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Developing platforms that allow tuning cell functionality through incorporating physical, chemical, or
mechanical cues onto the material surfaces is one of the key challenges in research in the field of bio-
materials. In this respect, various approaches have been proposed and numerous structures have been
developed on a variety of materials. Most of these approaches, however, demand a multistep process or
post-chemical treatment. Therefore, a simple approach would be desirable to develop bio-functionalized
platforms for effectively modulating cell adhesion and consequently programming cell functionality
without requiring any chemical or biological surface treatment. This study introduces a versatile yet
simple laser approach to structure silicon (Si) chips into cytophobic/cytophilic patterns in order to
modulate cell adhesion and proliferation. These patterns are fabricated on platforms through direct laser
processing of Si substrates, which renders a desired computer-generated configuration into patterns. We
investigate the morphology, chemistry, and wettability of the platform surfaces. Subsequently, we study
the functionality of the fabricated platforms on modulating cervical cancer cells (HeLa) behaviour. The
results from in vitro studies suggest that the nanostructures efficiently repel HeLa cells and drive them to
migrate onto untreated sites. The study of the morphology of the cells reveals that cells evade the cy-
tophobic area by bending and changing direction. Additionally, cell patterning, cell directionality, cell
channelling, and cell trapping are achieved by developing different platforms with specific patterns. The
flexibility and controllability of this approach to effectively structure Si substrates to cell-repulsive and
cell-adhesive patterns offer perceptible outlook for developing bio-functionalized platforms for a variety
of biomedical devices. Moreover, this approach could pave the way for developing anti-cancer platforms
that are repellent to cancer cells but favourable for other types of cells.

© 2015 Published by Elsevier Inc.

1. Introduction

surfaces using chemical and topographical cues has particularly
been reported in numerous applications such as living cell bio-

Cells are highly sensitive to the physical (e.g., nano-scaled to-
pographical interaction), chemical (e.g., specific molecule or pro-
tein recognition), and mechanical (e.g., tissue-like stiffness) cues in
their environment [1-3]. The main challenge in the field of bio-
materials is using specific cues to develop functional platforms in
order to modulate cell behaviour for a desired application.

Earlier studies in this field have pointed out that incorporating
extracellular matrix (ECM) proteins or specific biomolecules onto
or modifying the topography of biomaterial surfaces results in
changes in cell morphologies, adhesion, proliferation, and migra-
tion [4]. Introducing micro- and nano-patterns onto biomaterial
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sensing [5], programmable apoptosis [6], cell isolation [7,8], cell
patterning [9], and regenerative medicine [10,11]. Nonetheless,
chemical modification of adhesive/anti-adhesive molecules on
smooth surfaces may lead to the cross contamination of cells/
molecules and the migration of cells [2]. Moreover, unintentional
altering the surface chemistry during the micro/nano structuring
processes would cause the instability of chemical composition of
the surfaces, which would eventually alter the cell phenotype [12].

In recent years, there has been a growing interest for controlled
regulation of cellular systems by engineering topographical micro-
and nano-features [4]. Advances in micro- and nano-technologies
have provided required tools to precisely create and characterize
substrates to successfully control a particular process (e.g., guide
cell adhesion, regulate cell-biomaterial interaction) [1]. Such mi-
cro- and nano-substrates have been commonly fabricated in
polydimethylsiloxane (PDMS) [13,14], silicon [9,15], titanium
[16,17], and polyacrylamide [18,19], among which Si is widely
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used due to simplicity in the fabrication process, stiffness, non-
toxicity, and degradation [20,21]. Although silicon micro- and
nano-substrates benefit from a variety techniques, Si chip micro-
fabrication, e.g., lithography and photolithography, has prevailed
as the primary method to generate micro and nanostructured
substrata to induce cellular alignment, known as contact guidance
[9,22,23]. This method, however, demands elaborate, expensive
setups and multistep processes [24].

One effective approach to fabricate micro-/nano-platforms for
controlling cell function is ultrafast laser processing [25-27]. This
technique has already been utilized by different research groups to
alter the adhesion of cells on substrates by changing the wetting
properties of Si surfaces [25,28]. The reported laser approaches,
however, require vacuum settings and cannot be performed at
atmospheric conditions. Moreover, they usually involve multiple
steps including structuring the surfaces using laser processing in
vacuum and then chemical treatment of the surfaces by coating
the structures with various conformal layers, e.g., hydrophilic
oxide layer or hydrophobic silane layer. These chemical treatments
may adversely change the surface properties by introducing un-
known toxins to the biological environment. Furthermore, various
applications, such as tissue engineering, biosensing, cell sorting,
biofouling modification, and micro devices, require platforms that
have selective cell adhesiveness, for example, cytophilic and cy-
tophobic patterns [4,24,29,30]. However, as the coating process is
carried out in different media or/and through different methods,
e.g., oxidation through thermal process or silanation through va-
pour adsorption from solution, generating different patterns (cy-
tophilic/cytophobic) on the same platform is almost impossible. To
this end, a versatile yet simple approach would be desirable in
order to modulate cell adhesion through engineering cytophobic
and cytophilic sites onto the same platforms, and to consequently
program cell functionality without the need for additional che-
mical or biological surface treatments.

In this paper, we introduce a flexible single-step approach to
develop platforms with cytophilic and cytophobic patterns using
high-repetition femtosecond laser processing of Si. Laser processing
of Si, which is performed at ambient condition without the need for
vacuum settings, simultaneously changes chemistry and topo-
graphy of the surfaces and leads to the formation of cell-repulsive
3-D nanostructured zones, through a proper combination of change
in surface topography and chemistry, without the requirement for
post-chemical treatment. Since no post-chemical or -biological
treatment is carried out on the surfaces, biocompatibility of the
platforms are not affected; in other words, no unknown toxin,
which may have adverse effects on biological environment, is in-
troduced to the surfaces. The generated nanostructured patterns
can be favourably tailored by changing certain laser parameters. We
first developed several platforms on Si substrates using different
laser-material interaction parameters. Then, we analyzed the mor-
phology and physiochemical properties of the structures using
scanning electron microscope (SEM), Energy-dispersive X-ray
spectroscopy (EDX), X-ray powder diffraction (XRD), and contact-
angle measurement, respectively. We later investigated the ability
of the developed platforms on programming HeLa cell behaviour.
Hela is one of the most common immortalized cell line that is used
in laboratories around the world [31]. HeLa is particularly preferred
for cell adhesion, spreading, and proliferation studies as they are
able to evade apoptosis, which occurs due to lack of adhesion sites,
primarily through multi-cellular aggregate formation [31-33]. The
adhesion and morphology of the cells were investigated using SEM
analysis and fluorescent microscopy. The versatility and simplicity
of the proposed approach to generate patterning cytophobic sites in
a single step without the use of post-chemical or -biological treat-
ment will make it desirable for developing purpose-specific cell-
function regulators for numerous biomedical applications.

2. Materials and methods
2.1. Nanostructured platform fabrication

The fabrication of functionalized Si platforms was performed
by megahertz (MHz)-repetition-rate ultrafast laser irradiation of
undoped Si wafers at atmospheric condition. Si wafers (100) with
a thickness of 500 pm (University Wafers, USA) were diced into
1 cm? chips. These chips were first cleaned with de-ionized (DI)
water and ethanol and were rinsed off with DI water. The chips
were then irradiated by a diode pumped, Yb-doped femtosecond
laser system (Clark-MXR Inc. IM-PULSE Series Ultrashort Pulse
laser) at laser pulse repetitions of 4, 8, 13, and 26 MHz. The chips
were mounted on a fixed stage and subjected to the incident laser
beam with a computer-controlled high precision 2-D translation
scanner. For the first part of the study, the Si platforms were
fabricated by machining arrays of lines with separations of 100 pm
to 2 mm on the chips. Later, several platforms with varied patterns
were created to control specific cell guidance. The power of the
incident laser beam and the speed at which the laser beam scans
the platforms were maintained at 10 W and 10 mm/s, respectively.
Although several laser parameters, such as laser pulse width, peak
power, pulse repetition rates, play an important role on the den-
sity of nanostructures generated on the platforms, the optimal
parameters chosen for the study were a pulse width of 214 fs and a
laser pulse repetition rate of 26 MHz. All the laser parameters
were computer-monitored in order to facilitate consistency and
accuracy.

2.2. Morphology and physicochemical characterization

SEM (Hitachi S 5200) was used to characterize the surface
morphology of the platforms. Individual nanoparticles forming
3-D nanostructures were studied using TEM (Hitachi H 700 CTEM).
In order to detach the nanoparticle networks from the substrates
for TEM analysis, the samples were dipped in isopropanol solution
and then ultrasonically vibrated. A drop from this solution was
then placed on a copper mesh and allowed to dry in a desiccator.
EDX (Hitachi S 5200) was carried out to determine the elemental
composition of the surfaces of the platforms. Phase analysis of the
platforms surfaces was done using XRD.

2.3. Contact angle measurement

Contact angle measurements (OCA 35) were carried out using
the sessile drop method. A 2 pl distilled water droplet was applied
on the platforms surfaces by a micro-syringe. The image of each
droplet on the surface was recorded using a digital microscope,
and the images were then used to automatically measure the
angle formed at the liquid-solid interface using SCA 20 software
(Neurtek). The mean value of the contact angle measurements was
calculated from three individual measurements that were taken at
different locations on the platforms.

2.4. Cell culture

Cervical cancer cells (HeLa-Henrietta Lacks) (ATCC® CCL-2,
USA) were used to study the bio-functionality of the fabricated
platforms. The cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM/F12) supplemented with 10% fetal bovine serum
(FBS) and 1% pen-strep, which was incubated at 37 °C under a
humidified 5% CO,-95% air atmosphere. Prior to cell interaction,
the Si platforms were sterilized with ethanol and DI water and
kept under UV light for 20 min. Next, the platforms were placed in
petri dishes containing 3 ml of DMEM/F12 medium and 10% FBS
per dish, and HeLa cells were seeded at a density of 10° cells/ml.
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The petri dishes were then placed in an incubator for 24 and 48 h.

The morphologies of HelLa cells seeded on the platforms were
studied using SEM. After the incubation period, the platforms were
fixed in 2% glutaraldehyde for 1 h. They were then immersed in
0.1 M sodium cacodylate buffer with 0.2 M sucrose at pH 7.3 for
20 min. Afterwards, dehydration of the cells was done through
increasing concentrations of ethanol (from 10% to 100%) for 20 min
each. The platforms were later critical-point dried on 100% etha-
nol. The SEM analysis was conducted at an acceleration voltage of
5 kV and magnifications that were varied between 100 and 10,000
times.

Cell viability on the Si platforms was measured using Calcein-
AM Alexa Fluor®™ 488 (Life Technologies, Catalogue number:
L-3224) and 4',6-Diamidino-2-Phenylindole, Dihydrochloride
(DAPI-Life Technologies, Catalogue number: D1306) to stain cell
cytoskeleton and nucleus, respectively. After incubation period,
the platforms were first fixed in methanol free 4% paraformalde-
hyde in PBS and then immersed in a solution of 5% non-fat milk
with 0.1% triton and PBS before incubation in order to prevent
non-specific binding and permeabilization of cells, respectively
[34-38] The platforms were then incubated for 15 min at 37 °C
and finally were observed under a fluorescence microscope
(Nikon).

Material ionization via laser pulses

0 pm

500 um

3. Results
3.1. Fabrication and characterization of Si platforms

The bio-functionalized Si platforms were fabricated by femto-
second laser processing of silicon chips at ambient condition.
Femtosecond laser pulses heat materials to higher pressure and
temperature in a shorter time interval compared to those of longer-
pulse lasers with comparable laser incident fluences, i.e., pulse
energy per laser beam area, because the energy is distributed to the
material before any significant thermal conduction occurs in it
[39,40]. Also, laser processing at MHz pulse repetition rates allows
successive laser pulses to irradiate the same spot on the target
surface. As a result, a continuous flow of the plume vapour, which
contains vaporized nano-species of the material, is maintained for
longer period of time. That leads to the growth of nanoparticles,
which will then aggregate into 3-D nanostructures after further
collision, as shown in the schematic in Fig. 1. Therefore, femtose-
cond laser pulses with MHz repetition rates are required to fabricate
such interwoven nanostructures on the platforms.

The computer-controlled laser scanner allows for precise X-Y
translational movement of the laser beam on the substrate surface.
As the laser beam scans the substrate, it ablates its surface into

2 pm

20 pm

Fig. 1. (a) Schematic of the fabrication of laser-scanned nanostructured patterns on a Si chip, (b) photo image of the fabricated chip, fabricated at a laser pulse width of 214 fs
and pulse repetition rate of 26 MHz, (c-e) SEM micrographs of HeLa cells adhered on nanostructured patterns, which are associated with the depicted schematic, and (f, g)

SEM and TEM micrographs of the 3-D nanostructures.
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desired nanostructured patterns, which have already been created
in the computer. The density of the fabricated nanostructures can
be controlled by several laser parameters such as laser pulse width
and repetition rate. In this study, we fabricated platforms that
were laser-patterned at pulse width of 214, 771, and 1428 fs and
laser repetition rates of 4, 8, 12, and 26 MHz and studied their
functionality on cell adhesion and proliferation. The preliminary
results (data not shown) from our study suggested that the best
functionality on programming HeLa cell adhesion and proliferation
was achieved at a laser pulse width of 214 fs and pulse repetition
rate of 26 MHz. Thus, we only presented the results of the plat-
forms fabricated at these parameters. Fig. 1 shows a schematic of
the fabrication process of laser-scanned nanostructured patterns
on a Si chip and how it guides cell adhesion toward desired cell
arrangement and directionality (Fig. 1a), the photo image of the
fabricated chip fabricated at a laser pulse width of 214 fs and pulse
repetition rate of 26 MHz (Fig. 1b), the SEM micrographs of HeLa
cells adhered on nanostructured patterns associated with the de-
picted schematic (Fig. 1(c-e)), and the close-up SEM and TEM
micrographs of the 3-D nanostructures (Fig. 1(f and g)).

One of the advantages of the proposed approach in this study is
that the laser processing is performed at ambient atmosphere. This
eliminates the need for an ambient gas or vacuum chamber. Also,
laser interaction with Si at ambient atmosphere results in oxida-
tion of the fabricated nanostructures, which leads to formation of
silica nanostructures. Hence, the changes in both topography, re-
sulted from 3-D nanostructures, and chemistry, due to the oxida-
tion of the surface, would provide proper cues to influence pro-
grammable cell adhesion and proliferation.

The chemistry and crystal structure of the nanostructured pat-
terns were evaluated using EDX and XRD analyses, respectively. As
shown in Fig. 2a, EDX analysis of the nanostructured patterns in-
dicated the presence of oxygen and silicon. Fig. 2b compares the XRD
patterns of an untreated Si substrate and the nanostructures pro-
cessed on a Si chip. XRD patterns of the nanostructures confirmed
the presence of crystalline silicon in (111), (220) and (311) orienta-
tions as well as amorphous silicon oxides. It is observed that the
nanostructures are composed of randomly oriented micro crystallites
of silicon and amorphous silicon oxides. This arbitrary structure
could be associated with varying plasma plume mechanisms and

(o
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collisions of species with different crystalline structures [41].

In biological milieu, the chemistry and wettability of surfaces
play important roles in meditating protein adsorption and cell
adhesion [42,43]. Thus, wettability of the treated areas, which
consisted of silica nanostructures, and untreated Si areas on the
platforms was studied using sessile drop contact angle measure-
ment of a distilled water droplet. As illustrated in Fig. 3, a contact
angle < 3° was observed during the contact angle measurements
of the treated areas, which was opposed to that of untreated Si
(65° + 1). Complete spreading of the water droplet on the treated
areas suggested that structuring Si into 3-D nanostructured silica
made it superhydrophilic, which was the result of changes in both
chemistry and topography of the treated areas.

3.2. Cell interaction with the platforms

In the next step, cell adhesion and viability studies were per-
formed using HelLa cells in order to examine the functionality of
the fabricated platforms on modulating cellular behaviours. SEM
micrographs of HeLa cells seeded on the Si platforms exhibited
different cell concentration and morphology on untreated and
treated areas. As illustrated in Fig. 4, the cells proliferated and
adhered well to the surface on the untreated Si area. On the other
hand, the treated areas on the platforms presented different cell
functionality. The number of adhered cells per unit area decreased
dramatically on the treated area, consisting of nanostructures.
Moreover, the SEM micrographs of HeLa cells cultured on the
platforms for 24 h and 48 h, shown in Fig. 4, revealed that cells
appeared to be repelled by the nanostructured areas and forced to
migrate and accumulate on untreated zones in order to evade
unfavourable contacts with the nanostructured areas.

The morphology of cells growing on surfaces can qualitatively
provide information about the cell-surface interaction [25]. Large
polygonal cell spreading is a strong indication of intimate inter-
action between the cells and the surface. In contrast, premature
filopodial extension, decreased number of filopodia, cell clustering,
and small round shape imply poor cell-surface interaction
[10,25,27,44]. From SEM micrographs presented in Fig. 5(a-c), it
can be seen that the cells growing in the vicinity of the nanos-
tructured areas appeared to be smaller and their side facing the

Si Substrate

Nanostructures

Si (111)

Si (220)

Si (311)

1

Amorphous
Silicon Oxides

15

20 25 30— 35 40 45 50 55 60

206 (Degrgei\

0 2
ull Scale 1231 cts Cursor: 0.000 keV|

Counts (a.u.)
g 8

26 (Degree)

Fig. 2. EDX analysis of the surfaces of untreated Si substrate ((a) top) and fabricated nanostructures ((a) bottom). (b) XRD patterns of untreated Si substrate and nanos-
tructures fabricated on a Si chip. The results for the nanostructured patterns indicated the presence of oxygen and silicon, which was associated with Si oxidation during

laser processing in ambient air.
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Fig. 3. (a) SEM micrographs of the fabricated patterned platform along with its corresponding silica nanostructured (shown in broken-line frames) and an untreated Si
(shown in solid-line frames) surface, (b) photographs of water droplets on nanostructured and untreated areas, and (c) confocal laser microscopy micrographs of HelLa cells

cultured for 24 h on the platforms.

nanostructures developed no or relatively reduced number of fi-
lopodial extensions and adhesion points compared to their other
side facing untreated Si. Even if any filopodium was extended to-
ward the nanostructured areas, it appeared to be detached after
adhesion, as observed for several cells grown on the super-
hydrophilic areas (Fig. 5(c)). Although a few number of cells ad-
hered on the treated area on some parts, there was a distinctive
difference in their morphology. The cells that adhered to super-
hydrophilic nanostructured areas formed rounded-shape pheno-
type, which indicates poor adhesion to the surface (Fig. 5(d-f)).
This type of cell morphology could therefore be used to assess the
quality of cell-surface interactions.

In order to further investigate the functionality of the nanos-
tructured patterns for different biomedical applications, e.g., cell
trapping, cell challenging, cell directionality, several platforms
with different nanostructured configurations were fabricated. As
observed in the SEM micrographs shown in Fig. 6(a-e), cell re-
pelling, cell directionality, cell channelling, and cell trapping were
achieved. In addition, migration of cells along channels with dif-
ferent widths were accomplished (Fig. 6. (f-h)). This property is
one of the requirements for lab-on-a-chip and other microfluidic
devices. Trapping or isolating a single cell or a number of cells,
also, is desirable in various biomedical applications such as drug
testing, fundamental biological studies, and toxicology. The find-
ings from this study suggest that the proposed approach simply

and effectively enables fabricating areas for cell isolating purposes
[24].

Cell viability of the platforms was evaluated using HeLa cells
and a cell viability assay kit in which the actin cytoskeleton and
the nucleus of cells were stained in green and blue, respectively.
The results from cell viability tests were consistent with previous
SEM observation of cell morphology and adhesion patterns. As
shown in Fig. 7, cell spreading and adhesion were hindered on
superhydrophobic nanostructured areas. This along with cell ac-
cumulation on the untreated areas between the nanostructured
patterns together with cells bending around these areas suggested
the cytophobicity and repelling properties of the nanostructured
patterns. By choosing proper laser processing parameters and
appropriate patterns, the shape and width of these cytophobic
sites can be perfectly controlled in order to guide cells toward a
desired configuration and functionality.

4. Discussion

Cell response to the surface that they come in contact with
mostly depends on the surface topography, chemistry, or the
combination of both, the surface energy [25]. Therefore, research
in biomaterial study has focused on developing platforms with
suitable chemical or/and topographical cues in order to tune

Fig. 4. SEM micrographs of HeLa cells seeded on Si platforms for (a) 24 (4 MHz-214 ft-24 h) and (b) 48 h (4 MHz-214 ft-48 h). Cells appeared to be repelled by the
nanostructured areas and forced to migrate and accumulate on untreated zones to avoid unfavourable contacts with the nanostructured areas.
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Fig. 5. SEM micrographs of HeLa cells adhered on vicinity (a-c) and on (d-f) nanostructured areas.

desirable cell function for a specific biomedical application. For
example, long term stability of cardiovascular stents in the body
highly depends on the enhanced cell controllability on their sur-
faces, which requires particular augmentation or prevention of
smooth and epithelial cell growth [45]. Also, in order to mimic the
growth of neural cells in vitro, directed cell growth is a priority,
which necessitates the need for functionalized platforms to con-
trol directed growth, migration and adhesion of the cells [46].
Furthermore, biomedical devices such as biosensors demand high
level of precision regarding the cell growth. Micro-/nano-diag-
nostic devices also require directed cell flow within microfluidic
channels. Moreover, certain applications necessitate singular cell
isolation for investigation, e.g., for investigating the prompt cell
response to reagents, for tracking the molecular state of stem cells
[47,48]. Therefore, a versatile yet simple approach would be de-
sirable in order to develop bio-functionalized platforms for effec-
tively modulating cell adhesion and consequently programming
cell functionality.

In this study, bio-functionalized Si platforms were developed by
laser processing of Si chips at ambient atmosphere. As the laser

100 pm

beam scans a chip, it ablates the surface and translates the desired
computer-generated configuration into nanostructured patterns.
The ablation of Si substrates in ambient air leads to a high tem-
perature reactive plasma plume consisting Si ions in which the
presence of any trace of reactive gases, such as oxygen in case of
ambient air, will results in chemical reactions. The evaporated Si
ions react with the surrounding oxygen in the frontier of the ex-
panding plume, and thus Si-O molecular monomers are formed.
Since the oxidation of Si to SiO, is highly exothermic, formation of
SiO, molecules would be more likely. These molecules then collide
as a result of thermal motion and flow to the outer areas of the
plume where temperature is lower. This will later cause molecular
supersaturation, which consequently leads to nucleation. After the
temperature drops further below the boiling or sublimation point,
silica nanostructures start to form. This is consistent with the re-
sults from EDX and XRD analyses, which confirmed the presence of
oxygen and amorphous silica phases in the nanostructures, re-
spectively. Therefore, our results suggested that both the changes in
surface topography, resulted from 3-D nanostructures, together
with changes in the surface chemistry, due to the oxidation of

Fig. 6. SEM micrographs of HelLa cells grown on different Si platforms with different nanostructured patterns to investigate the controllability of the platforms on pro-
gramming different cell functions. (a, e) cell channelling, (b) curved cell growth along the nanostructured area, (c) controlled cell isolation of a number of cells, (d) cell
directionality along the desired pattern, and (f-h) controlled cell migration along channels with different widths.
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Fig. 7. Fluorescence microscopy images of cells cultured on the fabricated platforms, including untreated Si and silica nanostructured patterns. (a—c) Cells accumulated on
untreated Si areas between cytophobic nanostructured patterns in order to evade adhesion to unfavourable nanostructured areas, and (d) cells bended around the na-

nostructure area as they were repelled by the cytophobic areas.

surface, provided signals to stimulate tuneable cell adhesion and
proliferation. The results from contact angle measurement showed
that such modifications in topography and chemistry made the
surface superhydrophilic. This is in accordance with previous stu-
dies that have indicated that both surface oxidation and nanoto-
pography contribute to superhydrophilicity of surfaces [49,50].

Our studies on HelLa cell interaction with the fabricated plat-
forms showed that superhydrophilic nanostructures effectively
prevented the cells from adhering to the surfaces and forced them
to migrate onto the untreated areas. This cytophobicity behaviour
could be explained by the surface wettability and surface chem-
istry of the nanostructures. Although cell adhesion mainly linked
to the surface wettability, it is also influenced by the surface
chemistry and the type of cells interacting with the surfaces
[33,42,43]. Since the surface chemistry directly correlates to the
surface protein adsorption, cell adhesion is directly associated
with the ability of a surface to adsorb proteins.

A biomaterial coming into contact with the biological milieu
rapidly adsorbs proteins in the medium to its surface before any
cell adhesion occurs. The surface properties, therefore, govern the
type, amount, and arrangement of adsorbed proteins (small pro-
tein such as albumin). This eventually controls subsequent protein
exchange processes to adhesive proteins (larger proteins such as
fibronectin and vitronectin) and cell adhesion to the surface
[31,51,52]. In case of in vitro studies, upon exposing to the culture
medium supplemented with FBS, the biomaterial surface promptly
adsorbs the proteins in the serum before any cell attaches to it
[33]. The kind of adsorbed protein, however, is very important for
subsequent cell adhesion behaviour. It is known that cell adhesive
serum proteins, i.e., fibronectin and vitronectin, significantly con-
tribute to the cell adhesion to the surface of biomaterials [33].
Nonetheless, albumin, which is also the most abundant serum
protein (35-50 mg/mL), is favourably adsorbed onto the surfaces
during early stage of biomaterial-serum contact. The adsorbed
albumin is later expected to be substituted by cell adhesive pro-
teins, which is highly dependant to the surface properties [33,53].

Previous literature has shown that hydrophobic surfaces
strongly adsorb albumin to the degree that it cannot then be dis-
placed by cell adhesive proteins [31,33]. Also, these surfaces have
been reported to promote protein denaturation. On the other

hand, moderately hydrophilic surfaces are thought to promote
adsorption of cell adhesive proteins and consequently cell adhe-
sion [3,31]. On superhydrophilic surfaces, however, protein ad-
sorption is the lowest [31]. Even if there is any cell adsorption,
these surfaces are believed to hold cell-adhesive proteins with
relatively weak forces. The weak protein-surface bond will lead to
the detachment of such proteins from the surfaces particularly at
later culture stages when they have attached to cells [3].

With respect to the surface chemistry, oxygen-terminated and
OH surfaces are known to repulse protein adsorption due to tightly
bound water and the subsequent strong hydration forces [31,49,54].
In regards to surface topography, prior studies have reported that
nanostructures may promote cell adhesion of one type of cell but at
the same time may discourage another. Several studies have pre-
viously reported a decline in cell adhesion, proliferation, and mi-
gration on nanostructured surfaces [20,55]. For instance, super-
hydrophilic oxygen-terminated nanostructured diamond surfaces
almost completely repelled human mesenchymal stem cells. On the
contrary, moderately hydrophilic nano-diamond surfaces supported
the growth, adhesion, and spreading of these cells [56]. In other
studies, extremely hydrophilic surfaces also discouraged the adhe-
sion of PC12 cell attachment [57,21], though, HLE cells were found to
adhere to such surfaces to a certain extent [21].

The abovementioned findings from other studies are in ac-
cordance with our results indicating that laser-rendering of Si
substrate to oxygen-terminated nanostructured silica leads to su-
perhydrophilicity of the surfaces and changes in the surface
chemistry. These properties turn the surface from adhesive to re-
pulsive for HeLa cells, which is consistent with the results reported
for the same cell line on extremely hydrophilic surfaces [33].

As mentioned before, cell adhesion is not only controlled by the
surface properties of biomaterials but also is influenced by the
type of cells interacting with the surfaces. Thus, a surface that is
adhesive for a type of cell might be repulsive for another cell line.
For example, it has been shown that HelLa cells are more sensitive
to surface properties than fibroblasts (a model for stromal cells
which can be found in matrix and connective tissues) [31].
Moreover, fibroblasts are known to attach well on super-
hydrophilic surfaces [10,27,58]. This could particularly be an ad-
vantage where there is a need for platforms that encourage
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adhesion of one type of cell (e.g., fibroblast) and discourage an-
other (e.g., cancer cells such as HelLa). Further studies will be
useful to understand the bio-functionality of these patterned
platforms with different cell lines. This capability to selectively
tailor the surface properties of desired patterns on Si platform in
order to make it repulsive to one type of cell and adhesive to
another would allow manipulation of the cell behaviour for a
desired application.

5. Conclusion

In summary, a flexible yet simple laser approach was in-
troduced to develop Si platforms for modulating cell behaviour
through cytophobic and cytophilic patterns. These patterns were
created on platforms through laser scanning and ablating Si sub-
strates, which translated a desired computer-generated config-
uration into patterns. It was found that direct laser scanning of Si
introduced randomly oriented crystalline Si and amorphous oxi-
dized 3-D nanostructures with high surface energy and super-
hydrophilicity. The results suggested that the fabricated nanos-
tructured patterns and their surface properties could effectively be
tailored by altering certain laser parameters. The functionality of
fabricated platforms was investigated using Hela cells. The find-
ings from in vitro studies revealed that the nanostructured pat-
terns almost completely repelled HeLa cells from adhesion and
forced them to migrate to untreated Si areas. It was discussed that
this behaviour was attributed to both surface energy and wett-
ability of the nanostructures. It was also revealed from SEM ana-
lysis of the morphology of the cells that the cells grown in the
vicinity of the nanostructured patterns did not develop filopodia
on the side facing the nanostructures and completely evaded the
cytophobic area by bending and changing direction. Further, cell
patterning, cell directionality, cell channelling, and cell trapping
were achieved by introducing specific patterns to the Si platforms.
It was finally argued that since cell adhesion was also governed by
the type of cells interacting with the surfaces, the nanostructured
areas, which is repulsive to cancer cells, might be adhesive for a
type of cell such as fibroblast, which is less sensitive to surface
physiochemical properties. Therefore, the proposed approach
would pave the way to develop anti-cancer platforms that are
repellent to cancer cells but favourable for other types of cells.
Besides, the simplicity and controllability of this approach to ra-
pidly structure Si chips to cell-repulsive and cell-adhesive patterns
offer perceptible outlook for developing bio-functionalized plat-
forms for a verity of biomedical devices such as biosensors, lab-on-
a chip, and implantable devices.
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