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Abstract: This study proposes a new route for produc-
ing fiber mesh scaffolds from a starch–polycaprolactone
(SPCL) blend. It was demonstrated that the scaffolds with
77% porosity could be obtained by a simple wet-spinning
technique based on solution/precipitation of a polymeric
blend. To enhance the cell attachment and proliferation,
Ar plasma treatment was applied to the scaffolds. It was
observed that the surface morphology and chemical com-
position were significantly changed because of the etching
and functionalization of the fiber surfaces. XPS analyses
showed an increase of the oxygen content of the fiber
surfaces after plasma treatment (untreated scaffolds O/

C:0.32 and plasma-treated scaffolds O/C:0.41). Both
untreated and treated scaffolds were examined using a
SaOs-2 human osteoblast-like cell line during 2 weeks of
culture. The cell seeded on wet-spun SPCL fiber mesh
scaffolds showed high viability and alkaline phosphatase
enzyme activity, with those values being even higher for
the cells seeded on the plasma-treated scaffolds. ! 2009
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INTRODUCTION

Tissue engineering offers a promising new
approach to create biological alternatives for regener-
ation of different tissues. It involves the use of tis-
sue-specific cells seeded in a scaffold, which can
guide the cell growth and tissue formation in three
dimensions. To bring about the desired biological
response, a scaffold should possess a number of

characteristics such as three-dimensional highly po-
rous and interconnective structure, large surface
area, adequate pore size, suitable surface chemistry
and mechanical properties, and so forth.1

Biodegradable polymeric fiber structures can pro-
vide a large surface area and a relatively large poros-
ity which can be optimized for specific applications.
Besides these, many tissues, such as nerve, muscle,
tendon, ligament, blood vessel, bone, and teeth, have
tubular or fibrous bundle architectures and aniso-
tropic properties. Therefore, fiber-based structures
find a number of applications in tissue engineering,
including soft tissue repair,2 vascular prostheses,3

bone,4,5 and cartilage6 scaffolds, among others.
There are three main techniques to produce fibers

to be used in biomedical applications: melt spinning,
dry spinning, and wet spinning. Melt spinning is
based on the extrusion of polymeric melt, whereas
the spinning process starts from polymeric solution
in the case of dry and wet spinning. Most of the syn-
thetic polyester fibers used in tissue engineering are
produced by a conventional melt spinning tech-
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nique.7,8 However, excessively high processing tem-
peratures may result in monomer formation during
extrusion process. The excess monomer can catalyze
the hydrolysis of the material as well as cause cyto-
toxic effect in vivo. The wet-spinning technique is an
alternative way to produce biodegradable polyester
fibers for the use in tissue engineering.9–12 The fiber
properties can be tailored depending on the spinning
rate, the concentration of the polymer solution and
coagulation bath. A highly viscous solution and high
spinning rate allow fiber precipitation at the bottom
of the coagulation bath. This approach could be
used to form scaffolds during the processing.

In design of a tissue engineering scaffold, surface
physicochemistry is one of the most important issues
to be considered. The physicochemical properties of
the surface directly influence the scaffold performance
by affecting the cellular response and ultimately new
tissue formation.13 To improve the cell affinity, the sur-
face hydrophilicity, surface energy, surface roughness,
and surface charge can be modified by different meth-
ods, including mechanical, wet chemical, and plasma
treatments. Chemical treatments have been widely
used to modify the biomaterial surfaces.14,15 However,
the main problem of these treatments is the influence
of the treatment on the bulk properties of the material.
The surface of the materials can be modified by plasma
treatment without altering the bulk properties of the
material.16,17 By this technique, it is possible to intro-
duce or graft desired functional groups and polymer
chains onto the surface. The surface roughness which
plays an important role for cell attachment can be also
changed by plasma treatment. Therefore, plasma is a
valuable method for improve cell affinity to the tissue
engineering scaffolds.

Starch-based scaffolds produced by different meth-
odology have been proposed for use in different tis-
sue engineering applications, including bone and
cartilage regeneration.5,18–20 The melt-spun fiber
meshes based on a starch/polycaprolactone blend
have shown capability for growth and differentiation
of rat bone marrow stromal cells.21

In the present study, we describe a new route for
the production of starch-based fiber mesh scaffolds
which allows forming of scaffolds during spinning.
This new route also avoids polymer degradation
which is the main problem of melt-based systems.
The surface properties of the produced scaffolds are
tailored by plasma treatment in order to enhance cell
attachment and proliferation.

MATERIALS AND METHODS

Materials

A blend of starch/polycaprolactone (SPCL) (30/70 wt
%) was used to produce fiber mesh scaffolds. All the

reagents used were analytical grade unless specified
otherwise.

Wet-spinning process

Starch-based fiber mesh scaffolds were originally pro-
duced by wet spinning. To obtain a polymer solution with
a proper viscosity, SPCL was dissolved in chloroform at a
concentration of 40% (w/v). It must be noted that it was
possible to obtain a homogenous suspension of starch par-
ticles into the solution even though the only the synthetic
part of the blend was soluble in the chloroform. Methanol
was used as a coagulant. The polymer solution was loaded
into a syringe and placed in a syringe pump (World Preci-
sion Instruments, UK). A certain amount of polymer solu-
tion was subsequently extruded into a coagulation bath.
The fiber mesh structure was formed during the process-
ing by the random movement of the coagulation bath. The
formed scaffolds were then dried at room temperature
overnight in order to remove any remaining solvents.

After spinning, the internal architecture of the produced
fiber meshes was characterized by microcomputed tomog-
raphy (l-CT).22 The surface morphology of the fibers was
analyzed under a scanning electron microscope (SEM,
Leica Cambridge S360 microscope). Specifically, three
specimens were scanned in air using a l-CT imaging sys-
tem (l-CT40, Scanco Medical AG, Bassersdorf, Switzer-
land) with a nominal resolution of 12 lm. The recon-
structed images were filtered using a constrained 3D Gaus-
sian filter to partially suppress noise in the volumes (l 5
1.2 voxel, support 5 1 voxel) and binarized using a global
threshold. Standard 3D morphometry as developed for tra-
becular bone was used to assess structural parameters for
the scaffolds. These parameters included porosity and scaf-
fold surface-to-volume ratio and were derived from a tri-
angulated mesh allowing for computation of surface and
volume.23 In addition, pore size and fiber thickness were
determined using the distance transformation method.24 In
this method, each pore (fiber) is filled with a nonredun-
dant set of maximal spheres. Mean pore (fiber) size was
then calculated as the volume-averaged diameter of all
spheres making up the pore (fiber).

Plasma surface treatment

To improve cell attachment and proliferation, a plasma
treatment was performed using a plasma reactor PlasmaP-
rep5 (Gala Instrument GmbH, Germany) with a chamber
size of 15 cm diameter and 31 cm length (5 L) and with a
fully automated process control. To maximize the surface
area to be exposed to the plasma, the samples were wired
(necklace like) with a distance of 1 cm between them. The
wire was fixed to a metal support which was placed into
the chamber. The chamber was flushed with argon five
times prior to treatment. A radio frequency source was
used and a power of 30 W was applied for 15 min. Argon
was used as a working gas and the pressure in the reactor
was controlled (0.18 mbar) by adjusting its flow rate. The
samples were kept in air after being removed from the
reactor.
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X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to
quantitatively determine the surface composition of the
scaffolds. The XPS analysis was performed using a 250 iXL
ESCA instrument (VG Scientific) equipped with two X-ray
sources: a source with Al Ka 1,2 monochromatized radia-
tion at 1486.92 eV and another one (dual) equipped with
two anodes: Mg and Al.

The nonconductive nature of the samples required the
use of an electron flood gun to minimize surface charging.
Charge compensation at the surface was performed by
using both a low energy flood gun (electrons in the range
0–14 eV) and an electrically grounded stain steel screen
placed directly on the sample surface.

The first attempt to measure the samples was the use of
the monochromatic X-ray source. However, this was
impossible because of the high roughness of the samples
which caused problems to build up the charge. Generally,
charge neutralization for 3D surfaces is more difficult
because of the ‘‘holes’’ on the surface. The best choice for
these cases is Mg source which helps to neutralize the sur-
face charge. Therefore, the measurements were carried out
using nonmonochromatic Mg Ka radiation (hm 5 1253.6
eV). Photoelectrons were collected from a take off angle of
908 relative to the sample surface. The measurements were
performed in the constant analyzer energy mode with a
100 eV pass energy for survey spectra and 20 eV pass
energy for high-resolution spectra. C1s high-resolution
scans were taken before and after experiments to check
out the efficiency of charge compensation. Charge referenc-
ing was done by setting the lower binding energy C1s
hydrocarbon (CHx) peak at 285.0 eV.

The atomic composition of the samples was determined
from the survey spectra using the standard Scofield photo-
emission cross sections. The chemical functional group
identification was obtained from the high-resolution peak
analysis of C1s envelopes. The spectra fitting were per-
formed using the ‘‘chi-squared’’ algorithm to determine the
goodness of a peak fit.

Cell culture studies

A human osteoblast-like cell line (SaOs-2) was used to
test the cell attachment and proliferation on the scaffolds.
A 1 mL of cell suspension containing 3 3 105 cells in a cul-
ture medium (low-glucose DMEM supplemented with 10%
fetal bovine serum and 1% antibiotics/antimicotics) were
dropped onto scaffolds (n 5 3). The cells on scaffolds were
then allowed to grow for 2 weeks at 378C in humidified
atmosphere containing 5% CO2 with medium changes
every 2–3 days.

Morphological analysis

For the morphological examination, cell/scaffold con-
structs were rinsed with phosphate-buffered saline (PBS;
Sigma, USA) and then fixed in 2.5% glutaraldehyde. The
samples were dehydrated through graded series of ethanol

and dried before mounting onto brass stubs and sputter
coated with gold. Finally, the samples were analyzed
under a SEM at an acceleration voltage of 15 kV.

Cell proliferation-DNA assay

Cell proliferation was evaluated by quantifying DNA
content using the PicoGreen dsDNA kit (Molecular Probes,
USA). PicoGreen dsDNA quantitation reagent is an ultra-
sensitive fluorescent nucleic acid stain for quantitative
analysis of double-stranded DNA (dsDNA) in solution.

For the assay, the scaffold/cell constructs (n 5 3) were
rinsed with PBS and incubated with sterile ultra pure
water at 378C for 1 h before putting at 2808C. The samples
were then thawed and put in an ultrasonic bath for 15
min. An aliquot of each sample was transferred to the 96-
well plate. A certain ratio of Tris-EDTA buffer and
PicoGreen reagent prepared in the same buffer was added
to the each well. The fluorescence was read at 485 and
528 nm excitation and emission, respectively. The DNA
amount of each samples was then calculated using a
standard curve.

Alkaline phosphatase activity

Alkaline phosphatase (ALP) activity from the scaffolds/
cells constructs (n 5 3) was quantified by the specific con-
version of p-nitrophenyl phosphate (pNPP) into p-nitro-
phenol (pNP). To perform the assay, the seeded scaffolds
were rinsed with PBS and transferred individually into
eppendorf containing sterile ultra pure water. They were
then frozen at 2808C and defrosted at room temperature
before starting the assay. A buffer solution containing 0.2%
(w/v) p-nitrophenyl phosphate was added to the samples
in a ratio of 1:3. The enzyme reaction was carried out at
378C for 1 h and then stopped by a solution containing 2M
NaOH and 0.2 mM EDTA in distilled water. The absorb-
ance of p-nitrophenol formed was determined at 405 nm
with a reference filter at 620 nm. A standard curve was
made using pNP values ranging from 0 to 600 lmol/mL.
The results were expressed as lmol of pNP produced/
mL/h.

Statistical analysis

All the quantitative results were obtained from triplicate
samples. Data were expressed as a mean 6 SD. For statis-
tical analysis, a two-tailed Student’s t test was used. Differ-
ences were considered to be significant at p < 0.05.

RESULTS AND DISCUSSION

Morphology of the scaffolds

Figure 1(a,b) presents respectively the l-CT and
SEM images of SPCL fiber mesh scaffolds produced
by wet spinning. It can be clearly seen that the SPCL
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fibers were randomly formed into a 3D structure.
The porosity of the scaffolds, determined by l-CT,
was 77%. l-CT morphometry showed that fiber di-
ameter was 100 lm; mean pore size was 250 lm,
which is in the range of ideal pore size for bone
regeneration.25 The scaffolds have a high surface to
volume ratio: the specific scaffold surface was 29
mm2/mm3, similar to that of native bone.24 More-
over, l-CT showed that wet spinning was a very re-
producible procedure; the coefficient of variation
(CV) for fiber thickness was 4.2%, while for the other
parameters the CV was 1.2% or below.

Previous studies have reported that 2D polymer
surfaces could be easily modified by different
plasma techniques.26–28 However, it becomes more
complicated in the case of 3D porous polymeric
structure because of the pore structures and low
interconnectivity which do not allow the penetration
of plasma exposition in the interior part of the struc-
ture because of the shadow effect. In the present
study, the wet-spun scaffolds produced presented a
highly porous and interconnected structure that can
overcome this problem of plasma surface modifica-
tion. In the case of wet-spun scaffolds, the treatment
is very similar to treatment of a single fiber. As a

result, the surface exposed to the plasma is much
higher, which allows for a more uniform and effec-
tive surface treatment.

Plasma treatment

Because of phase inversion during precipitation,
the surface of the fibers exhibited a nonsmooth mor-
phology [Fig. 2(a)]. After plasma treatment, a notice-
able difference on the fiber surfaces was observed
[Fig. 2(b)]. It is well known that the surface rough-
ness typically tends to increase after a plasma treat-
ment because of the so-called etching process.29

When the plasma is composed of an inorganic gas,
such as argon, helium, hydrogen, nitrogen, and oxy-
gen, it leads to the etching reactions on the topmost
layer of the polymeric surface.30 This etching is a
result of stripping off the topmost layer of the poly-
mer because of the weight loss of the polymer dur-
ing the plasma exposure. However, the SPCL fiber
surfaces showed a denser and smaller nanosize
roughness after plasma treatment. Since SPCL has a
very low glass transition temperature (2608C), it can
be explained by melting and etching that consecu-

Figure 1. Morphology of the wet-spun SPCL fiber mesh scaffolds analyzed by (a) lCT, showing thin section of sample,
and (b) SEM.

Figure 2. The surface of the SPCL fiber mesh scaffolds (a) before (33000) and (b) after Ar plasma treatment (33000).
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tively occurred on the surface during the plasma
process.

XPS analysis was performed to obtain more
detailed information for the chemical structures and
groups presented on the surface before and after the
performed modification. The results obtained are
summarized in Table I.

As it can be seen from the table the measured oxy-
gen content on the surface is lower than the theoreti-
cal one calculated for PCL. The difference between
the bulk and surface composition of the material is
not a surprise. It has been reported31,32 that in poly-
meric systems, the composition near to the surface
can be markedly different from the bulk. In fact,
because of the high complexity of blend chemistry,
different components may predominate at the sur-
face, depending on the blend composition, crystallin-
ity of the components, complexity and degree of
miscibility of the system, processing conditions, and
also the nature of surrounding environment.31,33,34

However, after plasma modification the oxygen con-
tent on the surface increase and an O/C ratio of 0.41
was measured (compared to 0.32 for the untreated
material). Oxidation is not the only process which is
taking place on the surface during the plasma treat-

ment. As can be seen from the table the percentage
of carbon was also changed after the treatment; it
reduced from 75.9 to 71.0 confirming ongoing etch-
ing process.

More detailed analysis of C1s core level spectra of
SPCL fiber mesh samples (Fig. 3) showed that they
contain three main peaks at 285 eV, which was
assigned to the main carbon backbone, at 286.4 eV
for !!C!!O!! and at about 288.8 eV for carboxyl
bonded carbons. This is not unexpected because the
main component of the blend poly(e-caprolactone)
has all of those bonds present in its structure.

The intensity of the peaks at 286.4 and 288.8 eV
increased after treatment as it can be seen from Fig-
ure 3. The created active species on the surface by
Ar plasma are very reactive and can recombine with
the oxygen from the air. As a result surface function-
alization with different oxygen containing groups
occurs on the surface and this is the reason for the
observed differences in the C1s core level spectra.

Cell culture

Morphological analysis

The morphology and the shape of the osteoblast
seeded onto both untreated and plasma-treated fiber
meshes showed a clear difference after different time
of culturing (Figs. 4–6). It was observed that the cells
were able to grow as a film on the treated surface
while they were in spindle-like shape with cytoplas-
mic extension on the untreated surface after 3 days
of culture. This was more evident after 7 days of cul-

TABLE I
XPS Data for Wet-Spun SPCL Scaffolds

Before and After Modification

C% O% O:C/C:O Ratio

Theoretical PCL 75.0 25.0 0.33/3.00
Theoretical SPCL 68.9 31.1 0.45/2.20
Fiber mesh, untreated 75.9 24.1 0.32/3.15
Fiber mesh, modified 71.0 29.0 0.41/2.45

Figure 3. C1s core level spectra for wet-spun SPCL fiber meshes (a) before and (b) after Ar plasma treatment.
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ture [Fig. 5(a–d)]. Both scaffolds were completely
covered by cells, indicating the ability of the scaf-
folds for osteoblast cell attachment and proliferation.
However, the osteoblasts seeded on the treated fiber
meshes were able to bridge between the fibers after
14 days of culture (Fig. 6).

Cell viability

Besides the cell morphology, changing the surface
chemistry and topography also influenced the meta-
bolic activity of the cells. As it was discussed earlier,
the oxygen content of the fiber surfaces significantly
increased after plasma treatment because of degrada-

tion and functionalization of the fiber surfaces. It is
known that osteoblasts are attachment-dependent
cell.35 They can only produce and mineralize their
extracellular matrix if they attach in a proper surface
that allows specific cell-surface interaction. They also
can recognize the changes in the surface topography
if it is above 0.5 lm.36 Therefore, DNA amount was
significantly different between untreated and treated
scaffolds after 3 and 7 days of culture (p 5 0.045 and
p 5 0.015 for 3 and 7 days, respectively), while it
was not significant after 14 days (Fig. 7). This can be
explained by the effect of plasma treatment in the
initial stage of culture. The surface properties dictate
the very first events occurring when the material
becomes in a contact with the biological environ-

Figure 4. SEM micrographs of osteoblast-like cells seeded on SPCL fiber mesh scaffolds after 3 days of culture: (a)
untreated and (b) Ar plasma-treated scaffold.

Figure 5. SEM micrographs of osteoblast-like cells seeded on (a, b) untreated and (c, d) Ar plasma-treated SPCL fiber
mesh scaffolds after 7 days of culture.
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ments. Thus, at latter time stage in vitro performance
of the material is also affected by other parameters
imposed by the presence of cells at the surface. Once
they reached confluency, the rate of cellular death
and proliferation becomes equal and hence the pro-
liferation stops. This fact can explain the decrease in
the difference between untreated and treated sam-
ples after 14 days of culture.

ALP activity

ALP is an enzyme which is used as an early
marker for osteoblast differentiation. Although its
exact role is not very clear, it is known that it plays
an important role in bone matrix mineralization pro-
cess.35 Regarding the present experiments, ALP ac-

tivity of the cells cultured onto the SPCL fiber
meshes increased with the culture period (Fig. 8).
The enzyme activity of the cells was found to be
even higher if the scaffolds were treated by plasma.
On the other hand, the differences in the enzymatic
activity between the cells seeded on untreated and
treated scaffolds decreased after 14 days of culture.
It has been reported that the deposition of extracellu-
lar matrix occurs before the mineralization starts.37

This latest stage of cell differentiation precedes min-
eralization and thereby ALP enzyme activity which
is associated with calcification tends to decrease.38,39

This phenomenon can explain the ALP results from
the present study, indicating that the cells cultured
on untreated and treated scaffolds might be in dif-
ferent stage of differentiation.

CONCLUSIONS

A new route was described to produce starch-
based fiber mesh scaffolds. The results of this study
indicated that a simple wet-spinning technique could
be used to obtain highly porous fiber mesh scaffolds
from a biodegradable SPCL blend. The scaffolds
could be formed, in a very reproducible manner,
during the process by means of optimizing the proc-
essing conditions. Furthermore, the developed scaf-
folds were able to support osteoblast-like cell attach-
ment and proliferation. As a second step, the scaf-
folds surfaces were modified by using Ar plasma.
After plasma treatment, the surface morphology and
surface chemical composition of the fibers were sig-
nificantly changed. Osteoblast-like cells were able to
recognize these physical and chemical changes on

Figure 6. SEM micrographs of osteoblast-like cells seeded
on Ar plasma-treated SPCL fiber mesh scaffolds after 14
days of culture.

Figure 7. Cell viability and proliferation of human osteo-
blast-like cells determined by DNA. Error bars represent
means 6 SD for n 5 3.

Figure 8. The ALP activity of human osteoblast-like cells
seeded on untreated and Ar plasma-treated wet-spun
SPCL fiber meshes. Error bars represent means 6 SD for
n 5 3.
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the surface and they showed higher cell viability
and ALP enzyme activity on the treated scaffolds.

As a final conclusion, these results suggested that
starch-based fiber mesh scaffolds can be easily proc-
essed by a wet-spinning technique into adequate
scaffolds. Subjecting these scaffolds to Ar plasma
can enhance their suitability for tissue engineering
applications.
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