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a b s t r a c t
We report on the structural investigation of self-organized micropores generated in thin gelatin, collagen, and collagen–elastin ﬁlms after single and multishot irradiation with pulse durations ranging from
30–100 fs at 800 nm. We systematically studied the effect of laser parameters: laser energy, number of
pulses, and pulse duration on the development of the micropores. This work showed that applying laser
pulses at different rates signiﬁcantly modiﬁed the thin ﬁlm surface. The results clearly revealed that femtosecond laser treatment of thin ﬁlms of biomaterials: gelatin, collagen and collagen–elastin, results in
creation of micro/nanopores with different size of cavity formations. Experimentally, it is demonstrated
that it is possible to inﬂuence the dimensions of the pore sizes, ranging from 100 nm to 2 m by tuning
the laser parameters. We are currently further exploring the possibility of structuring these biomaterials
by applying a time delay between separate pulses. First results from cell culture experiments on laser
created surface foam of collagen–elastin were successfully obtained, showing the potential of the method
to cultivate cells on superﬁcial porous substrates and the preferable selectivity of the cells to proliferate
on the laser modiﬁed parts of the biopolymer substrate.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The principal goal of the regenerative medicine is to promote
tissue regeneration and healing after injury or disease that can
be achieved through a delivery of cells and/or factors in tissue
engineered scaffolds designed to provide a biomimetic microenvironment conductive to cell adhesion, proliferation, differentiation,
and host tissue integration.
Scaffolds, constructed from biocompatible polymers (gelatin,
collagen and their blends), have been developed for the needs of
skin tissue replacements [1]. A scaffold requires many characteristics in order to be a successful replacement. The main demands
to engineered scaffolds are: to be biocompatible, to be produced
from biodegradable materials, it should possess a high surface area
for cell attachment, and it should have good mechanical integrity
which is suitable for treatment handling [2]. Therefore, biopolymers collagen and gelatin can be selected from within a group
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of biomaterials since both materials are biomimetic due to their
speciﬁc chemical, physical, and biological properties [3–5]. These
biopolymers, collagen and gelatin already exist in the human body
and fulﬁll their functions. Collagen is one of the key structural
proteins found in the extracellular matrices of many connective
tissues: cartilages, bones, blood vessels, the gut, and intervertebral
discs. Gelatin is derivative of collagen and does not exhibit antigenicity. Elastin is a key structural protein found in the extracellular
matrix (ECM). It is the dominant part of the elastic ﬁber.
Above mentioned biopolymers may be used as appropriate host
materials and applied as a substrate which could directly interact with cells and reveal very good adhesion. However, this is
not the only requirement which has to be fulﬁlled for preparation of the appropriate scaffolds for cell growths and controlled cell
behavior. Surface topography has been shown to be a key issue in
cell’s proliferation. Scaffold design should mimic the in vivo tissue
microarchitecture and cellular microenvironment.
The microstructure and the mechanical properties of biomaterials inﬂuence the scaffold bioactivity [6–10]. It is speciﬁed that the
tissue regeneration depends on pores size with optimum, ranging
from 5 m in neovascularization to 100–350 m in bone regeneration, providing adequate space for cell seeding, growth and
proliferation [8].
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of cell proliferation. However, to better control the surface modiﬁcation process using ultrashort laser pulses it is necessary to
understand the fundamental formation mechanism of these small
surface features.
2. Material and methods
2.1. Sample preparation
For preparation of self-standing gelatin ﬁlms of ∼20  thickness,
1.6 g of gelatin is dissolved in 20 ml of distilled water, which is then
heated up to 60 ◦ C. The resulting viscous solution was shufﬂed for
35 min at this temperature to fully dissolve the gelatin. A thin layer
of this solution is then applied on microscopic slides. Collagen solution was obtained after dissolving of 8 mg of collagen from rat tail
(Sigma type VII) in 1000 l of acetic acid solution, and then spun
in a magnetic stirrer for 24 h in a cold storage room. The thin ﬁlm
was deposited onto glass plates and dried at room temperature in
air overnight. For collagen–elastin blends, a suspension was made
with the desired weight ratio (90% collagen–10% elastin) in 0.05 M
acetic acid.
The laser used was a CPA Ti: sapphire laser (FemtopowerCompact pro) emitting at 800 nm central wavelength, with pulse
duration of 25 fs, at repetition rate of 1 KHz, and an average output
power of 800 mW. The experiments were performed in air with
the laser beam focused by a lens of focal length 8 cm. The sample was placed few mm before the geometrical focus of the lens
in order to avoid nonlinear optical effects in air. The spot size on
the sample is measured by single shot diameter regression technique [25] and is found to be 182 m and single shot threshold
ﬂuence for gelatin is: 0.66 J/cm2 Fig. 1. It is estimated that the pulse
duration on the sample, after going through the lens, is 30 fs.The
ﬁlms thus prepared are irradiated in subject of different ﬂuences,
pulse durations, and number of pulses. The pulse duration is varied by changing the prism spacing in the compressor part of the
ampliﬁer. The number of pulses (spaced 1 ms apart) are extracted
by controlling the internal pockel-cell of the ampliﬁer by an electromechanical pulse shutter. The samples were moved with respect
to a ﬁxed laser-beam position using a translation stage after a given
number of shots.
The irradiated thin ﬁlms of biomaterials were examined using
scanning electron microscopy (Microscope FEI, Quanta 200F).
The data were analyzed with respect to the thin ﬁlm surface
morphology and integrity produced by ultra-short laser irradiation.
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Scaffolds can be prepared by a number of techniques: either
chemical or physical. Chemical techniques include solvent-casting
particulate-leaching, gas foaming, freeze drying, solution casting and phase separation [11–17]. Whereas, physical techniques
are based on laser sintering [18,19] and laser enhanced surface modiﬁcation [20]. Scaffolds produced by solvent-casting
particulate-leaching cannot guarantee interconnection of pores
because this is dependent on whether the adjacent salt particles
are in contact. Furthermore, skin layers are formed during evaporation, and agglomeration of salt particles makes controlling the
pore size difﬁcult. For gas foaming, it has been reported that only
10–30% of the pores were interconnected. The presence of residual
organic solvent is the most signiﬁcant problem facing these techniques due to the risks of toxicity and carcinogenicity it poses to
cells [21].
In contrast to all known chemical techniques for scaffold
designing, femtosecond laser enhanced surface modiﬁcation is an
attractive approach since it is noncontact and is normally completed in one step that does not require any additional chemicals
or materials. Another beneﬁt of the laser based techniques is that
this approach does not require vacuum conditions or the use of
organic solvents. A primary concern when applying laser pulses to
thin ﬁlm of biomaterials is the potential for undesirable thermal
effects. Advantages using femtosecond laser for material modiﬁcation include high precision with negligible collateral damage and
heat affected zones [22].
It has been found that the biomaterial surface topography inﬂuences the ability of cell adhesion and interaction, which is critically
important for achievement of optimal bioactivity. The control over
nanostructures can be particularly powerful in controlling cell
behaviour.
Cells do react strongly to the surfaces; they adhere, spread, and
change their shape depending on the geometry of the features
[23].
The process of creation of nanoﬁber scaffolds will enable tissue engineering applications that require precise placement of
cells in an organized pattern on a substrate having geometric constraints.
Previous studies have shown that laser irradiation is a suitable
method for production of thin layer of biomaterial porous matrix
[24]. However, there is scarce information about the ability of the
method to inﬂuence the scaffold matrix microstructure.
The goal of the present work was to demonstrate the effectiveness of application of femtosecond laser pulses for successful
modiﬁcation of surfaces of gelatin, collagen and collagen–elastin
thin ﬁlms, for creation of micro and nanoscale structures, and to
study the thin ﬁlm structure evolution dependence on laser parameters.
Experimental measurements of the effects of femtosecond laser
irradiation parameters on pores shape, pore wall morphology, and
interconnectivity between pores, which are important for cell seeding, migration, growth, mass transport, gene expression, and new
tissue formation in three dimensions, were compared for different
biomaterial surfaces. In this paper, we investigate the surface morphology of single and multiple shot irradiated thin ﬁlms of different
biomaterials and show how the interaction of multiple overlapping pulses with different pulse durations inﬂuence the surface
roughness. The appropriate microarchitecture for scaffolds made
of porous foam of gelatin and collagen induced by femtosecond
laser modiﬁcation was determined. It is also vital to determine the
right combination of laser parameters to obtain the desired surface
morphology and quality. To achieve this, appropriate settings of
laser intensity, pulse number, and pulse duration are critical. We
report, herein, the successful cell culture results on collagen–elastin
porous matrix and the optimal laser parameters for creation of surface matrix on biopolymer ﬁlms to promote the greatest degree
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Fig. 1. The squared diameter, D2 , of the ablated crater in gelatine, as a function of
the peak laser ﬂuence when irradiated with single-shot (N = 1).
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3. Results and discussion
3.1. Morphology of surface formations of gelatin thin ﬁlm
Limited information is available on the interaction of high
energy ultrashort laser pulses with thin collagen and gelatin ﬁlms.
Laser induced nanometer scale biomaterial matrix formation can be
controlled by varying the number of applied pulses, pulse duration,
and laser ﬂuence. The control over nanostructures can be particularly powerful for controlling cell proliferation.
The data reported here extends the existing information [25–27]
about ultra-short laser pulse biomaterial modiﬁcation.
To ﬁnd the threshold ﬂuence for laser modiﬁcation of gelatin
thin ﬁlm, single pulse ablation was done. Ablated diameters D2
versus laser pulse energy are plotted in Fig. 1. The threshold value
for the onset of laser modiﬁcation of thin gelatine ﬁlm by irradiation with single pulse of femtosecond radiation is Fth = 0.66 J/cm2 .
When a Gaussian laser pulse is used for material modiﬁcation, the
area of the ablated spot increases linearly with the logarithm of the
applied ﬂuence. By measuring the spot diameter, one can derive
the ablation onset ﬂuence.
Our study shows that low and medium laser ﬂuence levels
with small number of laser shots are most suitable conditions for
producing nanoporous surface modiﬁcation. All ﬂuence values F,
mentioned in the article are peak ﬂuences calculated by applying F = 2 × E/ × r2 , where E is pulse energy and r is the beam
radius. Fig. 2(a) illustrates the ﬁrst signs of surface modiﬁcation
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of a thin ﬁlm of gelatin irradiated by single (N = 1) pulse with
F = 2.5 J/cm2 . As the number of pulses was increased further, we
could observe the surface structure evolution, namely, the formation of a porous matrix, at the same laser ﬂuence value and
pulse duration, Fig. 2(b–f) with different micro pores dimensions.
In all cases larger micropores are dominant in the area irradiated by the higher energy part of the pulses, the smaller ones
extend over the areas irradiated by the lower energy edges of the
pulse.
Moreover, Fig. 2(a) clearly shows the formation of a rim which
surrounds the central area of the laser spot. When a second pulse
irradiates the modiﬁed surface, a new rim is formed Fig. 2(b).
The effect is reproducible when larger numbers of pulses are
applied Fig. 2(c–f). The rim formation results from the splash of a
re-solidiﬁed molten material generated during the process of interaction. The formation of a crater in the center starts at 25 pulses.
Surface irradiation of a thin gelatin ﬁlm by a larger number (N = 50)
of laser pulses resulted in removal of the whole amount of material
and reaches the glass substrate. After 100 pulses the hole extends
nearly to the total irradiated area.
Parts of the inside structure are shown at higher magniﬁcation
in Fig. 3(a–d). These images show the structure evolution in correspondence to the applied laser pulses. As the number of pulses was
raised to N = 25 (Fig. 3d), we monitor that the structure of the created porous matrix has lost its porosity, the pores became occluded,
and the modiﬁcation is expressed mainly in melting of the inside
of the irradiated area. In this respect, it seems possible to tune the

Fig. 2. SEM images (2000×) of a surface modiﬁcation of thin gelatine ﬁlm irradiated at  = 800 nm,  = 30 fs laser pulse and laser fuence F = 2.5 J/cm2 : (a) N = 1, (b) N = 2, (c)
N = 3, (d) N = 4, (e) N = 5, (f) N = 10, (g) N = 25, (h) N = 50, (i) N = 100.
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Fig. 3. Higher SEM resolution images (20,000×) of a surface modiﬁcation of thin gelatin ﬁlm irradiated at  = 800 nm,  = 30 fs laser pulse and laser fuence F = 2.5 J/cm2 : (a)
N = 1, (b) N = 2, (c) N = 5, (d) N = 25.

Fig. 4. Higher SEM resolution images (20,000×) of a surface modiﬁcation of thin gelatin ﬁlm irradiated at  = 800 nm,  = 30 fs laser pulse and laser fuence F = 1.3 J/cm2 : (a)
N = 3, (b) N = 5, c) N = 25.

structure to a speciﬁc need. The same experiments using lower
ﬂuences show similar results Fig. 4.
The focused beam has a Gaussian spatial beam proﬁle with
diameter of 182 m at the surface of the target and energy of the
laser pulse is signiﬁcantly higher in the center of the irradiated area.
This leads to a faster transition in morphology in this region, formation of a bump of driven out material at the center of the rings,
can be clearly seen in the SEM micrographs Fig. 2(e–f).
The irradiated gelatin thin ﬁlm undergoes complex transformations during laser irradiation and structure formation. In our study,
we ﬁnd that under some speciﬁc conditions, especially with a large
number of laser shots, the topography of the created nanoporous
matrix changes. Signs of melting and sublimations may occur on
the modiﬁed surface. The transition in morphology is dependent

on the applied number of laser pulses. We observed as well that
the laser ﬂuence affects the transition in morphology. At lower
ﬂuences (1.3 J/cm2 ) the transition in surface modiﬁcation occurs
at a higher number of laser pulses.

3.2. Morphology of surface patterns of collagen
Similar general trends in surface modiﬁcation were also found
for collagen samples. Examples are shown in Fig. 5. The irregularities of the spot shape are caused due to the distortion in energy
distribution in the Gaussian beam proﬁle and the strong deformation of the laser beam near focus. The transitions in morphologies
can be clearly seen in the pictures Fig. 5(a–c).
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Fig. 5. Surface topography of thin collagen ﬁlm, following laser irradiation at F = 5.7 J/cm2 ,  = 30 fs, (a) N = 1, 2000×, (b) N = 2, 2000×, (c) N = 3, 2000×.

The investigations of the samples revealed the presence of
a liquid phase during the formation of the nanomatrix, as
depicted in Fig. 5. Evidence of this fact is the presence of small
interconnections in Fig. 5(b) and (c), which indicate a ﬂow of molten
material between the separate pores. The observed morphologies
seem consistent with a rapid expulsion of cavitation bubbles of gas
and vapor formed during the phase explosion, which then cooled
quickly and re-solidiﬁed. The interaction of the extremely high
intensity ultra-short pulses with transparent polymeric materials
leads to multiphoton absorption in the material. This results in
ionization of some atoms and molecules thereby providing initial
carriers. The free electrons and ions absorb energy from the electromagnetic ﬁeld of the laser radiation by inverse bremsstrahlung
resulting in their acceleration. The subsequent avalanche-like multiplication of free carriers ﬁnally leads to laser-induced optical
breakdown (LIOB), rather than heat transfer, and to the generation
of microplasma and voxels in the bulk of the transparent material.
In addition, owing to the expansion of the heated plasma, a highpressure transient wave propagates radially from the LIOB center
into the surrounding environment [28,29].
Laser ablation in the short-pulse regime involves different processes which are effective at different deposited laser energies.
For example, molecular dynamics (MD) ablation studies [30,31]
of organic solids have suggested two principal classes of ablation
mechanisms based on the laser parameters such as ﬂuences and
pulse widths: (i) photochemical processes in which the breakup
of the material is the result of strong tensile stresses (spallation). (ii) Photothermal ablation, where laser energy absorption
is followed by its conversion into heat, which ﬁnally results in
high temperatures; possible consequences include homogeneous
nucleation, phase explosion and vaporization. For femtosecond
laser pulse irradiation, the exact dynamics of the ablation process
is not well understood as it appears to be a complex combination of these different mechanisms and also a function of the
material properties which may change during the course of ablation.
The rapid energy deposition in a thin surface layer creates an
extremely large energy density, leading to intense shock waves and
a high pressure gradient in the interaction zone. For a laser ﬂuence
of ∼1014 W/cm2 a few microseconds after irradiation, about 70% of
the absorbed energy is used by the expanding plasma to move the
ambient gas, 20% of the absorbed energy is lost as radiation to the
environment, ultimately leaving less than about 3% of the incident
laser energy as heat inside the material. This thermal energy causes
a thin layer of molten material to be formed immediately in the
interaction zone. The lifetime of the molten layer (including both
the melting and resolidiﬁcation processes) depends on how quickly
the energy gets dissipated into the bulk. This depends on the material thermal properties (thermal conductivity, speciﬁc heat, density
etc). The melt ﬂow in the biomaterial sample is caused principally

by hydrodynamic forces due to the pressure gradient caused by the
hot plasma, leading to creation of a mesh of interconnected voids.
The time duration of plasma formed during femtosecond laser ablation is typically on the order 10–100s of nanoseconds, much longer
than the femtosecond laser pulse.
During the initial ablation phase water is completely vaporised
and biomolecules are thermally dissociated into volatile fragments.
For the thin biomaterial ﬁlms, the subsequent raise up of the material is driven by phase explosion of water molecules. The pressure
developed during the phase separation creates cavitation bubbles.
The induced surface modiﬁcation ceases when, the laser radiation
front reaches a depth where the vapour pressure and temperature
drops.
In relation to the possible chemical changes in the treated material, in the case of thermal heating of collagen ﬁbers within a
narrow temperature range, denaturation could be induced. This
leads to destruction of the ordered ﬁbrillar structure accompanied
by helix–coil transition in individual macromolecules. It is known
that the thermal effect (variation in enthalpy) Hm and temperature of denaturation depend on amino acid and water contents,
respectively. One can describe collagen I denaturation as biopolymer melting using the model of the ﬁrst-order phase transition
[32].
It is reported that laser heating to 50 ◦ C does not cause substantial denaturation or alternative phase transitions with the
corresponding thermal effect. Observed are certain variations in
biopolymer–water interaction (the decrease in sorption ability of
biopolymers) that can be related to the changes in the quaternary (supramolecular) structure of the interacting collagen and
proteoglycan molecules. Therefore, moderate-intensity laser radiation enables one to selectively affect thin supramolecular structure
of collagen-containing biological tissues, in particular, to initiate
processes of local melting (partial denaturation) and recrystallization (partial renaturation). Rapid laser heating and rapid cooling
of biopolymers after laser treatment can lead to formation of
metastable structures, whose physicochemical and biological features need to be further investigated.
If the ﬂuence is increased to a critical value 5.7 J/cm2 at certain pulse number (N = 50), the heat is accumulated so much that
the ablation surface is severely damaged and the whole material
is removed from the substrate Fig. 6(c). A shock wave like feature
can be seen at the crater surroundings and grains formations are
observed Fig. 6(c).
In the next set of experiments with single shots at increased
pulse duration (100 fs) SEM images of the modiﬁed area reveal
growth of surface undulations Fig. 7(a–c). Repeated pulses removed
the spongy volume and a crater was formed.
At pulse durations of 100 fs and irradiation with 9 pulses, the
surface of the created structures are covered by submicron sized
redeposited grains from the laser plume Fig. 7(c).
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Fig. 6. Surface topography of thin collagen ﬁlm, following laser irradiation at F = 5.7 J/cm2 ,  = 30 fs, (a) N = 4, 2000×, (b) N = 5, 2000×, (c) N = 50, 1500×.

Fig. 7. Surface topography of thin collagen ﬁlm, following laser irradiation at F = 3.2 J/cm2 ,  = 100 fs, (a) N = 1, (b) N = 4, (c) N = 9.

It is observed that the structure transformation of the
nanoporous matrix mainly depends on the number of ﬁred pulses
and pulse duration.
3.3. Inﬂuence of pulse duration on the surface structure formation
The control of the morphology of nanoporous biomaterial
matrix can be particularly powerful in controlling cell behaviour
(cell alignment, densities, orientation, migration, and localization).
By increasing the number of laser shots at constant laser ﬂuence F = 6.4 J/cm2 , and pulse duration  = 30 fs, Fig. 8(a), the average
size (diameter) of the created surface nanopores decreases from
400 to 100 nm respectively. This shows that a control over the
pores dimensions of the created nanomatrix, from 100 nm and
upto 500 nm can be achieved by varying the number of pulses. By
decreasing the laser ﬂuence to 3.8 J/cm2 , it was possible to further
increase the pores dimensions to 1 m, Fig. 8b.
In order to determine the inﬂuence of laser pulse duration, we
perform femtosecond laser irradiation by varying  from 50 to
100 fs, Fig. 9(a, b).
We ﬁnd that femtosecond laser-induced structural features
change with increasing the pulse duration up to 100 fs, at constant laser ﬂuence value F = 6.4 J/cm2 . We observe an increase of
the pores dimensions up to 2.2 m, Fig. 9(b), as compared to the
measurements taken at  = 30 fs. Therefore, by controlling the pulse
width, one can expect that femtosecond laser irradiation can be
potentially used for controlling the dimensions of the produced
nanopores.
Obviously, ﬂuence is an important factor in the formation of
the nanopores, but pulse duration has greater inﬂuence on the
nanopores dimensions, and the onset of the transition in the morphology of the created nanomatrix is mainly dependent on the

number of pulses used to irradiate a unit area and the pulse duration. The obtained results are in agreement with previous ﬁndings
of UV laser induced porous structures of controllable size on chitosan, starch, and their blend [33].
Owing to femtosecond laser’s high precision with negligible
collateral damage, femtosecond laser pulses can be used to successfully produce highly porous matrix of biopolymer materials.
3.4. Femtosecond pump and probe experiments: surface
modiﬁcation of gelatin ﬁlm
More insight into the mechanisms involved in the material
modiﬁcation from laser irradiated surfaces can be gleaned using
femtosecond laser pump-probe experiments. Such studies allow
one to derive detailed information on mechanisms of energy coupling into the material and the redistribution channels.
For the ﬁrst set of these experiments we have used one pulse
of 30 fs duration, split into two with equal pulse energies (each
100 J). The two pulses are separated by a variable time delay. Control of the optical path length of the probe pulse produces a variable
time delay between the pump and probe pulses. Time delay can be
changed from femtoseconds to a few picoseconds by optical delay
stage Fig. 10. For the time delay experiments, a beam-splitter is
introduced and a delay line is used to vary the relative timing of
laser pulses incident on the sample. The laser energy on target was
measured using a power meter, and the spatial matching of spots on
target was determined using a CCD camera. The SEM micrographs
are recorded in dependence of the delay time t between pump
and probe pulse and the pulse number.
Initial investigations of the surface modiﬁcation of thin gelatin
ﬁlm for different time delays (0, 200 fs, 1 ps) and number of pulses
(N = 10) were performed.
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Fig. 8. Magniﬁed SEM image of the surface topography of thin gelatin ﬁlm, following laser irradiation  = 30 fs, (a) N = 1, F = 6.4 J/cm2 , (b) N = 1, F = 3.8 J/cm2 .

Fig. 9. Higher SEM resolution Images 80000×, of a surface modiﬁcation of thin gelatin ﬁlm irradiated at  = 800 nm: (a) N = 1, F = 6.4 J/cm2 ,  = 50 fs, (b) N = 1, F = 6.4 J/cm2 ,
 = 100 fs.

Fig. 10. Experimental setup for time-resolved experiments.

Using a femtosecond time-resolved technique, we measured
the evolution of a laser-induced surface modiﬁcation. The timeresolved femtosecond laser pulses would allow exploitation of the
dynamic processes and control over the thermal effects in order to
improve modiﬁcation of the material.

In the experiments, time zero was set when the pump beam
and the probe beam overlapped in time at the sample surface.
Fig. 11 shows a series of femtosecond pulses N = 10 with different
separation times (0–1 ps) and equal ﬂuences. The results indicate
on the possibility of tailoring the surface modiﬁcation by adaptive
temporal separation. The outcome is of great interest for the creation of thin ﬁlms with surface structure with controlled, enhanced
porosity.
The results reveal the formation of surface foam evolution for
N = 10, for time delays from 0 to 1 ps.
We postulate that, in the interaction region, the host material
properties are in a transient state, i.e., a liquid or vapor phase at
high temperatures. The last step in this process is returning from
this phase of the material to solid phase. We observed porous
matrix formation evolution in dependence of different time delays
between consecutive pulses. For N = 10 it is clearly seen that by
increasing the delay from 0–1 ps there is difference in modiﬁcation
of nanopores: creation of pores with larger size is observed for 1ps
time delay (Fig. 11c), moreover for the same delay undulate shift of
the material is observed (Fig. 11c).
As a further proof-of-principle for the possibility of temporal
optimization, we have investigated the material behavior at longer
time delays ∼10 ps from the pump pulse energy deposition when
the microscopically visible material modiﬁcations have reached
their ﬁnal state. Most materials have an electron–phonon coupling
time of between a picosecond and a nanosecond, with the typical
heat diffusion times falling between a nanosecond and a microsecond. The thermal relaxation time for biological material is in the
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Fig. 11. SEM femtosecond time-resolved images of thin gelatin ﬁlms, N = 10: (a) 0delay; (b) 200 fs delay; (c) 1 ps delay.

order of 1 s. Since thermal diffusion is too slow to dissipate the
laser energy during this plasma lifetime, the thermal energy is conﬁned to the zone of the plasma and no thermal interaction occurs
in the adjacent regions. The successive pulse energy deposition and
heat conversion should take place within a short time interval with
respect to the heat diffusion times.
We postulate that the presence of enhanced absorption by
the host material following laser-induced breakdown will lead to
higher energy deposition by the probe pulse. The images shown
at Fig. 12 illustrate the images of the transient at increased upto
10 ps delay and the ﬁnal state of the gelatine thin ﬁlm. This effect in
turn will be manifested as a larger in size pore formations from the
combined exposure to both pump and probe pulses. It appears that
enhanced structure modiﬁcation become important after 10 ps. As
clearly seen in Fig. 12, there is an improvement in the morphological structure of the processed patterns, with increased pore
dimensions, when employing reduced number of pulses (N = 15)
as compared to N = 100 pulses, with an optimum for approx. 10 ps
separation, which is on the order of the timescale for heat diffusion.
In femtosecond laser-matter interaction multiphoton ionization takes place and leads to an electron-ion plasma in which

the energy from the laser pulse is stored in the separation of the
positively charged ions and negative electrons and their kinetic
energy. After about 10 ps–1 ns, the electrons and ions in the plasma
recombine. The energy from the recombination contributes to
highly non-equilibrium conditions, which can overcome the tensile force of the material around the focus. With sufﬁcient energy,
this leads to a microexplosion and shockwave. The recombined
material, including molecular hydrogen and oxygen, remains as
a hot gas bubble. This cavitation bubble expands and contracts
with complex dynamics as it equilibrates to the surrounding conditions.
Detailed experimental results, such as those presented in this
work, are necessary to develop, test and benchmark the physical
models of material response.
Sample cooling, and heat dissipation cause the pump-probe surface modiﬁcation to drop to zero for long delay times.
We conclude from this preliminary time resolved results that
by optimization of the temporal interval between the consecutive pulses besides the other laser parameters (energy, beam
homogeneity, ﬂuence), one could choose an appropriate regime
to eliminate excessive photo-thermal and photomechanical effects
and obtain desired surface structure and controlled porosity.

Fig. 12. SEM femtosecond time-resolved images of thin gelatin ﬁlms, time delay- 10 ps, F = 2.5 J/cm2 : (a) N = 15, 3000×; (b) N = 25, 3000×; (c) N = 50, 3000×; (d) N = 100,
3000×; (e) N = 15, 24,000×; (f) N = 25, 24,000×; (g) N = 50, 24,000×.
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We have faced difﬁculties in obtaining results for time-resolved
images with 1 and 2 laser pulses, due to the insufﬁcient energy
coupling, however, future measurements are planned in order to
complete this results.
A theoretical description of this process will be given in a future
paper.
3.5. Cells adhesion on collagen–elastin laser induced porous
matrix
Seeding of cells on functional, biocompatible scaffolds is a crucial step in achievement of the desired engineered tissue.
In order to complete the circle of experiments human ﬁbroblast
cells were seeded on laser induced collagen–elastin modiﬁed surface. Type I collagen is an extracellular matrix protein that is widely
used as scaffold material since it provides adhesive properties and
tensile strength. Elastin provides elasticity to tissues/organs and is
crucial for blood vessels.
Here we cultured human ﬁbroblast cells in collagen–elastin
porous matrix to examine the effect of proliferation.
For cell cultivation, human ﬁbroblast cells (ATCC) were
maintained in ﬁbroblast medium DMEM, low glucose (PAA)
supplemented with 10% foetal calf serum (PAA) and penicillin/streptomycin/amphotericin B.
For the CFSE staining procedure 5-(and-6)-Carboxyﬂuorescein
diacetate, succinimidyl ester (5(6)-CFDA, SE; CFSE) (Sigma) was
stored frozen as a 10 mM stock solution until used, 3 × 106 cells
was resuspended in 100 l of CFSE labeling solution of 10 M and
incubated 10 min in 37 ◦ C in the dark. After incubation, 500 L of
fetal calf serum was added to cells followed by 1 min incubation.
Cells were then washed three times with PBS and centrifuged at
400 × g for 10 min at room temperature before resuspension in
the ﬁbroblast culture medium and seeded on 9:1 collagen–elastin
porous matrix. Cells were visualized after 6 days using a ﬂuorescent
microscope Leica DMI 3000B.
We have created a series of rows on thin ﬁlm of 9:1
collagen–elastin spaced by 300 m in between and the distance
between each laser spot was 50 m Fig. 13. The created matrix was
irradiated with two pulses of 100 fs duration; these are the parameters which we have chosen since they correspond, in relation to the

Fig. 13. Optical Microscopy image of examined surface with laser fabricated channels for ﬁbroblast cells adhesion. Magniﬁcation power: 200×.

experiments performed above, to the best conditions for creation
of porous foam.
Fluorescent microscope observations showed the relation
between a surface topography and cells preferences during migration on the surface. Cells density raises towards the laser treated
part of the surface. The microstructure analysis of laser traces
revealed the cells density increase in the zone of laser beam interaction. The ﬂuorescent image of cells seeded on laser irradiated and
non-irradiated parts of collagen–elastin ﬁlm show the selectivity of
cells to proliferate in the parts which were treated with the laser
Fig. 14(A) and (B). From the ﬂuorescence-activated cell analysis we
monitor enhanced adhesion of ﬁbroblast cells on laser modiﬁed
stripes in comparison to the unmodiﬁed substrate surface.
It is well known that surface microtopography and chemistry are
critical for cell viability. Fig. 15 shows the top view of the patterned
cell distribution in the collagen–elastin porous matrix.
The cells in these images displayed some migration after 6
day incubation, but they were still conﬁned within the patterns,

Fig. 14. Fluorescence microscopy images of CFSE stained ﬁbroblast cells, cultured 5 days on 9:1 collagen–elastin porous matrix. Magniﬁcation power: 10× (A) and 40× (B).
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Fig. 15. Fluorescence microscopy images of CFSE stained ﬁbroblast cells culturing on collagen–elastin laser induced porous matrix. Two hours after seeding ∼95% of the cells
with CFSE. Scale bar 200 m.

indicating selective cell adhesion to the micropatterns. Human
ﬁbroblasts seeded in the collagen scaffold remained viable for several days and showed little mobility outside of the micropattern.
In short, on micrometer grooves, the cells tend to align along the
patterns as was expected based on literature reports concerning contact guidance [34,35]. The adhesion of the cells on the
microstructured surfaces indicates that either the amount and/or
orientation of the (initial) protein adsorption are different on the
topographically structured samples than on the untreated ones.
It is important to note that cell adhesion process is preceded by
protein adsorption. There exist reports in the literature that the
initially adsorbed proteins may be exchanged for others with time,
and this aspect might be of great importance. The hydrophobicity
or hydrophilicity of the surfaces are also a factor which inﬂuences
the proteins adsorption in their initial conformation or are prone
to undergo structural changes. The ﬂexibility of cell’s cytoskeleton depends on the rigidity of F-actin (major component of the
cytoskeleton essential for such important cellular functions as the
mobility), and their adaptation to the surface’s topography determines the alignment of the cells.
The examination of the cells proliferation is performed by CFSEbased proliferation assays. Since CFSE labels proteins via their NH2

Fig. 16. CFSE proliferation assay principle.

terminal ends, it is assumed that halving of the ﬂuorescent dye
occurs upon cell division. The combination of these ﬂuorescence
intensities with the number of cell allows estimation of the proliferation and death rates Fig. 16. After 72 h in culture the amount of
CFSE labeled cells signiﬁcantly decreased as a result of active cell
proliferation.
These results clearly demonstrate a positive effect on ﬁbroblasts
cells proliferation on laser treated collagen–elastin micro porous
blends. The performed research work improved our understanding
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on the pulsed laser interaction process and template structure
inﬂuence on cells spatial arrangement. It constituted an important
step towards fabrication of biocompatible scaffolds for successful
substrate cells cultivation.
4. Conclusions
We have performed a systematic study of the inﬂuence of pulse
duration, pulse number, laser ﬂuence on the surface modiﬁcation
of thin ﬁlm of biopolymers-gelatine and collagen. Irradiation in air
of self-standing ﬁlms of gelatin, collagen and collagen–elastin with
single and multiple laser pulses of 800 nm, yields nanostructured
layer with submicrometric dimensions on the ﬁlm surface. These
special nanostructures are created after irradiation with pulses
ranging from 30 fs to 100 fs duration. It was found that the number
of applied laser pulses have a crucial inﬂuence on the formation of micro-porous layers. The results presented show capability
of tuning the micropores dimensions by controlling the number
of ultrashort pulses, pulse duration, and laser ﬂuence. Our study
shows that a large variety of nano- and micro-pores can be controllably produced on biomaterials by varying femtosecond laser
irradiation parameters.
Femtosecond irradiation by different pulse temporal domains,
leads to the observed superﬁcial ﬁbrillar structures with different pores dimensions. Nano-pores from 2.2 m down to less than
100 nm in diameter were successfully created and imaged.
Time-resolved femtosecond-SEM images are useful method to
observe the surface morphology changes during and after the laser
pulse. A transient change of the surface porosity after interaction
with a series of multiple laser pulses was detected. Results from
initial time-resolved experiments demonstrate a basic capability of
the method for adaptive tuning the surface morphology of biopolymers.
Femtosecond laser modiﬁcation is able to produce a biopolymer porous matrix that mimic in part the structure and biological
function of the extracellular matrix and can be potentially used for
controlling cell behavior. It is tunable and can be used to design
structures that affect cell proliferation, viability, and spreading.
In future work regarding cell culture experiments, the testing of
different laser modiﬁed biopolymer substrates and their blends
in respect to cells ability to differentiate and for applicability in
biological applications will be performed.
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