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Abstract The fibrous scaffolds are promising for tissue
engineering applications because of their close structural
resemblance with native extracellular matrix. Additionally,
the chemical composition of scaffold is also an important
consideration as they have significant influences on mod-
ulating cell attachment, morphology and function. In this
study, chitosan-tripolyphosphate (TPP) non-woven fibrous
scaffolds were prepared through wetspinning process.
Interestingly, at physiological pH these scaffolds release
phosphate ions, which have significant influences on cel-
lular function. For the first time, cell viability in presence
of varying concentration of sodium TPP solution was
analyzed and correlated with the phosphate release from
the scaffolds during 30 days incubation period. In vitro
degradation of the chitosan-TPP scaffolds was higher than
chitosan scaffolds, which may be due to decrease in crys-
tallinity as a result of instantaneous ionic cross-linking
during fiber formation. The scaffolds with highly inter-
connected porous structure present a remarkable cyto-
compatibility for cell growing, and show a great potential
for tissue engineering applications.
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1 Introduction

Three dimensional biopolymer scaffolds play an important
role in tissue engineering (TE) for repairing, comple-
menting and regenerating of diseased or traumatized tissue
[1]. A significant attention is being given on tailoring the
architecture, surface chemistry and tissue specific micro-
environment of biopolymer scaffold, which facilitate cell-
material interaction and eventually rebuilding of native
tissues [2, 3]. Generally in TE, biopolymers are used in
different forms like film, tape, gel, porous matrix/fibrous
scaffolds of different architectures, porosity, permeability
and topography [4]. The fiber-based architectures of scaf-
folds seem to be promising for tissue-engineering because
of their close resemblance with native ECM [5]. Addi-
tionally, fibrous scaffolds are less prone to damage due to
their inherent flexible nature and structural integrity. Fur-
ther, highly interconnected open porous structures often
facilitate optimized mass transport and cell migration into
the core of the scaffolds [6]. Micro fibers have high surface
to volume ratio, which account for enhanced cell-material
interaction [7] and encourage maturation of cells with
improved matrix production [8].

Various biopolymers have been encountered as scaf-
folding material in TE. Amongst them, chitosan has been
extensively exploited for development of innovative
biomatrices intended for clinical applications, such as drug
delivery system (DDS) [9, 10], bioactive dressings [11, 12]
and scaffolds for TE [13—17] owing to its high biocom-
patibility, biodegradability, antimicrobial activity, wound-
healing potential and significant cellular activity [11, 13,
18]. Chitosan has been a very promising option for TE due
to its structural similarities with glycosaminoglycans and
hyaluronic acid present in human body [13-15]. More-
over, chitosan is susceptible to chemical or biological
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functionalization due to the presence of amine functionality
along the polymer backbone [19]. This biopolymer also
shows a biological aptitude to stimulate cell proliferation
and hystoarchitectural tissue organization and can play the
role of biological primer for cell proliferation and tissue
reconstruction [20]. Degradation of chitosan takes place by
the action of several enzymes [21], but in vivo degradation
is mainly attributed to the action of lysozyme [22]. How-
ever, the degradation of chitosan used to date in different
applications is very slow and poorly controlled [23]. This is
a significant limitation, as the degradation rate of poly-
meric matrices should match the rate of neo-tissue forma-
tion [24]. Chitosan’s degradability can be tailored by
manipulating the molecular weight and the degree of
de-acetylation [21, 25]. However, it may lead to undesired
changes in the properties of the polymer, such as cell-
material interactions as it involves changes in the chemical
structure of the material [26].

Chitosan fibers are generally spun in different alkaline
media [27-30] and cross-linking of the fibers have also
been proposed for improving the mechanical properties and
tailoring biodegradation rate [31-33]. Being a polyanion,
tripolyphosphate (TPP) is capable of interacting with
polycationic chitosan by electrostatic forces [10]. How-
ever, sodium tripolyphosphate (STPP) has pH dependant
ionization behavior owing to different pKa values (0.9, 1.9,
5.3, and 7.7) [34]. This pH dependant degree of ionization
of TPP ions has strong influence on the mechanism of
ionotropic gelation. Beyond pH 7.7, STPP is fully ionized
and reacts kinetically with protonated chitosan and
instantaneously formed chitosan-TPP gel. This principle of
gel formation can be further extended to spinning of
chitosan fibers and may be preferable over covalent cross-
linking for prevention of possible toxicity and other
undesirable effects [9]. There are very few literatures
available on the preparation of chitosan fiber in STPP bath
[35, 36], but, the cytotoxicity and biocompatibility were
not studied in detail. Recently, ultrafine chitosan-TPP
fibers were produced using a simple modified wetspinning
technique and mechanism of fiber formation through
ionotropic gelation was studied in detail under physiolog-
ical condition by the authors as well [37, 38]. Interestingly,
chitosan-TPP fibers are capable of releasing phosphate ions
owing to the reversible complex formation of TPP ions
with chitosan, which may have significant influence on
modulating cell morphology, differentiation, and function.
However the cytotoxicity, biocompatibility, cell attach-
ment and proliferation on the chitosan-TPP fibrous scaf-
folds need to be elucidated for intended application in TE.

In the present study, chitosan-TPP fibers produced by
wetspinning technique in STPP bath were used for prepa-
ration of non-woven fibrous scaffolds. The developed
scaffolds were characterized by different physico-chemical
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techniques like FTIR, XRD and thermal analysis. In vitro
degradation of the chitosan-TPP scaffolds were also eval-
uated in phosphate buffered saline (PBS) containing lyso-
zyme. Cell viability in presence of varying concentration of
sodium tripolyphosphate solution was analyzed and cor-
related with the phosphate release from the scaffold during
30 days incubation period for the first time. The biocom-
patibility is closely related to chemistry of materials and
cell behavior on contact with them particularly cell adhe-
sion to their surface [39]. The cell adhesion, proliferation,
viability, morphology and mitochondrial function were
analyzed after the culturing of 3T3 cells on chitosan-TPP
fibrous scaffolds. Attachment of cells to the scaffolds was
visualized by scanning electron microscopy (SEM) and
fluorescence microscopy.

2 Materials and methods
2.1 Fabrication of chitosan-TPP fibrous scaffold

Chitosan stock solution (4 wt%) was prepared by dissolv-
ing required quantity of chitosan powder (Brookfield vis-
cosity 800 cps, >75% deacytylated, high molecular weight,
Sigma-Aldrich, Germany) in 2% acetic acid with constant
overnight stirring. The homogeneous solution was filtered
through a filter cloth, deaired by centrifugation and the
solutions were kept at room temperature overnight for
aging. Homogenous chitosan solution was spun into fiber
using viscose type spinneret (50 holes, 0.1 mm hole
diameter) in 5% (w/v) STPP (Loba Chemie, Mumbai,
India) bath (pH 8.6). In addition, chitosan fibers were also
spun in conventional alkaline bath, 5% (w/v) NaOH
(pH 13) for comparative analysis. The fibers were collected
and thoroughly washed with distilled water until the rinsed
water exhibited a neutral pH. Fibers were incubated in
gradation ethanol (50-100%) and used for scaffold
fabrication.

Similar amount of fibers (by weight) were put into
cylindrical polystyrene mould (16 mm i. d.) and excess
ethanol was removed from the fibers. They were dried in an
oven at 60°C overnight to obtain bulk chitosan fibrous
scaffold. Chitosan-TPP and chitosan scaffolds obtained
from STPP and NaOH bath were designated as C4S and
C4N, respectively.

2.2 Scanning electron microscopy

The morphology and surface features of the scaffolds were
examined using SEM (EVO 60, Carl ZEISS SMT,
Germany). Prior to observation, samples were arranged on
metal grids, using double-sided adhesive carbon tape, and
coated with gold under vacuum.
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2.3 Porosity determination

The porosity of C4S and C4N scaffolds was measured
using a specific gravity bottle (Borosil Glass works Ltd.,
Mumbiai, India) based on Archimedes’ principle [40]. The
porosity of the scaffold was determined as follows:

Porosity (%) = [(W2 — W3 — W) /p.]/[(W1 — W3)/p,]
x 100

where W, the weight of the specific gravity bottle filled
with ethanol; W, the weight of the specific gravity bottle
including ethanol and the scaffold; W3, the weight of
specific gravity bottle when the ethanol saturated scaffold
has been removed from W,; W, weight of the scaffold; p.,
the density of ethanol, and thus; (W;—W3)/p., the total
volume of the scaffold including pores; (W,—W3—Wy)/p.,
the pore volume in the scaffold.

2.4 FTIR analysis

The FTIR spectra of chitosan powder, C4S and C4N
scaffold were recorded with KBr pellets on a FTIR spec-
trophotometer (Model-NEXUS-870, Thermo Nicolet Cor-
poration, Madison, WI, USA). Each vacuum dried sample
was mixed with ~5 times KBr powder and made into
pellets by a hydraulic press.

2.5 Swelling studies

Swelling study of the scaffolds was carried out in incom-
plete Dulbecco’s Modified Eagle’s Media (DMEM, pH-
7.4) at 37°C and 70-75% relative humidity until they
reached saturated condition, a constant wet weight. At
different time intervals (30 min, 1, 2, 4, 8, 12, 24 and
48 h), the scaffolds were weighed after wiping out the
surface water with a tissue paper. The percentage swelling
was calculated using the following formula:

% Swelling = [(wet weight — dry weight)/dry weight]
x 100.

2.6 XRD analysis

The X-ray diffraction patterns of chitosan powder, C4S and
C4N scaffold were obtained using a X-ray diffractometer
(Philips PANalytical X Pert) using Nickel-filtered CuKo
radiation at 40 kV and 50 mA in the 20 range of 10-40°.

2.7 In vitro degradation study

The in vitro degradation of C4S and C4N scaffolds was
carried out in phosphate-buffered solution (PBS, pH 7.4) at
37°C containing 1.5 pg/ml lysozyme (hen egg-white,
Sigma-Aldrich, Steinheim, Switzerland) according to the

procedure described elsewhere [26]. The concentration of
lysozyme was chosen according to the concentration in
human serum [41]. Briefly, scaffolds of known dry weights
were sterilized by immersing in 70% alcohol followed by
washing thoroughly with PBS (pH 7.4) and incubated in
the lysozyme solution with gentle mechanical agitation for
the period of study. The lysozyme solution was refreshed
daily to ensure continuous enzyme activity [42]. At spec-
ified intervals (1, 4, 7, 15, 30 and 60 days) samples were
removed from the medium, rinsed with distilled water,
dried under vacuum and weighed. The extent of in vitro
degradation was expressed as % residue of the dried
scaffolds (n = 3 samples for each type) after lysozyme
treatment. To distinguish between enzymatic degradation
and dissolution, control samples were also stored for
60 days under the same conditions as described above, but
without the addition of lysozyme.

2.8 Mechanical testing

Compressive strength of scaffolds in wet condition was
measured on a universal testing machine (H25KS,
Hounsfield, UK) at 25°C and 70-75% relative humidity.
The scaffolds were rehydrated in PBS (pH 7.4) overnight
prior to compression test. The height and diameter of the
scaffolds were measured prior to the test. Scaffolds were
compressed up to 70% of their initial height at a crosshead
speed of 1 mm/min.

2.9 Thermo gravimetric analysis (TGA)

For estimation of inorganic residue, TGA of fully dried
C4S scaffold before and after incubation for 15 and
30 days in incomplete media (DMEM) was performed with
a Perkin Elmer Pyris Diamond TGA instrument, from 50 to
650°C, at a heating rate of 10°C/min. The open aluminum
cell was swept with N, during the analysis.

2.10 Determination of phosphate release
by spectrophotometric method

Total phosphate released from the C4S scaffolds was
estimated through incubation of the scaffolds in double
distilled water in 50 ml plastic tube for 30 days period with
taking out samples at specified intervals (7, 15 and
30 days). Phosphate content in the samples was determined
by the standard method described elsewhere [43]. Sample
(2.5 ml) was transferred into the 50 ml volumetric flask
followed by addition of 15 ml of a mixture of ammonium
vanadate(V), ammonium molybdate(VI), nitric(V) acid
and made up to the mark. Obtained solutions were left for
15 min to ensure color development and absorbance was
measured at 430 nm against reagents blank.
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The calibration curve was drawn using five working
standards prepared from standard solution of STPP in the
same way as above and calculated regression equation
y = 1.6359x + 0.4522 was used for estimation of TPP
release from samples. The calibration plots were linear in
the concentration range from 0.1 to 5 mM STPP with the
correlation coefficient of R* = 0.992.

2.11 Culture of 3T3 cells for biocompatibility assay

3T3 cells were adherent mouse fibroblasts that require a
substratum for adherence and proliferation [44]. The cells
were cultured in DMEM medium supplemented with 10%
fetal bovine serum, 4 mM L-glutamine and 1% penicillin—
streptomycin (AOO2A, Himedia, Mumbai, India) in tissue
culture flasks at 37°C with 5% CO,. The culture medium
was changed every alternate day. Subculturing was done on
every 3rd day by detaching cells from the flasks using
trypsin—EDTA solution followed by splitting at 1:4 ratio.
Before each experiment Trypan blue staining was used to
check cell viability. Cells with >95% viability were used
for further experiments.

2.11.1 Effect of STPP concentration on cell viability

The cell viability of 3T3 cells in presence of different
concentration of TPP was evaluated by culturing the cells
in six-well plate for 24 h and STPP solution of varying
concentrations were added to each well. The concentration
range of STPP was selected from 10 uM to 10 mM. Cell
viability was measured through MTT assay [45] at speci-
fied intervals (6, 12 and 24 h) after addition of STPP.
Briefly, the cells attached to the well were washed with
sterile PBS and incubated in a mixture of 360 ul of PBS
and 40 pl MTT solution (5 mg/ml) in PBS for 4 h at 37°C
and 5% CO,. The intense purple colored formazan deriv-
atives formed were dissolved with 400 pl dimethyl sulf-
oxide for 15 min and the absorbance was measured at
590 nm with a micro plate reader (Recorders and Medicare
Systems, India).

The viability and induction of apoptosis after 24 h was also
observed by double stain apoptosis detection kit (Hoechst
33342/Propidium lodide) under fluorescence microscopy
[46]. Hoechst 33342, blue-fluorescence dye, stains the
condensed chromatin in apoptotic cells more brightly than
the chromatin in normal cells. Propidium iodide (PI), a red-
fluorescence dye, is only permeant to dead cells. The staining
pattern by using these dyes makes it possible to distinguish
normal, apoptotic, and dead cell populations. In order to
ensure a representative count, each well was divided into
quarters, and two fields per quarter were photographed using a
fluorescence microscope (Zeiss Axio Observer Z1, Carl Zeiss,
Germany) at x 100 magnification.
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2.11.2 Cell proliferation and morphology assay

The C4S and C4N scaffolds were placed at the bottom of a
12-well plate. The scaffolds were sterilized by soaking in
70% ethanol for 1 h, and finally rinsed in sterilized phos-
phate PBS solution for more than three times. For cell
proliferation study, 3T3s were seeded on the 12-well cul-
ture plate fixed with the scaffolds and in tissue culture plate
(TCP) without any scaffold as control with a cell density of
10° cells/well. The proliferation of 3T3s on the scaffolds
and TCP was quantified after 1, 3, 5 and 7 days by MTT
assay [45] following the procedure described above.

The cell number in the samples was assessed by quan-
tifying DNA (7.7 pg DNA/cell) in the constructs using
Hoechst 33342 dye (invitrogen) assay [47]. On the requi-
site days, samples were washed with sterile PBS. Each
sample was then digested with 1 ml 1% w/v papain/0.09%
disodium ethylenediaminetetraacetic acid (Na,EDTA).
Shortly after, 100 pl of the papain-digested solution was
added into 2 ml Hoechst 33342 solution (1 pg/ml), the
fluorescence intensity at 450 nm was measured by a fluo-
rescent spectrophotometer (Cary Eclipse spectrofluorime-
ter, Varian, San Carlos, CA). The cell number in the
samples was determined by referring to a calibration curve,
which was prepared in advance by following the same
method for known number of cells under similar incubation
conditions.

The morphology of the adherent cells proliferating on
the scaffolds was examined using SEM. To prepare the
samples for SEM analysis, the samples were soaked in
2.5% glutaraldehyde in PBS solution for 4 h for cell fixing
and dehydrated in an ascending series of ethanol aqueous
solutions (50-100%) at room temperature. After vacuum-
drying, the samples were observed under SEM (EVO 60,
Carl ZEISS SMT, Germany).

2.11.3 Viability assay on fibrous scaffolds

Cell viability was assessed using a Live/Dead viability/
cytotoxicity kit (Molecular Probes) using the manufac-
turer’s protocol. Equal numbers of fibroblast cells (10°)
were seeded on each scaffold and TCP using a similar
technique to that mentioned earlier. The cultures were
incubated for 1, 3, 5 or 7 days in a humidified atmosphere
containing 5% CO, at 37°C.

On the specified day, the cells were trypsinized and
isolated from the scaffolds. The cell suspensions were
centrifuged at 1,000 rpm and resuspended in 1 ml of fresh
medium. 2 pl of 50 uM calcein-AM solution and 4 pl of
2 mM ethidium homodimer-1 were added per milliliter of
cells and incubated for 30 min in the dark. The samples
were analyzed by flow cytometry (FACS Calibur B-D
using Cell Quest Pro software), measuring green
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fluorescence emission for calcein (live cells) and red
fluorescence emission for ethidium homodimer-1 (dead
cells). Cells were gated (to exclude debris) and the voltage
and compensation adjusted before final images were taken.

2.11.4 Fluorescence microscopy

Attachment of seeded cells on C4S and C4N fibrous
scaffolds was verified using fluorescence microscopy after
staining with rhodamine—phalloidin and Hoechst 33342
using manufacturer’s protocol (Invitrogen, USA). The
scaffolds were washed three times with PBS (pH 7.4),
followed by incubation in 4% formaldehyde in PBS for
10 min. The samples were further washed with PBS and
the cells attached to scaffolds were then permeabilized
using 0.1% Triton X-100 for 5 min. The samples were
preincubated with 1% BSA for 30 min followed by incu-
bation with rhodamine—phalloidin for 20 min at room
temperature. Scaffolds were washed with PBS and incu-
bated in 5 pg/ml Hoechst 33342 solution for staining for
30 min. Fluorescence images of stained constructs were
obtained using a fluorescence microscope (Zeiss Axio
Observer Z1, Carl Zeiss, Germany) with ApoTome
attachment at x200 magnification.

2.12 Statistical analysis

All the quantitative results were obtained from triplicate
samples. Data were expressed as a mean & SD. For sta-
tistical analysis, a two-tailed Student’s #-test was used.
Differences were considered to be significant at P < 0.05.

3 Results and discussion

Chitosan is an aminated polysaccharide that is soluble in weak
acids due to the protonation of the amino groups [12]. Poly- or
multi-valent anions are therefore extensively used to develop
ionically cross-linked chitosan scaffolds utilizing the cationic
nature of protonated chitosan solutions. In this study, chito-
san-TPP fibers spun in STPP coagulation bath through

instantaneous gelation of the polymer governed by ionic
cross-linking were used for fabrication of 3-D mesh scaffolds.
The developed scaffolds were ~1 cm in diameter and
~2 mm thick (Fig. 1a). SEM microscopic observation of the
scaffold revealed a nonaligned nest like structure with inter-
connected porosity (Fig. 1b). Porosity determination of the
scaffolds revealed both C4S and C4N scaffolds were highly
porous with ~89 and 92% porosity, respectively (Fig. 2a).
The swelling of the C4S and C4N scaffolds in DMEM was
384.3 £ 23.2% and 526.6 + 28.4%, respectively, at 48 h.
The interconnected porous structure and high degree of
porosity of the scaffolds can provide good nutrient and oxygen
transfer throughout the porosity of the scaffolds, which results
in better cell migration and production of ECM in the interior
part of the scaffolds. Further in C4S scaffold, TPP ions were
held by reversible complexation with the protonated chitosan,
the release of phosphate ions was expected. The release of
phosphate was evaluated for a period of 30 days and their
effect on the cell viability was also assessed through an
independent study. Influence of this associated phosphate
within the scaffolds on the attachment and proliferation of
cells was evaluated by culturing 3T3 cells. This system would
have an advantage to apply for TE due to non-harmful con-
dition throughout the development of scaffolds.

3.1 FTIR analysis

FTIR spectra of chitosan powder, C4S and C4N scaffolds
are shown in Fig. 2b. FTIR analysis of chitosan powder
and scaffolds revealed characteristic absorption bands at
1,664 and 1,573 cm™! attributed to amide I (C =0) and
amide II (N-H), respectively; 1,383 cm™! credited to the
distorting vibration of C-C bond. Absorption band at
2,923 cm™! in chitosan powder, C4N and C4S scaffolds
owing to asymmetrical stretching of —CH,—. The wide
absorption band around 3,435 cm™! was due to the
stretching vibration of O-H and N-H, present in chitosan
powder, C4N and C4S scaffolds. But, the peak at
3,435 cm ™! becomes wider in C4N, indicating enhanced
hydrogen bonding. The characteristic absorption bands
of chitosan, a band associated with glycosidic linkage at

Fig. 1 a Digital image and SEM microscopic image of chitosan-TPP (C4S) scaffold at b x200 and ¢ x 10,000 magnification
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Fig. 2 a Percentage porosity of (a)
chitosan-TPP (C4S) and
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around 1,050 cm ™', were present in chitosan powder and
C4N scaffold. While in addition to that a sharp band
appeared at 1,030 cm™' in C4S scaffold, which is a char-
acteristic P-O stretching band. The FTIR spectrum is
consistent with the result of chitosan fiber modified by
phosphate and is attributed to the linkage between phos-
phate and ammonium ion [48]. So, it is confirmed that the
tripolyphosphates are linked with ammonium groups of
chitosan in C4S fibers.

3.2 XRD analysis

The XRD patterns of chitosan powder, C4S fiber, C4N
fiber are shown in Fig. 2c. The diffractogram of chitosan
powder consisted of characteristic crystalline peak at 26
value of 20.25°. XRD patterns revealed degree of crystal-
lization of C4N fibers was relatively high in comparison to
chitosan powder as peak intensity at 260 value of 20.25° was
increased, which may be due to orientation of the chitosan
molecules along the direction of fiber drawing [49].
Interestingly, XRD pattern of C4S fibers (C4S) was more
amorphous in nature as the peak intensity at 20 value of
20.25° reduced. The difference in the diffraction patterns of
C4S fibers from C4N fibers could be attributed to
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difference in molecular arrangement of polymer chains in
presence of TPP molecules.

3.3 In vitro degradation study

The in vitro degradation behavior of C4S and C4N fibers was
studied by incubating the fibers in lysozyme solution for a
period of 60 days. As it can be seen in Fig. 2d, the % degra-
dation of C4S was higher than that of C4N scaffold. In fact, at
60 day the differences in the weight loss profile of the three
sets of scaffolds were not considered statistically significant
(P > 0.05). This profile is probably due to the degradation
phenomenon of the scaffolds themselves. The difference in
degradation between C4S and C4N fibers may attributable to
the degree of crystallinity of the fibers. As reported by Ren
et al. [25], the degradation behavior of chitosan matrices
depends on the crystallinity of chitosan because of the coex-
istence of the crystalline and amorphous zones in chitosan
macromolecules. The degradation occurred first in amorphous
zone followed by in the crystalline zone. So, the degradation
rate of C4S and C4N fibers were different due to the difference
in degree of crystallinity as evidenced in XRD analysis. The
increase in rate of degradation of chitosan scaffolds without
compromising the mechanical properties is advantageous
from TE point of view.
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3.4 Mechanical testing

Compressive strength of the scaffolds in wet condition was
determined at a rate of 1 mm/min with a 100N load cell up
to 70% of their initial height. The C4S scaffolds showed
higher compressive strength (2.8 MPa) than that of C4N
scaffolds (1.9 MPa) (Fig. 3a) because of the crosslinked
nature of C4S scaffolds. A significant increase (P < 0.05)
in compressive strength of C4S scaffolds was evidenced as
a result of cross-linking by TPP ions.

3.5 Thermal analysis

Thermo-gravimetric analysis of dried C4S fibers before and
after incubation in incomplete media (DMEM) was per-
formed with a 10°C/min heating rate. A weight loss below
and around 100°C for the samples was attributed to water
evaporation (Fig. 3b). However, the weight loss above
200°C was due to the thermal decomposition of the
materials. Thermo-gravimetric analysis was done for esti-
mation of inorganic residue content before and after incu-
bation in DMEM. C4S fibers contained significant amount
of inorganic phosphate residue (~42%) even after heating
up to 650°C as observed in Fig. 3b. When C4S fibers were
incubated in DMEM, release of TPP ions was observed as
the inorganic residue reduced to ~37 and ~35% after 15
and 30 days, respectively. So there is ~7% reduction in
inorganic residue after 30 days incubation in DMEM due
to the release of TPP ions from the fibers.

3.6 Total phosphate content
Total phosphate release from the C4S scaffolds was evaluated

through incubation of the scaffolds in double distilled water
for 30 days period and analyzed by spectrophotometric
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method. Phosphate release was found to be 0.4, 0.7 and
0.9 mMat7, 15 and 30 days, respectively. So, total phosphate
release was below 1 mM in 30 days study period, which was
less than the toxic concentration of STPP found in MTT assay
of cell cultured in presence of varying concentration of STPP.

3.7 Culture of 3T3 cells for biocompatibility assay

For TE application, the scaffold should not release any
toxic products or produce adverse reactions, which could
be evaluated through cytotoxicity tests. For evaluation of in
vitro cytotoxicity, 3T3 cells were used as reference. The
3T3 cells were cultured for 7 days on the scaffolds for
evaluation of cell attachment and proliferation and found
encouraging results. The cell viability and proliferation
were evaluated by MTT assay and DNA quantification
using Hoechst 33342 dye, respectively, of the cell seeded
scaffolds at specified intervals. As discussed previously,
the TPP ions can be released from the C4S fibrous scaf-
folds, which can have influence on the growth rate and
viability of cells. In this study, the growth rate and viability
of the 3T3 cells were evaluated by culturing the cells in
presence of different concentrations of STPP. At specified
intervals, the viability was measured through MTT assay
and visually observed through fluorescence microscopy.

3.7.1 Effect of STPP concentration on cell viability

3T3 cells were cultured on 6-well plate in presence of
different concentration of STPP starting from 10 uM to
10 mM. From MTT assay, it was evidenced that the via-
bility of cells cultured in presence of STPP concentration
range up to 4 mM was similar to that of control, where no
STPP has been added (Fig. 4a). Interestingly, at lower
concentration (<100 puM), STPP was found to enhance the
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Fig. 3 a Compressive strength of chitosan-TPP (C4S) and chitosan
(C4N) scaffolds (*P < 0.05), b thermo gravimetric analysis of C4S
scaffold before and after incubation in incomplete media (DMEM) for
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Fig. 4 a MTT assay of 3T3 cells cultured in presence of different concentration of STPP and fluorescence micrographs of treated cells after 24 h
with STPP of b 100 pM, ¢ 500 pM, d 5 mM and e 10 mM concentrations at x 100 magnification (*P < 0.05)

cell growth rate due to positive influence of lower phos-
phate concentration [50]. At 5 mM concentration of STPP,
significant (P < 0.05) reduction in cell viability was
observed than that of 4 mM due to toxic effect of TPP ions
at this concentration. At further higher concentration
(10 mM), maximum cells were dead when observed after
6 h under bright field inverted microscope (data not
shown). From fluorescence micrographs, at STPP concen-
trations 100 and 500 uM there were very few cells were
dead or apoptosis has been induced to a few cells (Fig 4b,
c). But at 5 mM concentration ~50% cells were dead or
apoptotic (Fig. 4d). At 10 mM concentration all cells were
either dead or apoptotic (Fig. 4e). Thus, fluorescence
microscopic results are in agreement with the MTT results
obtained. So, 5 mM or higher concentration of STPP is
toxic to the cells and could induce apoptosis.

3.7.2 Cell proliferation and morphology assay

The cell viability/proliferation of 3T3 cells cultured on the
scaffolds and TCP, evaluated by MTT reduction assay and
DNA quantifying assay using Hoechst 33342 dye are
shown in Fig. 5. MTT is metabolized to a purple formazan
salt by mitochondrial enzymes in living cells and the
absorbance is proportional to the number of viable cells
[45]. The absorbance value of MTT reduction assay of the
cells seeded on C4S scaffolds was similar to the control
cultures performed on TCP and was relatively higher than
that of C4N scaffolds throughout the incubation period of
7 days (Fig. 5a). The absorbance value for the MTT
reduction of the cultures grown on TCP decreased at the
7th day than that of C4S due to contact inhibition in the
former case because of space constrains.
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The proliferation rate of 3T3 cells grown on the C4S and
C4N scaffolds and TCP are shown in Fig. 5b. Hoechst
33342 dye was used for evaluation of cell proliferation rate
through analyzing the fluorescence intensity of the bound
dye to DNA, which was proportional to number of cells in
the scaffolds. The cells were able to attach and proliferate
in both types of scaffolds. While comparing the cell pro-
liferation rate amongst two types of scaffolds with TCP,
C4S supported better cell proliferation similar to TCP and
the cell proliferation was marginally less in C4N. As it can
be seen, fibroblasts seeded on the C4S scaffolds showed
relatively higher proliferation rate in MTT reduction assay
and DNA quantifying assay than C4N scaffolds, which
means metabolic activity and number of cells were higher
in the former one. This may be an influence of the released
phosphate ions from C4S scaffolds. This can also be related
to the enhanced cell attachment on the C4S scaffolds. In
fact, it has been reported that the proliferation rate of the
cells was affected by initial cell attachment [51].

The cells attachment to the fiber surface was visualized
under SEM microscope of glutaraldehyde fixed samples as
shown in Fig. 5c. As observed by SEM, C4S fibers had
supported better cell adhesion and growth, compared to
C4N fibers, which was also evidenced in MTT reduction
assay and DNA quantifying assay. The cells were observed
to form a sheath on the scaffold in 8 days culture period, a
sign of a high level of proliferation (Fig. 5c). It is assumed
that the highly interconnected porous C4S and C4N scaf-
folds facilitated easy passage of nutrients to the prolifer-
ating cells and also aid in faster diffusion out of waste
products from the inner core. In this study, cell adherence
and proliferation in C4S scaffolds were better and were
observed to be growing normally in comparison to the
control.
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Fig. 5 a MTT reduction assay and b cell proliferation rate of 3T3 cells cultured on tissue culture plate (TCP), chitosan-TPP (C4S) and chitosan
(C4N) fibrous scaffolds and ¢ attachment of 3T3 cells on the fiber surface of C4S and C4N scaffolds

3.7.3 Viability assay on fibrous scaffolds

The biocompatibility of scaffolds was assessed through deter-
mination of cellular responses for application in TE. Live/Dead
assay was carried out for evaluation of cellular response on the
scaffolds using Live/Dead Kit from Molecular Probes and
analyzed through flow cytometry (Fig. 6). On day 1, nearly
96% of the cells were alive on the control, and similar results
were observed in C4S and C4N scaffolds, with 95 and 94%
viable cells, respectively. On day 3, cell viability was slightly
reduced in all cases and similar results were observed, with cell
viabilities of 89, 87 and 86% for control, C4S and C4N,
respectively. Cell viability was further decreased on days 5 and

7 for the control as well as in case of C4S and C4N scaffolds.
This is due to the limited surface area for attachment of pro-
liferating cells on control plates. As already observed in MTT
and DNA quantification assay, cells on the control and scaf-
folds attained a higher density on day 5 and 7 due to the faster
growth rate. Thus, due to the lack of sufficient surface for
adherence of greater number of cells, viability was less at the
end of days 5 and 7 on control culture. In comparison, the
fibrous scaffolds continued to support cells and at the end of day
7 the percentage of viable cells was higher than that on the
controls, with nearly 75 and 73% live cells in C4S and C4N
scaffolds, respectively, compared to 70% in case of control
plates. Interestingly, C4S scaffolds supported better cell
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Fig. 6 Flow cytometric viability assay of 3T3 cells on chitosan-TPP
(C4S) and chitosan (C4N) scaffolds and polystyrene plate as a
control. The green dots represent viable cells (calcein-AM stained)

attachment and proliferation throughout the period of study in
comparison to C4N scaffolds. The results further support the
earlier findings of the MTT assays and DNT quantification,
which showed that C4S scaffolds supported better cell attach-
ment and viability. The results were comparable, and better
than the controls on day 7. However, the decreasing viability
with the time progression may due to the inhibition of tryp-
sinization effect to all areas of scaffolds. Since cell lines pro-
liferate well and produce a high amount of extracellular matrix
with time, trypsinization will not reach the whole amount of
cells, which may influences the results. This result further
emphasizes that these scaffolds are suitable for cell culture
applications as they allow nutrients and growing cells to pass
through and reach the innermost core for growth and
proliferation.

3.8 Fluorescence microscopy
Cells were firmly attached to the high surface area provided by
fibrous scaffolds, i.e. C4S and C4N, as observed by fluores-

cence microscopy (Fig. 7). The fluorescence microscopic
image of attached cells on the scaffolds is complementary
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and red dots represent dead cells (ethidium homodimer 1 stained).
The percentage of viable and dead cells are shown in the inset in each
representative figure (L live; D dead)

with the earlier SEM results. Cells were observed to attach
firmly on fibrous scaffolds with elongated morphology sug-
gesting normal attachment, proliferation and growth. At 5th
day, the scaffolds were fully covered with the cells, as
observed in Fig. 7. Distinct rounded nuclei (blue colored)
were observed throughout the scaffolds with well spread out
actin filaments (red colored) suggesting cell proliferation and
migration on the fiber surface. From SEM and fluorescence
microscopy, attachment and spreading of fibroblast cells on
C4S fibrous scaffolds was evidenced, which is a prerequisite
for their application in TE.

4 Conclusions

The chitosan-TPP non-woven fibrous scaffolds were suc-
cessfully prepared through wetspinning process. The scaf-
folds were highly porous (~89%) with interconnected
open porous structure and had compressive strength of
~2.9 MPa in hydrated condition. In vitro degradation of
the chitosan-TPP scaffolds was improved in comparison to
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Fig. 7 Attached 3T3 cells on the chitosan-TPP (C4S) and chitosan (C4N) scaffolds after 3 days and 5 days of culture (x200 Magnification)

chitosan scaffold mainly due to decrease in crystallinity as
a result of instantaneous ionic cross-linking during fiber
formation. Further, the effect of STPP concentration on cell
viability was also evaluated and =5 mM concentration was
found to be toxic for 3T3 cells as evidenced by MTT and
double stain apoptosis assay. Interestingly, chitosan-TPP
scaffolds supported better cell attachment and growth than
the chitosan scaffolds, which may be an outcome of
incorporated phosphate ions. From SEM and fluorescence
microscopy, cells were observed to attach firmly on the
scaffolds with an elongated morphology. Altogether, these
results suggested that C4S scaffolds are significantly bio-
compatible in nature and are suitable for TE application.
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