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ABSTRACT: Two block copolymers consisting of biode-
gradable segments of poly(ethylene glycol) (PEG) and
poly(e-caprolactone) (PCL) with slight different lengths of
soft hydrophilic segments (PEG) and molecular weight
were produced. The copolymer with shorter PEG seg-
ments and higher molecular weight was named copolymer
A, while the other copolymer B. Both copolymers were
dissolved in dichloromethane at the same concentration
(5% w/v) and electrospun. Different combinations of spin-
ning voltage (SV) and distance needle to collector were
used. Electrospun A copolymer showed curly and uniform
fibers with an average diameter of 2 lm, while B copoly-
mer fibers were straight, uneven, and much thinner (sub-
micrometric). In the latter case, fiber bundles and beads
were also present. Viscosity measurements on the solu-
tions before spinning showed a viscosity of 13.0 mPa s for

A copolymer solution and 5.5 mPa s for B copolymer. The
mechanical properties on dog-bone shaped samples from
the electrospun material evidenced that A copolymer had
much higher stress and elongation at break but approxi-
mately the same elastic modulus as compared to B copoly-
mer. Fiber morphology and mechanical properties of
electrospun block copolymers are deeply influenced by
different amount and length of soft and hard segments,
and block copolymers can be the best suited systems to fit
several applications because of the broad range of proper-
ties they show upon changing the composition ratio and
molecular weight of components. VVC 2008 Wiley Periodicals,
Inc. J Appl Polym Sci 110: 253–261, 2008
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INTRODUCTION

Electrospinning is a technique that uses an applied
electric field imposed on a polymer solution or melt,
to produce nonwoven webs with high porosity, high
surface area, and very fine fibers (50 nm to few
microns) thus with one or two orders of magnitude
finer than fibers produced by conventional extrusion
techniques.1–8 The electrospinning process takes
advantage from the continuity of the process (possi-
bility of high volume production), no loss of mate-
rial, and the extreme simplicity of the required
equipment, which is composed of only three major
components: a high-voltage power supply (usually
DC), a spinneret (a metallic needle on which the
high voltage is applied), and a collector (a metallic
sheet or metallic tube, grounded or connected to a
power supply with opposite sign). The spinneret is

connected to a syringe in which the polymer melt or
solution is hosted and can be fed through the spin-
neret at a constant rate by means of a syringe pump
with a selected needle orifice.9

Poly(ethylene glycol) (PEG) and poly(e-caprolac-
tone) (PCL) are widely used as biodegradable–bio-
compatible polymers in the biomedical field, both as
homopolymers10–13 and as relevant block copoly-
mers, in which PEG constitutes the soft hydrophilic
segment and PCL the relatively hard hydrophobic
one. The PEG-PCL copolymers are actually investi-
gated as drug carrier or imaging agent in the form
of nanoparticles14,15 and as innovative air filtration
media, drug-delivery systems, or for other biomedi-
cal applications, in general, in the form of nano-non-
wovens produced by electrospinning.11 As known,
polymers chemical composition and morphology
influence the bulk properties (rheological behavior,
mechanical properties). Block copolymers are of par-
ticular interest, because the combination of the single
components can be balanced by using suitable mo-
lecular weights and amount of the coupled segments
to obtain the characteristics required for the desired
application.16–20 The mechanical properties are, in
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particular, an issue that has to be often faced when a
material is implanted in the human body as tempo-
rary (e.g., bioerodible–bioeliminable scaffold) or per-
manent (e.g. long lasting prostheses) support or is
designed to be in contact with human tissues just
during a specific process (e.g. hemodialysis filters
and assistance medical devices). In the case of a bio-
degradable scaffold, its mechanical properties decay
as a consequence of degradation (whose rate
depends upon chemical structure and morphology),
while they increase in the new forming tissue as
more and more extracellular matrix is deposited.
Therefore, a perfect balance between the two con-
temporary antagonist processes is required.

Electrospun nanofibers are attractive as scaffolds
for tissue engineering applications, because of their
interconnected, three-dimensional porous structure
that may be designed to mimic the morphology of
the extracellular matrix (ECM).12,21 Electrospun
materials have already proven to be useful in the
medical field for vascular grafts and prosthetic blood
vessels, as well as for filtration applications.22–25 Bio-
degradable–biocompatible polymeric materials are
thought to be the best suited system for scaffold fab-
rication in tissue engineering, as they can provide
the healing tissue with initial strength and degrade
at a certain rate, letting the load to be carried gradu-
ally by the new forming ECM. The scaffold serves as
a three-dimensional template for initial cell attach-
ment and subsequent tissue formation both in vitro
and in vivo and provides the necessary support for
cells to attach, proliferate, and maintain their differ-

entiated function. Its architecture defines the ulti-
mate shape of the new grown soft or hard tissue.26

In this article, electrospinning of two PEG-PCL
block copolymers with different molecular weight,
amount of the components, and soft segments length
is described. Solution viscosity test, SEM imaging and
mechanical testing of the nonwoven sheets are per-
formed to correlate chemical structure, electrospin-
ning parameters, fiber morphology, and mechanical
properties.

EXPERIMENTAL

Materials

Poly(ether–ester)urethane multiblock copolymers
were synthesized by one-step condensation reaction
in solution by coupling PCL-diol and PEG-diol with
stoichiometric amounts of 1,6-hexamethylene diiso-
cyanate (HMDI) as a chain extender according to a
procedure described elsewhere (article in prepara-
tion). The selected hydroxylated prepolymers were
dissolved in dry dichloromethane to give a concen-
trated solution (15% w/v) in the presence of equiva-
lent amounts of HMDI, to which dibutyltin dilaurate
(0.5% w/w), as a catalyst, was added. The reaction
mixtures were allowed to react for 7 h at 708C
(Scheme 1). The copolymers were separated by pre-
cipitating the reaction mixture in excess of low-boil-
ing petroleum ether. The isolated copolymers were
purified by dissolution in chloroform and reprecipi-
tation in diethyl ether, and finally dried under vac-
uum at room temperature for at least 48 h. Table I

Scheme 1 Schematic synthesis pathway of PEC multiblock copolymers.
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lists the chemical compositions, molecular weights,
and thermal characteristics of the two prepared
poly(ether–ester–urethane)s.

Methods

Electrospinning

Copolymers A and B were dissolved in dichlorome-
thane at a concentration of 5% w/v. To guarantee
the complete dissolution of the polymer in the sol-
vent, the solutions were stirred, at medium velocity,
for � 24 h. The solution containing copolymer A had
a clear appearance while the one containing copoly-
mer B was characterized by a milky consistence. The
polymer solutions were electrospun from a 5-mL sy-
ringe with a blunt needle of 0.9-mm inner diameter.
The flow rate was maintained at 5.5 mL/h using a
synchronous motor (Clas Ohlson, 230 V, 3 W, 1
rpm) [Class Ohlson AB, Gothenburg/Sweden] as a
pump. The high voltage was provided by a direct
current power supply from Gamma High Voltage,
USA. The electronic potential was applied to the
needle through the tip of the voltage supply lead
cable, and the fibers were collected onto a grounded
aluminum foil. The samples were electrospun under
several different combinations of the
parameters ‘‘spinning voltage (SV)’’ and ‘‘distance
needle to collector (DTC),’’ varying the SV between
15 and 30 kV and the DTC between 15 and 30 cm.

Rheology

Viscosity measurements on the 5% w/v concentra-
tion solutions were carried out at room temperature
just before electrospinning by using a RHEOMAT-30
Contraves viscosimeter, based on two coaxial cylin-
ders. Under fume hood, the space between the cylin-
ders was filled with � 26 mL of the solution, and
the external cylinder was rotating under constant ve-
locity resulting in a shear rate at the wall of 375 s�1.
The value of shear viscosity was read on a graduate
scale as percentage viscosity (g%) and, to obtain the
corresponding value in mPa s, g% was multiplied
by a factor of conversion given by the instrument

manual, depending upon the rotational velocity of
the cylinder. A preliminary measurement was per-
formed to set the zero value of the scale when the
cylinder was not rotating. Three measurements were
performed on each of the two solutions and the
shear viscosity obtained as average value.

Scanning electron microscopy

The microstructure of the electrospun fiber mats pro-
duced was analyzed by means of a scanning electron
microscope (ZEISS DSM940A). First, squared sam-
ples of 5 mm � 5 mm were cut with a scalpel and
retained on the aluminum foil to facilitate handling.
After cutting, the samples were stuck on cylindrical
aluminum holders using a Pelco1 Colloidal Silver
Liquid provided by Ted Pella, Inc. All specimens
were sputter-coated (Edwards Sputter Coater S150B)
with gold particles for 1 min, at a voltage of 0.1 kV
and a current of 20 mA, and then analyzed upon
setting into the SEM chamber. The accelerating volt-
age of the electron beam was 10 kV and images at
different magnification were acquired from the sig-
nal of a secondary electrons detector.

Mechanical behavior

The tensile properties of the nonwoven webs were
obtained using an INSTRON 1122 testing machine.
The test was performed at 208C and 65% of relative
humidity on dog-bone shaped samples (6 cm in total
length; 4 cm long and 1 cm wide in the central part).
The thickness of the samples was measured at sev-
eral points, and the average value was used as the
thickness of each sample. The loading area was sim-
ply calculated by multiplying the width of the cen-
tral part by the thickness. The specimens were
placed between two holders, and paper tape was
applied in the inner parts of the holders to provide
better grip. The specimens were then pulled at a
constant crosshead speed of 10 mm/min until fail-
ure, and the data of force versus elongation were
acquired by the software. These data were trans-
ferred into an Excel file and the stress–strain curves

TABLE I
Chemical Compositions, Molecular Weights, and Thermal Characteristics of the Poly(ether–ester–urethane)s

Synthesized from PEG and PCL-Diol with HMDI

Sample code

Mn Copolymer compositionsa (wt %)

Mw
b (g/mol) Mw/Mn

b Tg
c (8C) Tm

c (8C)PEG-diol PCL-diol PEG-diol PCL-diol HMDI

A 2000 2000 44.8 (48.6)d 47.4 (51.4) 7.8 (100) 149,780 4.27 �49.1 50.0
B 4600 2000 77.8 (65.5) 17.8 (34.5) 4.4 (100) 105,470 3.46 �49.1 52.6

a Determined from 1HNMR spectra.
b Determined from GPC in chloroform.
c Determined from DSC.
d Values in parentheses indicate mol %.
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were created in SigmaPlot 2000. Values of ultimate
tensile strength and deformation at break were sim-
ply read from the diagram while the elastic region
of the curves was interpolated with a linear regres-
sion function, whose angular coefficient represented
the elastic modulus.

RESULTS AND DISCUSSION

Comparison between copolymer A and B

The morphology of electrospun fibers based on
copolymers A and B, under the same spinning pa-
rameters, was compared. In the SEM images in Fig-
ure 1 it is clear that the different composition and
structure of the copolymers (see materials) highly
influence the microstructure and morphology of the
electrospun samples. The A copolymer presents
much thicker fibers as compared to B copolymer
[Fig. 1(a,b)]. Furthermore, A copolymer fibers appear

curly and flexible while B copolymer fibers look
more straight and entangled. In B copolymer mats,
there are also areas in which the fibers seem to bun-
dle and form star-like structures, appearing bright
(as indicated by the arrows). At a higher magnifica-
tion [Fig. 1(c,d)], the difference in fiber diameters
between the two electrospun materials is more evi-
dent. Web of A copolymer presents fiber diameters
in the range of 1–3 lm and only very few submicron
fibers, while for B copolymer, most of the fibers are
below 1 lm in diameter. For B copolymer, ellipsoi-
dal beads can be noticed together with aggregates,
with the last once appearing bright. The nature of the
B copolymer mesh suggests an unstable electrospin-
ning jet, which for instance could be due to too low
viscosity of the B copolymer solution. Electrospin-
ning occurs, in fact, as a balance between surface
tension, electrostatic, and viscous forces. Surface ten-
sion tries to reduce surface area by making spheres,
and electrical forces attempt to achieve the least

Figure 1 SEM images of electrospun fibers at a spinning voltage of 15 kV and a DTC of 15 cm. (a) A copolymer, �500;
(b) B copolymer, �500; (c) A copolymer, �1000; (d) B copolymer, �1000.
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charge density by increasing the surface area (pro-
moting jet formation) while viscous forces deter-
mine the ease for solid fiber formation.27–29 The
higher the viscosity, the higher the electrical forces
have to be to promote rapid changes in shape. With
high viscosity, diameter reduction of the jet is not
favored, leading to thicker fibers.29 However, if vis-
cous forces are too low, capillary breakup and
unstable jet occur, and that results in a beaded mor-
phology or even electrospraying if viscous forces
are much lower than surface tension.30 The fine jet
is pulled out of the needle when the voltage sur-
passes a threshold value, and electrical forces over-
come both surface tension and viscous forces. The
jet is then accelerated by the electrostatic force fol-
lowing almost a straight line. Meanwhile, the sol-
vent evaporates and the viscous resistance becomes
more and more important, decelerating the thread
movement. When jet acceleration becomes very
small, any perturbations by air will change its
straight movement and promote jet oscillation (sim-
ple pendulum analogy), giving rise to whipping,
which dramatically thins the jet.27,28,31,32

The bright and star-like areas detectable in Figure
1(b,d) are shown at a higher magnification in Figure
2, from which it is clear that those areas are consti-
tuted by fibers assembling into bundles. Moreover,
evidences are gained that copolymer B fibers are
straight and joint in several points. They also have
no uniform diameter, since among a majority of sub-
micron fibers, fibers of 1–2 lm in diameter are also
found. It can be noticed that the diameter of each
fiber changes along the fiber itself. Fiber bundles
and uneven fibers have been discussed in a study by
Deitzel et al.,33 where the irregularity in morphology
with variation of diameter along the single fiber was
attributed to low concentration of the spun solu-
tions, which was also found to promote bead forma-
tion in the nonwoven sheet.33,34 The low
concentration generates low viscosity and conse-
quently low viscous forces to balance the surface
tension, which promotes the formation of beads
instead of smooth fibers attempting the reduction of
the surface area.35–38 In Figure 2 beads are in fact
clearly visible, as evidenced by arrows. Fiber bun-
dles and beads both suggest that, at the adopted
concentration of the solution, the electrospinning is
occurring on the edge of the process windows. In
particular, the uneven nature of single fibers could
be an indication of rapid changes of viscosity when
the solution flows into the needle. In fact, as shown
in various studies, the polymer concentration, which
is affecting the solution viscosity,39 is a major param-
eter responsible for the fiber diameter.5,9,33,40-47 The
rapid viscosity (concentration) changes could be due
to phase-separation phenomena suggested by the
milky appearance of copolymer B solution.48,49

The viscosity measurements showed that the solu-
tion containing A copolymer at 5% w/v concentra-
tion had a viscosity of 13.0 mPa s while B copolymer
at the same concentration displayed a value of 5.5
mPa s. This result might be a consequence of differ-
ent polymer–solvent interactions, because of differ-
ent amount of the components, hydrophilicity (soft
segment length), and molecular weight of the sam-
ples. The measurement may confirm, as hypothe-
sized earlier, that bundles and beads in electrospun
B copolymer could be derived from a too low viscos-
ity (polymer concentration) of the solution.33

The mechanical test was performed on samples of
A copolymer, electrospun at an SV of 20 kV and a
DTC of 20 cm and of B copolymer, obtained with an
SV of 25 kV and a DTC of 15 cm. The nonwoven
sheets presented very similar morphology to those
shown in Figures 1 and 2. The electrospun webs of
A copolymer showed a stress and elongation at
break 7–8 times higher than B copolymer meshes
(4.1 � 0.16 MPa versus 0.58 � 0.05 MPa), while the
elastic modulus did not present significant differen-
ces (1.11 � 0.12 MPa versus 0.84 � 0.24 MPa). The
higher molecular weight of A copolymer and its dif-
ferent fiber web morphology, as compared to B co-
polymer, could explain the much higher elongation
and stress at break recorded for A copolymer
meshes, even though soft segment length in the
polymer backbone is about half as long than that of
B copolymer. As also shown in Figures 1 and 2, A
copolymer fibers have a more curly appearance and
intuitively are more suitable for high deformation
than B copolymer fibers, where their degree of
entanglement together with their straight character
do not allow the web to deform as much as A co-
polymer webs.
The mechanical behavior of the two electrospun

materials is linear elastic until 1/3 or 1/4 of the de-
formation at break is reached. After that, the curve
slightly deviates from linearity and a knee-shaped

Figure 2 SEM image of electrospun B copolymer fibers
(spinning voltage ¼ 15 kV and DTC ¼ 15 cm) focused on
bright areas discussed in Figure 1. Magnification, �3500.
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region follows (much more pronounced for copoly-
mer B because of the different scale). The end of the
knee is likely the point where all the fibers are more
or less aligned in the direction of the pulling force.
Afterwards, a region with a lower modulus is visible
(again more for copolymer B), indicating that grad-
ual and progressive fracture of fibers occurs until
the sample fails (Fig. 3). The webs mechanical char-
acteristics could be explained looking at the fiber’s
bonding. The initial linear part of the curve is due to
the network behavior: the fibers rearrange their rela-
tive position in the network as the constraints due to
the fiber bonding allow. The knee-shaped region
that follows is caused by the alignment and loss of
mobility of the fibers in the network; thus, the sam-
ples become more rigid. The stretching of the single
fibers is then responsible for the third (last) part of
the curve.

Influence of process parameters
on electrospun A copolymer

In Figure 4 the influence of applied voltage and
DTC on fiber morphology is examined for A copoly-
mer, when two different sets of parameters are
employed. Looking at Figure 4(a,b) it is noticed that
there is indeed no significant change in fiber mor-
phology and diameter when both DTC and SV are
increased. Fibers electrospun at higher voltage and
DTC appear however a little curlier. This could be
due to the fact that, in this second case, when DTC
is higher, the fibers experience more cycles of bend-
ing instability (each one at a smaller scale than the
previous one) and so they tend to coil and loop
more.50 The fiber elongation and associated thinning
can continue as long as the charge on the jet sup-
plies enough force, but the elongational viscosity
continuously increases as the jet dries and, when the

jet solidifies, the elongation stops.50 In the case of
this copolymer, the similarity in fiber diameter sug-
gests that the two different combinations of parame-
ters employed do not result in any significant
difference in the elongation and thinning process. In
Figure 4(c,d), the higher magnification allows for a
better comparison of the diameter of the fibers. A
common characteristic of these webs is that, together
with a high majority of fibers with diameter around
2 lm, also a very few submicron fibers (as indicated
by the arrows) are visible, especially in Figure 4(d).
The presence of much thinner fibers together with
thicker ones has no clear explanation yet, although
in some cases,3,50 it is claimed to be a consequence
of the observed phenomena of ‘‘jet splaying.’’

Influence of applied voltage on
electrospun B copolymer

In Figure 5, web morphology of B copolymer electro-
spun samples at different spinning parameters is
shown by comparing [Fig. 5(a,b)] the micrographic
images recorded at low magnification when voltage
is increased at a parity of DTC. It can be noticed
that the bright areas are more frequent but with
lower propensity to stick out when a higher SV is
employed and the fiber morphology is different. At
higher magnification, significantly thicker fibers
among a majority of submicron fibers are noticed,
especially when SV is equal to 20 kV and DTC to 15
cm [Fig. 5(c)]. The average diameter of the fibers,
obtained at higher SV, is somewhat higher than that
recorded at lower SV. In both cases, the fibers
appear to flatten and join in several points, and this
may indicate that they are still solvent-wet when
reaching the collector.3 The explanation of a larger
diameter, when the voltage is increased, at parity of
DTC, is not straightforward, since in literature is

Figure 3 Mechanical properties of A copolymer (left) and B copolymer (right) electrospun webs. The linear regression
curve (dashed line) was used to calculate the elastic modulus by means of the equation shown. The angular coefficient
represents the value of the elastic modulus (in MPa).
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disputable whether a higher applied voltage results in
thicker fibers (because more fluid is ejected),51 thinner
(because of an increased jet elongation),40 or basically
it does not have any dominant effect compared to
other parameters in determining fiber morphology.47

CONCLUSIONS

Electrospun fibers from biodegradable block copoly-
mers, with different content and molecular weight of
single components (PEG and PCL), proved to signifi-
cantly differ in terms of single fiber diameter as well
as morphology of nonwoven sheets produced. Fibers
with curly and flexible appearance as well as fibers
with straight and nonflexible appearance were gen-

erated, depending on the chemical nature of copoly-
mer. In addition, chemical nature of copolymer also
influenced the fiber density, such as assembles/bun-
dles of fibers. In contrast to molecular weight and
composition of copolymer, the process conditions
(SV and DTC) during electrospinning showed little
influence on the fibers formed. The different mor-
phology of the two types of meshes proved to influ-
ence the mechanical properties of the two
electrospun copolymers significantly. Block copoly-
mers could be used in several applications, because
a wide range of properties may be obtained upon
changing the chemical composition and molecular
weight of the single elements. This opens many pos-
sibilities for the biomedical field, where different

Figure 4 SEM images of electrospun webs from A copolymer 5% w/v concentration solutions in dichloromethane at dif-
ferent spinning parameters. (a) Spinning voltage (SV) ¼ 15 kV, DTC ¼ 20 cm, �500; (b) SV ¼ 30 kV, DTC ¼ 30 cm, �500;
(c) SV ¼ 15 kV, DTC ¼ 20 cm, �1000; (d) SV ¼ 30 kV, DTC ¼ 30 cm, �1000.
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characteristics are required depending on the area of
application of the medical device: prosthesis, filtra-
tion membrane, drug-delivery system, or tissue-engi-
neered scaffold.
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