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ABSTRACT: In this work, we describe a laser-assisted micro-

structuring technique called Direct Laser Interference Pattern-

ing to produce topographical cues for tumor cells in a one-

step process. Line-like patterns with spatial periods ranging

from 500 nm to 10 lm are fabricated on polyimide (PI) films.

The resulting structures exhibit a well-defined shape and

quality even for patterns with small periodic distances. Sub-

sequently, the behavior of mouse mammary adenocarcinoma

cells over those structures is evaluated. The results show

that cell growth is well aligned to the direction of the pat-

terns (over 60% lying within 0� to 15� to either side of the

surface lines) for all evaluated structure sizes. Moreover, cells

grown on patterns with 500 nm spatial period are the most

narrowly aligned (up to 80% found between 0� and 15�),
showing the potential of the technique. The fabrication pro-

cess of the PI patterns is supported by a mathematical model

of the underlying photo-chemical ablation process. VC 2011

Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 50:

415–422, 2012
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INTRODUCTION Micro- and nano-structured surfaces have
gained increasing prominence in medicine, cell biology, and
other biological fields of research in the past few years.1–5 In
particular, it has been found that patterning on solid sub-
strates can be used not only to control cell adhesion and
growth but also to regulate cell functions. In this regard,
novel application fields such as biomolecular and cell analy-
sis, microfluidics, biomedical drug delivery, and medical
prostheses are developing at a rapid pace. However, the fur-
ther development of these technologies greatly depends on
being able to produce substrates in an easy, fast, and eco-
nomical way, while simultaneously improving our under-
standing of the cell-substratum interactions.2

According to the most recent studies, cells can actively adapt
to the surface on which they adhere, activating specific intracel-
lular signals that can influence cell survival and behavior.6–8

To incorporate biological cues on the surface of polymers, a
useful strategy is to modify their macromolecules chemically
and/or physically. Chemical modification has been extensively
investigated by anchoring biomolecules9–11 or by immobilizing
bioactive moieties onto the surface of the material.12–14 Physi-
cal modification has been performed using various methods
to alter surface roughness or otherwise change the topogra-
phy to display a desired characteristic.15,16 In the last case,

several reports have shown that the depth and pitch of
grooves will determine the cellular response to the patterned
surfaces. However, there is no common adhesion trend across
various cells and cell lines,17,18 while the scale of the microto-
pography needs to be optimized for different types of cell ad-
hesion.19,20 The range of topographic scale that induces con-
tact guidance has not yet been fully determined but strongly
depends on the cell type and substrate material.2,21 In the
past, several techniques have been used to produce repetitive
surface patterning. These methods normally require multiple
steps to fabricate the final micro- and submicrometer ordered
surface. In optical lithography, for example, a photoresist is
exposed to a light source through a photo mask featuring the
shape of the pattern to be reproduced, after which the sample
must be developed and etched to obtain the final structure.22

Other methods such as electron or ion beam lithography, as
well as laser writing, have been used to directly print differ-
ent patterns on the polymers by scanning the beam on the
surface.8,23 However, long processing times (e.g., for electron
and ion beam lithography) are necessary, especially if large
areas (several cm2) are to be processed.9,23,24

A promising technology which permits direct fabrication of
periodic arrays on different kinds of solid materials such as
polymers, metals, and ceramics is Direct Laser Interference
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Patterning (DLIP). DLIP uses the interference of two or more
laser beams to offer rapid fabrication with a high degree of
design flexibility.12,25,26 This is only possible when an accu-
rate spatial and temporal overlap of the laser pulses from all
interfering laser beams is ensured. Because high energetic
laser pulses are used, the materials can be processed in one
step, thereby obviating the use of a photoresist with the sub-
sequent stages of developing and etching the substrate. Fur-
thermore, it is possible to generate structures in several
square millimeters using just a single laser pulse.

In this study, DLIP has been used to fabricate line-like arrays
on polyimide (PI) substrates, which serve as templates for
cell growth experiments with mouse mammary adenocarci-
noma cells (LM2). Although this method has been previously
used to investigate contact cell guidance investigations of
fibroblast on polycarbonate coated with collagen,27 no system-
atic quantification of cell growth orientation as a function of
structure period of the patterns fabricated using DLIP has
previously been performed. In addition, this study investigates
the shape of the topological features that can be directly
obtained on PI substrates as a function of the spatial period
(from 500 nm to 10 lm) using a single laser pulse. Further-
more, a mathematical model to describe the mechanism of
the structuring process is presented, which together with the
experimental observations should determine the limits of
DLIP for the processing of PI. The samples are characterized
using scanning electron microscopy (SEM), atomic force
microscopy (AFM), laser scanning microscopy (LSM), as well
as fluorescence microscopy for observation of the cells.

EXPERIMENTAL

Patterning of PI Film
PI films purchased from Goodfellow GmbH (Bad Nauheim,
Germany) with a thickness of 125 lm were used for the
experiments. To fabricate the periodic structures, a high-
power pulsed (pulse duration: 10 ns, repetition rate: 10 Hz),
frequency tripled Nd:YAG laser (Quanta Ray, Spectra Physics)
was used to produce a linearly polarized beam of wave-
length 355 nm. The experimental setup for the two laser
beam configuration is shown in Figure 1. After passing
through the telescope and mask, the primary laser beam was
divided into two coherent beams using a 50% reflective
beam splitter. The mirrors were positioned to ensure that
the laser beams interfered on the sample surface. The spatial
period was varied between 500 nm and 10 lm by adjusting
the intercepting angle between the beams (2a). All experi-

ments were performed at ambient conditions of pressure
and temperature.

Sample Characterization
A SEM (XL30 ESEM-SEG, Philips) with an operating voltage
of 5 kV was used to visualize the patterned PI surfaces. The
structure width and depth of the periodic arrays were meas-
ured by LSM (LM5 Pascal, Carl Zeiss MicroImaging GmbH)
and AFM. The AFM measurements were made with the
Nanowizard 2VR (JPK Instruments) using the contact mode.

Cell Culture and Characterization
A mouse mammary adenocarcinoma cell line (LM2) was
obtained from Roffo Hospital (Buenos Aires, Argentina) and
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 1% L-glutamine, and
1% antibiotic/antimycotic solution at 37 �C in a humid
atmosphere of 5% CO2.

Before cell culture, the PI substrates were rinsed with bidis-
tillated water in an ultrasonic bath for 5 min to remove abla-
tion products produced by the laser treatment and sterilized
with ultraviolet radiation for 30 min. After that, LM2 cells
(2 � 105) were plated onto the PI samples in 2 mL medium
and incubated at 37 �C in a moisturized atmosphere with
5% CO2. The culture was left for 96 h. The medium was
refreshed during the course of this study. The cells were
fixed onto the sample surface using cold methanol (�20 �C).

The cell nuclei were then stained with Hoechst 33258 solu-
tion (0.5 mg mL�1, Sigma Aldrich, Germany) for 1 min and
then washed with water. Afterward, the cells were visualized
using a fluorescence and optical microscope (Axiophot, Carl
Zeiss Jena, Germany) with a color digital camera (Axiocam,
Carl Zeiss Jena, Germany) and the Axiovision 4.3 software. The
appropriate filters were used for fluorescence imaging (330–
380 nm excitations and emission at 420–450 nm). As refer-
ence, LM2 cells were also grown on nonpatterned PI surfaces.

To characterize the cell behavior on the patterned PI surface,
the alignment of cells with respect to the lines of the micro-
and submicrometer patterns was measured. The degree of
alignment was quantified as the angle formed between the
axis of the line-like features and the cells. The angle of orien-
tation reflects how closely the cells were aligned with the
direction of the lines. The results are classified into six
groups: The first group (0�–15�) designates cells, which are
either parallel to the line-like features (0�) or fall within 15�

(either to the right or left) of line direction; the second
group designates those cells with an orientation of 15�–30�

(either right or left) from the pattern direction, and so forth.
On the nonpatterned PI surface, the lower edge of the sam-
ple was defined as the reference line.

RESULTS

DLIP of PI Films
Line-like periodic arrays were produced on the PI substrates
using a two beam laser interference setup (Fig. 1). The spa-
tial period (K) was varied from 500 nm to 10 lm by adjust-
ing the experimental setup, as this period depends only on

FIGURE 1 Experimental setup for the patterning of PI surfaces

with the DLIP method (two beam configuration).
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the laser wavelength (k ¼ 355 nm) and the angle between
the laser beams (2a) (eq 1):

K ¼ k
2 sin a

(1)

The laser fluence (F) was selected with regard to the optimal
structure quality (e.g., avoiding collapse of the fabricated
array) for each spatial period. For our experiments, the range
of laser fluence was 0.2 to 1.0 J cm�2. It was observed that
for small spatial periods, laser fluences � 0.3, 0.4, and
0.7 J cm�2 preserved the morphology of the patterns for 0.5,
1.0, and 2.0 lm arrays, respectively.

Typical examples of the PI surface patterning with a line-like
structure are presented in Figure 2(a–d). As can be seen on
the SEM images in Figure 2(b–d), the fabricated lines show a
distinct shape with precise edges, especially for spatial periods
1, 2, and 5 lm. For the PI substrate with a spatial period of
500 nm shown in the 3D-AFM image of Figure 2(a), the ridges
of the lines are rounded with no sharp edging. Furthermore,
Figure 2(b) reveals debris (� 50–100 nm), which was redepos-
ited on the surface of the sample during laser treatment. The
small particles are attached more or less loosely to the samples
and can be removed by rinsing the substrate with isopropanol
or DI water in an ultrasonic bath [Fig. 2(c,d)].

The surface profiles (dark lines) depicted in Figure 3(a–d),
measured using LSM and AFM, show the morphological
shape of the surface for each spatial period. To analyze the
structure, both the ridge width and the structure depth were
measured. The ridge width varied between 117 nm (K ¼

500 nm) and 1.55 lm (K ¼ 5 lm). In addition, Figure 3(e)
describes the relationship between the spatial period and
maximal structure depth, as well as the maximal obtainable
aspect ratio (up to a laser energy density of 1.0 J cm�2 and
one laser pulse). The aspect ratio is defined as the ratio
between the structure depth (d) and the spatial period (K). It
can be observed that with increasing period, the structure
depth rises to a value of 0.92 lm at K ¼ 5 lm. For K ¼
10 lm, the depth was 0.75 lm (F ¼ 1.0 J cm�2). The minimal
structure depth was found to be about 280 nm at K ¼
500 nm (at 0.3 J cm�2). In contrast, the aspect ratio increases
with decreasing spatial period and shows a maximum of 0.55
for K ¼ 500 nm and a minimum of 0.08 for K ¼ 10 lm.

Orientation of Tumor Cells
PI substrates with periods of 500 nm, 1, 2, 5, and 10 lm
were tested for their ability to guide mouse mammary ade-
nocarcinoma cells (LM2). For comparison, the cells were also
grown on nontreated PI samples. The spatial disposition of
the LM2 tumor cells on nonpatterned and patterned PI
surfaces and their morphology after incubation of 96 h is
shown in Figure 4(a–f). The images correspond to the super-
position of the optical microscopy picture and fluorescence
microscopy with the nucleus of the cells stained with the
DNA-specific fluorescent dye (Hoechst 33258). The arrows at
the upper right corner of the images represent the orienta-
tion of the line-like structure.

As can be seen in Figure 4(a), the mostly multipolar cells
show no specific direction but are rather randomly orientated
and frequently overlapping on the nonpatterned surface. In

FIGURE 2 AFM (a) and SEM (b–d) images of the line-like patterns on PI surfaces with a spatial period of (a) 500 nm (F ¼ 0.3 J cm�2),

(b) 1 lm (F ¼ 0.5 J cm�2, before rinsing), (c) 2 lm (F ¼ 0.7 J cm�2, after rinsing), and (d) 5 lm (F ¼ 1.0 J/cm�2, after rinsing).
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contrast, the cells on the patterned surface are clearly orien-
tated to the microstructure [Fig. 4(b–f)]. Particularly for
smaller periods (500 nm to 2 lm), the cells are highly aligned
to the direction of the structure [Fig. 4(b–d)], while also dis-
playing a smaller size and an elongated morphology. On wider
spatial periods of 5 and 10 lm [see Fig. 4(e,f)], it is possible
to observe nonaligned cells.

The degree of alignment is shown in Figure 5. It can be seen
that cells on the nonpatterned surface grow randomly with-

out any preferential direction (with frequencies up to 20%
for each 15� interval). In contrast, tumor cells attached to
the patterned PI surfaces organize themselves in the direc-
tion of the line-like structure.

In Figure 6, the relative frequency of cell orientation
between 0� and 15� is summarized for every spatial period,
as well as the nonpatterned substrate. It is shown that
while about 60% of the LM2 cells align at an angle of
between 0� and 15� to the structure lines of periodicity

FIGURE 3 Experimental (dark) and simulated (light) surface profiles of the structured PI surface with spatial periods of (a) 500 nm

(F ¼ 0.3 J cm�2), (b) 1 lm (F ¼ 0.5 J cm�2), (c) 2 lm (F ¼ 0.7 J cm�2), and (d) 5 lm (F ¼ 1.0 J cm�2). The experimental data were

obtained from AFM (500 nm and 1 lm) and LSM (2 and 5 lm) measurements. (e) Structure depth and aspect ratio versus spatial

period. The dotted lines are only for guiding the eyes.
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5 and 10 lm, more than 70% are parallel to the lines with
K ¼ 500 nm to 2 lm.

DISCUSSION

The method of DLIP involves the formation of the spatial
variation of intensity created by the interference of two or
more laser beams.

For polymer materials showing high absorption coefficients
for the adopted laser wavelength,28–30 the intensity distribu-
tion of the interference pattern is transferred onto the mate-
rial surface by photo-thermal, photo-chemical, or photo-phys-
ical processes. If electron excitation from the absorption of
photons leads to chemical decomposition by direct bond
breaking, then photo-chemical ablation is said to occur. Oth-
erwise, the absorbed energy can produce vibrationally
excited states, inducing melting and vaporization (photo-
thermal ablation).31,32

For PI irradiated by light at wavelength 355 nm, both photo-
chemical and photo-thermal ablation contributes to the re-
moval of the material. This means that the PI is ablated by

direct bond breaking and thermally induced vaporization
processes.31,33

As the processes involved are highly complex, it is difficult
to accurately correlate the reaction products with individual
mechanisms.34

To calculate the shape of the ablated PI substrates using DLIP,
a mathematical model was used, which combined the one-
dimensional intensity distribution I(x) for the two-beam inter-
ference case with a purely photo-chemical ablation model.

First, the shape of the periodic intensity distribution of the
laser energy I(x) is calculated using eq 2:

IðxÞ ¼ I0cos
2 x

2p
k
sina

� �
(2)

where I0 is the summed laser intensity of the interfering
laser beams.

The photochemical ablation d(x) at position x is then calcu-
lated as function of the intensity I(x) using eq 3:

FIGURE 4 Fluorescence microscopy images of cells grown on (a) nonpatterned and patterned PI surfaces with spatial periods of

(b) 500 nm, (c) 1 lm, (d) 2 lm, (e) 5 lm, and (f) 10 lm. The arrows indicate the direction of the line-like pattern.
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dðxÞ ¼ 1
j � ln IðxÞ

Ith
IðxÞ � Ith

0 IðxÞ < Ith

� �
(3)

where Ith denotes the threshold energy density necessary to
induce material removal, and j is the absorption coefficient.
For PI, Ith and j are 100 mJ cm�2 and 0.36�105 cm�1.30,35

Using eq 3, the surface profiles for the laser fluences
depicted in Figure 3 (light lines) are calculated. The cross-
sections derived from the mathematical model are in good
agreement with the experimentally observed results for spa-
tial periods of 5, 2, and 1 lm. It can be seen that the simu-
lated ablation depth is very similar to the measured data for
spatial periods larger than or equal to 1 lm. Concerning the
topographical structure of the produced arrays, the patterns
exhibit a well-defined shape [Fig. 2(b–d)], without the instabil-
ities (defects) which predominate in other polymeric materials
such polystyrene or polyethylene terephthalate, especially for

periods below 1 lm. In these latter cases, the structuring pro-
cess is controlled by photo-thermal ablation.33,36

The lower experimental structure depth d observed princi-
pally for 500 nm arrays can be explained as follows. Inde-
pendent of the spatial period of the periodic array, the laser
fluence and the nature of the polymer determine the amount
of softened material on the polymer surface. In the case of a
purely photo-chemical ablation process, the shape of the pro-
duced arrays should present well-defined sharp edges; the
limiting physical property that determines the minimal
reproducible spatial period is the thermal diffusion length
(�1 to 10 nm for polymers irradiated with 10 ns pulses). In
terms of photo-thermal effects, a softened or molten zone is
produced (in addition to volatile products) which, in the
case of DLIP, is evidenced by the peaks at the shoulders
of the structure maxima [see e.g. Fig. 3(b,d)]. During the
ablation process, the softened material at the interference

FIGURE 5 Orientation of LM2 cells after 96 h on nonpatterned and patterned PI surfaces (line-like structure, K ¼ 500 nm to 10 lm).
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maxima is pulled out toward the minima positions due to
the high pressure of the volatile ablation products. However,
for small spatial periods (500 nm), the softened material
cannot be completely removed from the maxima, and a
lower ablation depth is observed compared with the calcu-
lated values. In consequence, the ablation depth seems to be
limited by the photo-thermal effect (softened material) for
short spatial periods.

Another important consideration during the ablation process
is the modification of surface chemistry. During irradiation, a
vapor and plasma plume containing electrons, ions, neutral
fragments (e.g., carbon), and gaseous reaction products
develops above the surface.23,30 To some extent, the gaseous
reaction products act like unstable free radicals, undergoing
crosslinking reactions and forming carbon clusters.35 These
clusters, as well as the neutral fragments, redeposit on the
samples as loosely attached debris (Fig. 2). Apart from such
debris, which can be removed easily by ultrasonic bath, the
surface chemistry does not change significantly after laser
treatment as has been suggested by other authors.35

Cell growth experiments on the patterned PI substrates dem-
onstrate that the mouse carcinoma mammary cells are
mostly aligned to the pattern direction. The cells respond to
the topography either by direct or indirect mechano-trans-
duction.37–41 This means that the surface of the micropattern
provides mechanical stimuli, which cells are able to sense
and respond to with a broad range of changes in shape, ad-
hesion, migration, cell spreading, and differentiation.42,43 One
critical organelle thought to play an important role in the
contact guidance response is the filopodium.44 Filopodia are
highly motile organelles involved in many cellular processes,
including migration and sensing of local topography, which
are able to detect the immediate environment.45 For exam-
ple, when in contact with ridges of the microstructure, the
filopodia can detect these topographical features, causing the
cell to exhibit a more elongated shape strongly orientated in
the direction of the microstructure.46

In view of the average diameters of filopodia (200–
400 nm),47 it is likely that small spatial periods (500 nm to
1 lm) will influence cell growth.2 This is confirmed by the
presented results, which show that up to approximately 80%
of the cells are orientated at an angle of less than 15� to
lines with spatial periods of between 500 nm and 2 lm.
This clearly indicates that mammary adenocarcinoma cells
change their shape and behavior depending on substrate to-
pography, as previously reported by authors using other cell
types and substrates.2,48–50

CONCLUSIONS

Line-like structures with varying periods (500 nm to 10 lm)
were fabricated on PI surfaces using the method of DLIP.
Due to the predomination of photo-chemical ablation proc-
esses, the patterns exhibited good quality even at small peri-
odic distances (500 nm), with structure depths between 0.3
(K ¼ 500 nm) and 0.9 lm (K ¼ 5 lm). These results were
corroborated by mathematical calculations of such photo-
chemical ablation processes. For small spatial periods, the cal-
culated surface profiles overestimated the measured structure
depth. One possible explanation for this phenomenon is the
formation of softened material, which indicates that the
photo-thermal aspect of the ablation process determines
the structure depth for shorter spatial periods (500 nm).

Subsequently, the patterned samples were used for growth
experiments of mouse mammalian adenocarcinoma cells.
After incubating for 96 h, the cells showed an elongated
morphology on the patterned PI and were strongly orien-
tated in the direction of the line-like structure. The number
of cells aligning to the pattern at an angle of less than 15�

was seen to increase for shorter spatial periods (up to 80%
of cells for 500 nm patterns). In summary, we conclude that
DLIP is a suitable method for the rapid fabrication of peri-
odic structures on large area polymeric substrates to control
cell growth for biological and medical applications.
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23 Bäuerle, D. Laser Processing and Chemistry, 2nd ed.;

Springer (Berlin, Heidelberg), 1996; Chapter 12, pp 191.

24 Dumont, Th.; Bischofberger, R.; Lippert, T.; Wokaun, A.

Appl. Surf. Sci. 2005, 247, 115–122.

25 Lasagni, A.; Acevedo, D.; Barbero, C.; Mücklich, F. Adv. Eng.

Mater. 2007, 9, 99–103.

26 Acevedo, D.; Lasagni, A.; Barbero, C.; Mücklich, F. Adv.

Mater. 2007, 19, 1272–1275.

27 Yu, F.; Mücklich, F.; Li, P; Shen, H.; Mathur, S.; Lehr, C.-M.;

Bakowsky, U. Biomacromolecules 2005, 6, 1160–1167.

28 Dyer, P. E. Appl. Phys. A 2003, 77, 167–173.

29 Koren, G.; Yeh, Y. T. C. J. Appl. Phys. 1984, 56, 2120–2126.
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