0.903 £+ 0.42
1% (w/v) CaCl, for 24 h 0.601 + 0.37
3% (wl/v) CaCl, for 4 h 0.476 £ 0.25
3% (w/v) CaCl, for 24 h 0.216 £ 0.15
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Fig. 1 Cross section SEM images of lyophilized alginate scaffolds
(x250). Alginate scaffolds prepared with a 0.5% (w/v) CaCl,
crosslinking density for 4 h, b 1% (w/v) CaCl, crosslinking density
for 4 h, ¢ 3% (w/v) CaCl, crosslinking density for 4 h

density for 4 h crosslinking period were found to be in the
range of 150-200 um (Fig. la), while the pore sizes of
alginate scaffold prepared with 3% crosslinking density for
4 h crosslinking period was found to be ~100 um
(Fig. Ic). On the other hand, the pore sizes of alginate

scaffolds prepared with 0.5 or 1% (w/v) crosslinking den-
sity for 24 h crosslinking period were found to be in the
range of 100-150 um, while the pore sizes of alginate
scaffold prepared with 3% crosslinking density for 24 h
crosslinking period was found to be in the range of 80—
100 pm. It must be noted that all alginate scaffolds were
found to be having favorable pore sizes for cell prolifera-
tion and function [33].

3.2 Swelling and porosity of alginate scaffolds

Swelling studies were performed by rehydrating samples in
PBS (pH 7.4) at 37°C and equilibrium swelling ratios of
fabricated alginate scaffolds were calculated. The results
shown in Table 2, indicating that there is little variation
between equilibrium swelling ratios of alginate scaffolds
crosslinked with 0.5 or 1% (w/v) CaCl, concentration.
Their swelling ratios were about 50. However, equilibrium
swelling ratios of alginate scaffolds crosslinked with 3%
(w/v) CaCl, concentration were calculated as in the range
of ~25. Porosity of alginate scaffolds were calculated
from Eq. 3 and results were shown in Table 2. As evident
from Table 2, porosities of alginate scaffolds with different
crosslinking densities and crosslinking time periods was
found in the range of 70% with very little variation. Since
porosities did not vary significantly, results obtained from
swelling ratios suggested structural stability and integrity
of alginate scaffolds crosslinked with 3% (w/v) CaCl,. The
affects of high crosslinking ratio and period on alginate
were studied by several investigators and concluded as
enhancement of structural stability and integrity [34, 35],
which is consistent with our results. Thus, both SEM/
EDAX analysis and swelling studies pointed out that the
most effective fabrication condition of alginate scaffolds
are 3% (w/v) CaCl, crosslinking concentration for 24 h
time period.

Table 2 Swelling characteristics and porosities of alginate and
alginate:chitosan scaffolds

Scaffold type Equilibrium

swelling ratio

Porosity (%)

Alginate scaffolds crosslinked with

0.5% (w/v) CaCl, for 4 h 48.8 + 8.2 71.0 £ 0.6
0.5% (w/v) CaCl, for 24 h 509 £ 0.5 734 £ 0.1
1% (w/v) CaCl, for 4 h 49.8 £ 0.2 723 £32
1% (w/v) CaCl, for 24 h 48.3 + 3.7 713 £ 6.6
3% (wlv) CaCl, for 4 h 245+ 1.4 715 £ 1.6
3% (w/v) CaCl, for 24 h 254+ 49 719 £ 0.1
Alginate:chitosan scaffolds

(70:30)% (v/v) 241 £ 25 874 £ 4.1
(60:40)% (v/v) 220 £49 87.7 £ 39
(50:50)% (v/v) 227 +£ 04 847 £ 2.5
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3.3 Alginate scaffolds containing chitosan semi-IPNs

Cross-section SEM images of alginate scaffolds containing
different proportions of chitosan ((alginate:chitosan),
(50:50)% (v/v), (60:40)% (v/v) and (70:30)% (v/v)) are
shown in Fig. 2. Results demonstrated that chitosan was
successfully incorporated into alginate scaffolds. More-
over, incorporation of chitosan into alginate scaffold was
seemed to be creating bigger pores in scaffold (~200 pm)
and pores were highly interconnected. As it is seen from
Fig. 2, porous chitosan structure was collapsed in alginate.
When a mixture of two or more cross-linked networks that
are dispersed or mixed at a molecular segmental level, the
system is termed as a semi-IPN if only one polymer of IPN
is cross-linked leaving the other in linear form [36]. The
existence of semi-IPN structure of chitosan in alginate
scaffolds were visualized by fluorescence microscope
(Fig. 3). As evident from Fig. 3, free chitosan chains were

Fig. 2 Cross section SEM
images of lyophilized alginate
scaffolds containing chitosan
semi-IPNs. (50:50)% (v/v)
(alginate:chitosan) scaffolds

a (x125), b (x250); (60:40)%
(v/v) (alginate:chitosan)
scaffolds ¢ (x125), d (x250);
(70:30)% (v/v)
(alginate:chitosan) scaffolds

e (x125), £ (x250)

collapsed in alginate network and distributed in alginate
scaffold homogeneously which indicates the formation of
chitosan semi-IPNs clearly. Results are in good correlation
with SEM images with regard to chitosan semi-IPN
structure in alginate scaffolds.

Li et al. reported alginate:chitosan scaffolds which is
technically created by the same method of our work, freeze-
drying [19]. However, they maintained a compact algi-
nate:chitosan hybrid scaffold which is due to the exact
differences of preparation methods of scaffolds compared to
this study. Basically, Li et al. reported that chitosan and
alginate blends were heated at 70°C and resulted pH of the
solution was adjusted to 7-7.4 in order to decrease solubility
of chitosan and to form an ionic complex of chitosan:alginate
[17]. Moreover, they demonstrated SEM figures of main-
tained alginate:chitosan scaffolds, seemed a compact

alginate:chitosan scaffold, which is definitely different com-
pared to our alginate scaffolds containing semi-IPNs [19].
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Fig. 3 Fluorescence microscope images of alginate scaffolds con-
taining chitosan semi-IPNs showing distribution of FITC labeled
chitosan throughout the structure (x10). a (70:30)% (v/v)

The results from swelling studies showed that alginate
scaffold having the lowest amount of chitosan (30% (v/v)),
was found to be having highest equilibrium swelling ratio.
However, it was recorded that there is not a significant
difference between equilibrium swelling ratios of (60:40)%
(v/v) and (50:50)% (v/v) alginate:chitosan scaffolds
(Table 2). Recorded porosities for alginate:chitosan scaf-
folds were in the range of 84.7-87.4% without significant
differences. Thus, cell culture studies were conducted with
alginate, (70:30)% (v/v) and (50:50)% (v/v) algi-
nate:chitosan scaffolds. It should be noted that cell culture
studies were not conducted with chitosan percentage higher
than 50% or pure chitosan due to the ability of evaluating
alginate scaffolds with chitosan improvements.

3.4 Cell culture studies
3.4.1 Cell attachment, viability and proliferation

Chondrogenic cell attachment was assessed with MTT
assay by calculating growth index values at the end of
1 day since only attached cells remain viable in scaffolds
(Table 3). As seen from Table 3, growth index values were
increased with increasing chitosan percentage in alginate
scaffolds which may be due to the chitosan’s cationic
structure. Moreover, statistically significant high growth
index values were obtained from (50:50)% (v/v) algi-
nate:chitosan scaffolds (P < 0.05) indicating the role of
chitosan for cellular attachment.

Table 3 ATDCS5 murine chondrocyte attachment and viability in
engineered scaffolds

Scaffold type Growth index  Optical density

at the end (570 nm)
of 24 h after 1 week
Alginate 0.684 £ 0.137  0.1051 £ 0.006

70:30% (v/v) alginate:chitosan 0.920 &+ 0.167
50:50% (v/v) alginate:chitosan 1.292 + 0.385*

0.130 & 0.008
0.154 £ 0.026**

Statistically significant differences (n = 3, alginate is control group,
* P < 0.05, ** P <0.001)

(alginate:chitosan) scaffolds, b (60:40)% (v/v) (alginate:chitosan)
scaffolds, ¢ (50:50)% (v/v) (alginate:chitosan) scaffolds. Shining
areas correspond to FITC labeled chitosan. Bar shows 200 pm

Cell viability is checked by MTT assay results after
1 week of incubation period. Results indicated that
(50:50)% (v/v) alginate:chitosan scaffolds has statistically
significant high metabolic activity (P < 0.001) which leads
to comparatively increasing proliferation. In contrary to the
some previous studies of other researchers [37, 38] we
suggested that alginate suppressed cell-material interac-
tions in terms of cellular proliferation. Our results are
consistent with some studies previously demonstrated by
other authors [22, 23]. Barrias et al. have investigated the
adhesion of osteoblastic-like cells to calcium phosphate-
alginate microspheres of different compositions [22]. They
observed that cells could not adhere to the surface of
control alginate scaffolds properly and ceramic-to-polymer
ratio strongly influenced the ability of cellular adhesion and
spreading on the surface of microspheres. Majima et al.
showed that alginate-based chitosan hybrid polymer fibers
could provide superior support for rabbit tendon fibroblast
adhesion compared to that provided by alginate polymer
fiber [18]. Seo et al. investigated the hepatocyte adhesion
onto alginate and alginate/chitosan films [39] and they
obtained higher cell adhesion on alginate/chitosan films
than that of alginate films.

3.4.2 Microscopic images of cells within scaffolds

Cell morphologies on alginate, 70:30% (v/v) algi-
nate:chitosan and 50:50% (v/v) alginate:chitosan semi IPN
scaffolds for the first and fourth weeks of culture are given
in Fig. 4. SEM images demonstrated that the existence of
chitosan and the amount of chitosan incorporated in algi-
nate scaffolds strongly affected initial cell proliferation and
cell morphology (Figs. 4a, c, e). At day 7, most of the
chondrocytes on both alginate:chitosan semi IPN scaffolds
(50:50 and 70:30) attached to the matrix and migrated
through the matrix. It is concluded that increasing the
amount of chitosan in alginate scaffolds resulted in
enhancement of chondrogenic cell attachment. This
accelerated cell attachment on alginate:chitosan scaffolds,
resulted comparable increase of cell proliferation between
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alginate and alginate:chitosan scaffolds, attributed to
chitosan semi-IPNs since the affinity between cells and
materials should be improved with incorporation of chito-
san. After 4 weeks of culture period cell morphologies on
alginate and alginate:chitosan scaffolds were observed
and compared with alginate scaffolds (Fig. 4b, d, f). At
day 28, most of the cells exhibited spherical morphology
and formed clusters since maintaining the spherical
shape of the cells by reduced cell-matrix interaction is
another important condition for cartilage regeneration [40].
As seen in Fig. 4, cells could survive and created their
ECMs mainly on 50:50% (v/v) alginate:chitosan
scaffolds.

3.4.3 Chondrogenic activities of alginate
and alginate:chitosan scaffolds

In this study, ATDCS5 chondrogenic cells were cultivated in
a chondrogenic media (DMEM/Ham’s F12 supplemented

Fig. 4 SEM images of ATDC5
cells cultured on alginate and
alginate:chitosan scaffolds.
(50:50)% (v/v)
(alginate:chitosan) scaffolds a
incubated for 7 days (x5.01 K),
b incubated for 28 days

(x5.48 K); (70:30)% (v/v)
(alginate:chitosan) scaffolds ¢
incubated for 7 days (x2.58 K),
d incubated for 28 days

(x5.04 K); alginate scaffolds e
incubated for 7 days (x1.74 K),

with 1x ITS premix), the composition of which has been
previously described [41, 42]. Since chondrogenic differ-
entiation of ATDCS5 cells in chondrogenic media has
previously been proven [41, 42], these cell lines were
considered suitable to determine the alginate-chitosan
scaffold’s potential for cartilage repair. Indeed, ATDCS5
cell line is a well-defined chondrogenic cell line which has
previously been reported as a suitable cell source for cell-
material interaction studies in the field of cartilage tissue
engineering [43]. Moreover, the authors considered that the
use of this cell line could bring advantages over primary
cells for in vitro studies with regard to concept of this
study. In particular, cell lines can serve to provide impor-
tant information concerning seeding densities, time frames,
biocompatibility, nutritional status, and judicious use of
growth factors and differentiating agents, thereby signifi-
cantly reducing the time and cost associated with culture of
primary human cells [43]. Therefore, easily obtainable
ATDCS chondrogenic cell line was found to be preferable

f incubated for 28 days
(x2.18 K)

BT« 00K SralA = El WO = 100me M= 3
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over articular chondrocytes which are susceptible to de-
differentiation in ex vivo cultures [44].

GAG contents of chitosan scaffolds were measured by
dimethylmethylene blue assay in order to evaluate initial
tissue-material interactions in alginate and alginate:chitosan
scaffolds. Table 4 demonstrates GAG contents of in vitro
samples grown for 14, 21 and 28 days. As seen from this
table after 4 weeks of incubation period, 50:50% (v/v)
alginate:chitosan scaffolds significantly generated GAG
contents under control group of alginate scaffolds
(P < 0.001). Furthermore, GAG contents of alginate,
70:30% (v/v) alginate:chitosan and 50:50% (v/v) algi-
nate:chitosan scaffolds was quantified as 1.64 mg GAG/g
dry scaffold, 1.88 mg GAG/g dry scaffold and 3.63 mg
GAG/g dry scaffold, respectively. Results clearly indicated
that ECM formation was accelerated by incorporation of
high amount of chitosan to alginate scaffolds. Cell densities
of alginate scaffolds were quantified by their DNA contents.
As seen from Table 4, 50:50% (v/v) alginate:chitosan

Table 4 Biochemical compositions of engineered alginate scaffolds

scaffolds were found to be having significantly higher DNA
contents after 28 days of culture period under control group
of alginate scaffolds (P < 0.001). ATDC5 chondrocytes
cultured on alginate, 70:30% (v/v) alginate:chitosan and
50:50% (v/v) alginate:chitosan scaffolds for 4 weeks in
vitro reached a number of 1.04 x 107, 1.49 x 107 and
1.69 x 107 cells per scaffold, respectively (Table 4). So, it
is concluded that amount of chitosan incorporated in algi-
nate strongly affected both proliferation of ATDCS cells and
initial material-tissue interactions. It has been reported [45]
that chitosan can promote attachment of cells since chitosan
is a cationic polymer carrying primary amine groups at
neutral pH. Cells attach to scaffolds by nonspecific elec-
trostatic interactions occurring directly between protonated
amine groups and surface of cell membrane [26]. Initial cell
attachment occurring in the first step of cell/material inter-
actions suggesting that the increased cell-polymer
interactions play a crucial role in stimulating cell prolifer-
ation, as reported earlier by many research groups [46—48].

14th day
50:50% (v/v)

alginate:chitosan

21st day
50:50% (v/v)

alginate:chitosan

28th day
50:50% (v/v)

alginate:chitosan

GAG (ug) 4.43 + 0.02°
GAG (mg)/(g) dry weight (w/w) 0.68 £+ 0.17
DNA (ng) 0.95 &+ 0.06
GAG/DNA (ng/ng) 4.66 £ 0.33
Chondrocyte (107) 0.74 + 0.05
Cells/dry weight (10°) 1.03 + 0.06

22.14 £ 0.02* 34.69 + 0.01°
1.96 + 0.09 3.63 + 0.08
2.09 £ 0.03° 2.19 £ 0.06°

10.59 + 0.67 15.84 + 0.17
1.61 & 0.03 1.69 + 0.05
1.68 + 0.04 2.15 + 0.06

70:30% (v/v)
alginate:chitosan

70:30% (v/v)
alginate:chitosan

70:30% (v/v)
alginate:chitosan

GAG (ug) 3.69 £ 0.1° 12.55 £ 0.03¢ 14.02 + 0.01*
GAG (mg)/(g) dry weight (w/w) 0.62 4+ 0.94 1.74 +£ 0.26 1.88 £+ 0.05
DNA (ng) 0.52 + 0.06¢ 0.72 £ 0.12 1.93 4 0.04°
GAG/DNA (ng/pg) 7.10 + 1.67¢ 17.43 4+ 0.25¢ 7.26 + 0.25¢
Chondrocyte (107) 0.39 £ 0.05 0.55 & 0.09 1.49 £+ 0.03
Cells/dry weight (10%) 0.67 = 0.08 0.77 £ 0.13 2.00 £ 0.04
Alginate Alginate Alginate
GAG (ug) 0 11.07 + 0.02 12.92 + 0.01
GAG (mg)/(g) dry weight (w/w) 0 1.15 £ 0.12 1.64 £ 0.05
DNA (ug) 0.39 £ 0.03 0.81 £ 0.23 1.34 £0.18
GAG/DNA (ng/ng) 0 13.67 & 0.09¢ 9.64 + 0.06¢
Chondrocyte (107) 0.30 & 0.02 0.63 & 0.17 1.04 &+ 0.14
Cells/dry weight (10°) 0.46 = 0.03 0.55 &+ 0.15 1.08 £ 0.15

 Statistically significant differences analyzed for GAG quantitites (n = 3, P < 0.001, alginate is control group)

b Statistically significant differences analyzed for DNA quantitites (n = 3, P < 0.001, alginate is control group)

¢ Statistically significant differences analyzed for GAG quantitites (n = 3, P < 0.01, alginate is control group)

4 Statistically significant differences analyzed for DNA quantitites (n = 3, P < 0.01, alginate is control group)
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Since 50:50% (v/v) alginate:chitosan scaffolds were found
to be having highest DNA and GAG contents, selection of
alginate scaffolds containing high amounts of chitosan
semi-IPNs seems to be a logical for the improvement of
alginate scaffolds by means of chondrogenic activity for
cartilage regeneration.

4 Conclusion

Here we studied the suitability of a novel type of scaffold
prepared by the combination of alginate and chitosan in
different ratios. Unlike other alginate-chitosan hybrid
materials, this novel scaffold was prepared by introducing
chitosan into the alginate matrix in semi IPN form. The
preliminary results of this study indicated that algi-
nate:chitosan semi IPN scaffolds can promote chondrocyte
proliferation and retain cell functionality and phenotype
significantly compared to alginate scaffolds. Both struc-
tural and cellular analysis concluded that 50:50% (v/v)
alginate:chitosan scaffolds was promising regarding in
vitro cartilage tissue engineering. Our ongoing studies are
doing under development of cell proliferation and pheno-
typic characterization on alginate:chitosan semi IPN
scaffolds with selected growth factors.
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