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Abstract

Thin films of biodegradable polymeric materials, poly(�-caprolactone) (PCL) and poly(glycolic acid) (PGA) were micro-patterned

using a Ti-sapphire femtosecond pulsed laser and ArF excimer UV laser in ambient conditions. The laser-patterned polymers were

characterized using a scanning electron microscope (SEM), Fourier transform infrared spectroscopy in attenuated total reflectance

mode (FTIR-ATR) and X-ray photoelectron spectroscopy (XPS). In-vitro degradation tests were performed and the laser-patterned

samples showed to be within one standard deviation of the control samples. Our results demonstrate that both lasers are excellent

tools for micro-patterning biodegradable polymers since the bulk properties of the material can remain intact and because the

direct-write method is rapid, flexible, and a chemical-free process.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Biodegradable polymeric materials have had a sig-
nificant impact on medical technology, greatly enhan-
cing the efficacy of many existing drugs and enabling the
construction of entirely new therapeutic modalities [1].
These degradable elastomers have been employed in
many areas of therapeutic medicine from commonly
used resorbable surgical sutures [2], to next-generation
controlled-release drug delivery vehicles [3] and implan-
table cell-support scaffolds [4,5]. Of the many biode-
gradable synthetic polymers, the aliphatic polyesters
have gained considerable interest because of their
unique ability to hydrolytically degrade through ester
linkage via metabolic pathways [6]. The aliphatic
polyesters poly(glycolic acid) (PGA) and poly(�-capro-
lactone) (PCL) have both been approved by the Food
and Drug Administration for human clinical use in vivo
e front matter r 2005 Elsevier Ltd. All rights reserved.

omaterials.2005.04.053

ing author. Tel.: +1512 232 6094.

ess: scchen@mail.utexas.edu (S. Chen).
[7]. PGA is the simplest linear aliphatic polyester and
was developed as the first totally synthetic absorbable
suture [8,9]. It is highly crystalline with a high melting
point and a low solubility in most common organic
solvents [10]. PCL is a semi-crystalline polyester with a
low tensile strength when compared to PGA, but it does
exhibit a very high ultimate elongation. It is regarded as
a soft and hard-tissue compatible material that is highly
hydrophobic and has been used recently for bone graft
substitutes [11,12]. A variety of factors such as process
conditions and monomer selection will affect the
material properties including crystallinity, melt and
glass-transition temperatures, molecular weight, and
end groups of the polymer, which in turn influence the
degradation rate [13,14].

The development of next generation drug delivery and
tissue engineering devices based on biodegradable
polymers are contingent on the fashioning of features
analogous to the size of cells and organelles [15].
Currently, the techniques for generating micro- and
nano-patterns on polymeric materials include soft
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lithography, photolithography, and atomic force micro-
scopy etching (AFM) [16,17]. Soft lithography techni-
ques such as micro-contact printing allow rapid
manufacturing at a low cost and it is expected that
such fabrication techniques will not alter the integrity of
the polymers. However, soft lithography is still re-
stricted by the development of appropriate masters.
Photolithography has been proven to be a powerful tool
for patterning engineering materials with a high resolu-
tion. Yet, the process involves multiple steps that make
use of chemical solvents and furthermore, the residual
chemical agents left on the polymer surface after
fabrication could be toxic if implanted, as most
biodegradable polymers would be. AFM etching is a
process used to create sub-micron features by scratching
the surface of the material with a nano-sized pyramidal
tip. The technique allows for high precision but it is
hindered by the speed of processing and cannot be used
efficiently to etch large surface areas. Therefore, a
minimally invasive and rapid technique to pattern
polymers on the micro- and nano-scale, where the
integrity of the polymeric substrate can be maintained
after processing is needed.

Laser micromachining has been proven an excellent
technique for patterning many engineering materials
[18]. The method is a single-step process that directly
removes the material through solid-vapor ablation,
minimizing the thermal damage to the surrounding
material. Ultraviolet lasers can modify the surface of a
material through direct chemical bond breaking [19].
The emitted photon energy from a UV laser is high
enough to break the chemical bonds of the target
material directly, thereby minimizing the heat effects to
the surrounding material. This feature makes UV laser
micromachining very attractive for biodegradable poly-
meric materials, since thermal damage to the non-
processed area can be dramatically reduced. Another
possible means of micromachining polymers with
precise resolution is through the use of solid-state
femtosecond lasers. This type of laser has gained interest
recently because the influence of heat conduction
around the machined area can typically be ignored.
This can be accomplished primarily because of the short
time scale of laser–material interaction and since the
localization of the excitation energy is very confined.
This aspect makes the use of femtosecond laser pulses
very appealing for micropatterning biodegradable poly-
mers [20,21].

In this work, we make use of pulsed-laser micro-
machining to generate high-resolution micropatterns
on biodegradable polymers. Both the UV and Ti:Sap-
phire femtosecond lasers were utilized for patterning
PCL and PGA. Parametric investigations and material
analysis aim to reveal the chemical and physical
mechanisms of surface patterning associated with
laser processing. Finally, in vitro degradation tests
were carried out to study the laser effect on material
properties.
2. Materials and methods

2.1. Materials

PGA ðMw ¼ 4100; 000;Tg ¼ 36 1CÞ pellets were used as

received from Polysciences Inc. PCL ðMw � 50; 000;Tg ¼

�60 1CÞ powder was used as received from Birmingham

Polymers. Thermo-compression-molded films of size

(3 cm� 2 cm) were obtained by compressing solid PCL

between two flat, rigid, parallel plates at 140 kPa and 30 1C

for 10min. Solid PGA was thermopressed at 140 kPa and

50 1C for 10min. The film thicknesses were measured using a

surface profilometer to be approximately 400 mm thick before

laser patterning.

2.2. Laser micromachining setup

Two laser systems (ArF excimer laser and Ti:Sapphire

femtosecond laser) were used to micropattern the samples. The

ArF excimer laser (Lambda Physik) has wavelength of 193 nm,

pulse duration of 35 ns, 0.1–2.0mJ/pulse energy, and 2 kHz

repetition rate. The regeneratively amplified Ti:Sapphire

mode-locked femtosecond laser system has 800 nm wave-

length, 220 fs pulse duration, 0.1–1mJ/pulse energy, and 1 kHz

repetition rate. Fig. 1 shows a schematic diagram of the laser

micromachining setup. The laser beam passes through a

rectangular aperture where it is cropped in size to 8mm and

then through a beam splitter to reduce the energy. The cropped

laser beam was then focused down through an objective lens

for micropatterning of polymers.

2.3. Material characterization

Scanning Electron Microscopy (SEM) (LEO 1530) was used

to observe the structures on the surface of the polymeric

materials patterned by the laser direct-write method. A surface

profilometer (Tencor Alpha Step 500) was used to scan across

the etched areas to determine the ablation depth and cross-

sectional profile. Fourier Transform Infra-Red Spectroscopy

(MATTSON Spectrometer) in Attenuated Total Reflection

mode (FTIR-ATR) was used to assess the bulk chemical
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change of the laser processed samples. The FTIR-ATR has a

400–4000 cm�1 optical range with a 4 cm�1 resolution. The

surface composition of the polymer layers was analyzed by

X-ray photoelectron spectroscopy (XPS). The spectra was

taken on a PHI 5700 XPS system using a monochromatic Al

X-ray source operated at pass energies of 117.4 eV for surveys

and 11.7 eV for high-resolution scans. The take-off angle of

photoelectrons was 451 and the binding energy was calibrated

using Au4f, Cu2p and Ag3d.

2.4. In-vitro degradation

Gravimetric weight loss of each sample was monitored

weekly after maintaining the samples at 37 1C in phosphate-

buffer saline (PBS; pH 7.4). The buffer solution was changed

once a week. Before each sample was weighed, it was washed in

deionized water and immersed into liquid nitrogen for 30 s. The

samples were then placed into a lypholizer (LABCONCO

Freeze Dry System 4.5) for approximately 6 h and then weighed

in ambient conditions. Degradation was calculated as a

percentage weight loss according to the following equation:

Percentage weight loss ð%Þ ¼ ðW i � W tÞ=W i � 100, (1)

where Wi is the initial dry weight of the sample and Wt is the

dry weight of the sample following degradation at various time

points. The results reported are an average of four measur-

ements7standard deviation. To determine the maximum effect

for laser processing effects on the degradation characteristics of

the polymers, the entire surface of the thin film was patterned

and tested against thin films of the same size and morphology

for differences in degradation rates.
Fig. 2. SEMmicrographs of PCL surface ablated with l ¼ 193nm and

pulse energy of 0.7mJ/pulse. Scale bar is 30mm. (a) Microhole etched

with 1 pulse, (b) 10 pulses and (c) 20 pulses.
3. Results and discussion

As can be seen in Fig. 2, a thin film of PCL was
successfully micromachined with the UV laser
ðl ¼ 193 nmÞ. It was reported that when a pulsed UV
laser irradiates the surface of an organic polymer,
depending upon the incident wavelength, pulse number
and laser intensity, a range of several hundred nan-
ometers to several microns of the surface of the material
could be etched away with a geometry that is defined by
the incident light beam. The ablation is then accom-
panied by an ejection of particulate matter and gases
(CO2, C2 and CO) and an audible shockwave can be
heard because of the interaction of an intense laser pulse
with the polymeric material [22]. After the first pulse was
deposited, the etch depth was determined to follow a
linear relationship with the successive pulses. In Fig. 3,
the etch depth vs. pulse number curves are shown for
PCL and PGA polymers. The slope of the lines in Fig. 3
give an approximate value for the etch depth/pulse for
PGA (0.5 mm/pulse) and PCL (0.46 mm/pulse). The
surface modifications performed by UV laser irradiation
approximately followed Beer’s Law [23]:

Lf ¼ ð1=aÞ lnðF=F thÞ, (2)
where Lf is the etch depth per pulse, a is the absorptivity
of the material (cm�1), F is the laser fluence and Fth is
the threshold fluence of the material. The threshold
fluence is the minimum intensity needed to initiate the
ablation process and is specific for every material at
different wavelengths. The threshold fluence of both
polymers was measured by patterning the surface with
various pulse energies with the same pulse number. The
lowest energy deposited where ablation was seen was
noted as the threshold fluence. To obtain the absorption
coefficient, we first measured the etch depth per pulse
by patterning holes and channels with the UV laser
ðl ¼ 193 nmÞ with the same energy and various pulse
numbers. We inspected the approximate depth of each
pulse number deposited using a surface profilometer and
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Fig. 3. Etch depth vs. pulse number using ArF excimer laser with

l ¼ 193nm for PCL (’ ¼ 0.33 J/cm2, pulse width ¼ 35 ns) and PGA

(m¼ 0:4 J=cm2, pulse width ¼ 35 ns).

Table 1

Chemical bond energies for selected polymers

Polymer bonds C–N C–H CQC O–O CQC C–C N–N H–H

Bond energy (eV) 3.04 4.30 8.44 5.12 6.40 3.62 9.76 4.48

C.A. Aguilar et al. / Biomaterials 26 (2005) 7642–7649 7645
determined an average value for the etch depth per
pulse. Once the etch depth per pulse could be
determined, we could then use Beer Lambert’s law with
known values of the laser fluence and threshold fluence
to backcalculate the absorption coefficient. The thresh-
old fluence and absorptivity were determined to be
0.4 J/cm2 and 0.58� 104 cm�1 for PGA and 0.2 J/cm2

and 1.1� 104 cm�1 for PCL, respectively. For laser
fluences far above the threshold fluence, thermal effects
such as melting begin to contribute to the etch depth.
Additionally, it has been demonstrated that longer
wavelengths pose stronger thermal effects on the
material [24].

There have been various models including photo-
chemical, photothermal or combination of photochemi-
cal and photothermal ablation mechanisms proposed to
study the mechanism of UV laser ablation in polymers.
For photochemical ablation to occur, energy of the
emitted photons should be greater than the chemical
bond energies of the material (Table 1). Since the
incident photon energy is greater than the intermole-
cular bond energies of the polymer, the bonds are
chemically broken through laser irradiation. The rela-
tion between the photon energy of light and laser
wavelength is given by E ¼ 1:245=l, where l is the laser
wavelength and E is the photon energy. The photon
energy decreases as the wavelength increases. In photo-
thermal ablation, the material is first melted and
eventually vaporized [25,26]. From Fig. 2, it can be
argued that PCL experienced both a photochemical and
photothermal effect because some melting and redeposi-
tion of the material along the edges was visible.

Previous research established the importance of
multiple pulses in patterning a polymer with femtose-
cond lasers and determined that a single pulse did not
produce a clear ablation edge but rather an inhomoge-
neous shape [27,28]. This effect can be seen in Figs. 4
and 5, where the surfaces patterned with multiple pulses
exhibited clean-cutting with little to no melting and very
little debris along the edges. The surfaces patterned with
a single pulse displayed rough edges with variations in
etch depth. For both of the polymers patterned, the
ablation depth increased with higher pulse numbers and
the width of the holes and channels increased with
stronger pulse energies. The irregularities in the hole
shape were attributed to the noncircularity of the
original laser beam. However, it should be noted that
using advanced laser beam delivery systems, the
irregularity of the hole shape can be corrected.

The ablation mechanisms associated with femtose-
cond laser pulses consist of the following two steps:
First, the irradiated laser energy is absorbed inside the
surface layer by bound and free electrons, which leads to
excitation and ionization of the material. Second, the
rapid absorption of laser energy is followed by energy
transfer to the atomic sub-system. The overheated
electrons transfer the energy to the lattice, which leads
to bond breaking and material expansion. Thermal
diffusion effects are considered negligible due to the
short interaction time of the order of picoseconds.
Therefore, the ablation occurs without the formation of
burrs or heat-affected zones [15,29,30].

The changes in the chemical composition of the
polyesters, before and after laser irradiation, were
analyzed by FTIR-ATR and XPS. Figs. 6 and 7 show
the IR spectra for PCL and PGA, respectively. In Fig. 6,
the peaks in the characteristic bands at 2917 and
2851 cm�1 correlate to both asymmetric and symmetric
stretching of the CH2 groups. The increase in the
absorbance peaks around 1294 cm�1 was assigned to the
backbone C–C and C–O stretching modes in crystalline
PCL [31]. The presence of this band at 1294 cm�1

justifies the high crystallinity of the polymer [32]. As
seen in Fig. 7, noticeable absorbance peaks at 3415 cm�1

(O–H stretch) and at 2920/2850 cm�1, which were
attributed to the presence of CQH bonds, were
observed. The existence of strong peaks at 1600 cm�1,
associated with the CQO in acetate end group and at
1425 cm�1 (COO and CH–bend) was also seen. Figs. 8
and 9 show the XPS spectra for PGA. XPS helped us
determine the elemental and average chemical composi-
tion of specific atoms of the material at its surface in
5–10 nm depths by measuring the binding energy of
electrons associated with those atoms. The XPS spectra
measured were the composition of carbon and oxygen
atoms in each material. As can be seen in Table 2, the
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Fig. 4. SEM micrographs of PGA surface ablated with a pulse energy

of 30 mJ/pulse. Scale bar for (a) is 100mm and the scale for (b)–(d) is

30 mm. (a) Microfeatures etched in PGA, (b) microhole etched with 1

pulse, (c) 10 pulses and (d) 20 pulses.

Fig. 5. SEM micrographs of PCL surface ablated with a pulse energy

of 20mJ/pulse. Scale bar for (a) is 100mm and the scale for (b)–(d) is

20 mm. (a) Microfeatures etched in PCL. (b) Microhole etched with 1

pulse, (c) 10 pulses and (d) 20 pulses.
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Fig. 6. FTIR-ATR spectra of PCL before (a) and after (b) laser

irradiation with l ¼ 193nm.
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Fig. 7. FTIR-ATR spectra of PGA before (a) and after (b) laser

irradiation with l ¼ 193nm.
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Fig. 8. XPS comparison of the O 1s region of PGA before (a) and after

(b) laser irradiation with UV laser, l ¼ 193nm.
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Fig. 9. XPS comparison of the C 1s region of PGA before (a) and after

(b) laser irradiation with UV laser, l ¼ 193nm.

Table 2

XPS comparison of the concentration of carbon and oxygen atoms

before and after laser irradiation with UV laser ðl ¼ 193nmÞ

Polymer Element Concentration of

original sample (%)

Concentration of

laser treated sample

(%)

PGA C1s 72.95 59.88

PGA O1s 27.05 40.12

PCL C1s 76.04 74.52

PCL O1s 23.96 25.48
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laser irradiation induced a large decrease in the oxygen
peak and a sizeable increase in the photoemission of
carbon. The oxygen gain and decrease in carbon can be
attributed to the loss of small gaseous molecules such as
CO2 and CO, where both chemical and thermal
decomposition of polymers are known to yield such
products [33].

It was demonstrated that the aliphatic polyesters PCL
and PGA undergo a two-step process for hydrolytic
degradation [34]. The first step in the biodegradation
process was a decrease in the molecular weight produced
by random hydrolytic ester cleavage, and its duration is
influenced greatly by the initial molecular weight as well
as its chemical structure [35]. The second stage was
distinguished by an onset of weight loss and a change in
the rate of chain scission. As seen in Figs. 10 and 11, the
laser processing had no significant effect on the
degradation characteristics of the polymers. PCL
experienced approximately a one percent weight loss
over the 8-week test period and the difference between
the laser treated sample and untreated sample were
within one standard deviation of each other. PGA had
approximately a 90% weight loss through the 8-week
period and showed a disparity of one standard deviation
between the laser processed sample and original sample.
4. Conclusions

We have utilized laser micromachining techniques for
direct patterning biodegradable polymers for potential
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Fig. 10. In vitro degradation of PGA in PBS over 8 weeks.

(’ ¼ control sample, m ¼ laser treated sample with l ¼ 193nm)

Values reported are an average of four measurements7standard

deviation.
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applications in biomedical engineering. Micron-sized
channels and holes were etched successfully in biode-
gradable polymers, which would be an integral part of
many biodegradable microdevices. The effect of laser–
polymer interaction on the chemical structure and
degradation rate were studied and reported. It is
concluded that both the femtosecond and UV lasers
are excellent tools for micropatterning biodegradable
polymers as a rapid, direct-write, flexible, and chemical-
free process.
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