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a b s t r a c t

Polymer meshes have recently attracted great attention due to their great variety of applications in fields
such as tissue engineering and drug delivery. Poly(�-caprolactone) nanofibers were prepared by elec-
trospinning giving rise to porous meshes. However, for some applications in tissue engineering where,
for instance, cell migration into the inner regions of the mesh is aimed, the pore size obtained by con-
vailable online 9 December 2010
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ventional techniques is too narrow. To improve the pore size, laser irradiation with femtosecond pulses
(i.e., negligible heat diffusion into the polymer material and confined excitation energy) is performed. A
detailed study of the influence of the pulse energy, pulse length, and number of pulses on the topography
of electrospun fiber meshes has been carried out, and the irradiated areas have been studied by scanning
electron microscopy, contact angle measurements and spectroscopic techniques. The results show that
using the optimal laser parameters, micropores are formed and the nature of the fibers is preserved.
aser ablation

. Introduction

Polymer meshes have received significant attention in the last
ew years as strongly contributing to the development of advanced

aterials for a great variety of applications such as tissue engi-
eering (membranes for skin, tubes for blood vessels, 3D scaffolds

or bone and cartilage regeneration, and implant interfaces) [1–4],
ound dressing [5], and drug delivery [6]. Polymer fiber meshes

lso have potential use in commodities, and they have become a
esearch target for clothes [7], hygiene applications [8], and filtra-
ion, due to their high filtration efficiency and low air resistance
9]. Additionally they can be used in industrial applications, for

icro/nano-electronic devices, electrostatic dissipation, electro-
agnetic interference shielding, photovoltaic devices, LCD devices,

igh-efficiency catalyst carriers, electrodes for batteries or electro-
hemical supercapacitor applications [9,10], and for nanosensors

aking advantage of their high surface area and good transport
roperties (thermal, piezoelectric, biochemical, and optical sen-
ors) [11–14].
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There are several methods for producing nanofibers, from
high-volume production methods such as melt fibrillation [15],
island-in-sea [16], and gas jet techniques [17], to highly precise
methods like nanolithography, self-assembly and phase separa-
tion [18–20]. Electrospinning presents several advantages with
its comparative low cost and relatively high production rate. The
morphology, fiber diameter and porosity of electrospun nanofi-
brous scaffolds can be controlled by varying parameters, such
as applied electric field strength, spinneret diameter, distance
between the spinneret and the collecting substrate, temperature,
feeding rate, humidity, air speed, and properties of the solution
or melt, such as the type of polymer, its molecular weight and
concentration, surface tension, conductivity, viscosity, and temper-
ature [21]. Many polymers, both synthetic and natural, have been
successfully electrospun into nanofibers, such as poly(ethylene
terephthalate) (PET), polystyrene (PS), poly(vinyl chloride) (PVC),
and poly(�-caprolactone) (PCL), among others [9].

Despite the high level of porosity and high specific surface area
of the fiber meshes, the pore size is usually too narrow for some
applications in tissue engineering, where cell migration into the
inner regions of the fiber-mesh scaffolds is aimed [22]. In fact, most

biological studies with electrospun nanofiber meshes show that
cells tend to stay at the surface of the meshes. This is a serious
limitation which may compromise its use in the regeneration of
tissues. Strategies already suggested in literature include the use of
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orogen agents such as salt particles or chemical blowing agents
23,24]. However, major research effort is still needed to improve
he pore size of electrospun nanofiber meshes. Therefore, in order
o address this issue and drill holes without affecting the nature of
he polymer fibers, laser processing is being attempted.

Laser processing of materials offers advantages over both chem-
cal and other physical methods. It has proven to be an excellent
echnique for patterning engineering materials [25], via a single-
tep process directly removing the material through ablation.
n particular, femtosecond (fs) lasers have gained great interest
ecently due to the short time scale of laser–material interaction. In
emtosecond laser ablation, heat diffusion into the polymer mate-
ial is negligible, the energy loss into the sample is minimized,
nd excitation energy is very confined [26]. This aspect makes the
se of femtosecond laser pulses very appealing for micropatterning
iodegradable polymers [27].

In this work we propose the laser processing of electrospun PCL
anofiber meshes. PCL is a semi-crystalline polyester regarded as
soft and hard-tissue compatible material that has been recently
roposed for bone graft substitutes and tissue engineering due to

ts non-toxic nature and biodegradability. Despite its hydropho-
ic character being undesirable for in vitro cell culture [28,29],
ome chemical surface modifications, namely by plasma treatment,
ignificantly improve the cytocompatibility of those electrospun
anofiber meshes [30]. In the literature some reports on laser pro-
essed PCL were published recently. PCL thin films were drilled with
s laser, forming precisely defined micro-hole arrays and improv-
ng the hydrophilicity and providing enhanced conditions for tissue
ells to anchor [31]. Electrospun PCL meshes were also structured
y ablation of linear grooves with a scanned femtosecond laser [32].
owever, some melting of fibers, which is an undesirable effect,
as observed at the edges of grooves.

The aim of this work is to process PCL fiber meshes improv-
ng the pore size of the electrospun meshes, which will allow cell

igration into the inner regions, without side effects as melting
r chemical modifications. To reach that purpose it is impor-
ant to optimize the laser parameters, and a detailed study of
he influence of the pulse energy, pulse length, and number of
ulses on the topography of electrospun fiber meshes is reported
ere.

. Experimental

.1. Fiber mesh preparation

Fiber meshes were prepared by electrospinning as described
n detail elsewhere [30]. A polymeric solution of 17% (w/v) PCL
TONETM, Union Carbide Chemicals and Plastics Division; New
ersey) was prepared in a mixture (7:3 ratio) of chloroform and N,N-
imethylformamide (both purchased from Aldrich). The solution
as electrospun at 9–10 kV, a needle-to-ground collector distance

f 20 cm, and a flow rate of 1 mL/h. The nonwoven fibrous meshes
ere collected on a flat aluminium substrate and the solvent evap-

ration was performed at room temperature during at least 2 days.
The thickness of the fiber meshes was measured by means of an

ptical microscope (NIKONOPTIPHOT-2) with a magnification of
0× and a digital indicator Mitutoyo (S1012 M) with a resolution
f 0.01 mm. The meshes resulted to be 198 ± 17 �m thick.

.2. Laser irradiation
The PCL fiber meshes were laser-processed using a regen-
ratively amplified Ti:sapphire mode-locked Spectra-Physics
illenia-Pumped Tsunami femtosecond laser in standard room

onditions. The femtosecond laser uses Ti:sapphire doped crystal as
ience 257 (2011) 4091–4095

the medium with wavelength of 800 nm and pulse duration is var-
ied between 60 and 120 fs for these experiments, at 1 kHz repetition
rate.

Surface patterning was performed by using a stage with trans-
lation in x and y-axis with a resolution of 5 �m and the laser beam
was focused by a fused silica lens (f = 500 mm).

2.3. Surface characterization and analysis

The surface morphology of the laser processed PCL membranes
was observed by scanning electron microscopy (SEM), on gold-
sputtered laser processed meshes using a Philips XL 30 with a
resolution of 3.5 nm. Gold sputtering of the fiber meshes was per-
formed in a vacuum chamber with a pressure of 10−1 mbar and a
current of 25 mA for a period of 150 s.

The wettability of the surfaces was assessed by contact angle
measurements. Measurements of the dynamic contact angle at
room temperature were carried out using a pocket goniometer PG2
(FIBRO System) and distilled water as the liquid. Wetting hystere-
sis was also characterised to determine the highest contact angle
as the liquid spreads across the dry surface and the lowest contact
angle as the liquid retracts from the wet area on the surface. These
two contact angles, referred to as the advancing/receding contact
angles describe the wetting hysteresis. Ten measurements were
carried out for each sample and statistical analysis was performed.

The chemical modification of the laser processed samples was
evaluated by micro FTIR spectroscopy (Thermo Nicolet 6700 cou-
pled to a microscope Continuum) with a resolution of 4 cm−1 and
128 sample scans, and micro-Raman spectroscopy (Jobin Yvon
model Labman HR) with excitation wavelength of 488 nm at a
power of 3.7 mW and a magnification of 50×. The scanning oper-
ations and data processing were under the control of a computer
and LabSpec software. The resolution is 4 cm−1 and the integration
time and number of scans is 15 and 20 s, respectively.

ToF-SIMS measurements were also performed for further char-
acterization of the chemical composition. The mass spectra of
the samples were recorded on a ToF-SIMS IV instrument (Ion-Tof
GmbH, Germany). The sample was bombarded with a pulsed Bis-
muth ion beam. The secondary ions generated were extracted with
a 10 kV voltage and their time of flight from the sample to the detec-
tor was measured in a reflectron mass spectrometer. The typical
analysis conditions for this work were 25 keV pulsed Bi3+ beam at
45◦ incidence and electron flood gun was used for charge compen-
sation.

3. Results and discussion

SEM observation of PCL fiber meshes revealed micro-porous
(mean pore size of 2.9 �m), fibrous structures randomly oriented
with fiber diameter in the range of some hundred nanometers to a
few microns (mean diameter of 540 nm) as shown in Fig. 1a.

In a first step, the pulse energy (E) dependence (energies
between 100 and 600 �J) was studied. We observed that minimum
energies of 100 �J are needed to drill holes, as shown in Fig. 1b,
and the dimensions of the holes increase with increasing E, fol-
lowing the Gaussian distribution of the beam profile, as plotted
in Fig. 2. Besides the hole diameter, it is important to observe the
morphology of the remaining fibers since the aim is to improve the
porosity without any additional effect. Fibers irradiated with one
single pulse at energies below 500 �J remain apparently unaffected

keeping the porosity (Fig. 1c), while in the case of PCL meshes irra-
diated at higher energies the pores are sealed around the drilled
hole (Fig. 1d).

Regarding the effect of pulse duration, this was modified in the
range of 60–120 fs. Significant differences were not observed in the
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Fig. 1. SEM micrographs of PCL fiber mesh (a) non-irradiated; (b) irradiated with a
single pulse of 65 fs and 100 �J; (c) irradiated with a single pulse of 65 fs and 300 �J;
(d) irradiated with a single pulse of 65 fs and 600 �J.
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the laser drilled holes. Measurements were repeated at five dif-
ferent positions of the sample. The characteristic bands of PCL are
observed: symmetrical and antisymmetrical CH3 and CH2 stretch-
ing at 2950–2860 cm−1, �(C O) at 1720 cm−1, ı(CH2) and ω(CH2) at
ig. 2. Dependence of the hole diameter on the laser energy at different pulse dura-
ion (each value is the average of 10 different measurements and error bars represent
he standard deviation).

ize of the holes when one single pulse and the same pulse energy
re used (Fig. 2). However, shorter pulses show to be more adequate
o avoid additional modification of the fibers, as shown in Fig. 3
hich correspond to the holes drilled with 65 and 100 fs pulses,

espectively. For this reason pulses of around 65 fs length were used
n further experiments.

To study the effect of the number of pulses N on the laser drilling,
he PCL fiber meshes were perforated at different energies with
= 1–5. It can be observed in Fig. 4 that irradiation with two pulses

nduces the formation of larger holes, but for a higher number of

ulses the diameter remains approximately constant. Regarding
he morphology of the fibers, the porosity of the mesh is lost around
he holes for a number of pulses higher than 2 when the energy
s higher than 300 �J. In Fig. 5, an example is shown, which cor-

ig. 3. SEM micrographs of PCL irradiated with a single pulse of 400 �J and (a) 65 fs;
b) 100 fs.
Fig. 4. Dependence of the hole diameter on the number of pulses at different laser
energies and pulses of 65 fs (each value is the average of 10 different measurements
and error bars represent the standard deviation).

respond to PCL fiber mesh irradiated with 3 pulses of 400 �J and
65 fs.

The wettability of the surfaces was assessed by contact angle
measurements. Samples of 1 × 1 cm2 were perforated with a matrix
of holes produced with one single pulse of 65 fs and 400 �J. The
results previously described showed that pores of 90–200 �m can
be obtained without additional adverse effects to the structure by
optimizing laser energy, laser pulse duration and number of pulses.
The selected distance between the centres of the holes was 500 �m.
At time zero the contact angle for non-irradiated and irradiated PCL
nanofiber meshes was 129 ± 3◦ and 130 ± 5◦, respectively. These
values of the contact angle indicate that the surface of the PCL fiber
meshes is hydrophobic. Advancing contact angle is 128 ± 3◦ and
133 ± 4◦, and the receding contact angle is 68 ± 5◦ and 76 ± 5◦ for
non-irradiated and irradiated PCL meshes, respectively. Thus, no
significant difference regarding the wettability is found between
the non-irradiated and irradiated meshes, which could indicate no
significant changes in the chemistry of the surfaces induced by laser
irradiation.

To discard any possible chemical modification of the PCL
nanofiber meshes, non-irradiated and irradiated areas of the same
mesh were analyzed by Fourier Transformed Infrared Spectroscopy
(FTIR), micro-Raman spectroscopy and Time of Flight-Secondary
Ion Mass Spectrometry (ToF-SIMS). FTIR spectra shown in Fig. 6
were recorded from non-irradiated areas and from the edge of
Fig. 5. SEM micrograph of PCL irradiated with 3 pulses of 65 fs and 400 �J.
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ig. 6. FTIR spectra of non-irradiated and irradiated (1 pulse, 580 �J, and 65 fs) PCL
ber meshes.

470–1280 cm−1, �(C–O–C) at 1107–1087 cm−1, and �(C O) rock-
ng at 732 cm−1 [33]. It can be seen that no significant changes are
nduced by laser irradiation.

Raman spectra were measured for non-irradiated areas and
reas at the edge of the holes with a spot size of around 2 �m.
s shown in Fig. 7, the CH stretching region (2800–3100 cm−1)
resents two bands, centered at 2916 and 2866 cm−1. A narrow line

s observed at 1720 cm−1 which is assigned to �(C O) stretching
ode, bands at 1470–1415 cm−1 are assigned to ı(CH2), bands at

303–1281 cm−1 correspond to ω(CH2), bands at 1107–1033 cm−1

orrespond to skeletal stretching and the band at 912 cm−1 is
ssigned to �(C–COO) [34]. As in the case of FTIR spectroscopy no
ignificant differences were observed between non-irradiated and
rradiated meshes, indicating that no significant chemical modifi-
ation was induced by laser irradiation.

ToF-SIMS analysis was also performed, as a more sensitive tech-
ique than FTIR and Raman spectroscopy. Spectra measured at
ifferent positions on the sample are shown in Fig. 8. They rep-
esent the distribution of ions by mass-to-charge ratio (m/z) in a
ample. A first spectrum corresponds to an area of 332 × 332 �m2

Fig. 8a), and another spectrum corresponds to a non-irradiated
rea of 37 × 37 �m2, localized at the edge of one hole (Fig. 8b). The
ecorded spectra are relatively simple and in accordance with spec-

ra reported in the literature [35]. The spectra of irradiated and
on-irradiated regions are very similar and the same peaks are
etected in both cases, as shown in Fig. 8. The only difference is a
ecrease in the relative intensity of the peak at m/z 115 in compari-
on with the rest of the peaks, which could be the result of a higher
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ig. 7. Micro-Raman spectra of non-irradiated and irradiated (1 pulse, 400 �J, and
5 fs) PCL fiber meshes.
Fig. 8. ToF-SIMS spectra representing the distribution of ions by mass-to-charge
ratio at different areas of irradiated PCL meshes with 1 pulse, 580 mW, 65 fs: (a)
332 × 332 �m2 and (b) 37 × 37 �m2 at the edge of the hole.

fragmentation of the molecular ion due to the higher ion bombard-
ment density, since the spectrum is recorded in a much smaller
area (one order of magnitude). For further analysis a mapping of the
ions was performed and a homogeneous distribution is observed
without any preferential location of the different ions. This result
indicates that the composition of the fibers is homogeneous.

4. Conclusions

The results reported here show that pore size can be con-
trolled by optimizing laser parameters. Additionally, physical and
chemical integrity of the electrospun PCL nanofiber meshes is
kept, as confirmed by spectroscopic analysis. Therefore, when used
properly, femtosecond laser provides an excellent means of micro-
patterning electrospun polymeric meshes at high level of precision.
This paves the way for further enhancement in applications such
as membrane tissue engineering.
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