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Mold-Based Application of Laser-Induced
Periodic Surface Structures (LIPSS) on
Biomaterials for Nanoscale Patterninga
Wim Hendrikson,‡ Wendy Masman-Bakker,‡ Bas van Bochove,
Johann Skolski, Justus Eichst�adt, Bart Koopman, Clemens van Blitterswijk,
Dirk Grijpma, Gert-willem R�omer, Lorenzo Moroni, Jeroen Rouwkema*
Laser-induced periodic surface structures (LIPSS) are
 highly regular, but at the same time
contain a certain level of disorder. The application of LIPSS is a promising method to
functionalize biomaterials. However, the absorption of laser energy of most polymer

biomaterials is insufficient for the direct application
of LIPSS. Here, we report the application of LIPSS to
relevant biomaterials using a two-step approach.
First, LIPSS are fabricated on a stainless steel surface.
Then, the structures are replicated onto biomaterials
using the steel as a mold. Results show that LIPSS can
be transferred successfully using this approach, and
that human mesenchymal stromal cells respond to
the transferred structures. With this approach, the
range of biomaterials that can be supplied with LIPSS
increases dramatically.
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1. Introduction

In recent years, it has become clear that micro- and
nanoscale patterns on the surface of biomaterials have a
profound effect on attachment, proliferation, migration,
and differentiation of cells.[1,2] In this aspect, especially
grooves and ridges have been studied profoundly, since
these patterns result in cellular alignment and directed
migration, which is important for multiple biomedical
processes such as myoblast fusion or axonal guidance, but
also directed cellular differentiation.[3,4]

Laser-induced periodic surface structures (LIPSS) consist
of highly regular wavy surface structures, or nanoripples,
showing amplitudes and periodicity in the sub-micro-
meter range.[5,6] LIPSS were first reported in 1965 by
Birnbaum on semiconductors,[7] but have also been
observed on dielectrics, metals, and polymers.[8–13] LIPSS
are usually categorized based on their spatial periodicity
L. When the spatial periodicity L of the ripples is close to
the wavelength l of the laser light used and the LIPSS are
oriented orthogonal to the polarization of the laser light,
the LIPSS are commonly referred to as ‘‘Low Spatial
Frequency LIPSS’’ (LSFL). When a surface is exposed to
ultra-short laser pulses, with pulse durations in the
picosecond or femtosecond regime, the periodicity of LSFLs
may be smaller than the wavelength of the laser. A second
class of LIPSS shows a spatial periodicity which is smaller
than the laser wavelength. These LIPSS are usually
referred to as ‘‘High Spatial Frequency LIPSS’’ (HSFL) and
are found on surfaces which are exposed to picosecond-
or femtosecond-pulsed laser radiation. A third class of
LIPSS exhibits a spatial periodicity larger than the laser
wavelength—i.e., L > l, and are usually referred to as
‘‘Grooves.’’ These Grooves are typically found on surfaces
where a significant amount of material has been removed
by laser ablation.

Here, we present a method to apply nanoscale ridges
and grooves to biomaterial surfaces based on LIPSS. This
method results in surface features that are highly
organized, but at the same time contain a certain level of
disorder, which was shown to be beneficial for directed
cellular responses.[2,14–16] Multiple studies have been
reported where LIPSS were applied to metals like titanium
in order to control the behavior of cells.[17–19] Apart from
that, LIPSS have been written directly on polystyrene for
this purpose.[20–24] In order to apply LIPSS directly to a
biomaterial polymer surface, the linear absorption coef-
ficient of the polymer for the specific wavelength used
needs to be higher than 1 � 104 cm�1.[25] Therefore, these
structures cannot be applied directly to many biomaterials
that are generally used in tissue engineering and regen-
erative medicine. Here, we report the application of LIPSS to
relevant polymeric biomaterials using a two-step mold-
based approach.
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2. Results and Discussion

2.1. Application of LIPSS to Stainless Steel

Homogeneously distributed LIPSS were successfully
applied to 1.4 � 1.4 cm2 areas on the stainless steel sheets.
The direction of the LIPSS was perpendicular to the
polarization of the laser radiation. A variation in the
direction of the structures could be observed, with an
interquartile distance of 13.18, 10.68, and 13.78, for
structures created with a laser wavelength of 343, 515,
and 1030 nm, respectively, as determined by SEM
(Figure 1A and 3C). The periodicity of the LIPSS was
220 � 26, 298 � 51, and 560 � 78 nm as determined by
atomic force microscopy (AFM). This implies that the
periodicity of the LIPSS were 64, 58, and 54% of the applied
laser wavelength, respectively. The corresponding height
of the LIPSS was 94.5 � 12, 87.1 � 19, and 148 � 34 nm,
respectively (Figure 1B and 2B).

Ithasbeenreported inthe literature that theperiodicityof
LIPSS varies based on the material and the laser processing
conditions—i.e., wavelength, number of pulses, and fluence
applied. Periodicities as low as 30% of the wavelength of
the laser have been observed for LIPSS applied to a titanium
dioxide surfaces using both a 388 or 775 nm laser wave-
lengths,[19] while periodicities are closer to the wavelength
of the laser source for other materials such as titanium
alloy Ti–6Al–4V (75% when applying l … 800 nm),[17]

polystyrene (100% when applying l … 248 nm; 80–95%
when applying l … 266 nm),[26,21,23] or poly(ethylene ter-
ephthalate) (83% when applying l … 157 nm; 106% when
applying l … 265 nm).[27,28] The values of this study are well
within this reported range. Previously published heights of
the structures are in the range of 15–130 nm for laser
wavelengths in the range of 157–795 nm.[20,21,23,28,27] The
heights of resulting structures in this study are at the higher
end of this range, especially for the laser wavelength of
1030 nm. This is in accordance with previous literature,
reporting higher features when a laser with a longer
wavelength is used.[28]
2.2. Replication of LIPSS to Biomaterials

Since LIPSS cannot be directly applied to materials with a
low absorption coefficient for the laser light used, this study
explores a two-step approach to apply LIPSS to biomaterial
surfaces. After applying LIPSS to a stainless steel sheet, the
structures are replicated on the polymeric biomaterial
using a mold-based approach.

Replication of LIPSS was attempted on the UV polymer-
izable biomaterials poly(trimethylene carbonate) (PTMC)
and poly(ethylene glycol)–poly(trimethylene carbonate)
(PEG–PTMC). LIPSS were replicated successfully to both
these material (Figure 2). On PTMC networks, the periodicity
016, 16, 43–49
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Figure 1. Characterization of applied LIPSS on steel molds by SEM (panel A, scale bar 5 mm) and AFM (panel B). The dimensions in the SEM
and AFM figures refer to the laser wavelength.

Mold-Based Application of Laser-Induced Periodic. . .

www.mbs-journal.de

Macromol. Biosci. 2016, 16, 43–49
� 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

45
www.MaterialsViews.com



Figure 2. Replication of LIPSS on PEG–PTMC and PTMC networks as characterized by AFM (panel A). Corresponding height profiles are
displayed in Figure S1. The height and periodicity of the resulting features were quantified and compared to the steel molds (panel B. n … 7;
� p < 0.05; & p < 0.005 compared to steel; $ p < 0.005 compared to dry PEG–PTMC networks).
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of the LIPSS was 286 � 27, 346 � 27, and 643 � 33 nm, and
the corresponding height of the LIPSS was 35.7 � 6.8,
53.8 � 9.6, and 108 � 29 nm for structures prepared with a
343, 515, and 1030 nm laser wavelength, respectively, as
determined by AFM (Figure S1). This means that compared
to the LIPSS on steel, the structures were significantly lower
in height. Apart from that, the periodicity was significantly
higher for the samples prepared with the 343 and 515 nm
wavelength.

On PEG–PTMC networks, the periodicity of the LIPSS
was 237 � 23, 365 � 56, and 506 � 37 nm, and the corre-
sponding height of the LIPSS was 63.3 � 11, 65.3 � 13, and
165 � 19 nm for structures prepared with a l … 343 nm,
l … 515 nm, and l … 1030 nm laser wavelength, respec-
tively, as determined by AFM. This means that compared to
the LIPSS on steel, the structures were significantly lower
in height only for the samples prepared with l … 343 nm.
Apart from that, the periodicity was significantly higher for
the samples prepared with l … 515 nm radiation.

Since PEG–PTMC networks swell considerably in a wet
environment, the effect of swelling of this material on the
topography of the LIPSS was determined. On wet PEG–
PTMC, the periodicity of the LIPSS was 241 � 32, 329 � 60,
and 474 � 66 nm, and the corresponding height of the LIPSS
was 107 � 17, 116 � 35, and 177 � 18 nm for structures
prepared with a 343, 515, and 1030 nm wavelength,
respectively, as determined by AFM. This means that
compared to the LIPSS on steel, there were no statistical
differences regarding periodicity or height. When com-
pared to the dry PEG–PTMC networks, there were no
statistical differences regarding the periodicity. Regarding
the height of the LIPSS though, the structures were
significantly higher for the samples prepared with the
343 and 515 nm lasers.

It is unclear what caused the differences in periodicity of
the replicated LIPSS compared to the LIPSS onsteel. Thismay
be related to a slight expansion of the material after
removal from the steel mold. When comparing the profiles
of the LIPSS on PTMC networks, it can be seen that the
structures have less sharp peaks and are rounded off
compared to the LIPSS on steel and PEG–PTMC networks.
Combined with the significantly lower height of the
structures on PTMC networks, this indicates that PTMC
does not fill the structures on steel completely upon
replication.

It is known that the application of LIPSS to material
surfaces changes the chemical properties of these surfa-
ces.[20,24,29] Cells grown on materials with applied LIPSS
will therefore not only be affected by changes in surface
topography, but also changes in surface chemistry. Due to
the indirect application of LIPSS to biomaterial surfaces
using a mold as presented here, this effect is minimized.
Eventhough further research isnecessary to assesswhether
the mold changes the biomaterial surface by for instance
Macromol. Biosci. 2
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depositing metal residues, it is likely that the presented
method only changes the surface topography.
2.3. Cell Culture

Human mesenchymal stromal cells (hMSC) were cultured
successfully on both patterned PTMC and PEG–PTMC
networks for up to 4 d. Methylene blue staining showed
regions with a higher cell density on PTMC networks,
regardless of the LIPSS on the surface. This is most likely due
to some crumpling of the sheets, resulting in non-uniform
initial cell seeding (Figure 3A).

ImageJ analysis showed that the cells preferentially
organized into a certain direction on both materials for
all three wavelengths. A variation in the direction of
the cells could be observed, with an interquartile distance
of 42.58, 32.48, and 28.38, for structures prepared on
PTMC networks, and 39.18, 34.18, and 30.18, for structures
prepared on PEG–PTMC networks, with l … 343 nm,
l … 515 nm, and l … 1030 nm wavelength laser, respec-
tively (Figure 3C). The control, non-patterned samples,
showed an interquartile distance of 87.98 for PTMC and
89.98 for PEG–PTMC, which is close to the theoretical 908
for perfectly random-oriented cells. SEM analysis showed
that the alignment of the cells was in the direction of the
LIPSS for all three wavelengths used (Figure 3B).

Even though the cells align on both materials and on
LIPSS produced with all three wavelengths, the alignment
increases with an increase in the wavelength of the laser
used to fabricate the LIPSS. Given the differences between
the periodicity and height of the structures prepared
with the different laser wavelengths, this indicates
that within the framework of this study, hMSC respond
better to surface structures that have a higher value for the
periodicity, even though an additional effect of other
factors such as the height or regularity of the structures
cannot be ruled out.

The exact mechanism by which the cells sense and
respond to LIPSS remains unclear. It has been reported that
cells can align on ridges as narrow as 70 nm and as low
as 35 nm,[30,31] but it is unclear whether cells recognize
and respond to the topography directly, or whether the
topography prompts a pattern in the distribution of
adhesive proteins, which then affects the material–
cytoskeleton crosstalk.[31] However, given the small size
of the structures that cells can respond to, it is unlikely that
the cell membrane can bend into the nanostructures to
closely follow the material profile, or that the structures
distort the organization of actin filaments in the cell
cytoskeleton directly.[23] In contrast, recent findings show
that the response of cells to nanofeatures is tightly linked
with the formation and dynamics of focal adhesions on the
ridges of the structures, which in turn modulates cyto-
skeletal reorganization and cell function.[2,32]
016, 16, 43–49
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Figure 3. hMSC cultured on the patterned biomaterials for 4 d. Cells were stained with methylene blue for phase contrast imaging (panel A,
scale bar 50 mm) or processed for SEM analysis (panel B. The bottom image of this panel is a magnification of the region denoted by the
yellow square in the upper image). Using the methylene blue images, the alignment of the cells was quantified and compared with the
alignment of the features on the steel mold as determined using SEM. The frequency of features within a certain deviation from the main
alignment direction is displayed (panel C. n … 3). The bottom right graph displays the interquartile range for all groups to better illustrate
the differences in distribution.
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3. Conclusion

In conclusion, we show that by using a mold-based
approach, LIPSS can be applied to biomaterials. As a result,
this novel method enables the application of nanoscale
structures that are highly organized, but at the same time
contain a certain level of disorder, which was shown to
be beneficial for directed cellular responses,[2,14–16] to a
wider range of biomaterials. Given the current focus in
the field on nanotopography as a promising method to
control cellular niches and cellular behavior,[2] we believe
that this method provides an interesting new tool for
stem cell biology and applications in the regenerative-
medicine field.
,
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