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Abstract

The surface topography of biomaterials can have an important impact on the cellular
adhesion, growth and proliferation. Apart from the overall roughness, the detailed
morphological features at all length scales significantly affect the cell-biomaterial
interactions in a plethora of applications including structural implants, tissue engineering
scaffolds and biosensors. In this study, we present a simple, one-step direct laser patterning
technique to fabricate nanoripples and dual-rough hierarchical micro/nano structures to
control SW10 cell attachment and migration. It is shown that, depending on the laser
processing conditions, distinct cell-philic or cell-repellant patterned areas can be attained
with a desired motif. We envisage that our technique could enable spatial patterning of cells

in a controllable manner, giving rise to advanced capabilities in cell biology research.

1. Introduction

The in vivo extracellular environment features both biochemical and physical cues to
the cells, including topographical and mechanical ones. In principle, such cues can be
identified since cells respond to them by initiating a sequence of different processes
including change of cellular functions and shape. The effect of a topographical cue, as this
can be dictated by a geometrical discontinuity or anisotropy, on the cellular shape has been
known since almost 100 years and the phenomenon is termed as contact guidance [1-4].

Currently, the emergence of micro- and nano-fabrication techniques enables the precise
surface patterning at the cellular and the subcellular scale. For this purpose, various
approaches have been implemented, using variant materials like polymers, ceramics, or

metals and fabrication techniques including photolithography, electrospinning and laser
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structuring [5-8]. As a result, patterning of different topographical features such as grooves,
pillars, cones and channels, as well as micro/nano geometries, have been realized onto
materials’ surfaces. Such textured surfaces have been widely used as cell culture platforms
for the in vitro study of cellular responses on topographical cues [8-12]. Based on increasing
number studies, surface topography has been shown to affect the cellular morphology,
orientation and in turn cellular functions, such as adhesion, proliferation, migration and
differentiation [9,11,1,13-16]. Furthermore, cells become polarized along continuous
anisotropic topographical features, in the form of parallel polymeric fibers or grooves, or
discontinuous anisotropic features in the form of elliptical cones [17]. In our previous work,
we have studied the effect of surface topographical patterns on the morphology, outgrowth
and differentiation of nerve and neuroglial cells [15,17,18]. It was found that a discontinuous
topographical pattern could promote axonal alignment as well as influence the cell
differentiation process.

A less investigated topographical model is the so-called hierarchical or multiscale one,
which is described by a topography comprising morphological features at various length-
scales. Although difficult to study, hierarchical morphologies can better recapitulate the
complex topography of the extracellular matrix [19]. Indeed, hierarchical topographies on
different materials comprising microsized and nanosized features have been shown to
influence the elongation, proliferation and/or differentiation of endothelial cells [20]
osteoblasts [21], neural phenotype cells and stem cells [22—24]. In these studies, hierarchical
patterns have been developed via multiple step processes, based on the growth of
nanotopographical features on initially fabricated micropatterns or via chemical
modification routes.

At the same time, cell patterning at the intercellular to tissue level has currently been a
challenge for tissue engineering applications [25]. Indeed, the ability to control the spatial
arrangement of different cell types, while keeping them separated and in close proximity for
the culture time, paves the way for the development of patterned co-cultures [26]. Such
culture systems enable the precise control of homotypic and heterotypic contact and the
study of cell-cell interactions in vitro and thus can better mimic the complexity of the in vivo
cellular microenvironment [26]. Various approaches of selective cell adhesion guided by
topographical [11,27] and/or (bio)chemical [28,29] cues have been studied.

In this study we first demonstrate a simple, one-step method of fabricating hierarchical
structures, based on ultrafast laser structuring of silicon in water. Laser processing in liquid
environments is a straightforward room temperature technique. This attribute makes it

attractive to generate a variety of surface morphologies practically on any material [30].
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Specifically, we show that by varying the laser processing fluence, different textured
surfaces can be realized, ranging from nanorippled (at low fluences) to hierarchical patterns
(at high fluences) comprising micro-grooves decorated with nano-ripples. The fabricated
surfaces have been used as substrates for culturing neuroglial SW10 cells. It is shown that,
although cell adhesion and growth is inhibited by the nano-sized features, it is significantly
promoted by the hierarchical micro- and nano- scaled structures. More importantly, this
surface topography-induced control over selective cell adhesion enables the realization of
arbitrary cell patterns, on demand, onto a single culture substrate, as a first step for the
development of patterned co-culture platforms via computer-aided scanning of the laser

beam.
2. Materials and Methods

2.1. Fabrication and characterization of micro-nano structured Si surfaces

Single crystal n-type Si (100) wafers of 500 um thickness were used for the laser
irradiation experiments. The wafers were placed inside a glass Petri dish filled with
deionized Millipore water up to a 4 mm height. The irradiating laser source was constituted
by a regenerative amplified Ti:Sapphire (A = 800 nm), delivering 150 fs pulses at a repetition
rate of 1 kHz. The processing chamber was placed on a computer-driven high precision X-Y
translation stage (Standa) with spatial resolution of 1 um allowing sample displacement with
regard to the laser beam up to 100 mm. The laser fluence used in these experiments was in
the range of 0.20 to 0.97 J/cm?.

In order to evaluate cell response on different surfaces under identical cell culture
conditions, each laser-treated Si surface contained four bands of 3x3 mm?, fabricated at four
different laser fluence values. Flat non-patterned silicon has been used as control.

Following laser irradiation, the laser-patterned surfaces were morphologically
characterized by field emission scanning electron microscopy (SEM) (JEOL 7000F). An
image-processing algorithm (ImageJ, National Institutes of Health, Bethesda, MD, USA)
was implemented to determine the morphological characteristics of the structured surfaces,
including periodicity (A) and height (h) from top, side-view and cross-sectional SEM
images. The respective contact angles (0) were calculated via an automated tension meter
using the sessile droplet method. Specifically, a 2 ul distilled, deionized Millipore water
droplet was gently positioned on the surface, using a microsyringe, and images were

captured to measure the angle formed at the liquid—solid interface. The mean value was
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calculated from at least five individual measurements. Successive measurements were
reproducible within + 1°.

Table 1: Geometrical characteristics and wettability of the different laser-patterned substrates

Geometrical Characteristics Wetting Angle
Type of roughness Periodicity Height Contact angle
A+ SD (nm) h £+ SD (um) 0+ SD (°)
Ripples 146 + 37 - 47+1
Low micro-Grooves 152+ 34 24+11 43+1
Medium micro-Grooves 142 + 42 55%0.6 43+1
High micro-Grooves 146 + 46 110+15 49+1

2.2 Cell culture

Schwann cells (SW10) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS; Biosera, Sussex, UK) at 33°C in a 5% CO, atmosphere. In order to minimize
interassay variability, low passage number (P 5-7) cells were used throughout the study.
Structured surfaces were sterilized in an autoclave and transferred into sterile culture wells
48 well plates (Sarstedt; Numbrecht, Germany). SW10 cells were seeded onto the silicon
substrates at a density of 5 x10* cells / ml and were cultured for 4 days. No protein coating

has been used.

2.3. Immunocytochemical assays and cell counting

SW10 cells were double-stained for F-actin and S100. After 3 days of culture the cells
were fixed with 4% PFA for 15 min and permeabilized with 0.1% Triton X-100 in PBS for
3-5 min. The non-specific binding sites were blocked with 2% BSA in PBS for 30 min. The
S100 was detected by incubating the cells with the anti-S100b (1:500 Abcam, Rab Mab
ab52642) for 1h at RT. After 2 washes with PBS, specimens were incubated for 1 h at RT
with Alexa Fluor 546 goat anti-rabbit 1gG (MoBiTec A-11010) for 45 min at RT.
Simultaneously, the cells were incubated with  tetramethyl  rhodamine
isothiocyanateconjugated phalloidin (1:400 in PBS-BSA 2%; Biotium) for F-actin staining.
The samples were then washed with PBS and mounted on coverslips with antifade reagent
containing DAPI for nuclei staining (ProLong® Gold reagent; Molecular Probes, Eugene,
OR, USA). Cell imaging was performed using an epifluorescence microscope coupled to a

high-resolution Carl Zeiss Axiocam colour camera; 10, 20 and 40x objectives were used.
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2.4 Scanning electron microscopy of cells

Following culture termination, the cells were washed with 0.1 M sodium cacodylate
buffer (SCB) and then incubated in the same solution for 15 min. After repeating this step
twice, the cells were fixed using 2% glutaraldehyde, 2% formaldehyde in 1% SCB fixative
buffer for 1 h at 4°C. All surfaces were then washed twice (for 15 min each time) with 1%
SCB at 4°C, dehydrated by immersion in serially graded ethanol solutions (50-100%) and
incubated for 15 min in dry 100% ethanol. Prior to SEM examination, the samples were

sputter-coated with a 10 nm gold layer.

2.5 Image processing and Statistical analysis

Quantitative information regarding cell number was assessed using an image-
processing algorithm (ImageJ v1.36). Specifically, the number of nuclei per surface area was
calculated using the “Cell Counter” plugin. The results represent the means of at least three
different experiments (n =~30 fields of view for each substrate type). For statistical analysis,
the data were subjected to one-way ANOVA followed by Tukey tests for multiple
comparisons between pairs of means, using commercially available software (SPSS 21,
IBM). Statistically significant difference between experimental results was indicated by p <
0.05. The results are expressed as means + standard error (SE).

3. Results and discussion

Direct laser processing via ultra-short laser pulses can give rise to a plethora of
patterns on the surfaces of various semiconducting and metallic materials, via simply tuning
the laser parameters and irradiation environment [30]. It is a fabrication approach with high
reproducibility and precision, due to the absence of heat exchange and thermal effects which
would cause collateral damage to the surrounding area [31]. Furthermore, the patterns can be
easily transferred to various types of soft polymeric materials via soft lithography
approaches [12].

Femtosecond laser irradiation of a Si wafer immersed in water leads to surfaces
exhibiting various morphological and wetting characteristics (Table 1). In particular, at low
laser fluences the resulting surfaces consist of periodic nano-sized ripples, exhibiting a
period that is much lower than the laser wavelength [32]. However, as the laser fluence

increases quasi-periodical micro-grooves with increasing height were formed [33].



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - BF-100919.R1

Figure 1: SEM micrographs of the various laser-patterned Si surfaces fabricated at 0.20+0.10 J/cm?,
denoted as NR areas (a), 0.55+0.10 J/cm?, denoted as LM areas (b), 0.62+0.14 J/cm?, denoted as MM
areas (c) and 0.88+ 0.24 J/cm?, denoted as HM areas (d). (A) and (B) represent low- and high-
magnification top views, while (C) shows the respective side (45°) views.

In this work low- (LM), medium- (MM) and high- (HM) height micro-grooved surfaces
have been studied (Figure 1). As calculated from SEM images, micro-grooved height varied
from 2.42 £ 1.07 um for the LM to 10.98 £ 1.52 um for the HM structures (Table 1).
Remarkably, the micro-grooved structures were decorated with nanoripples of similar
periodicity, resulting into hierarchically micro/nano-patterned surfaces (Figure 1B). Thus, by
changing only a single irradiation parameter, i.e. laser fluence, the different patterns were
directly designed on the silicon surface.

Static contact angle measurements showed that all fabricated surfaces were quite
hydrophilic exhibiting similar wettability (Tablel). This indicates that the surface chemistry
is similar among the different patterned surfaces. The observed hydrophilicity can be
attributed to a layer of natural oxide. This layer is formed on surfaces being irradiated by

short laser pulses in water environment and its thickness is of the order of a few nanometers.

[30,34]. This oxide layer protects them from chemical interaction with both water and air
oxygen. When irradiating in water environment, water layer height is critical because it
impacts the laser ablation rate [35]. In the present study water height has been kept constant

at 4 mm.
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SW10, a mouse neuronal Schwann cell line was employed to assess cellular growth on
the laser-patterned substrates. Cell growth was evaluated both qualitatively, via

immunostaining for the protein S100b and the actin and via SEM imaging, as well as

oNOYTULT D WN =

quantitatively, via image analysis of DAPI nuclear staining.
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31 Figure 2: A) Fluorescence microscopy images of SW10 cells cultured on flat (a), NR- (b), LM- (c)
32 MM- (d), HM- (e) patterned Si substrates fabricated at different laser fluences. The cells were
33 double labelled for S100 (green) and DAPI (blue) antibodies; (B) Respective fluorescence
microscopy images of cells labelled for actin (red); (C) High magnification images of (B).

37 As shown in Figure 2, there was a differential cell response and outgrowth on the
39 various substrates. More specifically, cells adhered and grew well onto the flat unpatterned
M Si substrates, however, without extended spreading (Figure 2Ba &2Ca). On the contrary, cell
outgrowth was inhibited on the laser-patterned nanorippled substrates; the cells remained
44 round-shaped and were assembled into small clusters sparsely distributed on the surface
46 (Figure 2Bb & 2Cb). With increasing laser fluence, which results in combined micro-
(grooves) and nano- (ripples) roughness, cell outgrowth was significantly improved. In this
49 case, cells developed numerous extensions, exhibiting morphological characteristics
51 comparable with those of the cells on the unpatterned control surfaces (Figure 2Bc,d 2Cc,d).
53 Given that the microgrooves are also terminated with nanoripples exhibiting similar
periodicity to that of the nanorippled substrates, the above results demonstrate the significant
56 role of hierarchical morphology, i.e. the combination of micro- and nano- features, on cell

58 outgrowth.
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(e)~

Figure 3: (A,B) Top view SEM images of SW10 cells on the flat (A,Ba) and the Si patterned
surfaces NR (A,Bb), LM (A,Bc), MM (A,Bd) and HM (A,Be). (A) and (B) are low and high-
magnification images, respectively. The laser treated areas are marked with the dashed rectangles. (C)
Fluorescence microscopy images of actin-labeled SW10 cells on flat Si (Ca) and on HM roughness
(Cb); Pseudo-colored top-view SEM images of SW10 cells on flat Si (Cc) and HM substrate (Cd).

Among the various patterned substrates the HM were the most favourable substrate for
the cell outgrowth in terms of cell number and morphology. Cells on the HM substrates
completely covered the micropatterned area (Figure 2Be & 2Ce). This topography-
dependent cell response was further confirmed by SEM imaging (Figure 3). Additionally, as
shown in the high magnification SEM micrographs of Figure 3Cc and 3Cd, cells on both

surfaces exhibit dense filopodia extensions.
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Figure 4: Number of SW10 cells growing on the laser-patterned Si substrates for 3 days of culture
(DOC). Upon culture termination, the scaffolds were stained with DAPI and the number of nuclei
per surface area was evaluated using the ImageJ analysis software. The results are expressed as cell
numbers/mm? (+ standard error of the mean, SE and represent the means of five different
experiments (n = 30 fields of view for each substrate type). The difference between HM and all the
surfaces was significant (*:p< 0.05). The difference between flat surface and NR, LM and HM
surfaces was significant *: p< 0.05).

In order to quantitatively evaluate cell outgrowth on the different substrates, upon
culture termination, scaffolds were stained with DAPI and the number of nuclei per mm? of
surface area was evaluated using ImageJ analysis. The results are presented in Figure 4,
showing the mean cell number in each case tested, i.e. flat, NR, LM, MM, HM. 1t is clear
that cell outgrowth was significantly improved on the HM patterned areas, contrary to the
nano-rippled ones, which are cell-repellent. Thus, together these results demonstrate the
significant role of the hierarchical morphology, i.e. the combination of micro- and nano-

features, on favoring cell outgrowth.

Nano-Ripples

Nano-Ripples High micro-Grooves

(A) (B) ©

Figure 5: (A) Pseudo-colored top view SEM images SW10 cells grown onto a square-shaped area of
NR, fabricated on flat Si; (B) Fluorescence microscopy image of actin-labelled SW10 cells grown
onto a non-adherent NR area, fabricated on adherent flat Si; (C) Fluorescence microscopy image of
actin-labelled SW10 cells grown onto a laser patterned Si substrate consisting of non-adherent NR
and adherent HM patterned areas.

Hierarchical topographies attain increasing interest in the design of cell culture
platforms and/or implants, since they can better mimic the structural complexity of tissues
[19]. The majority of the studies include surface texturing of titanium surfaces to
study/understand the cell-biomaterials interactions for improving the performance of the
implants in the field of joint prostheses or facture fixation devices [36-38]. Accordingly,
titanium disks consisting of micropits with added nanonodules, ranging from 100 to 500 nm,
enhanced osteoblast but not fibroblast function compared to the single micropits [38].
Furthermore, hierarchical Ti-based substrates comprising pits decorated with nanostructures,

which have been fabricated by sandblasting and etching, improved the initial adhesion and
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proliferation of pre-osteoblasts and their late osteogenic differentiation compared to the
single micropits [37]. Beyond bone tissue, the effect of hierarchical topography on cell
functions compared to the single micro-or nano-scale patterns is increasingly studied in
various cell types and material systems. Methacrylate-based polymeric/ HEMA-EDMA
polymeric patterns consisting of large agglomerates decorated with porous sponge-like

nanostructures helped the embryonic stem cells to retain their pluripotency state, while the

X75  200pm o V 15kV X40

FLAT

<< Ripples

FLAT

Figure 6: (A) Top view SEM image of a custom-shaped area comprising HM-structured areas
shaping the FORTH logo surrounded by a rectangular-shaped NR area; the flat areas are also
indicated; (B) The negative shape of (A), i.e NR-structured areas shaping the FORTH logo,
surrounded by a rectangular-shaped HM area; (C and E) Fluorescence microscopy image of actin-
labelled SW10 cells grown onto the substrate shown in (A); (D) Fluorescence microscopy image of
actin-labelled SW10 cells grown onto the substrate shown in (B).
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smooth or only the nano-patterned surfaces led to fast differentiation of cells [23].

The remarkable dependence of cell outgrowth and substrate roughness at both the
micro- and the nano- scales as presented in our work enables the realization of arbitrary cell
patterns onto a single culture substrate. This can be simply realized via scanning the laser
beam onto the substrate surface and writing in a single-step the desired pattern which
comprises interfaces of NR (cell-repellent) with flat and/or HM regions (cell-philic).
Examples of cell patterns attained using this process are presented in the scanning electron
and fluorescence microscopy images of Figure 5. For instance, in Figures 5A and B, cells
tend to avoid the NR-textured area and grow solely on the neighboring flat region. The
differential cell responses on the various topographical patterns can be realized via the
fabrication of proper interfaces between NR and HM patterned regions (Figure 5C), proving
the selectivity of the fabrication technique. More importantly, as presented in Figure 6,
arbitrary shaped cell patterns can be realized depending on the structuring motif. Indeed, in
Figure 6C, cells migrated to the cell philic area and formed the ‘FORTH’ logo, while in
Figure 6D the negative motif of that shown in Figure 6C was shaped by the cultured cells.

Such sharp cell-philic to cell-repellant interfaces could pave the way for the design of
patterned co-cultures based on surface topographical cues. Various engineering approaches
are implemented to control the spatial arrangement of cells in order to generate patterned co-
cultures (reviewed in [26]). Most of such approaches are mainly based on the differential
preference of the various cells to specific ECM molecules. In this work, cell patterning is
guided by only surface topographical cues and without any chemical treatment. Although
we report on the SW10 selective cell adhesion, the use of the laser-patterned substrates on
other cell types is highly anticipated. This could bring about new knowledge on the
underlying cellular adhesion mechanism.

Our results suggest that laser patterns can be effectively designed to generate separate
cell repellant and cell-philic areas and induce guided cell migration into a desired shape or

area.

4. Conclusions

A novel direct laser writing technique to realise spatial patterns of cells with a desired motif
onto a single culture substrate, has been demonstrated. It is based on the controllable
fabrication of cell-repellent nanoripples areas combined with cell-philic hierarchical

micro/nano structures. The simplicity of our technique makes it potentially attractive
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towards controlling cell patterning with desired shapes or patterns as well as understanding

fundamental mechanisms behind cell adhesion, sensing and migration.
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