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a b s t r a c t
The use of ultra-short pulses for nanoengineering of biomaterials opens up possibilities for biological,
medical and tissue engineering applications. Structuring the surface of a biomaterial into arrays with
micro- and nanoscale features and architectures, deﬁnes new roadmaps to innovative engineering of
materials. Thin ﬁlms of novel collagen/elastin composite and gelatin were irradiated by Ti:sapphire fs
laser in air at central wavelength 800 nm, with pulse durations in the range of 30 fs. The size and shape
as well as morphological forms occurring in the resulted areas of interaction were analyzed as a function
of irradiation ﬂuence and number of pulses by atomic force microscopy (AFM). The fs interaction regime
allows generation of well deﬁned micro porous surface arrays.
In this study we examined a novel composite consisting of collagen and elastin in order to create a
biodegradable matrix to serve as a biomimetic surface for cell attachment. Confocal microscopy images
of modiﬁed zones reveal formation of surface fringe patterns with orientation direction alongside the
area of interaction. Outside the crater rim a wave-like topography pattern is observed. Structured, on a
nanometer scale, surface array is employed for cell-culture experiments for testing cell’s responses to
substrate morphology. Mice ﬁbroblasts migration was monitored after 3 days cultivation period using
FESEM. We found that ﬁbroblasts cells tend to migrate and adhere along the laser modiﬁed zones. The
performed study proved that the immobilized collagen based bioﬁlms suite as a template for successful
ﬁbroblasts cell guidance and orientation. Fs laser induced morphological modiﬁcation of biomimetic
materials exhibit direct control over ﬁbroblasts behaviour due to induced change in their wettability
state.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The application of femtosecond laser irradiation in surface structuring has been extensively investigated by many research teams
and a large diversity of structures at the modiﬁed surface region
was observed. Surface properties provide possibilities to govern
the response of materials to particular application. The possibility to modify surface topography of biopolymers on a nanoscale
is of great interest for applications in biomedicine, bioengineering
[1–3]. Naturally occurred protein – based biopolymers like collagen, elastin and gelatine are examples of biodegradable polymers.
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They possess high biological recognition, which positively reﬂects
cell’s adhesion, shape and spreading.Collagen-based scaffolds can
be used to mimic the extracellular matrix (ECM) of soft tissues and
provide support during tissue regeneration [4]. Collagen typically
gives the tissue its mechanical strength and stiffness, while elastin
can provide elasticity and the ability to store elastics train energy.
Recent report have shown the creation of 3D structures from photosensitive gelatin by 2PP-fabrication. Gelatin is derivative of collagen
and does not exhibit antigenicity [5]. These material properties are
appropriate for applications in regenerative medicine [6–9].
Surfaces are the primary place of contact between a biomaterial and its host organism. By tailoring the material surface
morphology, functionalization of the biopolymers can be achieved,
by enhancing its biocompatibility, promoting cells integration,
and for drug delivery [10]. The critical factors which deﬁne the
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degree of biocompatibilityare related mainly to the wettability
(hydrophilicity/hydrophobicity), chemistry, charge, and roughness
of the surface. The analysis of surface properties provides possibilities to understand the inﬂuence of processing parameters over
the surface material functionalization and to estimate the overall
material response. Formation of laser induced nanostructures on
different type of materials (metals, dielectrics) has been reported
from several groups [11]. Particularly, the intense pulsed laser
interaction involves very complex physical processes, including
heating, melting, ejection of species, vaporization, shock wave formation and propagation, plasma creation and expansion [12]. The
nature of the ablation process is dependent on the laser radiation
parameters, such as the pulse duration, pulse energy, repetition and
wavelength, the material properties and the surrounding environmental conditions.
Direct laser surface structuring does not involve usage of foreign
agents and allows the fabrication of precise well-deﬁned patterns.
Recently, much attention has been paid to laser-assisted micro
and nanofabrication technologies to pattern surfaces with different topographies for providing valuable inside on cell-substrate
junction. In electronics microfabrication can produce surfaces with
ordered structures like wave guides, wells, and pits. For biology
applications many cell types including ﬁbroblasts, oligodendrocytes, neurons, epithelial, endothelial, and smooth muscle cells
have been shown to migrate along grooved topography. It has
been shown that the average migration speed of cells is higher
on microgroove substrates than on ﬂat surfaces [13–15]. The
interaction and response of cells with substrates with processed
topographies are mediated through a phenomenon called contact guidance [16]. Contact guidance is known to affect cellular
behaviours such as adhesion, morphology, migration, and differentiation [17].
Different applications of femtosecond pulses are achieved for
the needs of nanomedicine: nanosurgery, optoinjection of nonadherent cells optical poration of cell membranes, optical transfection
of mRNA into primary neurons. It has been successfully demonstrated that in order to achieve very precise sub-micron surgical
cuts in the biological membrane shortening the pulse duration is
of essential importance. The laser-matter interaction with longer
laser pulses in the ns time domain is described by avalanche ionization. The laser matter interaction in the fs time domain is dominated
by multiphoton ionization. The combination of shorter pulse duration (<100 fs) and high peak intensities will allow more conﬁned
plasma creation and higher surgical precision than achievable with
longer laser pulses [18–22].
For practical applications, especially in the ﬁeld of biomedicine,
tissue engineering, surface modiﬁcations are usually essential for
better compatibility and manipulation of biomolecules [23]. Femtosecond laser processing can ﬁnd new functionalities, such as
modiﬁcation of surfaces by generation of grooves and microholes
on 3D fused ﬁlament fabricated PLA (polylactic acid) microporous
structures, for enhancement of functionalization capabilities of
implant material.
The direct laser writing (DLW) technique with fs laser pulses
(temporal pulse width  = 300 fs,  = 1030 nm, repetition rate
 = 25 kHz) permits creation of fetures with great reproducibility
and does not require clean room. The laser induced micro-features,
improve surface roughness of the PLA construct and enhances cell
adhesion in relation to cell types used for cell growing [24].
In this paper,we investigate femtosecond laser induced formation of micro structures on a biopolymercoatings irradiated with
single and multiple 30 fs laser pulsesof the wavelength in the
near-IR range. Ultra-short laser modiﬁcation of collagen-elastin
composite showed enhanced micro pores formation in respect
to laser induced modiﬁcation of gelatine. Laser modiﬁcation by
pulses in the 30-fs domain provide a quality of modiﬁcation of thin
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ﬁlms of biopolymers that is unobtainable with longer pulses in the
range of nanoseconds. In the case of collagen/elastin irradiation by
laser pulses of 30 fs duration induces micro foam formation with
enhanced porosity expressed in emerged interconnection ﬁbers, in
the order of several nanometers, between the separate pores and
reproducibility of circularly formed shapes.
These investigations aim to provide knowledge and control over
important parameters as a function of applied intensity in femtosecond regime, such as ablation threshold ﬂuence, crater depth
and diameter.
In addition, we observed for the ﬁrst time fringe patterns
in the area surrounding the laser induced modiﬁcation zone.
The typical morphology has been illustrated in detail with confocal microscope. Finally, based on the acquired experimental
data, the generation of ordered arrays (by irradiation  = 30 fs) of
well-deﬁned shapes with high reproducibility is demonstrated.We
showed experimentally, that under femtosecond laser irradiation,
within a speciﬁc parameter range, the evolution of surface topography towards formation of micropores is achieved with a high
reproducibility. The generated surface roughness is mainly controlled by the number of applied laser pulses. It was found that the
control over surface wettability, obtained by fs laser structuring
of the bioﬁlms, altered the surface hydro – phobicity, – philicity.
The results showed that optimal cell adhesion was obtained for
transition from hydrophobic to hydrophilic state.
2. Material and methods
The materials used in this study were collagen/elastin blends
and gelatin. The thin ﬁlms were prepared using protocols described
in detail in [25]. Different thicknesses of biopolymer thin ﬁlm layer
were deposited and laser irradiated. It was estimated that in order
to create a porous foam of material, the minimum thickness should
be kept in the range of ∼10–20 m. If the thickness of the layer is
less than 10 m, the formation of porous foam from biopolymer
thin ﬁlm could not be initiated, the laser irradiation in this case
leads to ablation of the material thus reaching the substrate. If the
thickness is larger than 20 m we have not monitored a signiﬁcant
change in the formation of the foam matrix.
The specimens were microprocessed by a CPA multipassTi:sapphire laser (Femtopower-Compact pro) emitting at
800 nm central wavelength, with pulse duration of 30 fs, at repetition rate of 1 KHz and average output power of 800 mW. The
experiments were performed in air with the laser beam focused
by a lens of focal length 15 cm. The diameter of the laser modiﬁed
zones were measured using scanning electron microscopy (SEM)
Fig. 1a.
The modiﬁcation threshold ﬂuence was calculated using the
regression technique [26]. The method consists of determining the
modiﬁcation threshold from a semi-logarithmic plot of the diameters squared (D2 ) of the regions of modiﬁcation vs. applied laser
ﬂuence Fig. 1b. The linear relationship between the modiﬁcation
area and the logarithm of the maximum laser energy of the Gaussian beam is deﬁned by the Eq. (1).
D2 = 20 2 ln(E/Eth )

(1)
D2

The extrapolation to
= 0 gives the value of the of the modiﬁcation threshold ﬂuence, which is 1.61 J/cm2 . The slope of the curve
is equal to 2 w0 2 , thus the radius of the spatial beam proﬁle w0 on
the surface at 1/e2 is 57 m. To plot the relations versus laser ﬂuence, the maximum laser ﬂuence F is related to the pulse energy E
by Eq. (2):
F = 2E/20

(2)

The samples were processed by scanning the focused laser
radiation over the surface.The exposures were performed in sets
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Fig. 1. (a) Relationship between the diameter of the modiﬁed zones and the pulse energy by single and multiple number of laser pulses.; (b) The squared diameter, D2 , of
the ablated crater in gelatin, as a function of the peak laser ﬂuence and laser intensity when irradiated with single-shot (N = 1).

of parallel lines under various conditions.For formation of reproducible matrix of rows the scanning speed is chosen such, that the
pulse spacing d (distance between two successive pulses) is 90 m,
resulting in an overlap of at least 80%, Fig. 2. The ﬁlms thus prepared are irradiated in subject of different ﬂuencies and number
of pulses. The number of pulses (spaced 1 ms apart) are extracted
by controlling the internal pockels-cell of the ampliﬁerby an electromechanical pulse shutter. Different energy can be obtained by
adjusting the attenuator which is a combination of a half-wave
plate and a polarizer, and the energy is monitored by the energy
meter. The samples were moved, with respect to a ﬁxed laser-beam
position, using a computer controlled translation stage after a given
number of shots Fig. 2 .
The irradiated thin ﬁlms of biopolymers were examined using
confocal microscope surf explorer (Nanofocus). It can provide
high resolution images of the surface and quantitative measurement of the surface roughness and the coating thickness. The
distinct advantage in relation to standard microscopy is expressed
in eliminationof defocused images. The intensity of the confocal
image drops sharply as the image is defocused, whereas the intensity does not change with a standard microscope. Thus, the plane
which is in focus can be observed without interference from layers
above or below.

The samples investigated by scanning electron microscopy
(Microscope FEI, Quanta 200F) were sputter coated with a thin
ﬁlm of gold. The obtained images wereanalyzed with respect to the
thin ﬁlm surface morphology and integrity produced by ultra-short
laser irradiation.

3. Results and discussion
3.1. Morphological characterization of the laser induced porous
nanostructures- SEM
Ultra-short laser induced interaction with thin biopolymer coatings leads to the formation of superﬁcial circular spots with a foamy
and ﬁbrous appearance interconnected by nanometer sized ﬁbers
Fig. 3.
Rapid ultrafast laser energy deposition allows material modiﬁcation before signiﬁcant heating of the bulk material occurs [27].
Near-infrared photons ( = 800 nm) from femtosecond lasers are
nonlinearly absorbed in polymers through multiphoton absorption,
enabling precise micromachining. The most important properties
of ultrashort laser pulses are related to the rapid energy deposition,
fast ablation with minimal heat affected zones and lower ablation
threshold compared to longer pulses [28].

Fig. 2. Scheme of the surface laser processing: (a) parallel micro-grooves array on the surface of thin ﬁlm of biomaterial produced by laser scanning along x-axis, (b) close
up of the processed array, distance of the scanning length is 5 mm.
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Fig. 3. SEM micrographs of biopolymer nanoﬁbers generated upon fs laser irradiation. The micrograph shows interconnectivity and the pore structure of gelatin
scaffolds.

The laser power dependence of the morphology of collagenelastin ﬁlms is shown in Fig. 4. The focused beam proﬁle on
collagen/elastin samples is not circular and the reasons for this
irregularities could be described with the onset of non-linear effects
in air, which could disturb the beam shape. In our case the sample was placed 1–2 mm before the geometrical focus of the lens.
Another reason could be due to some dirt on the focusing lens or
preceding optics which dramatically inﬂuenced the beam proﬁles
on sample. Structures were also fabricated at different energies.
We noted that at higher pulse energies with single pulse irradiation the surface modiﬁcation expressed in microfoam formation is
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reproducible and results in regular distributed micropores for the
energy range between 3.92 J/cm2 and 9.41 J/cm2 .
The laser-induced pores have ﬂuence-independent shapes,
while the height and dimensions of the structures differ and are
strongly depended on number of bursts applied Fig. 5. At least number of pulses N = 1 the pores became clearly regular, interconnected
and increase their dimensions, moreover, they obtain a favored orientation direction in the generated structure Fig. 5a. The orientation
of the micropores on collagen/elastin sample were obtained under
irradiation with ‘p’ polarized laser beam. The increase of the number of applied laser pulses from N = 2 to 100 leads to transitions in
morphology. The microfoam becomes irregular and lost its porosity, this is due to the increase in the total energy deposition per
area.
With increasing number of applied laser pulses N = 3 to 100,
the applied energy per area increases, e.g. Fig. 5(c–f), the surface
modiﬁcation pattern becomes melted and disordered and the pores
are no longer clearly regular. The laser energy is absorbed by electrons and then transferred to the lattice on the time scale of a few
picoseconds, after which heat diffusion into the material begins.
Already irradiation by two pulses (N = 2) gives an indication of
the onset of melting Fig. 5b. The results show that with increasing laser energies from 3.92 J/cm2 to 5.88 J/cm2 , the best quality of
regular nanopores was formed for N = 1 Fig. 6a and b.
For increasing number of laser pulses N (see Figs. 5 c–f, 6 a
and b) a chaotic deterioration of micropores and granular structures were formed due to the fact that the deposited energy on
samples was more over the threshold energy, which represents
the minimum average laser ﬂuence required to initiate a surface
modiﬁcation with one laser pulse. The modiﬁcation threshold ﬂuence was already estimated in previous studies for each number of
pulses N and a reduction in the values of Fth with respect to the
number of applied laser pulses was observed. Under multi-shot
irradiation conditions, the material becomes melted. The thresholds drop with the increasing number of incident pulses [29]. This
effect is known as incubation and can be attributed to accumulation
of damage and defects from the individual laser pulses.

Fig. 4. SEM images of single pulse irradiated collagen-elastin ﬁlms at  = 800 nm,  = 30 fs: (a) F = 9.41 J/cm2 , mag. 1300×, (b) F = 7.84 J/cm2 , mag. 1300×, (c) F = 5.88 J/cm2 ,
mag. 1300×, (d) F = 3.92 J/cm2 , mag. 1300×, (e) F = 9.41 J/cm2 , mag. 40000×; (f) F = 7.84 J/cm2 , mag. 40000×; (g) F = 5.88 J/cm2 , mag. 40000×; (h) F = 3.92 J/cm2 , mag. 40000×.
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Fig. 5. SEM images of collagen/elastin surface morphologies, obtained by the variation of the applied laser pulses and at constant laser ﬂuence F = 9.41J/cm2 : (a) N = 1, (b)
N = 2, (c) N = 3, (d) N = 4, (e) N = 5, (f) N = 100.

When applying a multiple number of pulses, the properties of
the material, like absorptivity, undergo changes. The laser energy
varies as a function of the number of pulses. After the ﬁrst shots,
the incubation effects starts to develop and leads to a lower surface
reﬂectivity. These transitional surface states, in the case of high
intesities and increasing number of pulses, could be a result from
the strong, temporarily limited thermal process initiated by laser
irradiation. The obtained microfoam can be explained by cavitation
process which is induced upon building up of internal pressure and
formation of bubble nucleation. The nucleation occurs via grouping
of individual voids into a critical bubble. This results in formation
of intermediate liquid-gas state. The nucleation can be brought out
of the equilibrium condition by overheating the material above
boiling point until bubbles form explosively or by applying a negative pressure. When the negative pressure is increased, the critical
bubbles will pull apart; this process is known as cavitation [30–32].

Fig. 5a shows SEM images at the edge of the laser induced modiﬁcation with 9.41 J/cm2 pulse energies. The process of shock (heat)
wave’s formation is evident from the edges of Fig. 5a. These modiﬁcations appear in the area around the interaction zone, when the
applied laser ﬂuence exceeds the melting threshold.
However, we found that the formation of nanopores at least
number of pulses exhibited better proﬁles for collagen-elastin sample. The shape of the fabricated nanopores is different for different
materials.
Nanopores were observed upon irradiation at 800 nm of gelatin
in a narrow range of ﬂuencies Fig. 7. Matrix formation is observed
for N = 1–5, in the range of ﬂuencies from 3.8 J/cm2 to 5.8 J/cm2 ,
however formations of hollow depths are observed Fig. 7 a, b, d,
e, g, h. At N = 5, the gelatine modiﬁcations were improved. The
nanopores induced by fs laser irradiation in gelatine differ in struc-
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Fig. 6. Nanoporous collagen/elastin surface produced at (a) F = 3.92 J/cm2 and (b) F = 5.88 J/cm2 laser ﬂuencies and N = 1–100 laser shots.

ture and shape in respect to collagen/elastin. The most regular
nanopores were obtained for collagen/elastin material.
3.2. AFM investigationsof gelatin modiﬁcation
For the AFM studies an Asylum research Oxford instruments
scanning – MFP-3D-bio atomic force microscopewas employed.
Commercial MLCT cantilever tip type ‘E’ Brucker from nonconductive silicone nitride was applied with a stiffness of 0,10 N/m.
The measurements were performed in air atmosphere, using scan
frequency of˜1 Hz. Figs. 8–10 demonstrate AFM-scans of prepared
biopolymer gelatin ﬁlms before and after laser irradiation.
Fig. 8 show the AFM images of non-modiﬁed gelatine thin ﬁlm.
Inﬂuence of the fs laser treatment on the surface was determined after irradiation with N = 1,2 and 5 pulses. It should be
stressed that, there is a resolution limitation of the AFM measurements, due to the ﬁnite size of the AFM tip radius. Therefore, the
measurement is limited in lateral and height resolution. The maximum area of examination of the modiﬁed zone morphology is
90 × 90 m. The measurement was performed very closely to the
crater boundary, covering the inside of the modiﬁed zone as well
Fig. 9a–c.
Obtained AFM images for different number of applied laser
pulses and ﬂuencies, showed the presence of darker hues on
the surface, this could correspond to the presence of nano-pores.
As a result of photoinduced modiﬁcation, oriented movement of
biopolymer material outside the crater centre and formation of
swelling region of ejected polymer material is initiated. The modiﬁcation, results in changes in surface roughness. It is evident that the
surface morphology strongly depends on number of applied laser
pulses and laser ﬂuence. Roughness of the created craters is in the
range of several nm nanometers gradually increasing by increase
number of laser pulses Fig. 9. From the AFM image on Fig. 9a,
can be seen that the plateau of the crater exhibit more homogenous surface. Increasing the number of applied laser pulses leads to
disappearance of this homogeneity, simultaneously accompanied
with more pronounced depth caused by the change in the ablation
rate. The same behaviour is monitored for lower laser ﬂuence levels
as well Fig. 10a–c.

AFM data correspond very well to those obtained from SEM
investigation Fig. 7. The obtained AFM images reﬂect the representative morphological information obtained by SEM for gelatin.
These combined approaches proved to be effective methods for the
characterization of the surface properties of biopolymers.

3.3. Confocal microscopy of collagen-elastin modiﬁed zones
We performed our further experiments on collagen-elastin samples with the most pronounced changes in surface morphology, i.e.
with the highest surface modiﬁcation. The lateral step size was optimized at˜83 m, to obtain a partial overlapping and a continuous
and homogeneous pattern over the surface.
In this study we have employed a non-destructive technique,
confocal scanning laser microscopy, which is used to characterize
the topography and morphology of biopolymer coatings. Confocal microscopy investigations yield further additional information
about the size and the range of the surface undulations. The 3-D
confocal microscope has the distinct advantages of also being able
to distinguish between the coating surface and the substrate thus
enabling coating thickness to be determined over a wide range of
areas and perform qualitative and quantitative analysis [33]. Each
confocal image is a horizontal slice through the topography of the
sample. The 100× objective lens was used for measuring ﬁeld size of
150 m × 150 m, with a precision of 20 nm vertical resolution for
motorised positioning unit and with ﬁne positioning (piezo driven)
unit – 1 nm. The resolution of the instrument is 0.31 m (lateral
resolution) in the plane of the material surface. The objective lens
could be translated vertically via a z-positioning unit which permits
acquisition of images at different heights. The image acquisition
module has measuring ﬁeld of 512 × 512pixels.
No previous sample preparation is required for measurements
with the 3-D confocal surf system. In this paper, 3-D confocal
microscopy is successfully applied to laser processed biopolymer
thin ﬁlms formed on quartz substrates.
Confocal microscopy data were analyzed to provide statistics of
the laser induced foam evolution with increasing number of pulses
and laser energy.
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Fig. 7. SEM pictures of the surfaces of modiﬁed gelatin obtained by the variation of the laser ﬂuence and number of pulses: (a) N = 1, F = 3.8 J/cm2 , (b) N = 2, F = 3.8 J/cm2 , (c)
N = 5, F = 3.8 J/cm2 , (d) N = 1, F = 4.8 J/cm2 ,(e) N = 2, F = 4.8 J/cm2 , (f) N = 5, F = 4.8 J/cm2 ,(g) N = 1, F = 5.8 J/cm2 , (h) N = 2, F = 5.8 J/cm2 , (k) N = 5, F = 5.8 J/cm2 .

Fig. 11(a) is a topography image representing a
150 m × 150 m area of laser induced modiﬁcation of collagenelastin layer by irradiation with 2 pulses, 2.94 J/cm2 , and 30 fs. The
3-D reconstructed surface topographic image of the modiﬁed layer
is presented in Fig. 11(b). The cross section of the 3-D reconstructed
image is shown on Fig. 11(c), respectively, with the height of 2 m

of the microfoam formation by irradiation with 2 pulses at low
ﬂuence (F < 2.94J/cm2 ).
The changes in surface morphology and modiﬁcation formation
are clearly demonstrated in Fig. 11(a–b). The diameter of the modiﬁcation is 76 m. When the biopolymer is irradiated, melt ejection
appears at the edge of the ablated spot. Melt ejection at the outer

Fig. 8. AFM image of untreated gelatine thin ﬁlm surface: (a) AFM lateral trace, (b) cross section proﬁle.
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Fig. 9. AFM images showing the alteration of gelatin thin ﬁlm surface after laser irradiation: (a) AFM image and optical image of the cantilever position on the modiﬁed zone
close to crater boundary, N = 1, F = 5.8 J/cm2 ; AFM image and cross section proﬁle of the area inside the modiﬁcation zone: (b) N = 1, F = 5.8 J/cm2 (c) N = 2, F = 5.8 J/cm2 , (d)
N = 5, F = 5.8 J/cm2 .

edge of each spot leaves a ridge which can be observed in Figs. 11
(c) and 12 (c).The modiﬁed areas have the morphology of circular spots surrounded by a small rim, which height is one order of
magnitude higher than the plateau of the crater.
The diameter of the spot increases (d = 88 m) as the energy
and the number of pulses increases Fig. 12(c). This result may be
due to the phase change dynamics of the target surface when is
irradiated by different number of bursts. The ﬁrst few pulses change
the state of the target surface roughness and improve the surface
absorption. Therefore, the forthcoming pulses interact with higher
absorptive state and as a result the width of the interaction zone is
increased. A novel feature in confocal microscopy examination is
the periodic structure surrounding the modiﬁed zone. The modiﬁed
area is surrounded by periodic depths and heights of material, the
formations of these ring structures are illustrated in Fig. 12(a–c).
The formation of these periodic patterns could be associated
with spatial movement of material density proﬁle [34,35]. The pattern formation could be a result from the interaction of the high
intensity laser pulse causing multi-photon ionisation leading to the
generation of a shock wave and the instantaneous local melting of
the material. Subsequent cooling of the material freezes in the form
of wave-like shape. The literature survey showed that this kind of
pattern for this type of material is a novel feature that has not been
previously observed.
The interference patterns formations (compare Figs. 11 (b) and
12 (b)) could be related to a region with low surface tension. Conse-

quently, a surface-tension-driven ﬂow could be directed from the
crater centre, to the edges, resulting in building up of material.Two
forces are generally responsible for surface tension material ﬂow:
thermocapillary forces and hydrodynamic forces exerted by the
plasma ignition above the surface [36]. Formation of thermocapillary ﬂow is a result from the temperature gradient induced by
the Gaussian beam intensity distribution of laser radiation. This
temperature gradient predetermines the direction of surface tension gradient which drives material from the hot centre to the
cold periphery zones. The cause of thermocapillary ﬂow is usually
related to the hydrodynamic forces, which develop due to pressure gradients formed with the plasma ignition above the molten
surface [37].
In all cases, the size of the craters increases with the pulse
energy. Confocal analysis also yields the values of heights at the
interaction zone. In the case of collagen-elastin layer the overall
comparison of images obtained from Figs. 11 (c) and 12 (c) indicate
a rise of the material in the area of laser interaction in the order of
max. 2 m above surface line. Basically no signiﬁcant differences in
heights are monitored between the treated and untreated surfaces
(the roughness remains constant), thus conﬁrms that the amount
of material removed from laser interaction is negligible and the
origin of the porous nano-matrix is formed upon self organization
process. The statistics shows laser induced heights decreases with
increasing number of pulses. At N = 5 the ﬁnal state of the ablation
process is reached Fig. 13.
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Fig. 10. AFM images showing the alteration of gelatin thin ﬁlm surface after laser irradiation, (scan range: 90 × 90 m): (a) AFM image and cross section proﬁle of the area
inside the modiﬁcation zone: N = 1, F = 3.8 J/cm2 ; AFM image and optical image of the cantilever position on the modiﬁed zone close to crater boundary (b) N = 2, F = 3.8 J/cm2 ;
(c) N = 5, F = 3.8 J/cm2 .

Fig. 11. Confocal microscope image of the modiﬁed region formed at F = 2.94 J/cm2 ,  = 30 fs, N = 2; (a) topography image, (b) 3-D topography image; (c) cross section of the
3-D reconstructed image.
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Fig. 12. Confocal microscope image of the laser induced modiﬁcation formed at F = 5.88 J/cm2 ,  = 30 fs, N = 3; (a) topography image, (b) 3-D topography image; (c) cross
section of the 3-D reconstructed image; black arrow shows the wavelike pattern outside the modiﬁed zone.

Fig. 13 shows resolidiﬁed melting jets and the glass substrate
is partially uncovered in the central zone. The overall trend for
the width of the modiﬁed region remains approximately constant.
The crater morphology for irradiation with 30 fs shows evidence of
thermo mechanical stress for which the evidence is expressed in
elevation of the rim.

The fs laser-induced modiﬁcation affects not only the morphology but also the local chemistry of the surface making it more
beneﬁcial for cells to adhere and proliferate. In contrast to the
photo-ablative characteristics of ultraviolet lasers, the intensity
of femto second laser pulses is sufﬁcient to cause multi-photon
absorption, and a diversity of modiﬁcations. In the fs domain, the
energy deposition can take place over a short time scale, before

Fig. 13. Confocal images of collagen/elastin ﬁlm irradiated at 800 nm, at F = 5.88 J/cm2 ,  = 30 fs, N = 5; (a) topography image, (b) 3-D topography image; (c) cross section of
the 3-D reconstructed image.
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the energy can be transferred to the surrounding material. Due to
their unique properties, intense fs laser pulses can induce nonlinear absorption, thus the laser-affected regions are highly localized,
and the side effects to the surrounding zones are reduced to
minimum. This unique three-dimensional, high-precision micromachining is the primary reason for utilising femtosecond lasers
to microprocessing of different types of materials. The dynamics
of laser-induced photomodiﬁcation of collagen ﬁbers was extensively studied using fs pulses in the nJ range. Recent advances
have shown that by employing fs laser pulses with energies below
laser induced optical breakdown (LIOB), is possible to induce
photochemical reactions, without triggering thermo-mechanical
destruction. Studies of collagen photomodiﬁcation showed photochemical dissociation molecular bounds by observing the signals
from second harmonic generation (SHG) and two-photon autoﬂuorescence (TPA). Changes of the molecular structure are observed
by decrease in the SHG signal intensity [38,39]. More speciﬁcally
multiphotonionisation (MPI) can lead to breakage of the bonds of
organic molecules. Thus the helical structure of collagen is altered.
The molecule of collagen consists of three polypeptide chains
wound together in a tight triple helix. It has an amino acid composition. The spectroscopic properties of the amino acids results
in the ability of absorbing or emitting electromagnetic energy at
various wavelengths. All amino acids do not absorb light in the visible spectrum. Furthermore, almost all amino acids (with exception
of tryptophan, tyrosine and phenylalanine) absorb in the infrared
range. The amino acids tryptophan, tyrosine and phenylalanine are
absorbing in the UV. The absorption of several photons results in
cleavage of amino acids and peptide bonds and the result is photodegradation and conformational change of collagen chains [40].
Furthermore in order to investigate the corresponding dependence
of the cell density on the surface wettability is presented below.
The evolution of cell proliferation reveals that the cells do react to
hydrophobic and hydrophilic surfaces and are strongly dependent
on surface morphology.
3.4. Water contact angle measurements
Wettability of the collagen/elastin samples was determined by
the contact angle measurements performed before and after the
sample exposure. The contact angles of water (w ) at the surface
of thin collagen/elastin ﬁlms were measured using a contact angle
goniometer. Drops of distilled water of 1 l volume were gently
positioned by a micro-syringe. Studies of wettability of a surface
involve the measurement of contact angles, which indicates the
degree of wetting between the interaction of a solid and liquid.
Small contact angles < 90◦ are assigned to high degree of wettability, while larger contact angles > 90◦ correspond to low degree of
surface wettability. The obtained images of the water drops Fig. 14
were examined with the software to calculate the contact angles.
The mean value was evaluated from at least ten individual measurements.
The contact angles are measured at multiple points to deﬁne
an average value which is representative for the whole surface. The
average contact angle for the unmodiﬁed collagen/elastin thin ﬁlms
was found to be 109◦ . From the obtained measurements of the contact angle, we observed that the value of contact angle is directly
correlated with the surface roughness of the thin ﬁlm. The contact angle value changes when measured on the micropatterned
surface, it’s average value becomes 69◦ . The fs laser irradiated thin
collagen/elastin ﬁlm changes its surface properties from hydrophobic to hydrophilic. The signiﬁcant change in the contact angles is
evident from the images of the drop Fig. 14b,c. Hydrophobicity of
collagen/elastin thin ﬁlms can be well tailored by fs laser micro processing method. The corresponding dependence of the cell density
on the laser modiﬁed zones and surface wettability will be pre-

sented in Fig. 15a–d. It is evident that the induction of roughness,
facilitated cell spreading. Furthermore, the ability to tune the surface properties of the patterned biopolymer thin ﬁlms, by changing
their roughness, and thus inﬂuencing their wettability properties,
could permit manipulation of the cell behaviour.
3.5. Fibroblasts immobilization on topographically patterned
collagen/elastin surfaces
Various methods have been used to orientate the proliferation
of different kind of cells cultures on biomimetic surfaces. Other
studies had explore the cell’s growth on topographically structured
surface by different methods like masked sand blasting, controlled
freezing approach, gas foaming and thermoforming techniques,
multiphoton processing [41–43].
The surface topographical properties, at nanoscale, affect the
cells interaction process. The main factors of cell-behaviour which
are mainly inﬂuenced by the nanostructured surface are: cell’s orientation, morphology and disposition [44,45].
The produced topographic pattern,on thin ﬁlm of 9:1
collagen–elastin, was composed of an array of parallel stripes
of ∼100 m wide with spacing between the separate grooves
∼300 m Fig. 15. As veriﬁed from the confocal microscopy measurements, the single row height is ∼2 m. The created matrix for
cell cultivation was irradiated with two pulses of 30 fs duration
and laser ﬂuence of 3.92J/cm2 . The fabricated array is reproducible
between separate experiments. The literature survey showed that
this is the ﬁrst application of ultra-short laser processing method
for thin biomimetic ﬁlm of collagen/elastin preparation, for cell
adhesion, proliferation and mobility analysis.
3.5.1. Cells cultivation
Here, we examined how the surface patterning of biopolymer thin ﬁlms produced by fs laser modiﬁcation method could
inﬂuence the mice ﬁbroblasts proliferation and orientation. Cell
culturing was initiated by seeding mice ﬁbroblasts, type NIH/3T3,
at density of 1920000 cells per cm2 . The cell viability after three
days of culturing in Dulbecco’s Modiﬁed Eagle Medium (DMEM)
medium supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin/amphotericin B was ﬁrstly evaluated by an
optical microscopy afore performing cells drying procedure for ﬁxation, necessary for FESEM imaging. The cells were cultivated on
the collagen/elastin thin ﬁlms in air incubator at 37 ◦ C.
3.5.2. Field emission scanning electron microscopy sample
preparation-dehydration procedure
The cells cultured on the thin ﬁlms were ﬁxed following a speciﬁc ﬁxation protocol. The samples were ﬁrstly washed in sodium
cacodylate buffer (SCB) for 10 min twice. Then they were ﬁxed with
2% glutaraldehyde (GDA) with a supplement of 2% formaldehyde
(PFA) in SCB for 30 min.
The cells at dehydration phase were washed in graded series of
– 30%, 50%, 70%, 90%, and 100% ETOH for 7 min, and ﬁnally were
rinsed in dry alcohol until critical point drying procedure with liquid CO2 is started. The ﬁxed samples were coated with 10 nm of
sputtered Au and examined using ﬁeld emission scanning electron
microscopy (FESEM–JEOL, JSM-7000F).
3.5.3. Morphological examination of cell’s proliferation on
patterned collagen-elastin surface
The obtained morphology of the attached NIH/3T3 cells three
days after cultivation on collagen/elastin ﬁlms was imaged via
FESEM Fig. 15.
It is monitored that the cells adhesion on a non-modiﬁed collagen/elastin ﬁlm exhibited chaotically spreading in non-speciﬁc
direction Fig. 15a. The ﬁbroblasts cytoskeletons can be seen aligning
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Fig. 14. Images of contact angles of microscopic droplets of water on (a) ﬂat, w = 109◦ and (b,c) patterned, w = 85.5◦ , 60.4◦ , collagen/elastin surfaces and corresponding SEM
of non-modiﬁed and modiﬁed collagen/elastin surfaces with laser ﬂuence of 3.8 J/cm2 and 5.8 J/cm2 .

within the patterned part of the thin ﬁlm Fig. 15b–d. It is observed
cells stretching along the separate rows. Some of the ﬁbroblasts
cells have been observed to cover two adjacent laser spots and most
of them have spread within the row Fig. 15b. As a basic trend, is
monitored that all of the cells cytoskeletons stretching was along
the direction of laser created rows.
The cell cultivation experiments clearly indicate that cell orientation is signiﬁcantly inﬂuenced by the surface topography of the
thin ﬁlms, where cells attach. It was observed cell selective orien-

tation and elongation along the longitudinal stripes due to initial
contact guidance.
Many reports have emphasized on the role of extra cellular
matrix (ECM) topography in orientation of cell migration [46–50].
Nanoroughness of materials is one of the properties which closely
correspond with the origin of the extracellular matrix. However,
the actual mechanism of contact guidance and selective cell adhesion on the laser grooves is a complex process of chemical and
topographical stimuli. It was monitored that the cell movement

Fig. 15. Field emission microscopy images of the cytoskeleton of NIH3T3 mouse ﬁbroblasts attached on fs laser modiﬁed collagen/elastin layers following a 3 day culture
period: (a) non-patterned surface, cell migration without a preferred direction (b–d) preferential cell migration toward laser modiﬁed grooves, white arrow shows cell
attached to the modiﬁed area of the substrate.
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mechanism on laser nano structured bioﬁlms after 72 h of incubation, proceeds with cells stretching, between the separate set
of lines, and alignment orientation longitudinally to the patterns.
Change in the surface roughness affects the NIH/3T3 cells receptivity due to the change in extra cellular matrix protein adsorption on
micro grooved surfaces.
One limitation is observed, speciﬁcally for collagen and gelatin
ﬁlms, concerning the stability of the obtained modiﬁed zones during cell culturing procedure. It had been observed that for these
thin ﬁlms the patterned structure is not preserved when applied in
culture medium and there is a risk of ﬂoating off the thin ﬁlm layer
from the glass cover slip. This observation is not valid for collagenelastin layer, which keeps its elastic properties due to the added
supplement of elastin ﬁbers to main collagen agent.
4. Conclusions
Range of laser energies and number of pulses at wavelength
800 nm were investigated for collagen/elastin and gelatin bioﬁlms
concerning surface quality modiﬁcation. The experiments showed
that the quality of the formed nanopores depended strongly on
the pulse number and material properties. Observations and measurements show a general material behaviour for all ﬂuencies. The
results show that collagen/elastin ﬁlm irradiation at N above 2,
causes alteration to the microstructure of the matrix.The tendency
of improving the shape of nanopores with reducing number of
pulses for collagen/elastin ﬁlm is not conﬁrmed for gelatine material, it is reversed, and when the pulse number is increased up to 5
the formation of foam is improved.These observations show the
interplay between material properties and the radiation dependent parameters governing the interaction process. Outside the
modiﬁcation zone a randomly arranged pattern is observed. This
topography feature of the impact could be relevant to the formation
of an impact wave pattern over bioﬁlm surface, produced by a combination of heat and shock wave. In this paper was shown that initial
ﬁbroblasts cell-interface interaction reveal a preferable cell migration and signiﬁcant increase in cell orientation on fs laser-modiﬁed
surface array. It was demonstrated that surface topography has an
important effect on ﬁbroblasts cells mobility and that cells are able
to reorganize themselves in relation to surface nanofeatures. Our
next step will be to apply and examine our method for creation of
artiﬁcial porous matrix of biopolymers to cultivation of different
cell types. By changing the cell’s shape and size will be possible to
monitor and detect their respond to topographical features which
will give additional information about the necessary requirements
to optimize the cell’s microenvironment.
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