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Abstract: Femtosecond laser induced changes on the topography of stainless steel with double pulses
is investigated to reveal the role of parameters such as the fluence, the energy dose and the interpulse
delay on the features of the produced patterns. Our results indicate that short pulse separation
(At =5 ps) favors the formation of 2D Low Spatially Frequency Laser Induced Periodic Surface
Structures (LSFL) while longer interpulse delays (At = 20 ps) lead to 2D High Spatially Frequency
LIPSS (HSFL). The detailed investigation is complemented with an analysis of the produced surface
patterns and characterization of their wetting and cell-adhesion properties. A correlation between the
surface roughness and the contact angle is presented which confirms that topographies of variable
roughness and complexity exhibit different wetting properties. Furthermore, our analysis indicates
that patterns with different spatial characteristics demonstrate variable cell adhesion response which
suggests that the methodology can be used as a strategy towards the fabrication of tailored surfaces
for the development of functional implants.

Keywords: 2D-LIPSS; 2D-HSFL; nanostructures; double pulse irradiation; femtosecond laser texturing

1. Introduction

Over the past decades, laser patterning of various materials with ultrashort pulses is of
particular importance due to its applicability in a vast number of areas in science, technology
and industry [1-6]. The capability to produce an abundance of complex bioinspired surfaces
exhibiting hierarchical structuring at length scales ranging from hundreds of nanometers
to several micrometers unveils the advantage of the employment of laser technology.
Numerous examples of functional surfaces have been reported on biological systems
and reproduced through laser techniques. Using lasers, the fabrication of surfaces with
impressive superhydrophobic [3], antifouling [7], antireflective [8], antibacterial [9], drag
reduction [10] and other properties have been reported (see also [1] and references therein).

One dominant laser-based methodology to produce such surface patterns is through
a self-organization fashion, and more specifically, the fabrication of the Laser Induced
Periodic Surface Structures (LIPSS) (see [1] and references therein). Tailoring of the pro-
duced topographies can be achieved through varying a range of laser parameters such as
the fluence, energy dose, polarization, laser wavelength, incident angle, pulse duration.
Trains of linearly polarized pulses are used to generate LIPSS with periods close to the laser
wavelength that are termed as Low Spatial Frequency LIPSS (LSFL) and are single axis
symmetry (1D-LIPSS). On the other hand, polarization modification allows the generation
of structures with multi-axial symmetry (2D-LIPSS) such as honeycomb [11] and shark skin
like structures [12].

Temporally separated laser pulses have been also employed to enhance micro/nanoscale
material processing capabilities through a control of the optical energy distribution and
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thermal effects. In previous works, it has been reported that the spatial distribution of heat
can be modulated by varying the pulse separation, energy ratio and polarization states
of the constituent pulses [13,14] which allows further control over the resulting surface
pattern features. More specifically, apart from a variation of the area and periodicity in the
LSFL covered region [14-17] it has been shown that double pulse irradiation is capable of
increasing the control over the induced morphology, enabling the generation of hybrid
structures, such as a mixture of LSFL and High Spatial Period LIPSS (HSFL) structures hav-
ing hierarchical configuration [18] or 2D-HSFL [19,20]. HSFL structures have sizes smaller
than Ay /2 (A stands for the laser wavelength) and they are formed at lower fluences than
ripples [15]. Furthermore, unlike LSFL structures, their size is independent of A; while
it varies with laser parameters such as the fluence, pulse duration, and energy dose [21].
Their formation mechanism is still debated and the most dominant theories propose that
potential generation mechanisms could involve convection flow patterns [22,23], surface
tension gradients [24] or near field enhancement [25]. In previous reports it has been
demonstrated that double pulse irradiation constitutes a powerful tool for controlling HSFL
structure formation [23] giving rise to nanoscale biomimetic morphologies [26]. It has also
been shown that delays in the picosecond timescale are suitable for the generation of HSFL
structures [23,26] and the features can be controlled by varying the average number of
pulses or fluence as well as the pulse separation.

Given the capability to fabricate an abundance of patterns of enhanced complexity,
laser induced topographies have been broadly used as platforms to control cell behavior,
as the fabrication of nano-scale patterns can differentially influence cellular adhesion and
proliferation. Commonly used metallic implant materials include Ti and Ti-based alloys,
which have been extensively explored [27-30] and stainless steel, which has yet to be
fully investigated [31,32]. Ti is relatively well integrated into medical applications, while
stainless steel can still display biocompatibility issues, mainly related to infections and
osseointegration. However, as the two materials offer different mechanical properties, they
are constantly being assessed for applications in different anatomic locations. Results in
previous studies indicate that by fabricating different surface structures on metal surfaces,
cellular adhesion and morphology can be tailored; however, this functionality is dependent
on the types of cells used for testing [30].

Due to the apparent significance of the topography’s complexity, symmetry and
roughness to exhibit certain properties, it is of particular importance to perform a detailed
investigation of the laser conditions that lead to different biomimetic structures. Given
the impact of double pulse irradiation on the fabrication of patterns of different symmetry,
a systematic exploration of the surface morphology resulting from a variation of laser
parameters such as the fluence and number of pulses apart from the pulse separation are
required. It is evident that the significance of the wealth of the produced topographies is
related to the functionalities they demonstrate and, therefore, appropriate characterization
for various properties is necessary.

To account for the capability to intervene in the material’s reorganization process
and evaluate the functionalities of the produced topographies, we investigate the LSFL
and HSFL formation on stainless steel under a systematic variation of laser parameters
that leads to a variety of different morphologies on the micro and nanoscale. Based on
the size, shape and hierarchical formation the produced textures were applied over large
areas to characterize their wettability properties as well as the cell adhesion behavior
and morphology.

2. Materials and Methods

Experiments were performed using commercially available, mirror polished samples
of 316 stainless steel which were textured with 170 fs laser source emitting at 1026 nm. In
these experiments, circularly polarized beams were used and therefore, to produce circu-
larly polarized pulses, a linear polarizer and a quarter-waveplate (QW) plate were used.
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The experimental setup, shown in Figure 1 consists of irises (I) and mirrors (M) to
align and guide the beam, a Michelson interferometer, that is made up of a beam splitter
(BS) and a mirror placed in each arm. (All optical components were acquired from Thorlabs
Inc., Germany, Europe). The beam is divided into two parts by the beam splitter and then
guided into the two arms. One of the two mirrors of the interferometer is controlled by a
computer-assisted micrometer displacement controller (DC) which produces an interpulse
delay (AT) between the two pulses by varying the optical path (L) of the arm. The interpulse
delay is given by the expression

AL(pm)
C

At (ps) = 2- -10° (1)

Figure 1. The double pulse setup. Abbreviations; mirror (M), iris (I), beam splitter (BS), linear
polarizer (LP), quarter waveplate (QW), dichroic mirror (DM), delay control stage (DC), monitoring
camera (CMOS), sample positioning stage (XYZ STAGE).

In Equation (1), c stands for the speed of light, AL is the optical path difference of
the two beams while the presence of the factor of 2 comes from the fact that the pulse
travels two times the displacement of the arm due to the setup geometry. Apart from the
pronounced linear polarizer (LP) and a quarter-waveplate (QW), a dichroic mirror (DM) is
also included to guide the beam onto the sample (S). A CMOS camera is used to observe
the sample surface through a dichroic mirror (DM). The beam is focalized on the sample via
a concave lens (L) of focal length f = 20 cm. Finally, the sample was placed on a computer
controlled three-axis translational stage (XYZ STAGE). The spot size was calculated to be
60 um in diameter at 1/e? using a CCD camera placed at focus plane. The experiments
were conducted at normal incidence and in ambient air.

The morphologies of the laser-fabricated structures were visualized by a field-emission
Scanning Electron Microscope, SEM (JEOL JSM-7000F, JEOL Ltd., Tokyo, Japan). All the
measurements of the features of surface structures were performed by a 2D-FFT analysis
of the corresponding SEM images using Gwyddion (http://gwyddion.net/, accessed on
8 February 2022), a free and open-source software for SPM (scanning probe microscopy)
data visualization and analysis. The frequencies of the induced periodic structures (A)
were calculated via a 2D-Fourier transformation feature of Gwyddion. The Atomic Force
Microscopy (AFM) measurements were carried out using a MultiMode SPM provided by
VEECO (Plainview, NY, USA).

Cell Culture

For cell adhesion testing, murine NIH 3T3 fibroblasts (ATCC, Manassas, VI, USA) and
CL57BL/6 bone marrow-derived mesenchymal stem cells (MSCs) (Cyagen, Santa Clara,
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CA, USA) were used. The stainless steel square surfaces were cleaned by submersion in a
70% ethanol solution and UV sterilization for 20 min. The cells were grown in high glucose
(4.5 g/L) Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Grand Island, N, USA) for
NIH 3T3 cells and low glucose (1 g/L) DMEM (Gibco, Grand Island, NY, USA) for MSCs,
supplemented with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and
1% penicillin/streptomycin (Gibco, Grand Island, NY, USA). Cell were grown at 37 °Cin a
5% CO, atmosphere. Fresh medium was provided every 2 days until the desired timepoints
(3 and 5 days) were reached. SEM was used to visualize cell morphology and attachment
on the structured and non-structured stainless steel samples. At each desired timepoint,
the medium was removed, followed by two 7 min washes with 1xPBS on ice. Samples
were fixed with 2.5% glutaraldehyde (GDA, Sigma-Aldrich, St Louis, MO, USA) in 0.1 M
Sodium Cacodylate Buffer (SCB) for 30 min and two 7 min washes with 0.1 M SCB were
performed. Dehydration was achieved with 7 min immersions of the samples in ethanol
gradients (30%, 50%, 70%, 90%, 100%). Samples were dried using increasing concentrations
of hexamethyl-disilazine (HDMS, Sigma-Aldrich, St Louis, MO, USA) in ethanol (30%, 50%,
70%, 3 x 100%) and complete evaporation of HDMS was achieved by leaving them in a
chemical hood overnight. Prior to SEM imaging (JEOL JSM-6390 LV, JEOL Ltd., Tokyo,
Japan), all samples were sputter-coated with a 12 nm-thick gold layer using a Baltec SCD
050 instrument (BAL-TEC AG, Balzers, Liechtenstein).

3. Results and Discussion

A parametric study has been performed to analyze the LSFL and HSFL formation
on stainless steel under a systematic change of laser parameters that leads to a variety
of different morphologies at the micro and nanoscale. The objective is, firstly, to tailor
the morphology through a control of the laser parameters such as the fluence, pulses per
spot and, predominantly, the pulse separation, and secondly, to evaluate the impact of
the different patterns on the wetting and cell adhesion properties. Based on the results
of parametric studies presented in previous reports [18,33], in this work, two different
interpulse delay (At) values in the picosecond regime were chosen to be investigated
thoroughly in order to generate structures with various spatial characteristics; At =5 ps to
study the hierarchical 2D morphology consisting of HSFL and LSFL [18] and At = 20 ps to
explore the 2D-HSFL formation [26].

3.1. Controlling the Morphology
Impact of Interpulse Delay

Surface morphologies have been obtained by increasing the laser fluence in a range
between F = 0.1 ]/cm? and F = 0.18 ] /cm?, and for pulses per spot (pps) values varying
from pps =20 (5 mm/s) to pps = 100 (20 mm/s) are illustrated in Figure 2 (At = 5 ps) and
Figure 3 (At = 20 ps). The induced patterns contain 2D-LSFL and HSFL structures.

Upon a variation of laser parameters and appropriate combination of the fluence and
pps values, various patterns decorated with LSFL and HSFL features (denoted with ‘L’
and ‘H’), respectively, are produced and illustrated in Figure 2 (At = 5 ps). Experimental
observations show that the possibility of fabricating L-type structures increases at higher
energy doses and fluence values. For example, at ® = 0.18 ] /cm?, random 2D-LSFL are the
dominant structures whereas at ® = 0.12 J/cm?, 2D-HSFL are formed on the surface. On the
other hand, the evolution of surface topographies shows (Figure 2) that for the highest dose,
at ® =0.18]/cm?, 2D-LSFL as well as random HSFL and a small population of nanodots are
fabricated. These particular 2D-LSFL structures appear to become less pronounced as the
dose decreases. Furthermore, at this fluence, HSFL structures preserve their randomness
while the nanodots population decreases at decreasing pps. At a slightly smaller fluence
(®=0.15]/ cmz) a similar structure evolution is observed; however, LSFL structures become
less pronounced at decreasing pps; finally, at pps = 20, 2D-HSFL structures dominate on the
surface and LSFL have almost disappeared. At an even lower fluence, ® =0.12]/ cm?, LSFL
features are almost absent while random 2D-HSFL and a large population of nanodots
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are observed at relatively high pps value. By contrast, as pps further decreases, 2D-HSFL
are formed while nanodots are getting less pronounced. When pps = 20 only shallow
random 2D-HSFL structures are present. Lastly for fluence ® = 0.1 J/cm? and pps = 100,
random 2D-HSFL features are formed which gradually disappear as pps number drops.
Interestingly, at ® = 0.1 J/cm? and pps = 20, only a small number of features are observed
on the surface around holes and cracks highlighting that these parameters are close to the
HSFL formation threshold.

Figure 2. SEM images of stainless steel surfaces processed with double pulses with interpulse delay
At =5 ps for different values of fluence and pps. L and/or H indicate whether LSFL and/or HSFL
features, respectively, appear on the topographies.

SEM images in Figure 3 illustrate the types of patterns which are produced if the pulse
separation is increased to At = 20 ps. According to the experimental observations, the
L-type structures dominate at higher energy doses and larger fluences. For example, at
$=0.18]/ cm? random 2D-LSFL are the dominant structures whereas at ® = 0.15 ]/ cm?
HSFL are formed on the surface.

In a more detailed description of the evolution of the surface topographies as a function
of the fluence and the energy dose (Figure 3), it is shown that for the highest pps, at
® =0.18 ] /cm?, 2D-LSFL together with random HSFL and a small population of nanodots
are formed. On the other hand, at the same fluence and at decreasing pps values, 2D-
LSFL become less pronounced and at pps = 20, only 2D-HSFL features are present. At
® =0.15]/cm? and pps =100, 2D-LSFL and 2D-HSFL are formed simultaneously while
nanodots and 2D- HSFL dominate for lower pps values. At lower values dose values of the
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nanodots and HSFL are getting less and less pronounced until they vanish at the lowest
fluence used in the experiments, ® = 0.1 ]/cm? and pps = 20.

Figure 3. SEM images of stainless steel surfaces processed with double pulses with interpulse delay
At =20 ps for different values of fluence and pps. L and/or H indicate whether LSFL and /or HSFL
features, respectively, appear on the topographies.

A comparison between the patterns for the two delays (At = 5 ps and At = 20 ps)
shows that both L- and H-type of structures are produced in both cases; however, the
pps threshold value that leads to the onset of their formation increases at longer pulse
separation. More specifically, random 2D-LSFL structures occur at higher energy fluence
(® > 0.15]/cm?) while random 2D-HSFL and nanodots occur for lower energy fluence
(® < 0.12]/cm?). Nonetheless, LSFL formation threshold seems to be lower for the case
when At =5 ps (® = 0.15 J/cm?, pps = 50) than in the case when At = 20 ps (® = 0.18
J/em?, pps = 50). Moreover, 2D-HSFL are more pronounced at 5 ps delay and nanodots
are more pronounced at a 20 ps delay. With respect to the role of the fluence, for both
interpulse delays, LSFL occur at higher fluences but for different energy dose thresholds. In
the case of 5 ps delay, LSFL are present at fluences from ¢ = 0.15]/ cm? to ® =0.18]/cm? at
almost all pps values while in the 20 ps delay case, LSFL occur mainly at the highest fluence
® =0.18 J/cm?. In the case of 5 ps delay, 2D HSFL are not so clear and occur together
with LSFL while in case of 20 ps delay 2D-HSFL and nanodots cover the total surface at
® <0.12]/cm?.

To emphasize the impact of the pulse separation on the different patterns that are
induced, simulations have been conducted to predict the thermal response of the irradiated
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material. A Two Temperature Model was employed to simulate the ultrafast dynamics
of the system. A detailed description of the model and the values of the thermophysical
parameters are presented in Reference [34]. Theoretical results (Figure 4) show that the
maximum lattice temperature attained for At = 5 ps is higher than that for At = 20 ps for
double pulses of Fy,; = 0.15]/ em? (Fiotal corresponds to the total fluence of the double
pulse). It is noted that for the sake of simplicity, the simulations have been performed for
flat areas, while the approach can be generalized at higher energy doses that are expected
to lead to even higher variance between the calculated temperatures for the two pulse sepa-
ration values. Furthermore, higher energy doses increase the roughness of the irradiated
surface and induce LIPSS formations leading to an increase of the absorbed energy as it is
known that sub-wavelength surface structures significantly enhance absorptance through
plasmonic absorption. Therefore, as patterns for interpulse delay At =5 ps and At =20 ps
are characterized with different roughness and features (height, shape, etc.), the features of
the electromagnetic modes that are excited and the resulting form of the absorbed spatial
energy distribution are expected to lead to the formation of distinctly different structures.

5000

) [K]

-
= 4500 |
X
Q)
£

4000 : :
0 20 40 60
At [ps]

Figure 4. Maximum Lattice temperature as a function of the interpulse delay.

As a result of an extensive parametric study surfaces with distinct characteristics in
terms of average roughness value, Rq, symmetry and spatial period were produced. The
textured surface spanned over a 4 x 4 mm? area while the processing time varied between
80 s (Figure 5C) and 320 s (Figure 5B). It is noted that the average roughness values were
obtained from AFM measurements, and they correspond to the root mean square (rms) for
a set of values obtained in a patterned area of (minimum) size equal to 5 x 5 um?. Four
different surfaces are presented, shown in Figure 5 comprising solely HSFL (Figure 5A,B)
or a mixture of HSFL and LSFL (Figure 5C,D) which are ordered according to the surface
roughness. Different magnifications were utilized in each case to visualize features in the
micro and nanoscale. As shown in the previous section, results indicate that at At = 20 ps,
HSFL-type structures dominate the topographies that are produced for the range of fluence
values used in the experiments. A more thorough analysis of the morphological features
of the HSFL structures formed at various fluences and pps show that for ® = 0.16 J/cm?
and pps = 20, HSFL with random direction are formed together with a few nanodots
(Figure 5A). The average roughness of the produced morphology is Rq = 32 4= 12 nm while
the structure height was measured to be equal to h = 55 + 8 nm. The average distance p
between neighboring HSFL protrusions has been measured (p = 206 £ 122 nm) while their
width is equal to Wyspr, = 66 = 10 nm. The measured value of the diameter 6 of the dots is
ddot =53 £ 13 nm. It is noted that the average values of p and 04, were calculated from a
sample of at least 25 measurements in the SEM images. Results shown in Figure 5B indicate
that, at higher doses (® = 0.14 ] /cm?, pps = 100), random HSFL are formed together with
dots. The average roughness of the surface pattern is Rq = 42 + 5 nm which appears
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to be slightly larger (but within the experimental error) compared to the morphology in
Figure 5A and the structure height is measured to be equal to h = 66 + 30 nm. On the
other hand, the diameter of the dots is 840 = 41 £ 13 nm and the width of the HSFL
Whsrr = 62 £ 11 nm. The average distance of the structures is p = 222 £+ 60 nm which
is comparable with the value measured in the previous case. Thus, the morphologies in
Figure 5A,B comprise similar spatial characteristics (p, d40t, Wrsr1,) while the aspect ratio
of the structures differs.

Rq= 71411 nm ¥
T R, gk

29
.

-72700 nm

Figure 5. SEM images of topographies obtained after optimization of process parameters. Process pa-
rameters: (A): @ =0.16J/cm?, pps = 20, (B): @ = 0.14]/cm?, pps = 100, (C): ® = 0.18 ] /cm?, pps = 15,
(D): @ = 0.18J/cm?, pps = 60.

By contrast, the simultaneous formation of HSFL and LSFL that can be achieved for
At =5 ps (Figure 5C,D) allows to further increase the surface roughness while at the same
time maintaining the characteristic nano-decoration of HSFL-like structures and dots. In
Figure 5C the LSFL structures are formed on the surface together with a HSFL which seem
to be formed in between the LSFL structures.

The 2D-LSFL average distance here is p = 890 = 35 nm, the surface roughness
Rq =67 + 11 nm and the height is measured to be equal to h = 146 £ 53 nm. At higher
energy doses (Figure 5D), the pattern consists of an inhomogeneous hierarchical 2D-LSFL
morphology, and more specifically HSFL and dots are formed between and on top of LSFL,
respectively. The measured period of the 2D-LSFL is Argpr. = 867 & 25 nm. The average
period of HSFL structures is Apspr, = 109 = 10 nm whilst the average diameter of dots
is 0qot = 44 = 14 nm. The average roughness here is Rq = 105 £ 16 nm and the height is
h =264 £ 122 nm for Figure 5D. The height of the 2D-LSFL structures is in agreement with
observations in previous reports [20].

3.2. Wetting Properties

Contact angle (CA) measurements were carried out to characterize the wetting prop-
erties of structures formed on larger areas (1 x 1 cm?) (Figure 6). It is noted that CA
measurements were performed on the samples one month after the irradiation. That time-
frame is considered to be sufficient for the processed area to exhibit a conclusive wetting
behavior [35]. Figure 6 shows the results of the measurements while the insets (SEM
figures) are included to facilitate the correlation between Figures 5 and 6. The unprocessed
surface (Figure 6, 'Reference’) has a contact angle of 91° whilst all textured surfaces exhibit
a hydrophobic behavior. A detailed analysis indicates that random HSFL (Figure 6A)
exhibit a 116° contact angle while a mixture of HSFL with dots (Figure 6B) yields a 134°
contact angle; on the other hand, shallow LSFL and HSFL (Figure 6C) have a 131° contact
angle while a well-developed random 2D-LSFL has a 143° contact angle (Figure 6D). A
correlation between the surface roughness and the contact angle can be established which
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confirms that topographies of various roughness and complexity exhibit different wetting
properties [36]. Our results show that for structures of similar symmetry and average size,
a roughness increase leads to higher contact angle values. More specifically, for HSFL, a
lower roughness topography (Rq = 32 + 12 nm, Figure 6A) exhibits a smaller contact angle
compared to a pattern of higher roughness (for Rq = 42 &= 12 nm, Figure 6B). Similarly, for
LSFL structures, we observe an increase of the surface roughness from Rq = 67 £ 11 nm
(Figure 6C) to Rq = 105 = 16 nm (Figure 6D) results into an increase of the contact angle. By
contrast, a comparison of the wetting properties of topographies that have different sym-
metry and hierarchical formation (LSFL and HSFL structures) does not lead to conclusive
arguments and therefore more investigation is required.

CED | 7

B0

4 r:v 3

Figure 6. Contact angle measurements of stainless steel surface textured as shown in Figure 5.
4 uL drops were used. The letter (A-D) indicate the type of the surface as declared in Figure 5. A
small indicative SEM image of the relevant structures is show on the top right of every image.

3.3. Nanostructure’s Cell Adhesion Properties

Four distinctly different types of morphologies (Figure 5A-D) were investigated for
their cell adhesion and proliferation properties. Two types of cells were used for testing:
(a) NIH 3T3 murine fibroblasts and (b) murine bone marrow-derived mesenchymal stem
cells (MSCs) that were grown in a medium maintaining them in an undifferentiated state.
These two cell types selected as fibroblasts play an important role in wound healing and
regeneration, while mesenchymal stem cells are multipotent and previous research has
demonstrated that fs-laser processing of Ti was able to induce them towards osteogenic
differentiation [37].

3.3.1. NIH 3T3 Cell Behavior

As shown in Figure 6, the contact angle measurements indicate that the different
topographies are more hydrophobic compared to the flat steel surface. Surface hydropho-
bicity is known to affect cellular behavior at early timepoints, as the repellence of a surface
can inhibit cellular adhesion. After 3 days—and especially after 5 days—, protein adsorption
onto the surface, either from the proteins that are present in the serum or from proteins
that are produced by the cells, alters the environment and makes it more hydrophilic and
cell friendly. As such, at the two timepoints tested within this study, we have focused on
the effect of the topography on cell behavior.

Results show (Figure 7) that NIH 3T3 cells appear to interact differently with the
different patterned surfaces. More specifically, after 3 days, cells adhere better to the pattern
in Figure 7B (textured surface contains a mixture of HSFL and nanodots), where a larger
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number of more flattened, well-adhered cells can clearly be seen. By contrast, in all other
areas, the number of cells is substantially smaller and there is a mixture of globular and
flattened cells, which indicates weaker adhesion. After 5 days, the cells appear to have
proliferated; however there is different behavior depending on the textured area. In the
areas shown in Figure 7A (pattern contains random HSFL) and C (textured area comprises
a combination of LSFL and HSFL structures), the cells have adhered efficiently to the
surface and created a “carpet” (similar to the flat steel surface in Figure 7, Reference). On
the surface illustrated in Figure 7D (covered with random 2D-LSFLstructures), the cells
have grown in clumps/aggregates and have not spread on the whole surface, while on the
surface shown in Figure 7B, the cells have been distributed similarly to Figure 7A,C, but
seem to be substantially less attached to the surface.

= 100 um

m— 100 um

— 100 um

10 um I ) m— 100 um

e

m— 10 um - * w100 um — 10 um

Figure 7. Growth of NIH 3T3 fibroblast cells on patterned stainless steel surfaces. Fibroblasts were
cultured for 3 and 5 days on flat stainless steel surfaces and four different laser-induced surface
structures. The cells adhered differently to the different surfaces, indicating that the topography
influences cellular behavior. The letters (A-D) indicate the type of surface as declared in Figure 5,
while “Reference” refers to the flat stainless steel surface. The SEM images show low and high
magnifications of the samples (scale bars of 100 um and 10um, respectively), while the insets indicate
the relevant underlying surface structure.
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3.3.2. Mesenchymal Stem Cell Behavior

Contrary to the behavior displayed on the various topographies by the fibroblasts in
Figure 7, MSCs respond differently to the same patterns, as they adhere and proliferate on
all areas (Figure 8). After 3 days, there are fewer cells on the pattern shown in Figure 8B
(textured surface contains a mixture of HSFL and nanodots); however, after 5 days in
culture, the cells have proliferated and almost completely covered all areas, regardless of the
underlying pattern. As such, we can conclude that MSC attachment is good on all surfaces,
while the presence of filopodia and lamellipodia is clearly observable (Figure 8A-D.) It is
noted that the textured area comprises: (i) random HSFL (Figure 8A), (ii) a mixture of HSFL
and nanodots (Figure 8B), (iii) a combination of LSFL and HSFL structures (Figure 8C),
(iv) random 2D-LSFLstructures (Figure 8D).

| m— 100 um

Figure 8. Growth of mesenchymal stem cells (MSCs) on patterned stainless steel surfaces. MSCs
were cultured for 3 and 5 days on flat stainless steel surfaces and four different laser-induced surface
structures. The cells have adhered to all the surfaces and have proliferated much more significantly
compared to the fibroblasts shown in Figure 7. The letters (A-D) indicate the type of surface as
declared in Figure 5, while “Reference” refers to the flat stainless steel surface. The SEM images show
low and high magnifications of the samples (scale bars of 100 pm and 10 um, respectively), while the
insets indicate the relevant underlying surface structure.
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3.3.3. Discussion of Nanostructure’s Cell Adhesion Properties

A general conclusion from the above results is that structures with different spatial
characteristics (random 2D-LSFL and random 2D-HSFL) can exhibit variable cell adhesion
properties. Cellular behavior changes depending on the underlying structure, as well
as the type of cell used. For the surfaces tested in this study, fibroblasts display greater
variability in their attachment profiles, while undifferentiated mesenchymal stem cells have
a much higher affinity for all structures and can almost completely saturate them after
5 days in culture. This could be attributed to the different physiological function of the
two types of cells: fibroblasts are more adapted to respond to smooth and soft surrounding
surfaces, while MSCs, due to their multipotent nature, are more adaptable and can respond
to external stimuli (such as surface roughness or different material hardness) to differentiate
into cells of different lineages. As MSCs have the ability of differentiating into osteoblasts,
it would explain their ability to interact more strongly with the hard surfaces provided by
the stainless steel, compared to the fibroblasts.

By comparing the cellular behavior of one type of cell on the different topographies,
as well as the two different types of cells on the same topography, we can potentially utilize
these results towards the fabrication of tailored surfaces for the development of functional
implants. Tissue repair is an extremely complex process and, through exploring different
methodologies for tissue engineering applications, we can create functional surfaces where
certain types of cells can adhere to promote repair, while other types of cells are deterred,
thus inhibiting adverse reactions such as fibrosis.

4. Conclusions

An experimental study has been performed to investigate the effect of the interpulse
delay of double pulses on the features of induced LIPSS on stainless steel surfaces. An
analysis of the experimental results and comparison with observations from previous
studies demonstrates that an interpulse separation equal to At = 5 ps favors the formation
of 2D-LSFL, while longer delays (At = 20 ps) are more suitable for the fabrication of 2D-
HSEFL structures. The produced morphologies were characterized for their wetting and
cell adhesion properties and a correlation emerges between the surface roughness and the
wetting behavior of the surface. On the other hand, cell culture experiments unveil the need
to introduce a more complex scenario in order to interpret how cell adhesion is affected
from both the surface nano-roughness and the symmetry and the size of the features.
Certainly, this hypothesis requires further experimental investigation and could potentially
pave the way for the fabrication of cell specific surfaces. The presented results are aimed
at enhancing our knowledge of matter rearrangement and fabrication of 2D-LIPSS with
temporarily separated fs pulses on the nanoscale, while at the same time the methodology
can be employed to establish a connection between the surface topography features and
novel material properties depending on the texture’s geometry.

Author Contributions: Conceptualization, FF. and E.S.; Supervision of experiments; EF,, E.S. and A.R.
Setup, Experimental procedure and data analysis, M.V.; Cell culture experiments, PM.; Simulation of
ultrafast dynamics, G.D.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by European Union’s Horizon 2020 research and innovation
program through the project BioCombs4Nanofibers, Grant Agreement No. 862016.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank A. Manousaki for the SEM characterization, A.
Oikonomakis for the 3D design of the setup, S. Maragkaki for the contact angle measurements and
Abdus S. Sarkar for the AFM measurements.

Conflicts of Interest: The authors declare no conflict of interest.



Nanomaterials 2022, 12, 623 13 of 14

References

1.  Stratakis, E.; Bonse, J.; Heitz, J.; Siegel, J.; Tsibidis, G.D.; Skoulas, E.; Papadopoulos, A.; Mimidis, A.; Joel, A.C.; Comanns, P; et al.
Laser engineering of biomimetic surfaces. Mater. Sci. Eng. R Rep. 2020, 141, 100562. [CrossRef]

2. Vorobyev, A.Y.; Guo, C. Direct femtosecond laser surface nano/microstructuring and its applications. Laser Photonics Rev. 2012, 7,
385-407. [CrossRef]

3. Zorba, V,; Stratakis, E.; Barberoglou, M.; Spanakis, E.; Tzanetakis, P.; Anastasiadis, S.H.; Fotakis, C. Biomimetic artificial surfaces
quantitatively reproduce the water repellency of a lotus leaf. Adv. Mater. 2008, 20, 4049-4054. [CrossRef]

4. Zorba, V.; Persano, L.; Pisignano, D.; Athanassiou, A.; Stratakis, E.; Cingolani, R.; Tzanetakis, P.; Fotakis, C. Making silicon
hydrophobic: Wettability control by two-lengthscale simultaneous patterning with femtosecond laser irradiation. Nanotechnology
2006, 17, 3234-3238. [CrossRef] [PubMed]

5. Jean-Claude, D.; Wolfgang, R. Ultrashort Laser Pulse Phenomena, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2006.

6. Papadopoulou, E.L.; Samara, A.; Barberoglou, M.; Manousaki, A.; Pagakis, S.N.; Anastasiadou, E.; Fotakis, C.; Stratakis, E. Silicon
scaffolds promoting three-dimensional neuronal web of cytoplasmic processes. Tissue Eng. Part C Methods 2010, 16, 497-502.
[CrossRef]

7. Li, K; Yao, W,; Liu, Y,; Wang, Q.; Jiang, G.; Wu, Y,; Lu, L. Wetting and anti-fouling properties of groove-like microstructured
surfaces for architectural ceramics. Ceram. Int. 2021, 48, 6497—-6505. [CrossRef]

8.  Papadopoulos, A.; Skoulas, E.; Mimidis, A.; Perrakis, G.; Kenanakis, G.; Tsibidis, G.D.; Stratakis, E. Biomimetic Omnidirectional
Antireflective Glass via Direct Ultrafast Laser Nanostructuring. Adv. Mater. 2019, 31, 1901123. [CrossRef]

9. Lutey, AH.A,; Gemini, L.; Romoli, L.; Lazzini, G.; Fuso, F,; Faucon, M.; Kling, R. Towards Laser-Textured Antibacterial Surfaces.
Sci. Rep. 2018, 8, 10112. [CrossRef]

10. Rebollar, E.; Pérez, S.; Hernandez, M.; Domingo, C.; Martin, M.; Ezquerra, T.A.; Garcia-Ruiz, ].P; Castillejo, M. Physicochemical
modifications accompanying UV laser induced surface structures on poly(ethylene terephthalate) and their effect on adhesion of
mesenchymal cells. Phys. Chem. Chem. Phys. 2014, 16, 17551-17559. [CrossRef]

11.  Romano, J.-M.; Garcia-Giron, A.; Penchev, P.; Dimov, S. Triangular laser-induced submicron textures for functionalising stainless
steel surfaces. Appl. Surf. Sci. 2018, 440, 162-169. [CrossRef]

12.  Skoulas, E.; Manousaki, A.; Fotakis, C.; Stratakis, E. Biomimetic surface structuring using cylindrical vector femtosecond laser
beams. Sci. Rep. 2017, 7, 45114. [CrossRef] [PubMed]

13. Barberoglou, M.; Gray, D.; Magoulakis, E.; Fotakis, C.; Loukakos, P.A.; Stratakis, E. Controlling ripples’” periodicity using
temporally delayed femtosecond laser double pulses. Opt. Express 2013, 21, 18501-18508. [CrossRef] [PubMed]

14. Derrien, T.J.Y.; Koter, R.; Kriiger, ].; Hohm, S.; Rosenfeld, A.; Bonse, J. Plasmonic formation mechanism of periodic 100-nm-
structures upon femtosecond laser irradiation of silicon in water. J. Appl. Phys. 2014, 116, 074902. [CrossRef]

15. Bonse, J.; Hohm, S; Kirner, S.V.; Rosenfeld, A.; Kruger, J. Laser-Induced Periodic Surface Structures—A Scientific Evergreen.
IEEE ]. Sel. Top. Quantum Electron. 2017, 23, 9000615. [CrossRef]

16. Hohm, S.; Rosenfeld, A.; Kriiger, J.; Bonse, J. Laser-induced periodic surface structures on titanium upon single- and two-color
femtosecond double-pulse irradiation. Opt. Express 2015, 23, 25959. [CrossRef]

17.  Barberoglou, M.; Tsibidis, G.D.; Gray, D.; Magoulakis, E.; Fotakis, C.; Stratakis, E.; Loukakos, P.A. The influence of ultra-fast
temporal energy regulation on the morphology of Si surfaces through femtosecond double pulse laser irradiation. Appl. Phys. A
Mater. Sci. Process. 2013, 113, 273-283. [CrossRef]

18.  Fraggelakis, F; Mincuzzi, G.; Lopez, ].; Manek-Honninger, I.; Kling, R. Controlling 2D laser nano structuring over large area with
double femtosecond pulses. Appl. Surf. Sci. 2019, 470, 677-686. [CrossRef]

19. Qiao, H.; Yang, ].; Wang, F.; Yang, Y.; Sun, J. Femtosecond laser direct writing of large-area two-dimensional metallic photonic
crystal structures on tungsten surfaces. Opt. Express 2015, 23, 26617. [CrossRef]

20. Fraggelakis, F.; Giannuzzi, G.; Gaudiuso, C.; Manek-Honninger, I.; Mincuzzi, G.; Ancona, A.; Kling, R. Double- and Multi-
Femtosecond Pulses Produced by Birefringent Crystals for the Generation of 2D Laser-Induced Structures on a Stainless Steel
Surface. Materials 2019, 12, 1257. [CrossRef]

21. Nathala, C.S.R; Ajami, A.; Ionin, A.A.; Kudryashov, S.I; Makarov, S.V.; Ganz, T.; Assion, A.; Husinsky, W. Experimental study of
fs-laser induced sub-100-nm periodic surface structures on titanium. Opt. Express 2015, 23, 5915. [CrossRef]

22. Kirichenko, N.A.; Barmina, E.V.; Shafeev, G.A. Theoretical and Experimental Investigation of the Formation of High Spatial
Frequency Periodic Structures on Metal Surfaces Irradiated by Ultrashort Laser Pulses. Phys. Wave Phenom. 2018, 26, 264-273.
[CrossRef]

23. Abou Saleh, A.; Rudenko, A.; Reynaud, S.; Pigeon, E; Garrelie, F.; Colombier, ].P. Sub-100 nm 2D nanopatterning on a large scale
by ultrafast laser energy regulation. Nanoscale 2020, 12, 6609-6616. [CrossRef] [PubMed]

24. Rudenko, A.; Abou-Saleh, A.; Pigeon, F; Mauclair, C.; Garrelie, F,; Stoian, R.; Colombier, ].P. High-frequency periodic patterns
driven by non-radiative fields coupled with Marangoni convection instabilities on laser-excited metal surfaces. Acta Mater. 2020,
194,93-105. [CrossRef]

25. Rudenko, A.; Colombier, ].P.; Hohm, S.; Rosenfeld, A.; Kriiger, J.; Bonse, J.; Itina, T.E. Spontaneous periodic ordering on the

surface and in the bulk of dielectrics irradiated by ultrafast laser: A shared electromagnetic origin. Sci. Rep. 2017, 7, 12306.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.mser.2020.100562
http://doi.org/10.1002/lpor.201200017
http://doi.org/10.1002/adma.200800651
http://doi.org/10.1088/0957-4484/17/13/026
http://www.ncbi.nlm.nih.gov/pubmed/34911211
http://doi.org/10.1089/ten.tec.2009.0216
http://doi.org/10.1016/j.ceramint.2021.11.194
http://doi.org/10.1002/adma.201901123
http://doi.org/10.1038/s41598-018-28454-2
http://doi.org/10.1039/C4CP02434F
http://doi.org/10.1016/j.apsusc.2018.01.086
http://doi.org/10.1038/srep45114
http://www.ncbi.nlm.nih.gov/pubmed/28327611
http://doi.org/10.1364/OE.21.018501
http://www.ncbi.nlm.nih.gov/pubmed/23938722
http://doi.org/10.1063/1.4887808
http://doi.org/10.1109/JSTQE.2016.2614183
http://doi.org/10.1364/OE.23.025959
http://doi.org/10.1007/s00339-013-7893-y
http://doi.org/10.1016/j.apsusc.2018.11.106
http://doi.org/10.1364/OE.23.026617
http://doi.org/10.3390/ma12081257
http://doi.org/10.1364/OE.23.005915
http://doi.org/10.3103/S1541308X18040027
http://doi.org/10.1039/C9NR09625F
http://www.ncbi.nlm.nih.gov/pubmed/32163060
http://doi.org/10.1016/j.actamat.2020.04.058
http://doi.org/10.1038/s41598-017-12502-4
http://www.ncbi.nlm.nih.gov/pubmed/28951573

Nanomaterials 2022, 12, 623 14 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Fraggelakis, F.; Mincuzzi, G.; Lopez, ].; Kling, R.; Manek-Honninger, I. Controlling Micron and Submicron Scale Laser Induced
Surface Structures on Stainless Steel with Industrial Femtosecond Lasers. . Laser Micro/Nanoeng. 2018, 13, 206-210. [CrossRef]
Cunha, A.; Zouani, O.F,; Plawinski, L.; Botelho Do Rego, A.M.; Almeida, A.; Vilar, R.; Durrieu, M.C. Human mesenchymal stem
cell behavior on femtosecond laser-textured Ti-6Al-4V surfaces. Nanomedicine 2015, 10, 725-739. [CrossRef]

Zwahr, C.; Welle, A.; Weingértner, T.; Heinemann, C.; Kruppke, B.; Gulow, N.; Holthaus, M.G.; Fabidn Lasagni, A. Ultrashort
Pulsed Laser Surface Patterning of Titanium to Improve Osseointegration of Dental Implants. Adv. Eng. Mater. 2019, 21, 1900639.
[CrossRef]

Lone, S.A.; Muck, M.; Fosodeder, P.; Mardare, C.C.; Florian, C.; Weth, A.; Kriiger, ].; Steinwender, C.; Baumgartner, W.; Bonse, J.;
et al. Impact of Femtosecond Laser Treatment Accompanied with Anodization of Titanium Alloy on Fibroblast Cell Growth. Phys.
Status Solidi 2020, 217, 1900838. [CrossRef]

Muck, M.; Wolfsjager, B.; Seibert, K.; Maier, C.; Lone, S.A.; Hassel, A.W.; Baumgartner, W.; Heitz, ]. Femtosecond Laser-Processing
of Pre-Anodized Ti-Based Bone Implants for Cell-Repellent Functionalization. Nanomaterials 2021, 11, 1342. [CrossRef]

Zhang, H.; Han, J.; Sun, Y,; Huang, Y.; Zhou, M. MC3T3-E1 cell response to stainless steel 316L with different surface treatments.
Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 56, 22-29. [CrossRef]

Martinez-Calderon, M.; Manso-Silvan, M.; Rodriguez, A.; Gémez-Aranzadi, M.; Garcia-Ruiz, ].P; Olaizola, S.M.; Martin-Palma,
R.J. Surface micro- and nano-texturing of stainless steel by femtosecond laser for the control of cell migration. Sci. Rep. 2016, 6,
36296. [CrossRef]

Gemini, L.; Hashida, M.; Miyasaka, Y.; Inoue, S.; Limpouch, J.; Mocek, T.; Sakabe, S. Periodic surface structures on titanium
self-organized upon double femtosecond pulse exposures. Appl. Surf. Sci. 2015, 336, 349-353. [CrossRef]

Fraggelakis, F,; Tsibidis, G.D.; Stratakis, E. Tailoring submicrometer periodic surface structures via ultrashort pulsed direct laser
interference patterning. Phys. Rev. B 2021, 103, 054105. [CrossRef]

Giannuzzi, G.; Gaudiuso, C.; Di Mundo, R.; Mirenghi, L.; Fraggelakis, F; Kling, R.; Lugara, PM.; Ancona, A. Short and long term
surface chemistry and wetting behaviour of stainless steel with 1D and 2D periodic structures induced by bursts of femtosecond
laser pulses. Appl. Surf. Sci. 2019, 494, 1055-1065. [CrossRef]

Kirner, S.V.; Hermens, U.; Mimidis, A.; Skoulas, E.; Florian, C.; Hischen, F; Plamadeala, C.; Baumgartner, W.; Winands, K;
Mescheder, H.; et al. Mimicking bug-like surface structures and their fluid transport produced by ultrashort laser pulse irradiation
of steel. Appl. Phys. A 2017, 123, 754. [CrossRef]

Dumas, V.; Guignandon, A.; Vico, L.; Mauclair, C.; Zapata, X.; Linossier, M.T.; Bouleftour, W.; Granier, J.; Peyroche, S.; Dumas,
J.C.; et al. Femtosecond laser nano/micro patterning of titanium influences mesenchymal stem cell adhesion and commitment.
Biomed. Mater. 2015, 10, 055002. [CrossRef]


http://doi.org/10.2961/jlmn.2018.03.0010
http://doi.org/10.2217/nnm.15.19
http://doi.org/10.1002/adem.201900639
http://doi.org/10.1002/pssa.201900838
http://doi.org/10.3390/nano11051342
http://doi.org/10.1016/j.msec.2015.06.017
http://doi.org/10.1038/srep36296
http://doi.org/10.1016/j.apsusc.2014.12.135
http://doi.org/10.1103/PhysRevB.103.054105
http://doi.org/10.1016/j.apsusc.2019.07.126
http://doi.org/10.1007/s00339-017-1317-3
http://doi.org/10.1088/1748-6041/10/5/055002

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Controlling the Morphology 
	Wetting Properties 
	Nanostructure’s Cell Adhesion Properties 
	NIH 3T3 Cell Behavior 
	Mesenchymal Stem Cell Behavior 
	Discussion of Nanostructure’s Cell Adhesion Properties 


	Conclusions 
	References

