
1. Introduction
Polymeric micro/nanofibers are highly interesting
materials for applications such as tissue engineering
and drug delivery because the large surface area to
volume ratio affords interesting new properties [1–
3]. Electrospinning is currently one of the most ver-
satile processes for preparing such kind of fibers
since it is applicable to a wide range of materials
(e.g. synthetic and natural polymers) at a low cost
and with high yield. Basically, electrospinning makes
use of electrostatic forces (10–100 kV) to stretch a
polymer dilute solution as it solidifies. In addition,
this technique provides a huge material elongation

rate and significant reduction of the cross-sectional
area [4, 5] (i.e. close to 1000 s–1 and 105, respec-
tively), which may affect the orientation of molecu-
lar chains within the fiber and strongly influence
the mechanical properties of nanofibers [6, 7].
The use of reinforcing fillers and fibers in polymers
to improve their mechanical properties is com-
monly encountered in polymer technology. Proper-
ties are strongly dependent on the fiber/matrix inter-
face, and nanofibers should therefore deliver partic-
ularly good characteristics due to their high specific
surface area. Electrospun fibers are highly promis-
ing candidates as reinforcing agents in the develop-
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ment of advanced nanocomposites due to their con-
tinuity, orientation, inherent flexibility and potential
high compatibility with polymer matrices. Thus, in
recent years interest has extended to biodegradable
materials reinforced with electrospun nanofibers
[8–10].
Electrospun fibers can be easily loaded with phar-
macologically active agents by adding the appropri-
ate drug to the polymer solution prior to the electro-
spinning process. In this way, bioresorbable three-
dimensional tissue scaffolding matrices as drug
delivery platforms for therapeutic agents can be pre-
pared. Moreover, results on the ability of different
cells to adhere to and proliferate on fibrous scaffolds
have encouraged application research in this area
[11]. Efficient drug loaded materials must maintain
their pharmacological activity throughout a pro-
longed period of time, the drug release pattern being
mainly governed by the interactions between poly-
mer and drug. In this work, we consider the possibil-
ity of achieving a sustained release by embedding
mats constituted by drug loaded micro/nano fibers
into a biodegradable polymeric matrix. In addition
to the minimization of the Burst effect and the delay
in the release, an improvement of mechanical prop-
erties and performance of the matrix is expected.
Triclosan (2,4,4!-trichloro-2!-hydroxydiphenyl ether),
a well known antimicrobial drug [12], was chosen
as a model for studying the release behavior of a
hydrophobic drug from polyester matrices having a
high methylene content.
Aliphatic polyesters currently constitute the main
family of biodegradable polymers despite generally
lacking good thermal and mechanical properties.
Polylactide (PLA) is a remarkable exception because
of its high melting point (173–178ºC) and tensile
modulus (2.7–16 GPa) [13, 14].
In summary, the main goals of the present work
concern to the use of electrospun polylactide micro/
nano fibers as reinforcing materials of biocompati-
ble polyester matrices with low mechanical per-
formance and also to the evaluation of their use as
drug delivery platforms to attain a sustained release.
Specifically, polycaprolactone (PCL), poly(non-
amethylene azelate) (P99) and poly(nonamethylene
azelate-co-pimelate) (COP) were selected as matri-
ces due to their different hydrophobicity, crystallinity
and synthesis procedures (i.e. ring opening poly-

merization or melt polycondensation), which render
samples with very different molecular weights.

2. Experimental section
2.1. Materials
Triclosan and polycaprolactone (Mw: 65 000 g/mol)
were purchased from Sigma-Aldrich (St. Louis,
USA). Polylactide, a product of Natureworks® (poly-
mer 2002D), was kindly supplied by Nupik Interna-
tional (Polinyà, Spain). According to the manufac-
turer, this PLA has a D content of 4.25%, a residual
monomer content of 0.3%, a density of 1.24 g/cc, a
glass transition temperature (Tg) of 58°C and a
melting point of 153°C.
Poly(nonamethylene azelate) and poly(nonameth-
ylene azelate-co-pimelate) were synthesized by
thermal polycondensation of azelaic acid or a mix-
ture of azelaic and pimelic acids (1:1 molar ratio)
with an excess of 1,9-nonanediol (2.2:1 molar ratio),
and following a synthetic procedure that was applied
for relative polyalkylene dicarboxylate [15–17].
Titanium tetrabutoxyde was used as a catalyst and
the reaction was firstly performed in a nitrogen
atmosphere at 150ºC for 6 h and then in vacuum at
180ºC for 18 h. Both polymers were purified by pre-
cipitation with ethanol of chloroform solutions
(10 wt%). The polymerization yield was always
close to 70%. Weight average molecular weights of
19 600 and 38 500 g/mol were determined by gel
permeation chromatography (GPC)  (using PMMA
standards and 1,1,1,3,3,3-isopropanol as a solvent)
for P99 and COP, respectively.

2.2. Electrospinning and fiber assembly
Polylactide (PLA) was electrospun from a chloro-
form-acetone mixture (2:1 v/v) using different
polymer weight percentage (10–2.5%). The electro-
spun fibers were collected on a target placed at dif-
ferent distances from the syringe tip (inside diame-
ter of 0.84 mm). The voltage was varied between 10
and 30 kV and applied to the collecting target using
a high-voltage supply (Gamma High Voltage
Research, ES30-5W) (Ormond Beach, FL, USA).
The polymer solutions were delivered via a KDS100
infusion syringe pump from KD Scientific (Hollis-
ton, MA, USA) to control the mass-flow rate (from
0.5 to 10 mL/h). All electrospinning experiments
were carried out at room temperature. Triclosan

                                              del Valle et al. – eXPRESS Polymer Letters Vol.6, No.4 (2012) 266–282

                                                                                                    267



loaded electrospun fibers were prepared under opti-
mized conditions established for the corresponding
polymer solutions. The triclosan weight percentage
of these solutions was always 3 wt%.
PCL, P99 and COP matrices were prepared by press-
ing (25 Ton Ring Press, Research & Industrial Instru-
ments Company, London, UK) approximately 300 mg
of the appropriate polymer. The sample was placed
into a flat mold covered with teflon sheets to avoid
polymer adhesion to the mold. The PCL, P99 and
COP samples were pre-heated at 10ºC above their
melting points (60, 67 and 61ºC, respectively) for
3 min and using heating plates and a temperature
controller (Graseby Specac, Kent, England). Pres-
sure was progressively increased from 1 to 4 bar.
Polymer films with a thickness close to 100 "m were
recovered after cooling the mold to room tempera-
ture.
Matrices loaded with triclosan were prepared in a
similar way with a homogeneous mixture previ-
ously prepared by solvent-casting. Specifically,
300 mg of the appropriate polymer and 9 mg (3 wt%)
of triclosan were dissolved in 5 mL of acetone. The
solvent was removed by evaporation at room tem-
perature.
In order to prepare the reinforced matrices, electro-
spun PLA mats were cut into square pieces with the
same lateral dimensions of the previously molded

polymer films. These PLA mats with a weight of ca.
400 mg were placed between the polyester films
and pressed following the above indicated proce-
dure (Figure 1). The reinforced material had a PLA
weight percentage close to 40% and a thickness of
approximately 330 "m

2.3. Measurements
Molecular weights were estimated by GPC (Shi-
madzu, model LC-8A) (Tokyo, Japan) equipped
with an Empower computer program (Waters Cor-
poration, Massachusetts, USA). A PL HFIP gel col-
umn (Polymer Lab) (Agilent Technologies Spain,
S.L.; Madrid, Spain) and a refractive index detector
(Shimadzu RID-10A) (Tokyo, Japan) were
employed.
Optical morphological observations were per-
formed using a Zeiss Axioskop 40 microscope (Carl
Zeiss, Göttingen, Germany). Micrographs were
taken with a Zeiss AxiosCam MRC5 digital camera.
The diameter of the electrospun fibers was meas-
ured with a Philips TECNAI 10 transmission elec-
tron microscope (TEM) (Philips Electron Optics,
Eindhoven, Holland) at an accelerating voltage of
80 kV. Fibers were directly electrospun over carbon
coated grids. Inspection of fiber surfaces was con-
ducted by scanning electron microscopy (SEM)
using a Focus Ion Beam Zeiss Neon 40 instrument
(Carl Zeiss, Göttingen, Germany). Carbon coating
was accomplished by using a Mitec K950 Sputter
Coater (endowed with a film thickness monitor
k150#) (Quorum Technologies Ltd., West Sussex,
UK).
Mechanical properties were determined with a
Zwick Z2.5/TN1S (Zwick/Roell; Ulm, Germany)
testing machine in stress-strain tests carried out at a
deformation rate of 10 mm/min. Measurements
were performed on rectangular samples (30#5#
0.35 mm3) cut from the above melt-pressed pieces.
The mechanical parameters were averaged from a
minimum of six measurements for each polymer
sample.
Contact angles were determined using the water
drop method. Images of water drops (3 "l) on the
surface of the films were recorded with a contact
angle meter (Contact Angle System OCA 15+) (Dat-
aphysics Instruments GmbH, Filderstadt, Germany)
after stabilization (30 s). Image analysis and contact
angle measurements were carried out with SCA20

                                              del Valle et al. – eXPRESS Polymer Letters Vol.6, No.4 (2012) 266–282

                                                                                                    268

Figure 1. Schematic representation showing samples pre-
pared by melt pressing a mat constituted by PLA
micro/nanofibers between two films of PCL, P99
or COP biodegradable polyesters. Samples can be
unloaded (a) or loaded with triclosan in the poly-
lactide mat (b), the base polyester films (c) or
both the polylactide mat and the base polyester
films (d).



software. Values were averaged for each material
over six measurements.
Wide angle X-ray diffraction (WAXD) patterns
were acquired at the CRG beamline (BM16) of the
European Synchrotron Radiation Facility of Greno-
ble. The beam was monochromatized to a wave-
length of 0.098 nm. Samples were confined between
Kapton films. WAXD profiles were acquired in
time frames of 12 s during heating experiments per-
formed at a rate of 3ºC/min. The WAXD detector
was calibrated with diffractions of a standard of an
alumina (Al2O3) sample. Diffraction profiles were
normalized to the beam intensity and corrected con-
sidering the empty sample background. WAXD
peaks were deconvoluted with the PeakFit v4 pro-
gram by Jandel Scientific Software.

2.4. Release experiments
Controlled release measurements were made with
mats of electrospun samples and polyester/polylac-
tide fabrics cut into square pieces (10#10#
0.35 mm3). These were weighed and incubated at
37ºC in an orbital shaker at 60 rpm in vessels with
50 mL of Sörensen medium (pH 7.4) containing an
ethanol volume percentage of 70%. Triclosan con-
centration in the release medium was evaluated by
UV spectroscopy using a UV-3600 (Shimadzu,
Tokyo, Japan) UV-Vis-NIR spectrophotometer con-
trolled by the UVProbe 2.31 software. Calibration
curves were obtained by plotting the absorbance
measured at 283 nm against triclosan concentration.
Samples were drawn from the release medium at
predetermined intervals and returned to the release
vessel after measuring the absorbance. All drug
release tests were carried out using six replicates to
control the homogeneity of the release, and the
results obtained from the samples were averaged.
The total triclosan content in the samples was deter-
mined after extraction with chloroform.

2.5. Cell adhesion and proliferation test
HEp-2 cells (human laryngeal epidermoid carci-
noma) were obtained from ATCC (Virginia, USA).
HEp-2 cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10%
foetal bovine serum, 50 U/mL penicillin, 50 µg/mL
streptomycin and 2 mM L-glutamine at 37ºC in a
humidified atmosphere with 5% CO2 and 95% air.
The culture medium was changed every two days

and, for sub-culture, cell monolayers were rinsed
with phosphate buffered saline (PBS) and detached
by incubation with trypsin-EDTA (0.25%) at 37ºC
for 2–5 min. Cell concentration was determined by
count with a Neubauer camera using 4% vital try-
pan-blue staining. Detached cells (viability$95%)
were cultured under the conditions required for bio-
compatibility assays.
Electrospun fibers were collected on a glass cover-
slip (1.4 cm of diameter), and then placed on a 24-
well culture plate (TCPS) and sterilized by UV irra-
diation for 15 min. The cells were exposed to direct
contact with the material surface for evaluation of
cell adhesion and proliferation.
Aliquots of 100 µl containing 5·104 cells (for adhe-
sion assay) or 2·104 cells (for proliferation assay)
were deposited onto fiber coated disks. The plate
was incubated under culture conditions for 60 min
to allow cell attachment to the material surface.
Finally, 1 mL of the culture medium was added to
each well. Cell adhesion and proliferation were
monitored by culturing cells on the studied surfaces
(e.g. TCPS control and polymer matrices).
Cell proliferation was evaluated by MTT (3-(4.5-
dimethylthiazol-2-yl)-2.5-diphenyl-2H-tetrazolium
bromide) after 7 days of culture. Cell adhesion was
also evaluated by MTT after 24 h of culture and the
results were normalized to surface unit (cm2). Five
replicates were averaged and graphically repre-
sented for each independent experiment. ANOVA
and Tukey tests were performed as statistical analy-
sis at a confidence level of 95% (p <0.05).
Fiber coated disks were fixed in 2.5% glutaralde-
hyde-PBS overnight at 4ºC, dehydrated by washing
in an alcohol battery (30, 50, 70, 90, 95 and 100º) at
4ºC for 30 min per wash, and finally dyed with
Giemsa 1% for observation in the optical micro-
scope.

3. Results and discussion
3.1. Morphology of electrospun polylactide

micro/nanofibers
Chloroform-acetone mixtures (2:1 v/v) with poly-
mer weight percentages of 10 and 2.5% were suc-
cessfully assayed and electrospinning parameters
were optimized to obtain electrospun fibers with
average diameters in the micrometer and nanometer
scale (Figure 2), respectively. These diameter sizes
were selected to compare reinforcing properties and
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Figure 2. Fiber diameter distribution with Gaussian fitted functions (left) and SEM images (right) of: a) Electrospun PLA
microfibers, b) Electrospun PLA microfibers loaded with 3 wt% of triclosan, c) Electrospun PLA nanofibers,
d) Electrospun PLA nanofibers loaded with 3 wt% of triclosan.



triclosan release behavior. Accurate fiber diameter
distributions were obtained by TEM micrographs
using the standard software of the Philips TECNAI
10 electron microscope. Representative histograms
of the diameter distributions are given in Figure 2.
In all cases, a narrow monomodal distribution was
observed and fitted to Gaussian curves which gave
average diameters of  2.36±0.01, 2.56±0.04 "m for
unloaded and triclosan loaded microfibers and 122±1
and 350±4 nm for unloaded and triclosan loaded
nanofibers. Specifically, the wide diameter range
was attained by changing the polymer concentra-
tion, whereas tip-collector distance (12.5 cm), volt-
age (15 kV) and flow rate (10 mL/h) were crucial to
obtain homogeneous fibers without electrospraying
effect and bead formation. The spinning voltage (V)
was carefully selected to ensure a stable conical liq-
uid jet which also minimized bead formation. Note
that the surface tension and solution viscosity, which
also have a strong influence on fiber morphology,
could not be modified since the solvent and poly-
mer concentration remained unchanged for a given
micrometer or nanometer diameter size. Once the
voltage was optimized, the distance between the tar-
get and the syringe tip (h) was varied, and so was
the flow rate (!), thus avoiding the coalescence
favored by low rates. The diameters of unloaded
and triclosan loaded microfibers were highly simi-
lar whereas loaded nanofibers were significantly
thicker than unloaded ones (i.e. 350 nm versus

122 nm). SEM micrographs showed that in all cases
microfibers had extremely rough surfaces with char-
acteristic transversal striations whereas unloaded
nanofibers showed relatively smooth surfaces that
became rough with pores when triclosan was incor-
porated. The texture of microfibers suggests a dense
lamellar stacking perpendicular to the fiber axis
with amorphous regions between them [18].

3.2. Crystallinity of polyester matrices
reinforced with PLA electrospun
micro/nanofibers

The degree of crystallinity has a great influence on
the mechanical properties of polymers and even on
their drug release profiles. Thus, it has been found
that release can be enhanced by increasing crys-
tallinity, probably due to the increase in drug con-
centration in the amorphous phase and the partition-
ing of drug molecules to the sample surface [19].
Specifically, it has been demonstrated that the trans-
formation from amorphous to semicrystalline of a
PLA matrix leads to faster drug diffusion through
the polymer matrix and an increase of the drug
release rate [20]. Hence, the evaluation of the crys-
tallinity of the studied samples is key considering
that the preparation method should allow hot crys-
tallization of the polyester matrix (i.e. by slow cool-
ing from the melt state) and indeed cold crystalliza-
tion of electrospun PLA micro/nanofibers (i.e. by
the molding process performed at a temperature
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Figure 3. Polarizing optical micrographs showing PLA microfibers embedded into a melted PCL sample (a) and spherulitic
morphologies obtained after cooling to room temperature (b)



higher than the PLA glass transition temperature).
Optical micrographs of a fabric of polycaprolactone
and electrospun PLA microfibers showed that the
highly birefringent microfibers were preserved at
the molding temperature and that the melted poly-
ester matrix easily crystallized as negative spherulites
when the sample was cooled (3ºC/min) to room
temperature (Figure 3). A similar behavior was
observed for preparations involving P99 or COP
matrices.
WAXD profiles taken during heating scans of elec-
trospun PLA samples (Figure 4a) showed that these
were initially almost amorphous since only two pre-
dominant amorphous halos at 0.433 and 0.349 nm
were detected. However, at higher temperatures  three
Bragg peaks gradually developed at 0.542, 0.472,
and 0.403 nm, indicating crystallization of PLA
into the well known %-form (103 helical conforma-
tion) since the observed peaks could be indexed as
the corresponding (200)+(110), (203) and (015)
reflections [21, 22]. Although PLA hardly crystal-
lizes, it is clear that molecular chains attain a high
unidirectional orientation during electrospinning,
which makes feasible a subsequent reordering
process on heating [23, 24]. The final degree of crys-
tallinity was evaluated from the intensity of the
above crystalline and amorphous reflections after
deconvolution of the WAXD profile corresponding
to the end of the cold crystallization process (Fig-
ure 4b). A slight increase in the degree of crystallinity
was found when the fiber diameter decreased (i.e.
18 and 23% were determined for micro and nano -
fibers, respectively), suggesting that a higher molec-
ular orientation was obtained from the dilute solu-
tions chosen to produce nanofibers. X-ray diffrac-
tion patterns of PLA micro- and nanofibers loaded
with triclosan (3 wt%) were different since charac-
teristic triclosan reflections were only detected in
the pattern of nanofibers (Figure 4c). Thus, drug
molecules were well mixed in the PLA amorphous
phase or formed independent crystalline domains
depending on the fiber diameter size. Probably not
all triclosan molecules could be incorporated in the
nanofibers, and crystallized over their surface, in
agreement with recent release studies.
Figure 5 compares the WAXD profiles of PCL, P99
and COP matrices containing PLA micro/nano -
fibers (i.e. after the molding process). In all cases,
very intense reflections corresponding to each poly-
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Figure 4. a) Three-dimensional WAXD profiles taken dur-
ing a heating scan (3ºC/min) of a mat constituted
by electrospun PLA nanofibers. b) WAXD profile
corresponding to a cold crystallized mat of PLA
nanofibers. Deconvoluted amorphous halos
(dashed lines) and crystalline peaks (solid lines)
are indicated, along with the corresponding simu-
lated profiles (gray solid lines). c) WAXD profile
corresponding to a cold crystallized mat of PLA
nanofibers loaded with triclosan where character-
istic peaks of triclosan crystals (TCS) can be
observed. Abscise axis corresponds to the scatter-
ing vector (q = 2"/dB , where dB is the Bragg
spacing).



ester, together with amorphous halos and the above
peaks associated with cold crystallized PLA, were
observed. Thus, PCL samples showed peaks at
0.566, 0.416, 0.403 and 0.373 nm, which correspond
to the (102), (110), (111) and (200) reflections of
polycaprolactone [25, 26] whereas both P99 and
COP samples showed peaks at 0.412 and 0.373-
0.370 nm, which are indicative of similar molecular
packing arrangements. In all cases, the relative inten-
sity of PLA reflections slightly increased when using
nanofibers whereas the relative intensity of the poly-
ester matrix reflections remained almost constant.
The degree of crystallinity was rather similar for
micro- and nanofiber assemblies since the polyester
matrix was always predominant, although slight dif-
ferences could be detected when only PLA reflec-
tions and amorphous halos were considered (Table 1).

The low molecular weight of P99 and COP samples
gave rise to slightly higher crystallinities for assem-
blies based on these polyester matrices.
WAXD patterns of triclosan loaded samples did not
show any peaks attributable to the drug and demon-
strated that triclosan was well mixed in the PCL,
P99, COP and PLA polyester matrices. Diffraction
patterns of loaded and unloaded samples were
rather similar although a slight decrease in the
degree of crystallinity was logically detected in
samples containing triclosan. It should be pointed
out that PLA reflections could still be detected in all
cases, indicating that the drug could not completely
avoid the cold crystallization process. Table 1 sum-
marizes the crystallinity data determined for all
samples studied.
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Figure 5. WAXD profiles corresponding to PCL (a, b), P99 (c) and COP (d) samples reinforced with PLA nanofibers (a, c,
d) and PLA microfibers (b). Deconvoluted amorphous halos (dashed lines) and crystalline peaks (solid lines) are
indicated, along with the corresponding simulated profiles (blue solid lines). Abscise axes correspond to the scat-
tering vector (q = 2"/dB , where dB is the Bragg spacing).



3.3. Mechanical properties of polyester
matrices reinforced with PLA
micro/nanofibers

Very few works address the development of electro-
spun fibers as reinforcing materials despite their
high potential interest [8, 9, 27]. For example, it has
been clearly demonstrated that addition of nylon 6
electrospun nanofibers to an epoxy resin enhances
the stiffness and strength of the polymer matrix sig-
nificantly. It has also been established that electro-
spun nanofibers should have advantages [28] over
traditional fillers since the reinforcing effect of the
former is mainly influenced by fiber size. Hence, the
integrity of the polymer matrix should be enhanced
by the use of fibers with nanometer dimensions
instead of conventional fibers. Furthermore, the high
porosity of electrospun fiber mats can result in an
interpenetrating structure after their incorporation
into the polymer matrix and an increase of the
mechanical strength caused by the interlocking
mechanism [9, 27]. Another advantage of smaller
fiber diameters is that they should lead to higher
tensile strengths since the fiber surface becomes
dominant over the core region with bulk-like prop-
erties, and segmental motion is more constrained
when dimensions approach the polymer radius of

gyration [27, 29]. Finally, it must be pointed out that
oriented and stretched polymer chains in electro-
spun samples lead to a decrease in the tensile defor-
mation with respect to the bulk polymer [27, 30].
Representative fracture surfaces of samples after
mechanical testing show micro/nanofiber pullout
(Figure 6) as well as good dispersion of fibers inside
the matrix. Note also that fibers appear aligned after
breaking in the direction of the applied stress, a fea-
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Table 1. Estimated crystallinities from X-ray diffraction
data for the different studied samples

aN and M indicate nanofibers and microfibers, respectively..

bRatio between the intensity of PLA reflections and the total
intensity once the crystalline reflections of the polyester matrix
were discarded. Note that amorphous halos of the matrix are still
considered.

c0T and 3T denote samples containing triclosan weight percent-
ages of 0 and 3%, respectively.

dCold crystallized samples.
eWithout considering diffraction peaks associated to triclosan.
fTriclosan was only loaded into the PLA fibres and the percentage
refers to the PLA content.

Samplea Crystallinity 100. IPLA/(IPLA + Iam)b

0Tc 3Tc 0Tc 3Tc

PLA-Nd 23 23e 23 23
PLA-Md 18 17 18 17
PCL 49 – – –
PE99 69 – – –
COP 62 – – –
PCL/PLA-N/PCL 44 44f 12 11f

PCL/PLA-M/PCL 57 56f 9 8f

PE99/PLA-N/PE99 65 63f 14 12f

PE99/PLA-M/PE99 63 62f 11 10f

COP/PLA-N/COP 65 63f 20 18f

COP/PLA-M/COP 63 62f 17 15f

Figure 6. SEM micrographs showing the fracture surface of
PCL reinforced with PLA nanofibers (a), P99
reinforced with PLA nanofibers (b) and COP
reinforced with PLA microfibers (c). Arrows
point to PLA nanofibers (N) and microfibers (M).



ture that contrasts with the structure of the inserted
mats, which is characterized by a random orienta-
tion of long micro/nanofibers. Crack damage appears
to start in the polyester matrix; then fibers are
affected by the external force and pulled out and
aligned before breaking. The strength of these fiber
composites depends on the evolution of damage,
which is a combination of matrix cracking, fiber
fracture, fiber pullout, debonding and inelastic matrix
deformation throughout the application of loading
[31, 32].
Figure 7a compares the stress-strain curves obtained
with the PCL matrix and PCL samples reinforced
with PLA micro/nanofiber mats. Curves exhibited
linear behavior at early stages of loading, which
became non-linear before maximum load was
reached. A drop in load followed as a result of fail-
ure initiation. Table 2 summarizes the main mechan-
ical parameters determined for all samples studied
before and after incorporation of PLA mats. Some
conclusions can be drawn from these values: a) The
incorporation of the reinforcing fibers clearly
enhanced the stiffness of the material; consequently,
the elastic modulus increased by 115 and 48% by
adding the microfiber and nanofiber mats, respec-
tively, b) The increase in the maximum tensile
strength was greater when microfibers were employed
(i.e. 21%), c) The unfilled PCL matrix showed a
plastic deformation that led to a high strain at break
which contrasted with the reduced values deter-
mined for filled samples. Figure 7 also shows that
the elastic modulus and tensile strength of triclosan
loaded samples decreased slightly and significantly,
respectively, probably due to a slight decrease in the

PLA crystallinity (Table 1) and a more significant
reduction of the surface interactions between the
matrix and added fibers.
Figure 7b and Table 2 point out that properties were
greatly improved by reinforcing low molecular
weight polymers (i.e. P99 and COP) since these
matrices had brittle fracture, low deformation at
break and low tenacity. Hence, the enhancement of
tensile strength became highly relevant when PLA
mats were added. Note that the best results were
obtained again by using fibers with micrometer
diameter sizes (e.g. the modulus increased by 313
and 80% when COP was reinforced with microfiber
and nanofiber mats, respectively).
In general, mechanical properties showed less
improvement when nanofibers were used. This strik-
ing feature may be an inherent consequence of the
fabric procedure where mats with randomly ori-
ented fibers and different porosity were employed.
Note that SEM micrographs of electrospun mats
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Figure 7. a) Stress-strain curves of PCL without reinforcing PLA fibers (1), with PLA microfibers (2, 4) and with PLA
nanofibers (3, 5). Fibers were unloaded (2, 3) or loaded with 3 wt% of TCS (4, 5). b) Stress-strain curves of P99
(1, 2, 3) and COP (4, 5, 6) samples without reinforcing PLA fibers (1, 4), with PLA microfibers (2, 5) and with
PLA nanofibers (3, 6).

Table 2. Mechanical properties of the different studied sam-
ples

aN and M indicate nanofibers and microfibers, respectively.

Samplea
Young

modulus
[MPa]

Maximum
stress
[MPa]

Strain at
break
[%]

PCL 19±2 18±2 1400±80
PCL/PLA-M/PCL 41±3 22±2 150±10
PCL/PLA-N/PCL 28±2 19±2 170±10
PE99 11±1 2±0.5 17±2
PE99/PLA-M/PE99 60±4 7±1 10±2
PE99/PLA-N/PE99 22±2 5±1 18±3
COP 15±1 7 ±1 68 ±6
COP/PLA-M/COP 62±3 11 ±1 17 ±3
COP/PLA-N/COP 27±2 8 ±1 33 ±3



showed a higher spacing between microfibers than
between nanofibers (i.e. 5 µm versus ca. 1 µm as
shown in Figures 2a and 2c).  Thus, nanofibers gave
rise to a highly compact and scarcely porous three-
dimensional arrangement that made it difficult to
achieve optimal surface interactions with the melted
polyester matrix by the subsequent molding process.

3.4. Triclosan release from mats of PLA
micro/nanofibers and polyester matrices
filled with PLA micro/nanofibers

The release rates can be calculated from experimen-
tal results by considering several theoretical mod-
els, typically first-order [33, 34], Higuchi [35, 36]
and their combination [37]. The release from mat
samples constituted by fibers and even from film
samples usually occurred in two different steps, i.e.
rapid release of molecules that should be deposited
on the surface area and slow release that should
involve the diffusion of molecules through the
polymer matrix towards the release medium. Thus,
the Higuchi (Equation (1)) and first-order (Equa-
tion (2)) models were usually combined to describe
the first (0–60%) and second (40–100%) parts of
the release, respectively:

  (1)

  (2)

where kh is the Higuchi release constant, k1 is the
first-order release constant, a takes into account the
release in the first step, Mt is the percentage of drug
released at time t, and M0 is the triclosan equilib-
rium percentage (considered as the maximum tri-
closan percentage that can be delivered in the
medium). The assumption of the late-time Equa-
tion (2) implies that the amount of drug released at
each time is proportional to the residual drug inside
the dosage form.
Triclosan release in Sörensen medium [38] is char-
acterized by the achievement of an equilibrium con-
dition where the affinity between drug and polymer
matrix plays a substantial role. This equilibrium can
be modified by increasing the hydrophobicity of the
release medium, which is easily achieved by adding
ethanol. A volume percentage of 70% had been pre-
viously found to give similar release results to more

expensive serum-based media [38]. It should also
be pointed out that ethanol may have some swelling
effect that could facilitate the drug release.
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Figure 8. Comparison between cumulative triclosan release
in a Sörensen/ethanol (30/70 v/v) medium from
PLA scaffolds (a, curves: 1, PLA nanofiber; 2,
PLA microfiber), differently loaded PCL samples
(b, curves: 1, loaded PCL / unloaded PLA nano -
fibers; 2, loaded PCL / unloaded PLA micro -
fibers; 3, unloaded PCL / loaded PLA nanofibers;
4, unloaded PCL / loaded PLA microfibers), and
different polyester matrices filled with PLA
microfiber mats (c, curves: 1, unloaded PCL /
loaded PLA nanofibers; 2, unloaded COP / loaded
PLA nanofibers; 3, unloaded P99 / loaded PLA
nanofibers).



The cumulative triclosan release from PLA scaf-
folds constituted by electrospun fibers with microm-
eter or nanometer diameter sizes is compared in
Figure 8a. Release profiles are significantly differ-
ent and indicate a logically higher rate when fibers
had smaller diameter sizes since the drug should be
closer to the fiber surface, decreasing the drug dif-
fusion path length. Furthermore, a significant Burst
effect was observed, in agreement with the exis-
tence of triclosan crystalline domains probably
located on the fiber surface, as revealed by WAXD
data. Table 3 compares the release constants for the
two samples when the combined model was used. It
is clear that both kh and k1 release constants decreased
drastically for the electrospun microfibers. It should
be noted that, in this case, k1 became close to the
value previously determined for similar PLA scaf-
folds (i.e. 0.09 and 0.08 min–1) [24]. Release data
also indicate that all the triclosan was practically
released in the selected medium and only an
increase in the time required for complete delivery
was observed when the diameter was increased (i.e.
700 and 1600 min for the nanofibers and micro -
fibers with average diameters of 2.56 and 0.350 "m).
An asymptotic release percentage was clearly
detected when PCL fabric samples were employed
(Figure 8b), suggesting that equilibrium conditions
were achieved when the medium was not renewed
or that some molecules were entrapped in the dosage
form. No remaining percentage was observed for
PLA scaffolds but it should be taken into account
that release behaviors could not be strictly com-
pared due to the different texture (i.e. compact or

porous) and geometry of samples. However, it should
be reminded that previous results on similar PCL
scaffold samples [24] showed greater affinity of tri-
closan with the more hydrophobic PCL polymer
and a lower final release percentage when PLA
scaffolds were progressively enriched with PCL. As
can be seen in Table 3 and Figure 8b, very few dif-
ferences were found when triclosan loaded PCL
matrices were reinforced with PLA micro/nano -
fibers. Nevertheless, the kinetic constant values
(Table 3) indicate that the initial and faster release
step was slightly disfavored by addition of nano -
fibers, suggesting greater difficulty for triclosan
molecules to diffuse through the nanofilled polymer
matrix.
Release behavior changed drastically when the drug
was only loaded into the reinforcing PLA micro/
nanofibers, as shown in Figure 8b. First, a small
time period (t0 values summarized in Table 3) seemed
to be required for the start of the release. Conse-
quently, the experimental data can only be fitted to
a Higuchi behavior after the observed ‘induction’
time. Apparently, drug molecules need a significant
time period to reach the surface of the polymer
matrix from the filled fibers. Second, the release
initially progressed at a moderate rate (note that kh
was always significantly lower than the values cal-
culated for samples with the drug directly loaded
into the polymer matrix). Third, the release rate also
decreased during the second step defined by a first-
order kinetics. It is important to point out that the
release tended to an asymptotic value which was
clearly lower than that found for samples with the
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Table 3. Correlation coefficients and release rate constant for the fitting to the combined model of release profiles corre-
sponding to the indicated samples loaded with 3 wt% of triclosan and delivered in a Sörensen/ethanol medium
(30/70 v/v)

aTime necessary to initiate the Higuchi release.
bTime necessary to reach a constant release.
cScaffold samples.
dTriclosan was only loaded in the PCL matrix.
eTriclosan was only loaded in the PLA electrospun fibers.

Sample
Early-Time Late-Time t0

a

[min]
tf

b

[min]kh [h–0.5] r k1 [h–1] r
PLA Nanoc 0.957 0.957 0.378 0.991 0 700
PLA Microc 0.160 0.977 0.090 0.994 0 1600
PCL + PLA Nanod 0.320 0.981 0.198 0.996 0 2500
PCL + PLA Microd 0.379 0.976 0.084 0.986 0 2500
PCL + PLA Nanoe 0.159 0.998 0.072 0.996 15 5000
PCL + PLA Microe 0.139 0.980 0.060 0.993 30 6000
COP + PLA Nanoe 0.265 0.999 0.036 0.990 45 6300
P99 + PLA Nanoe 0.215 0.970 0.036 0.995 45 6300



drug directly loaded into the matrix and that the
final release percentage was lower when the drug
was loaded into PLA microfibers instead of PLA
nanofibers. This large difference between the three
loaded samples cannot be justified by the achieve-
ment of equilibrium conditions since practically the
same value should be deduced. Results suggest that
triclosan was entrapped in the PLA fibers and could
not effectively diffuse through the PCL matrix at an
appreciable rate. The amount of retained triclosan
logically increased with the fiber diameter. As a
result, a lower cumulative release percentage was
found for samples containing microfibers. The ini-
tial fast release step may be a consequence of the
preparation method since at the molding tempera-
ture some diffusion from PLA nano/microfibers to
the melted PCL matrix could have occurred, and
then (i.e. at room temperature) diffusion was clearly
hindered.

Figure 8c shows that release behavior depended on
the hydrophobicity of the polymer matrix, which
could be evaluated by the contact angle measure-
ments summarized in Table 4. Hence, the release
rate constants (Table 3) and even the asymptotic
release value decreased with hydrophobicity, which
depended on the methylene content of the repeat
unit and increased in the order P99>COP>PCL.
Samples containing triclosan loaded micro/nano -
fibers appear highly interesting since a relatively
fast release is observed at the beginning of the
delivery process; hence, a rapid antimicrobial effect
should be expected; as found from the release of the
similar systems [24, 38]. Furthermore, a consider-
able amount of drug could be retained, and there-
fore pharmacological activity may be observed
again when degradation of the polymer matrix
reaches a considerable level. Furthermore, the
amount of retained drug can be tuned by varying
the fiber diameter size and the hydrophobic charac-
ter of the polymer matrix.

3.5. Biocompatibility of polyester matrices
reinforced with PLA micro/nanofibers

The adhesion assay was carried out on the film sur-
faces of the processed materials to evaluate the
quality of the new polyesters (P99 and COP) as sub-
strates for cell attachment. These polymers showed
slightly improved adhesion in comparison to TCPS
or PCL (used as a reference). The increase was more
evident for COP, although the number of cells
adhered to the studied surfaces was not statistically
different (Figure 9a). Figure 10 qualitatively com-
pares the aspect of the cells adhered to the selected
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Table 4. Contact angle (&) for the polyester films (PCL,
P99, COP) and polyester matrices reinforced with
mats of PLA microfibers (M) amd nanofibers (N).

aAverage values and standard deviation over six measurements.
bTukey test, p < 0.05, composite vs. polymer film.
cTukey test, p < 0.05, reference film (PCL) vs. polymer film.

Sample ! [°]a

PCL 81.4±2.5
PCL/PLA-M/PCL 77.3±5.3
PCL/PLA-N/PCL 66.2 ±4.9b

P99 90.5±6.2c

P99/PLA-M/P99 80.5±1.9b

P99/PLA-N/P99 79.4±3.4b

COP 87.7±6.0c

COP/PLA-M/COP 78.8±3.9b

COP/PLA-N/COP 74.4±0.8b

Figure 9. a) Attachment of HEp-2 cells to the surface of PCL, P99 and COP samples. b) Cell proliferation on TCPS and the
above polyesters loaded with PLA microfibers (M) or PLA nanofibers (N) after 7 days of culture. The vertical
bars are the average values ±SD. (*) p < 0.05 vs control sample (TCPS or surface plate), t-Student test.



polyester surfaces. Cells spread extensively on the
PCL and COP surfaces (Figures 10a–b and 10e–f,
respectively) whereas very little spreading was
detected on the P99 surface where cells clearly had
a more rounded morphology (Figure 10c–d). This
morphology-based approach suggests again that the
COP surface supports cell adhesion better.
Cell proliferation assays were conducted to evalu-
ate the three reinforced polyester matrices, which
were characterized by a three-dimensional array

that may be a first approximation to more conven-
tional scaffolds. Figure 9b shows the results of the
HEp-2 cell culture for 7 days on all materials stud-
ied. The number of cells in the PCL matrix rein-
forced with mats constituted by PLA micro/nano -
fibers (PCL-M and PCL-N, respectively) suggested
a similar growth to that observed for the control
(TCPS). However, cell growth in reinforced P99
and COP matrices was significantly higher than in
the control (p < 0.05) and in PCL samples, although
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Figure 10. Optical micrographs showing the morphology of HEp-2 cells adhered to PCL (a, b), P99 (c, d) and COP (e, f)
substrates



in this case the difference did not reach a significant
statistical value. These results can be justified con-
sidering that all polyester samples corresponded to
three-dimensional architectures while the TCPS
control corresponded to a cell growth in a two-
dimensional system, and consequently with a smaller
available surface. It should also be highlighted that
no significant differences were detected by using
reinforcing mats constituted by PLA micro/nano -
fibers. Note that all surfaces studied had a similar
number of cells in the initial event of adhesion. Dif-
ferences in their colonization can therefore be
directly related to the structure and properties of
materials. The present study indicates that all poly-
ester fabrics evaluated appear highly biocompatible
because they supported cell growth well.

4. Conclusions
Mats constituted by PLA micro/nanofibers can be
easily prepared by changing only the polymer con-
centration of the solution used in the electrospin-
ning process. These fibers showed a high molecular
orientation that was more significant with smaller
fiber diameter sizes and favored the cold crystal-
lization process.
Fabrics constituted by PLA mats inserted in poly-
esters with lower melting points had high crys-
tallinity when prepared by a molding and slow
cooling process that allowed both PLA cold crystal-
lization and hot crystallization of the polyester
matrix. These fabrics showed also a significant
enhancement of both elastic modulus and tensile
strength respect to the corresponding polyester
matrices. Materials were biocompatible and were
successful to provide a sustained drug release when
the pharmacological agent was directly loaded into
the reinforcing PLA mat. Applications concerning
an enlargement of antimicrobial effect (e.g. by
incorporation of triclosan) can be considered.
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