
2

V
a

b

c

a

A
A

K
P
P
P
N

1

f
i
a

a
i
c
T
s
p
s
[

t
c
e
r
t
a
m
c
a
e
i
p

0
d

Applied Surface Science 257 (2011) 5250–5254

Contents lists available at ScienceDirect

Applied Surface Science

journa l homepage: www.e lsev ier .com/ locate /apsusc

D spatially controlled polymer micro patterning for cellular behavior studies

. Dincaa,∗, A. Palla-Papavlua, I. Paraicob, T. Lippertc, A. Wokaunc, M. Dinescua

NILPRP, National Institute for Lasers, Plasma and Radiation Physics, 409 Atomistilor Street, PO Box MG-16, Zip RO-077125, Magurele, Bucharest, Romania
Department of Cellular and Molecular Medicine, “Carol Davila” Medical University, Eroii Sanitari No 8, Bucharest, Romania
Paul Scherrer Institute, General Energy Research Department, 5232 Villigen PSI, Switzerland

r t i c l e i n f o

rticle history:

a b s t r a c t
vailable online 7 October 2010

eywords:
olyethyleneimine
olyethyleneglycol

A simple and effective method to functionalize glass surfaces that enable polymer micropatterning and
subsequent spatially controlled adhesion of cells is reported in this paper. The method involves the
application of laser induced forward transfer (LIFT) to achieve polymer patterning in a single step onto
cell repellent substrates (i.e. polyethyleneglycol (PEG)). This approach was used to produce micron-size
polyethyleneimine (PEI)-patterns alternating with cell-repellent areas. The focus of this work is the ability
of SH-SY5Y human neuroblastoma cells to orient, migrate, and produce organized cellular arrangements

ttern
atterns
euronal cells

on laser generated PEI pa

. Introduction

Manipulating and guiding the cellular adhesion and migration
or the formation of various cellular networks in vitro is of high
nterest both in medical basic research and for biotechnological
pplications.

By defining the design and the direction of cellular outgrowth
nd connectivity on artificial surfaces it offers potential application
n the design of prostheses and implants (i.e. which contain grafted
ells) or in the creation of novel biosensors or microfluidic devices.
his selective surface modification at the micrometer-scale repre-
ents the necessary step to direct cellular adhesion and growth into
atterns, implying various types of modifications, from chemical
urface modification [1,2] to topographical surface modifications
3,4] or combinations of both [5].

Material characteristics are an important issue, especially when
hey are used in special environments. It is known that cell adhesive
oatings do not maintain their surface properties in a physiological
nvironment. One approach to enhance cell adherence on a mate-
ial that should act as cell adherent coating is the utilization of
he possible electrostatic interaction between positively charged
mino-groups and negatively charged phospholipids in the cell
embrane. Collagen, fibronectin, laminin, or synthetic polymeric

ations, such as polylysine or polyornithine, have also been used

s attachment promoting factors in numerous studies [6–9]. How-
ver, one of the main drawback in the use of the most polymers
s the presence of peptide-like amide linkages onto a synthetic
olymer backbone which would imply dehydration process and
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a lost in the structural, mechanical and biological properties of
the polymer [8–11]. An interesting alternative is polyethylenimine
(PEI) which can avoid the presence of this type of linkage in the
polymer backbone. Its electrostatic properties and moreover the
chemical stability promotes a stable binding between cell mem-
branes and negatively charged surfaces (e.g. mica, silicon dioxide)
[12–14].

Methods such as microlithography or micro-contact printing
have been used as tools to produce topographical and chemical
patterns. The main drawback of these methods is related to con-
taminations, a limited number of materials that can be used for
obtaining patterns, and the application of masks and stamps. Dur-
ing the last years, lasers proved to be useful tools for fast and
accurate patterning of various sensitive materials [15,16], such
as DNA [17], proteins [18–21], cells [22], or synthetic polymers
[23,24]. In conventional laser-induced forward transfer (LIFT), a
transparent substrate is coated with the material to be transferred,
i.e. the donor, and placed close to a receiver substrate. The laser
beam passes through the donor substrate on a precise spot of the
film and results in its deposition on the receiver. In order to avoid
any damage of the sensitive transfer material by the laser irradi-
ation, a sacrificial layer or dynamic release layer (DRL) can be used
[25,26]. The aim of this paper is to obtain two dimensional spatially
controlled PEI micro patterns using DRL assisted LIFT and to study
the adhesion and cellular behavior of SH-SY5Y human neuroblas-
toma cells on these patterns.
2. Materials and methods

The transfer was achieved using a single pulse from a XeCl
excimer laser (Compex, Lambda Physik, 308 nm, 30 ns). A square
mask with variable aperture was applied to utilize a homogeneous

dx.doi.org/10.1016/j.apsusc.2010.09.113
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ig. 1. SEM images of PEI pixels obtained with the high laser fluence of 520 mJ cm−2

art of the beam, which was focused by a lens onto the backside
f the donor film giving a spot size of 200–300 �m. The donor and
he receiver substrates were placed in contact perpendicular to the
eam, on a motorized translation stage.

The computer-controlled system allows creating a matrix of
ixels for each sample, where the pulse energy and the distance
etween the PEI pixels (from 50 to 250 �m) are varied. Images were
aken by an optical microscope (Zeiss Axioplan) coupled with a dig-
tal camera (Leica DC500) and by a Scanning Electron Microscope
SEM).

All transfer experiments were performed in air. To avoid direct
aser damaging, an additional triazene polymer (TP) layer with a
trong absorption at the applied laser wavelength of 308 nm, was

pplied as dynamic release layer [25–27].

The multilayer donor films were prepared by coating succes-
ively fused silica substrates with the TP and the materials to
ransfer (PEI). Films of the TP were prepared by spin coating from
olutions in chlorobenzene and cyclohexanone (1:1, w/w) with
d with a laser fluence below 400 mJ cm−2 (b). The scale bar corresponds to 200 �m.

final thicknesses of around 150 nm. PEI, 1.5% in ethanol was spin-
coated on top of the triazene layer and thin films with thicknesses
of about 100 nm were obtained.

The exact thickness of the films was determined by a surface
profiler (Dektak 8000). The receiver substrates were glass plates
coated with polyethyleneglycol (PEG) polymer. The coating proto-
col was the same as for the TP, and the used solution was 2% PEG
in water.

Optical Microscopy images were used to analyze the morphol-
ogy of the deposited pixels and of the adhesion of neural cells on
the patterns.

To obtain the cell cultures, the receiver surfaces were washed
gently twice with sterile SF-HBSS (Serum-free Hank’s balanced

salt solution), and placed in 6-cm Petri dishes. 5 ml of SH-
SY5Y human neuroblastoma cell suspension in DMEM (Dulbecco’s
modified Eagle’s medium) with phenol red, 10% FCS and 0.1% peni-
cillin/streptomycin, were placed over the surface of the cells and
kept in a CO2 incubator at 37 ◦C.
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Fig. 2. Phase contrast images of (a) PEI array in culture medium, (b) SH-SY5Y distribution on patterned surfaces after three days in vitro and (c) an inset of SH-SY5Y distribution
o

F
p
(

n a PEI pixel after three days in vitro.

ig. 3. Phase contrast images of a PEI array in culture medium (a) the PEI pixels are arra
rinted on the PEG coated support at distances below 50 �m. (c and d) SH-SY5Y neural ce
e) An inset of a region of a PEI pixel and the surrounding PEG coated area cultured with S
nged in the array at distances of approximately 200 �m and (b) the PEI pixels are
lls after 3 days in vitro attached on the PEI pixels transferred at different distances.
H-SY5Y neuronal cells after one day in vitro.
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. Results and discussions

The patterns that can be obtained by LIFT are strongly influenced
y the transfer process parameters. In a previous study [27] we
ould show that only a narrow operating window can be applied for
btaining polymer patterns with well-defined shape, in a precise
ocation and in a controlled manner. The key parameters are related
o a minimal thickness of the dynamic release layer required to
enefit fully of its advantages, the laser fluence, the thickness ratio
f PEI to the TP, and the transfer distance [27]. For all the samples,
he fluence at which a complete detachment of the polymer pixel
ccurs was determined by visual inspection of the donor substrates.

For a donor with a TP layer thickness of 150 nm and PEI layer
f 100 nm, transfer without any type of debris or splashes around
he pixels was achieved for rather high fluences of ∼520 mJ cm−2

Fig. 1a). By decreasing the laser fluence (below 400 mJ cm−2), the
ixels keep a regular shape, but with a different surface aspect and
ith missing parts inside the pixel (Fig. 1b). This corresponds to

ur previous observation, where clean transfer was only achieved
ith a TP layer thicker than the PEI layer and for a similar range of

aser fluences.
However, the focus of this work is the ability of SH-SY5Y human

euroblastoma cells to orient, migrate, and produce organized cel-
ular arrangements on PEI patterns. Thus, only the pixels which
xhibit a well-defined shape, are complete, and debris free will be
sed for cell culturing experiments.

Fig. 2 illustrates the evolution of the cell adhesion on the PEI-
attern. The PEI array on the PEG coated surface in the culture
edium is shown in Fig. 2a. In Fig. 2b is shown the SH-SY5Y human

euroblastoma cell suspension in vitro on the receiver substrates
fter three days. In Fig. 2c is shown an inset SH-SY5Y neuronal cells
istributed inside of a PEI pixel. The clustering of neurons inside the
EI pixel is clearly visible, while outside the pixel area randomly
istributed neurons may be found (Fig. 2c).

The results emphasize a typical phenomena observed during
he experiments. Neuronal adhesion is almost negligible on PEG
ubstrates while for PEI areas an excellent neurophilic coating is
btained, which supports the adhesion of the neurons inside the
EI pattern significantly. Statistical analysis revealed that 85 ± 10%
f the total number of observed neurons is located inside the PEI-
oated patterned surfaces.

Even after 24h of incubation, the neurons manifest a clear affin-
ty to the PEI pixel surface (visible in Fig. 3e), this representing the
rst step for the neurons to arrange into clusters inside the poly-
er patterns. Outside the PEI polymer pixel the neurons are only

echanically attached and they can be removed from the surface

y gentle washing with culture medium.
The results of cell aggregation on PEI-patterns obtained by

IFT and for PEI-coated glass which has been prepared by spin
oating are comparable. The adhesion of separate neurons onto

Fig. 5. PEG coated glass substrates in culture medium
Fig. 4. Average number of observed interconnecting neurite fascicles vs. the sep-
aration distance between the transferred PEI-pixels. The mean plus the standard
deviation (calculated over 5 images) is included.

the glass was not taken into account because individual neu-
rons cannot be identified due to the cell aggregation. A fluence
of 520 mJ cm−2 was used to obtain polymer patterns with varying
distances between PEI pixels. In this study distances in the range
50–250 �m were investigated. In Fig. 3a and b are shown PEI pixels
printed onto PEG coated substrates at extreme values, respectively
50 �m and 200 �m. Furthermore, in Fig. 3c and d are presented the
interconnecting neurite fascicles between PEI-patterns with sep-
aration distances between the PEI-pixels of 50 �m and 150 �m
respectively. The center of neuron aggregates is frequently posi-
tioned inside the PEI-pattern if the PEI-patterns separated by
larger distances (see Fig. 3c). On patterns with pixels separated
by small distances, cellular aggregates are also found in between
the pixels, but they form usually interconnecting neurite fascicles
(see Fig. 3d).

An inverse proportional relation between the number of inter-
connecting neurite fascicles and the separation distance between
the pixels after 3 days in vitro is obtained. The minimal distance
should be used, because for patterns with a separation distance of
hundreds of microns, no interconnecting neurite fascicles between
PEI-coated pixels are observed. The development of fasciculated
neurites for neurons on the PEI-pattern is faster and increase in
number, i.e. with an average of 6 neurites, while the neurons

located outside the PEI-pattern develop an average of 3 neurites.
The dependence of the observed interconnecting neurite fascicles
on the separation distance between the PEI-pixels is shown in Fig. 4.
As stated above, the maximum distance for which the neurons
develop more than 3 neurite fascicles is 50 �m. This reveals that

after (a) 3 days in vitro and (b) 7 days in vitro.
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ot only the size of the patterns affects the cells but also that the
bility of the cells to affect the micropatterned substrates plays a
ole.

In Fig. 5 is shown an area of the surface of a PEG coated glass
upport in culture medium after (a) 3 days and (b) 7 days. A degra-
ation of the inert or non adhesive cell surface after 3 days of
ulture is observed. This is probably due to the possibility that cells
ecrete cellular matrix or additional enzymes that could degrade
nd modify the composition of the inert surfaces. This cellular
rocess which causes degradation changes the local microenviron-
ent but depends on the type of cells being patterned and their

ulture conditions [28].
The factors mentioned above, i.e. the distance between the

rinted PEI-pixels and the degradation of the non-adherent cell
urface, must be taken into account when designing patterned sur-
aces. Therefore, preincubation of these substrates for up to 3 days
n cell media did not appear to significantly affect the stability of
EI pixels, while the patterns on substrates that have been prein-
ubated in media for more than 1 week showed exfoliation. These
bservations suggest that the non-adhesive PEG degrades gradu-
lly by a cell-independent mechanism while by adding neural cells
hich have active cellular processes; the natural rate of degrada-

ion can even increase.

. Conclusions

After 3 days of observation a general trend is revealed, i.e. that
large number of neurons located on the laser transferred PEI-

atterns, forms aggregates after an active migration of the adhering
ells towards each other. The development of interconnecting neu-
ite fascicles is significantly higher for neurons adhered on the
aser-transferred PEI-pattern.

The distance between the polymer pixels is a key parameter
n the orientation and migration of SH-SY5Y human neuroblas-
oma cells. A complete isolation of neurons between neurophilic
EI-coated patterns on PEG substrates is obtained with a mini-
al separation distance of 100 �m which additionally serves as
barrier for the development of a large number of interconnecting
eurites.

The observations of exfoliation of the inert coatings after 3 days
n the presence of cell medium can be useful for the design of
ell-based biosensors which are able to detect the activation or
nhibition of specific enzymes.
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