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Bioartificial blends of poly-(ε-caprolactone) (PCL) with a polysaccharide (starch, S; dextran, D; or gellan,
G) (PCL/S, PCL/D, PCL/G 90.9/9.1 wt ratio) were prepared by a solution-precipitation technique and
widely characterized by differential scanning calorimetry analysis (DSC), Fourier transform infrared-attenuated
total reflectance spectroscopy (FTIR-ATR), optical microscopy (OM), wide-angle X-ray diffraction analysis
(WAXD), and thermogravimetry (TGA). DSC showed that the polysaccharide reduced the crystallinity of
PCL and had a nucleation effect, which was also confirmed by OM analysis. Hoffman-Weeks analysis
was performed on PCL and blend samples allowing calculation of their equilibrium melting temperatures
(Tm

0 ). WAXD showed that the crystalline unit cell type was the same for PCL and blends. FTIR-ATR did
not evidence interactions between blend components. Thermal stability was affected by the type of
polysaccharide. Microparticles (<125 µm) were produced from blends by cryogenical milling and
characterized by scanning electron microscopy analysis (SEM). Selective laser sintering (SLS), a new rapid
prototyping technology for scaffold fabrication, was applied to sinter blend microparticles according to a
PC-designed two-dimensional geometry (strips and 2× 2 mm2 square-meshed grids). The optimal
experimental conditions for sintering were established and laser beam parameters (beam speed, BS, and
power, P) were found for each blend composition. Morphology of sintered objects was analyzed by SEM
and found to be dependent on the morphology of the sintered powders. Sintered samples were analyzed by
chemical imaging (CI), FTIR-ATR, DSC, and contact angle analysis. No evidence of the occurrence of
degradation phenomena was found by FTIR-ATR for sintered samples, whereas DSC parameters of PCL
and blends showed changes which could be attributed to some molecular weight decrease of PCL during
sintering. CI of sintered samples showed that the polysaccharide phase was homogeneously dispersed within
the PCL matrix, with the only exception being the PCL/D blend. The contact angle analysis showed that all
samples were hydrophilic. Fibroblasts were then seeded on scaffolds to evaluate the rate and the extent of
cell adhesion and the effect of the polysaccharides (S, D, G) on the bioactivity of the PCL-based blends.

Introduction

Tissue engineering has emerged as a promising approach
to treat the loss or malfunction of a tissue or organ. Several
tissue-engineering methods typically employ three-dimen-
sional biodegradable polymer matrixes as temporary scaffolds
to engineer new natural tissues from isolated cells.1-6

The most important requirement for a biodegradable
polymer to be used in medical applications is its biocom-
patibility in a specific environment, together with the
noncytotoxicity of its degradation products.7 Aliphatic
polyesters such as polylactide (PLA), polyglycolide (PGA),
poly(lactide-co-glycolide) (PLGA), and poly-ε-caprolactone
(PCL) are among the few synthetic polymers that meet these
requirements and have been used in the tissue engineering

of cartilage,8-11 bone,12-14 tendon,15 skin,16 liver,18 and heart
valves.19 However, cell affinity toward synthetic polymers
is generally poor as a consequence of their low hydrophilicity
and lack of surface cell recognition sites.20,21

Cell adhesion on scaffolds is markedly influenced by the
physical and chemical properties of the material surface layer,
which influence the non-receptor-mediated and receptor-
mediated attachment mechanisms. Non-receptor-mediated
cell adhesion consists of a nonspecific cell-material interac-
tion via weak chemical bonding (hydrogen bonding, elec-
trostatic, polar, ionic interactions between molecules on cell
membrane and functional chemical groups on the polymer
substrate). These types of interactions cannot ensure the
transmission of adequate signals from the extra-cellular
matrix environment into cells. On the contrary, receptor-
mediated cell adhesion is due to the extra cellular matrix
(ECM) molecules, such as fibronectin, vitronectin, collagen,
and laminin. Cells bind specific amino acid sequences of
ECM molecules through integrin receptors.22
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Polysaccharides are interesting materials for tissue engi-
neering applications since their carbohydrate moieties interact
with or are integral components of many cell adhesion
molecules and matrix glycoproteins.23

Bioartificial polymeric materials have been produced by
blending synthetic and natural polymers in order to combine
the good mechanical characteristics, easy processability, and
low production and transformation costs of the former with
the specific tissue and cell compatibility of the latter.24-27

Moreover, blending synthetic and natural polymers allows
for a control of the degradation rate of the system:28 as the
degradation kinetics of a bioartificial blend increase with
increasing the natural polymer amount, the blend composition
can be adjusted to make the scaffold degradation rate match
with the growth rate of the regenerating tissue.

Our research group has already realized and studied
various systems consisting of a biological (mainly fibrin,
collagen, and hyaluronic acid) and a synthetic (polyurethanes,
poly(vinyl alcohol) (PVA), and poly(acrylic acid) (PAA))
polymer.29 Blends between collagen and PAA24 showed
strong interactions between the ionized functional groups of
the two components, which increased the denaturation
temperature of collagen. Blends between hyaluronic acid or
its ester derivatives with PVA were produced and used to
obtain hydrogels by a freeze-thaw technique.30,31 Recent
studies have been carried out by our group also on blends
of poly(vinyl alcohol) (PVA) with starch, and PVA with
chitosan or dextran for their potential use as dialysis
membranes or delivery systems for human growth hormone,
respectively.28

The combination between synthetic and natural polymers
has also been widely investigated in the field of particulate
carriers with engineered surface properties for drug targeting.
The synthetic polymers such as PCL, PLA, and PLGA are
hydrophobic which leads to complement activation and liver
accumulation and they also lack surface recognition functions
for specific mucoadhesion or receptor recognition. These
drawbacks can be overcome by producing polysaccharide-
coated particles whose core is made of a synthetic polymer,
resulting in a control of the specific interactions with target
cells and the nonspecific interactions with blood components
and phagocytic cells.32-34

In this research, we studied PCL-based bioartificial blends,
as PCL is a regulatory approved biodegradable and biocom-
patible synthetic polymer with good mechanical properties,35-37

which may undergo enzymatic degradation through hydroly-
sis of its ester bonds by lipase,38 cholesterol esterase,39,40and
carboxyl esterase.39 However, degradation kinetics of PCL
are slow due to its hydrophobic and semicrystalline nature,
which makes its resorption time longer than 2 years.9 On
the other hand, PCL has a low glass transition temperature
of around -60 °C, which gives the polymer a rubbery
behavior at room temperature and, as a consequence, a good
permeability to low molecular weight drugs in delivery
systems for biomedical uses. The main applications of PCL
in the tissue engineering field include tissue engineered
skin,41 drug delivery systems,42,43 axonal regeneration,44,45

and scaffolds for supporting fibroblasts and osteoblasts
growth.46,47

In this work, binary blends were produced between PCL
and one of three selected polysaccharides (starch, gellan, and
dextran) with the aim of finding out among them which is
more suitable for the production of bioactive scaffolds with
high biocompatibility. Our choice focused on starch, gellan,
and dextran, as they are natural biodegradable hydrophilic
polymers, which display enzymatic degradation behavior and
a good biocompatibility.

Starch is a biopolymer present as minute granules in the
roots, seeds, and stems of a variety of plants, including corn,
wheat, rice, barley, and potatoes. It is composed of two
components: amylose, which is a linear polymer consisting
of D-glucose units joined byR-1,4 glycosidic bonds, and
amylopectin, which is a highly branched polymer with a
molecular weight that can reach tens of millions.48 Starch-
based blends have been widely used in several biomedical
applications as they offer the possibility of obtaining very
distinct structure/properties combinations, varying the syn-
thetic component of the blend, processing methods, additives,
and reinforcement materials.49-51 Resulting applications cover
a wide range of fields, such as tissue engineering scaffolds,49

bone cements,50 hydrogels for the controlled release of
drugs,50 and bone substitutes in the orthopaedic field.51

Gellan is an anionic exocellular polysaccharide secreted
from theSphingomonas elodeabacterium52 and composed
of repeated tetrasaccharide units consisting of glucose,
glucuronic acid, and rhamnose residues in a 2:1:1 ratio,
joined in a linear chain ([f3)-â-D-glucose-(1f4)-â-D-
glucuronic acid-(1f4)-â-D-glucose-(1f4)-R-L-rhamnose-
(1f]n).53 Gellan, which is primarily used as a thickener or
gelling agent in a wide range of food applications,54 has
recently been investigated by our group as a suitable
candidate for reactive blending with gelatin, leading to the
production of biocompatible scaffolds.55 Other applications
of gellan in the biomedical field include capsules for drug
delivery systems.56

Dextran is a high molecular weight polymer ofD-glucose
and it is produced by different bacterial strains. In the field
of biomaterials, dextran is mainly used as a plasma expander,
whereas dextran derivatives find applications in bone repair.57

Blends between polylactide and dextran have recently been
studied as promising materials for tissue engineering scaf-
folds.20,21

In the literature, blends between PCL and starch have been
produced by melt extrusion for biodegradable packaging
applications.58,59Some physicochemical characterizations of
PCL/starch blends have been carried out with the purpose
of using them for biomedical applications. Demirgo¨z et al.
developed a methodology for cross-linking commercial
starch-based thermoplastic blends.60 The method was based
on the reaction between the starch hydroxyl groups and tri-
sodium tri-meta phosphate and led to materials with a lower
water-up take ability, a slower degradation rate, improved
mechanical properties and modified surface properties which
could affect interactions with proteins and cells in vivo. Mano
et al.61 studied the thermal properties of thermoplastic starch/
synthetic polymer blends (including PCL/starch blends)
aimed at biomedical applications and found out that the
volatilisation of the plasticizer (glycerol) could occur during
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processing by extrusion or injection molding at temperatures
above 150°C. Degradation of starch could occur at some
extent only for more extreme processing conditions, as starch
weight loss was recorded in the 280-350 °C temperature
range by thermogravimetric analysis.

However, the literature does not report specific studies on
scaffolds made of blends between PCL and starch, gellan,
or dextran.

Beside the choice of the materials for scaffold production,
the novel content of the present paper also consists of the
use of selective laser sintering (SLS) as a technique for
scaffold fabrication. Briefly, SLS is a new rapid prototyping
technique, based on the use of the heating energy of a CO2

laser to sinter powder particles following a computer-
designed geometry.62,63SLS creates objects from a computer-
generated model: the model is sliced into a set of two-
dimensional layers which are reproduced by laser sintering
of powder particles.

In this work, we sintered strips as a first trial to find out
the optimal conditions for sintering. Then, we obtained two-
dimensional (2D) grid-shaped scaffolds.

The physicochemical properties of both blend powders and
sintered samples were evaluated, and a comparison was made
between the characteristics of pure PCL and those of blends,
based on our previous work on PCL.62 A wide range of
characterization techniques were used with the aim of
obtaining specific information. Thermogravimetric analysis
(TGA) assessed the thermal stability of blend samples, to
better define the correct parameters for the laser sintering
processing. Differential scanning calorimetry (DSC) was
performed both under isothermal and nonisothermal condi-
tions to give insight into blend compatibility and thermal
parameters. Furthermore, the nonisothermal analysis carried
out on sintered and unsintered samples allowed detection of
any difference in the melting and crystallization behavior
between the two kinds of samples due to the sintering
process. Optical microscopy analysis (OM) allowed observa-
tion of morphological characteristics of blend samples. Wide-
angle X-ray diffraction analysis (WAXD) was performed to
evidence the effect of blend composition on the crystalline
structure. Fourier transform infrared-attenuated total reflec-
tance spectroscopy (FTIR-ATR) was carried out with the
aim of evidencing both the interactions between blend
components and any possible chemical variation occurred
during sintering. Chemical imaging (CI) is a powerful
technique for the analysis of surface composition and surface
distribution of phases. At last, cell adhesion tests were
performed on sintered scaffolds to compare blend compat-
ibility and bioactivity as a function of the polysaccharide
type.

Experimental Section

Materials. Polymers used were a commercial poly-(ε-
caprolactone) (PCL) supplied by Polysciences, Inc. with an
average molecular weight (Mw) of 45 000 and three biopoly-
mers: soluble starch ACS for analysis (S; Carlo Erba),
dextran T40 (D; Pharmacia Fine Chemicals), and gellan gum
(G; Fluka). Soluble starch composition was experimentally

found to be 90 wt % amylose and 10 wt % amylopectin. All
other chemicals were analytical pure grade and used as
delivered, without further purification.

Preparations of Blend and PCL Microparticles. Three
blends containing 90.9% (wt/wt) PCL and 9.1% (wt/wt) S,
G, or D were produced by a solution-precipitation technique
and marked as PCL/S, PCL/G, and PCL/D, respectively.

Briefly, after preparing a 5% (wt/v) PCL solution in
dimethylsulfoxide (DMSO; Riedel de Haen) at 50°C, one
of the biopolymers was added to the solution and stirring
was carried out for 2 h at 50 °C. Blend solutions were
precipitated into methanol (Carlo Erba) and precipitates, first
collected by centrifugation (Centurion, 6000 series) at 4000
rpm for 5 min, were dried in a vacuum oven at 37°C for
three weeks. Dried samples were reduced into powders
through cryogenic milling and then sieved through sieves
with 125 µm mesh size.

PCL microparticles were prepared by cryogenical milling,
followed by sieving through sieves with 125µm mesh size.
PCL microspheres were prepared by a solvent evaporation
procedure based on a single oil-in-water (O/W) emulsion.62

Physicochemical Characterization.Differential scanning
calorimetry (DSC) experiments were carried out in a Perkin-
Elmer Pyris Diamond equipped with a Perkin-Elmer Intra-
cooler 2P on samples (5-10 mg) packed in aluminum pans.
Nonisothermal scans were performed between-20 and
+100 °C at a heating rate of 10°C min-1 under nitrogen
atmosphere. The melting temperature (Tm) and enthalpy of
fusion (∆Hm) of the crystalline phase were determined from
the second scan whereas crystallization temperature (TC) and
enthalpy (∆HC) were obtained from the cooling scan. PCL
crystallinity degree (X) was calculated from measured PCL
melting enthalpy as a percentage of the reported heat of
fusion (139.5 J/g) for fully crystalline PCL.64 The overall
time of crystallization (tc) was determined by the equation

whereTi, Tf, andr are the initial crystallization temperature,
the end crystallization temperature, and the cooling rate,
respectively. The temperatures at which the crystallized
fraction was 1% and 99% were taken asTi and Tf,
respectively.

Isothermal crystallization kinetics were analyzed according
to the following procedure. The samples (5-10 mg) were
heated to 100°C, kept at this temperature for 5 min to destroy
any trace of crystallinity, quenched (at a nominal rate of 200
°C min-1) to various crystallization temperatures (Tc; 38-
48 °C), and kept atTc until completed crystallization. The
heat of crystallization at eachTc was recorded as a function
of time. The starting time for the analysis of crystallization
kinetics was taken as the time at which sample temperature
reached the programmed valueTc. The fractionXt of material
crystallized after timet was evaluated by the ratio of the
crystallization area at the timet over the total area. The half-
time of crystallization (t0.5) at eachTc was calculated as the
time corresponding toXt ) 0.5. The melting behavior of
isothermally crystallized samples was analyzed by directly
heating the crystallized samples fromTc up to 100°C at a
rate of 10°C min-1.

tc ) (Ti - Tf)/r (1)
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The morphology of samples was examined by an optical
polarized light microscope (Leitz Ortholux II POL-BK)
equipped with a hot stage (Linkam, model THMSE 600). In
this experiment, films obtained from powders were sand-
wiched between a microscope slide and a cover glass, heated
to 100 °C at a rate of 10°C min-1 and kept at this
temperature for 5 min to destroy any trace of crystallinity.
Then the films were cooled at room temperature and
examined under the microscope at a magnification of 32×.
Photomicrographs were taken using a JVC TK-1085E video
camera and a Pinnacle System miro VIDEO DC30 series
capture card, with Adobe Premiere 5.1 as the video editing
tool.

Thermal degradation was measured using a Perkin-Elmer
TGA 6 Thermogravimetric Analyzer equipment under a
nitrogen atmosphere. The experiments were performed at a
heating rate of 10°C min-1 in the 30-600 °C temperature
range.

The X-ray diffraction analysis (WAXD) was carried out
by a Siemens 810 apparatus using Cu KR radiation in the
range 5-40° (2θ) and the step length was 0.01° at 40 kV
and 30 mA.

The Fourier transform infrared-attenuated total reflectance
spectroscopy (FTIR-ATR) spectra were recorded at room
temperature in a Perkin-Elmer Spectrum One Spectrometer
in the 4000-600 cm-1 range.

Blend powders were evaluated for surface morphology by
scanning electron microscopy (SEM, JEOL JSM 5600 LV).

Selective Laser Sintering (SLS).The SLS machine of
this study is a prototype designed and built at the Department
of Mechanical, Nuclear and Production Engineering of the
University of Pisa.62 The machine work chamber is equipped
with a platform able to shift along thez axis and a laser
block, including the laser beam and a system of galvano-
metric mirrors, which are positioned to precisely address the
beam. The CO2 laser used (SYNRAD model J48-5S) has a
nominal power of 50 W. The machine is PC-driven by means
of software for laser guidance (CADMARK, Quantasystem
s.r.l.). Sintering experiments were performed both on dry
powders and aqueous slurries, obtained by dispersing the
polymer particles in a small amount of demineralized water.
First, a very thin layer of powder or blend slurry (0.3 mm
depth) was delivered and leveled on a glass slide fixed on
the supporting cylinder, placed on the platform able to move
along thez axis. Then, specific areas of the layer were laser
sintered according to the instructions of a CAD file. At each
test, two parameters were set: the laser beam speed (BS)
and power (P). Our first experiments were carried out on
PCL as-produced dry powders, trying a wide range of
combinations of the laser parameters (P ) 1-3 W, BS )
10-80 mm/s) to find out the optimal working set. As a
second step, we focused our attention on slurries. In a
previous work,62 our group found out that the right param-
eters for sintering PCL slurries wereP ) 2 W and BS) 20
mm/s. Sintering experiments of blend slurries were thus
carried out using 2 W as afixed value forP and varying BS
(5, 10, 20, 30, 40, and 50 mm/s). Other experiments were
performed by keeping BS constant (5 mm/s) while varying
P between 1 and 3 W.

We fabricated simple 10 mm long strips from dry powder
(P ) 2 W, BS) 80 mm/s) and slurries (P ) 2 W, BS) 5
mm/s) and two-dimensional scaffolds in the shape of square
(2 mm× 2 mm) meshed grids from slurries (P ) 2 W, BS
) 5 mm/s). After structures had been dried at room
temperature for a week, the unsintered powder particles were
brushed away and objects were characterized by optical
microscopy (Olympus AX70).

SEM (JEOL JSM 5600 LV) analysis of surfaces and
fractured sections of laser sintered samples was performed
to gain insight into the accuracy of sintering.

Static contact angles of the upper surface of 20× 20 mm2

laser sintered fill structures were measured at room temper-
ature by the sessile drop method, using a 5µL water droplet
in a telescopic goniometer (Rame`-Hart, Inc.). The telescope
had a magnification power of 23× and was equipped with a
protractor of 1° graduation. For each angle reported, at least
three measurements on different surface locations were
averaged.

FTIR-ATR analysis and nonisothermal DSC analysis were
performed on laser sintered samples using the same condi-
tions and equipment as for the unsintered powders.

Microscopic infrared imaging of laser sintered samples was
performed with a Spectrum Spotlight FT-IR Imaging System
(Perkin-Elmer). Briefly, an infrared spectrum map of a zone
of interest was generated as a false-color visible image,
consisting of a spectrum per pixel. Individual spectra were
acquired from different positions in the analyzed area, the
most representative of which was chosen as the “medium”
spectrum and used to obtain a correlation map.

Slurries of pure polysaccharides were processed by SLS
utilizing the same parameters as for sintering blends. The
resulting samples were analyzed by FTIR-ATR analysis to
assess the effect of laser radiation on the chemistry of S, D,
and G.

PCL slurries were sintered using both the sintering
parameters found in our previous work for pure PCL62 and
those utilized in this study for blends. The resulting samples
were analyzed by FTIR-ATR analysis.

Fibroblasts Culture and Characterization. Two-dimen-
sional scaffolds (grids) were prepared for cell culture
according to the following procedure. Dry samples were
sterilized by washing with a 70% (v/v) ethanol solution in
sterile water, followed by UV exposure for 15 min on each
sample side. Polymer structures were coated with type A
gelatin from pig skin (Sigma, Italy) (here selected as positive
control), by leaving them in a bath of 1% (w/v) gelatin
aqueous solution for 1 h at 37°C.

NIH-3T3 mouse fibroblasts were cultured in 25 cm2

culture flasks containing Dulbecco’s modified Eagle’s me-
dium (DMEM; Cambrex, Italy) with high glucose, 10% fetal
calf serum (Cambrex, Italy), 1% glutamine (Cambrex, Italy),
penicillin (200 U/mL; Cambrex, Italy), and streptomycin (200
µg/mL; Cambrex, Italy). Culture was maintained in an
incubator equilibrated with 5% CO2 at 37°C.

Once the cells had grown to confluence, the culture
medium was removed under a sterile hood and culture flasks
were washed twice with phosphate buffered saline (PBS,
Sigma).

1964 Biomacromolecules, Vol. 6, No. 4, 2005 Ciardelli et al.



Cell detachment was performed by adding 0.01% trypsin
(Cambrex, Italy)/0.01% EDTA (Cambrex, Italy) solution (3
mL) to each culture flask and incubating at 37°C for 3 min.
Trypsin was inactivated by adding a volume of culture
medium three times higher than that of trypsin/EDTA
solution.

Cell pellets were recovered from cell dispersion by
centrifugation (Haereus, Switzerland) at 1000 rpm for 10 min
and then dispersed again in a new culture medium at a
concentration of 100 000 cells mL-1.

The polymer structures were seeded with cell suspension
in 24-well tissue culture plastic plates. The measurement of
cell adhesion was performed on three samples for each time
(2, 4, and 24 h). After culture times of 2, 4 and 24 h,
respectively, the culture medium was removed and substrates
with attached cells were rinsed with PBS. Attached cells were
fixed by addition of 4% (v/v) formaldehyde (Sigma, Italy)
solution in PBS for 10 min and then stained with Coomassie
blue (Fluka, Italy) solution for 10 min.

Samples were analyzed under an optical microscope
(Olympus AX 70, Italy). The adhesion area of each polymer
substrate was calculated considering the structure composed
of so many parallelepipeds as there were lines in the pattern.
Side dimensions of the model parallelepipeds were chosen
as to best fit the SEM images of the polymeric pattern.

The index of cell density was calculated as ratio between
the area occupied by the cells adhered on the pattern and
the whole surface area of the pattern. We used an image
processing software routine in Matlab based on segmentation
to calculate the area occupied by cells on the scaffold. Three
areas of each sample were randomly chosen and photo-
graphed with 10× magnification. From each photo, 5 areas
of the scaffold were selected. The area of the scaffold and
the areas covered by cells were calculated and averaged for
all five zones, and then combined with the data from the
remaining two photos of the sample to give an overall
average percentage of cell coverage. This procedure was
repeated three times for each sample type at each culture
time, as to obtain an average value of cell density. Cell
density on laser sintered structures was compared to that of
a reference sample (a Petri dish coated with gelatin).

Cell morphology was studied on each sample by taking
optical microscopy photographs with 40× magnification
(Olympus AX 70, Italy).

Results and Discussion

Thermal Properties of PCL/Polysaccharide Blends
(DSC). The effect of polysaccharide type (starch, gellan or
dextran) on the thermal properties of PCL-based blends was
investigated by DSC analysis. Figure 1, parts a and b, shows
DSC cooling and second heating scans for PCL and blends,
respectively. Data are collected in Table 1 and show that
the introduction of 9.1 wt % natural component in blends
affected at some extent the PCL crystallinity degree and
crystallization temperature. These effects were more pro-
nounced for the PCL/D blend. A similar behavior has been
reported for incompatible blends of PCL and natural
polymers.59,65-67 The nucleating effect of the natural polymer

suggested by the slight increase ofTc was supported by
isothermal crystallization experiments carried out in the 38-
48 °C temperature range. For PCL and its blends, a single
DSC exotherm was observed at eachTc. Figure 2, parts a
and b, displays plots of the conversion degreeXt as a function
of crystallization time, for PCL/S blend crystallized at various
Tc and for all samples (pure PCL and blends) at a fixedTc,
respectively. Relative positions of the crystallization iso-
therms were found to depend onTc: a higherTc caused a
shift of Xt plots toward higher times. On the contrary, for
the blend composition studied, the introduction of the natural
polymer slightly increased the kinetic of isothermal crystal-
lization at eachTc. Figure 3 reports the plots of half-time of
crystallization (t0.5) as a function ofTc for PCL and blends.
The overall crystallization rate of samples at eachTc,
calculated as the reciprocal oft0.5, was found to be higher
for blends than for pure PCL, following the order PCL/D>
PCL/Sg PCL/G > PCL in the examinedTc range.

DSC melting traces of samples isothermally crystallized
in the 38-48 °C temperature range showed a single melting
endotherm, which shifted to higher temperatures with
increasingTc. Figure 4 reports the crystallinity degrees of
all samples registered after isothermal crystallization as a
function of crystallization temperature. Crystallinity degrees
of PCL, PCL/G, and PCL/S were similar, whereas those of
the PCL/D blend displayed lower values, as a consequence
of the increased crystallization rate of the PCL/D blend which
caused the formation of crystals with small size and a low
degree of perfection.

Figure 5 shows the melting temperatures for PCL and
blends, collected from the heating scan following isothermal
crystallization, as a function ofTc. Equilibrium melting
temperatures (Tm

0 ) could be calculated by means of Hoff-
man and Weeks theory,68 which establishes a relationship
between observed melting temperatures after isothermal
crystallization andTc, according to the equation

whereâ is a morphological factor relating the mean lamellar
thickness (l) of the crystals to the initial thickness (l* ) of
the growth nuclei atTc.

The equilibrium melting temperature is calculated by the
intersection of the lineTm ) Tc with the straight line fitting

Table 1. DSC Crystallization and Melting Data for PCL and
PCL/Polysaccharide Samples

sample
Tc

(°C)
∆Hc

(J/gPCL)
tc
(s)

Tm

(°C)
∆Hm

(J/g PCL)
X

(%)

PCL
unsintered 33 80 103 58 84 60
sintered 36 76 64 54 82 57
PCL/S
unsintered 35 84 63 57 83 59
sintered 36 81 47 58 82 58
PCL/D
unsintered 40 75 66 57 77 55
sintered 39 79 59 57 83 59
PCL/G
unsintered 35 75 66 56 76 55
sintered 36 73 59 52 79 56

Tm ) (12â)Tc + (1 - 1
2

â)Tm
0 (2)
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Tm data and plotted againstTc. Figure 5 shows Hoffman-
Weeks plots of PCL and blend samples. Melting temperatures
of all samples had a linear dependence onTc and the slope
of the least-squares lines fitting melting data were used to
calculate theâ parameter for each sample. Table 2 reports
the values ofTm

0 , â parameter, and the correlation coef-
ficient r2 of the fit for all samples. Theâ parameter was
found to be higher than 1, in good agreement with other
reports on PCL and its blends.69 A little change ofTm

0 was
found for PCL/G and PCL/D blends when compared to pure
PCL. A larger depression ofTm

0 was found for PCL/S blend
suggesting that interactions between PCL and S were stronger
than those occurring between PCL and G or D.

Optical microscopy observations carried out on film
samples obtained from sample powders, as explained in the
Experimental Section, confirmed the nucleation effect exerted
by the natural component on PCL crystallization (Figure 6).
Large spherulites with 30-100µm diameter were observed
for pure PCL, whereas crystallites with smaller size and
irregular shape were found for blends, supporting that blend

crystallization was a relatively fast process due to the
nucleating effect of the natural component in blends.

Table 1 also shows the overall crystallization time (tc) for
unsintered and sintered materials. Blend samples were found
to undergo a faster crystallization than pure PCL, due to both
the nucleation effect exerted by the natural polymer and the
reduced amount of crystallizing material in blends.

Thermogravimetric Analysis (TGA). TGA thermograms
of natural polymers displayed two degradative phenomena
(Figure 7 part a): a weight loss in the 70-100 °C
temperature range due to water desorption and polymer
pyrolysis with a maximum degradation rate temperature (Td)
registered at about 250°C for gellan, 320°C for starch, and
350 °C for dextran. TGA curve of PCL displayed a single
weight loss phenomenon, corresponding to polymer pyroly-
sis, withTd at about 425°C.

Blends showed a double degradation phenomenon due to
pyrolysis of each blend component, as shown in Figure 7
part b. Degradation of natural polymers in blends was
generally recorded at a temperature close to that registered

Figure 1. DSC cooling (a) and second heating (b) scans for PCL and blend samples recorded at 10 °C/min.
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for pure polysaccharides. Pyrolysis of blended PCL occurred
at a 15-25 °C lower temperature than that of pure PCL,

probably as a consequence of interactions occurring between
PCL and the degradation products from the natural compo-
nent. Moreover, for PCL/D blend, the pyrolysis peak was
broader and degradation phenomena started at a lower
temperature than for PCL and other blends.

TGA analysis of blends did not detect evident water
desorption phenomena, as a consequence of their low content
(9.1 wt %) of the strongly hydrophilic natural polymer.

In conclusion, thermal stability of 90.9/9.1 (wt/wt) PCL/
polysaccharide blends was found to be limited by the type
of blended natural polymer and it was high enough to justify
our attempts at processing PCL and PCL/S, PCL/G, and
PCL/D blends through sintering.

X-ray Diffraction Analysis (WAXD). X-ray diffraction
patterns of pure PCL and blends (Figure 8) displayed their
main peaks at 2θ equal to 21.2°, 21.8°, and 23.5° which are
those typical of an orthorhombic crystalline unit cell.70 The

Figure 2. Plots of relative crystallinity against crystallization time:
(a) PCL/S samples isothermally crystallized in the 40-48 °C tem-
perature range; (b) PCL and blend samples isothermally crystallized
at Tc ) 44 °C. t0 is the initial time, i.e., the time at which temperature
reaches the fixed value Tc.

Figure 3. Half-time of crystallization for PCL and blends isothermally
crystallized in the 32-50 °C temperature range.

Figure 4. Crystallinity degrees calculated from the heating scan
performed after isothermal crystallization in the 38-50 °C temperature
range, for PCL and blend samples.

Figure 5. Plots of Tm (recorded during the heating scan following
isothermal crystallization at Tc) as a function of Tc and Hoffman-
Weeks plots for PCL and blends.

Table 2. Equilibrium Melting Temperatures Tm
0 and â Parameters

for PCL and Its Blends

sample Tm
0 (°C) â r2

PCL 67 1.7 0.991
PCL/S 61 2.8 0.991
PCL/D 64 2.1 0.989
PCL/G 65 1.6 0.989
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peak relative intensity was similar for all samples, evidencing
a symilar crystallinity degree for blends and pure PCL. This
finding is not contradictory with respect to DSC results, as
X-ray analysis was performed on as produced microparticles,

whereas thermal properties were collected from the second
heating DSC scans after deleting sample thermal history.

FTIR-ATR Analysis. Figure 9 shows FTIR-ATR spectra
of pure components and blends. PCL spectrum showed

Figure 6. Optical microscopy images of PCL (a), PCL/D (b), PCL/S (c), and PCL/G (d) thin films obtained by sandwiching particles among a
glass slide and a cover glass at 100 °C for 5 min, followed by cooling at room temperature. Bars indicate 25 µm.

Figure 7. Derivative thermogravimetric (DTG) curves for (a) pure components (b) PCL and blends.
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typical bands at 2920 and 2850 cm-1, due to CH2 stretching
vibrations, and at 1756 cm-1, associated with carbonyl
adsorption.

Pure gellan had characteristic bands at 3382 cm-1 (O-H
stretching), at 1926 cm-1 (C-H stretching), at 1608 cm-1

(carboxylate anion adsorption), and at 1046 cm-1 (pyranoside
ring adsorption).

FTIR spectrum for dextran showed a sharp band between
3350 and 3200 cm-1, due to O-H stretching vibrations, a

band at 2926 cm-1 typical of C-H stretching and partially
overlapping bands in 1200-800 and 1260-1000 cm-1

frequency ranges, associated with C-O-C and alcoholic
C-O adsorptions, respectively.

Starch FTIR spectrum displayed the following character-
istic bands: at 3350-3200 cm-1 (O-H stretching), at 2850
and 2920 cm-1 (C-H stretching), at 1640 cm-1 (O-H
bending vibrations of adsorbed water), at 1462 cm-1 (CH2

bending), at 1445-1325 cm-1 (C-H bending and wagging),

Figure 8. WAXD spectra for PCL and blend samples.
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at 1243-1205 cm-1 (O-H bending), and at 960 and 1190
cm-1 (C-O stretching).

FTIR spectra of blends showed typical adsorption bands
of each polymer and no shift in band frequencies was
registered, as a consequence of the lack of strong molecular
interactions between PCL and natural polymers.

Characteristics of Scaffolds Fabricated by SLS.Figure
10, parts a-c, shows SEM images of the blend powders used
for the sintering experiments. Milling and sieving produced
particles with an irregular and uneven shape, a rough surface
and a broad range of sizes (<125µm). As a comparison, an
image of PCL particles obtained by an oil in water emulsion
process62 is reported (Figure 10 part d): PCL powders had
a spherical shape, a smooth surface, and quite an even size
(their medium diameter was 4.4µm).

The degree of precision of sintered structures is affected
by powder granulometry. Vertical resolution and lateral
accuracy of sintering may be improved using lower-sized
particles with respect to laser spot (<50 µm), whereas a
narrow particle polydispersity index ensures an even thermal
transfer, thus influencing layer bonding and width uniformity
of the sintered lines.

The first sintering experiments were carried out on as-
produced dry PCL microparticles. Packing of dry particles
in a layer was made difficult by their low size (and low
weight) and irregular geometry. Various combinations of the
laser power (P) and the beam speed (BS) were tried to sinter
simple 2D geometries, such as strips. The best combination
wasP ) 2 W and BS) 80 mm/s. The energy density (ED),
regarded as the applied laser energy per unit area, is directly

Figure 9. FTIR-ATR spectra for pure components and blends.

Figure 10. SEM images of powder particles used for the laser sintering technology: (a) PCL/D, (b) PCL/S, (c) PCL/G, and (d) PCL.
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proportional to the ratio between the laser power and the
beam speed. Its value has been found to affect properties
such as surface roughness, density, tensile strength, dimen-
sional accuracy, occurrence of curling, and cracking.71

The scarce adhesion between the leveled powders and the
support glass slide together with the low packing density of
the particles resulted in poor sintering: sintered strips had
an irregular shape, and they were interrupted at some points
along their length. Figure 11 shows an exemplary optical
microscopy image of a strip sintered from PCL dry powders
(here obtained by cryogenical milling). As a following step,
sintering trials were performed on “aqueous slurries” obtained
by adding a little amount of demineralized water to dry
powders. The presence of water increased the packing density
of particles and the adhesion between them and the support
glass slide. Many experiments followed with the aim to find
the optimal values of the laser power and the beam speed to
sinter blend slurries, as explained in the Experimental
Section. Sintering of the whole blend layer was obtained
usingP ) 2 W and BS) 5 mm/s as SLS parameters. The
presence of the polysaccharide phase, which hindered the
flow of the molten PCL, made it necessary to increase the
laser ED for sintering with respect to the case of pure PCL.62

The increase of laser ED raised the layer temperature, thus
lowering the viscosity of molten PCL and favoring its flow.72

ED was not affected by the polysaccharide type for the
examined blend composition. Optical microscopy observa-
tions showed that simple geometries (strips and grids)
sintered from aqueous slurries well reproduced their computer-
drawn models. As a following step, 2× 2 mm2 square-
meshed grid shaped scaffolds were produced by laser
sintering blend slurries. A photo taken by a digital camera
of a two-dimensional PCL/G scaffold fabricated by SLS is
reported in Figure 12. Laser sintered grids had a regular
geometry, and no evident sign of polymer degradation
(browning) was detected.

SEM images of upper surfaces (i.e., in contact with air),
lower surfaces (i.e., in contact with glass support), and
fractured sections of sintered samples are reported in Figures
13-15, respectively. Morphology of laser sintered blend
samples was found to vary along the sample depth: the
surfaces of the sintered objects directly exposed to the laser
beam (Figure 13) were regular and smooth, whereas those

near the glass support (Figure 14) were less regular and more
porous. Sections of the sintered surfaces for blend samples
(Figure 15, part a) showed a good sintering till a certain depth
and some porosity in the deepest sintered areas, which may
be attributed to vapor bubbles entrapment. On the contrary,
PCL sintered sections (Figure 15, part b) and surfaces (Figure
13, part d, and Figure 14, part d) displayed a homogeneous
morphology. These results suggest that the final morphology
of sintered samples is strongly affected by the morphological
characteristics of the sintered powders. In the future, attempts
to improve blend powder granulometry will be carried out
to avoid morphological defects in the sintered objects (which
may greatly lower the mechanical performance of samples)
and to reduce surface roughness (which affects cell adhesion)
particularly on the surface side not directly exposed to the
laser beam.

Surfaces of laser sintered structures were found to be
hydrophilic with contact angles (measured on the upper
surfaces of sintered samples) in the range 54-61° (Table
3), which are optimal for cell adhesion, as it is greatly favored
by hydrophilic surfaces with intermediate wettability.73

Surface wettability increased in the order PCL/S> PCL/D
(≈ PCL)> PCL/G: any reduction of PCL molecular weight
during sintering as well as blend composition affected the
wettability of samples.

Table 1 reports the thermal properties of laser sintered
structures, which were generally quite similar to those of
the respective unsintered materials. The main exception was
found for processed PCL which displayed an increase of 3
°C in Tc and a decrease of 4°C in Tm as compared to
unprocessed PCL. These variations may be due to some
decrease in PCL molecular weight occurring upon sintering.
Similar temperature changes were not detected for sintered
blend samples, except for PCL/G blend which melting
temperature decreased of 4°C when processed by sintering.
The shortening of the overall time of crystallization (tc)
recorded for sintered samples (Table 1), which was particu-
larly marked for pure PCL, can also be attributed to the effect
of PCL molecular weight decrease during sintering.

Slurries of pure polysaccharides were also processed by
SLS using the same parameters as for blends. Pure poly-
saccharides processed by SLS changed their color from white
to fair brown (S and D) or dark brown (G). However, FTIR-
ATR analysis of sintered polysaccharides (data not shown)
did not detect signs of chemical variations. These findings
suggest that only some surface degradation phenomena had
probably occurred for each of the sintered polysaccharides
and they did not extend to the bulk. Laser sintered blend
and PCL samples did not show any browning. FTIR-ATR
spectra of laser sintered blend and PCL samples (data not

Figure 11. Optical microscopy image of a strip sintered from PCL
powders (obtained by milling) at P ) 2 W and BS ) 80 mm/s.

Figure 12. Photo of a two-dimensional laser sintered scaffold
obtained from PCL/G powders.
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shown) were found to be analogous to those of their
unsintered counterparts, evidencing that sintering did not give
rise to any detectable variation in the chemical structure of
materials. Blending each polysaccharide with a large amount
of PCL, which is a more heat resistant polymer than
polysaccharides, could protect the polysaccharide phase from

direct contact with the laser beam and, therefore, from
degradation.

Laser sintered blend samples were also analyzed by an
IR Imaging System. Figure 16, parts a and b, shows the false-
color contour map acquired from a 1 mm× 1 mm zone of
a sintered PCL/S sample and its medium spectrum, respec-

Figure 13. Upper surface of laser sintered samples: (a) PCL/D, (b) PCL/G, (c) PCL/S, and (d) PCL.

Figure 14. Lower surface of laser sintered samples: (a) PCL/D, (b) PCL/G, (c) PCL/S, and (d) PCL.
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tively. A correlation map was obtained from the medium
spectrum (Figure 16, part c), suggesting a good homogeneity
of PCL/S blend. An analogous result was obtained for
sintered PCL/G blend whereas sintered PCL/D displayed
phase segregation (data not shown). These findings suggest
the lower compatibility and higher interfacial energy of the
PCL/D system, when compared to PCL/G and PCL/S blends.

Cell Attachment. Figure 17 shows percentage area
occupied by cells for blend and PCL scaffolds and for a
control layer (gelatin) as a function of culture time. The ratio
between cell density on structures and on the gelatin layer
at any time may be taken as an index of cell adhesion
efficiency.62

Cell adhesion on blend scaffolds increased with time,
displaying values in the order PCL/S> PCL/G > PCL/D.
The introduction of gellan and starch greatly increased
fibroblast attachment with respect to PCL. Starch was the
most effective polysaccharide in enhancing PCL biocom-

patibility among the tested ones: cells adhered to PCL/S
scaffolds at a slightly lower rate than to gelatin control layer
and at a similar extent after 24 h culture time. The cell
adhesion rate to PCL/G scaffolds was only slightly lower
than to the control layer. On the contrary, PCL/D scaffolds
displayed the lowest fibroblast attachment rate among blend
scaffolds: a comparison between PCL and PCL/D blend
showed that the introduction of D only slightly increased
cell attachment within the first 4 h, whereas it greatly
decreased it after 24 h culture time. Poor cell adhesion for

Figure 15. SEM images of the fractured surfaces of laser sintered
samples: (a) PCL/D 90.9/9.1 wt/wt; (b) PCL.

Table 3. Water Contact Angle for PCL and PCL/Polysaccharide
Laser Sintered Samples

sample contact angle

PCL 58° ( 4
PCL/S 52° ( 4
PCL/D 66° ( 1
PCL/G 62° ( 3

Figure 16. (a) IR false color contour image of a 1 mm × 1 mm area
for a PCL/S laser sintered sample. (b) “Medium” spectrum of the area
analyzed at point (a). (c) Correlation map of the area in (a) with
respect to the “medium” spectrum shown in (b).
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PCL/D scaffolds can be attributed to the scarce compatibility
between PCL and D (which led to D clusters). However,
PLA/dextran blends have been reported to enhance fibroblast
adhesion with respect to pure PLA, despite of the scarce
compatibility between blend components.20-21 Moreover,
phase separation can be the reason for a poor improvement
of cell adhesion but cannot explain its decrease. Barbucci et
al.75 showed that macromolecular arrangement is also a key
factor for cell adhesion. They fabricated microstructured
surfaces by coating silanised glasses with micropatterns of
hyaluronic acid or hyaluronic acid sulfate. The “open”
molecular arrangement of hyaluronic acid sulfate made its
receptor sites available for cell attachment, whereas cells did
not adhere to hyaluronic acid, despite it being a component
of the ECM. A similar reason can be invoked to explain
why the introduction of D did not favor cell attachment.

Figure 18, parts a-d, shows optical microscopy images
of the fibroblasts adhering on gelatin, PCL/G, PCL, and
PCL/D after 24 h culture time, respectively. The only

difference between samples was cell density, whereas
fibroblast morphology was not affected by the presence and
the type of polysaccharide.

Conclusions

Blends between PCL and a polysaccharide (starch, gellan,
or dextran) were selected as materials for the fabrication of
laser sintered scaffolds by a new custom-made prototype
machine. The analysis of physicochemical properties of
blends showed that no evident interactions occurred between
the two components: no band shifts were detected by FTIR
spectra. Isothermal crystallization kinetics were faster for
blends than for PCL, due to the nucleating effect of the
natural polymer. Crystallization of blends occurred through
a process of heterogeneous nucleation and produced a large
number of small crystallites with irregular shape. On the other
hand, crystallization of pure PCL led to the formation of
large spherulites (30-100µm) with straight boundaries. The
introduction of a natural polymer (which undergoes a faster
degradation process than synthetic polymers), as well as
variations of crystallinity degree and of the type of formed
crystallites, affect in vivo and in vitro degradation of
bioartificial scaffolds.

The equilibrium melting temperatures were calculated by
means of Hoffman-Weeks plots.Tm

0 s for blends were
generally lower than for pure PCL. A higher depression of
Tm

0 was found for the PCL/S blend, and it was attributed to
the interactions between blend components which were
stronger than in PCL/G and PCL/D blends.

The study of blend thermal stability allowed to gain
information about applicability of materials in the SLS
processing. Blends were found to have a lower thermal
resistance than pure PCL, depending on the blended natural
polymer.

Figure 17. Percentage area occupied by cells for PCL/S, PCL/D,
PCL/G and PCL laser sintered scaffolds and control layer (gelatin)
at different culture time (2, 4, and 24 h). Column heights correspond
to the mean values.

Figure 18. Fibroblasts adhered on (a) PCL/S, (b) PCL/G, (c) PCL, and (d) PCL/D scaffolds after 24 h culture time. Bars correspond to 40 µm.
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SLS was applied to powders both in a dry state and in a
slurry form. Aqueous slurries of powders were preferred,
having the advantage to increase the packing density of
particles and to improve the adhesion between the first
particle layer and the glass support, which resulted in a good
correspondence between the computer-designed geometry
and the sintered one. Various laser working parameters (laser
beam speed, BS, and powder,P) were tried and the right
combination was selected which allowed the sintering of the
whole layer depth, although avoiding evident signs of thermal
degradation (browning). The energy density necessary for
sintering was found to be higher for blend samples (P ) 2
W, BS) 5 mm/s) than for PCL (P ) 2 W, BS) 20 mm/s)
due to the presence of the natural component which hindered
the flow of the molten PCL. A raise in ED increased the
temperature of the layer which in turn decreased the viscosity
of the material, favoring its flow.

Two-dimensional scaffolds were produced in the shape
of 2 × 2 mm2 square-meshed grids from a 0.3 mm deep
slurry layer. Laser sintering was found not to change
significantly the thermal properties of samples, except for
some slight variations detected for pure PCL and attributed
to a lowering of PCL molecular weight due to laser radiation.
FTIR-ATR analysis was not able to detect variations in the
chemical structure of the sintered samples when compared
to the unsintered ones, both for PCL and blends. Phase
distribution of the sintered samples was found to be quite
homogeneous for PCL/S and PCL/G blends, whereas phase
segregation phenomena were evidenced for the PCL/D blend
due to the high interfacial energy between blend components.

Surfaces of laser sintered scaffolds were hydrophilic with
contact angles in an intermediate range which has been found
to be optimal for cell attachment.

Two-dimensional grid-shaped scaffolds were fabricated by
SLS with a 300µm (height)× 700 µm (width) resolution,
depending on granulometry (particle size and polydispersity)
and laser characteristics (laser spot and CO2 wavelength).

Morphology of PCL sintered structures was homogeneous,
due to the regular granulometry of particles. On the contrary,
objects sintered from blend particles displayed a not homo-
geneous morphology: sintered surfaces were smoother on
the side directly exposed to the laser beam than on that in
contact with the glass support. Thermal transfer did not occur
homogeneously due to the coarse powder granulometry.
Furthermore, sintered section displayed bubbles in the area
near the glass support, which was due to vapor bubbles
entrapment and to the poor packing density of the material
(again due to the coarse granulometry of blend samples).
Future efforts will be aimed at obtaining fine and regular
blend particles, as to reduce morphological defects of sintered
structures which may affect both cell adhesion and mechan-
ical performance.

Blending PCL with a suitable hydrophilic natural polymer
was found to be a promising and easy method to improve
PCL biocompatibility. Fibroblasts adhered to PCL/S and
PCL/G scaffolds at higher rate and extent than to pure PCL,
whereas D influence on cell attachment was poor probably
due to both the phase segregation of the two components

and an unfavorable D molecular arrangement to cell adhe-
sion.

In conclusion, in this work, we found out that starch and
gellan are two suitable materials for the production of PCL
based blends for SLS fabricated tissue engineering scaffolds.
As adhesion depends on cell type, material chemical
composition, and scaffold morphology (surface characteris-
tics and topography), once the best material for a cell type
has been found, a flexible rapid prototyping technique such
as SLS can help in finding the optimum architecture for a
particular tissue.
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