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In situ laser micropatterning of proteins for dynamically
arranging living cells

Kazunori Okano,*@< Aj Matsui,” Yasuyo Maezawa,” Ping-Yu Hee,” Mie Matsubara,”
Hideaki Yamamoto,? Yoichiroh Hosokawa,” Hiroshi Tsubokawa,® Yaw-Kuen Li,f Fu-
Jen Kao*< and Hiroshi Masuhara*f

This study shows the modification of the surface of polymer-layered glass substrates to form biofunctional
micropatterns through femtosecond laser ablation in an aqueous solution. Domains of micrometer size on
a substrate can be selectively converted from proteinphobic (resistant to protein adsorption) to
proteinphilic, allowing patterning of protein features under physiological aqueous conditions. When
femtosecond laser pulses (800 nm, 1 kHz, 200-500 nJ per pulse) were focused on and scanned on the
substrate, which was glass covered with the proteinphobic polymer 2-methacryloyloxyethylphosphor-
ylcholine (MPC), the surface became proteinphilic. Surface analysis by X-ray photoelectron spectroscopy
(XPS) and scanning electron microscopy (SEM) reveals that the laser ablates the MPC polymer. Extracellular
matrix (ECM) proteins were bound to the laser-ablated surface by physisorption. Since femtosecond laser
ablation is induced under physiological aqueous conditions, this approach can form micropatterns of
functional ECM proteins with minimal damage. This method was applied to pattern collagen, laminin, and
gelatin on the substrate. Removal of an ECM protein from the substrate followed by replacement with
another ECM protein was achieved on demand at a specific location and time by the same laser ablation
method. Living cells adhered to the fabricated domains where ECM proteins were arranged. The
modification of patterning during cell culture was used to control cell migration and form arrays of
different cells.

chip devices. When fabricating these microdevices, one
important issue is the spatiotemporal control of protein

Microarray devices such as DNA arrays,"* protein arrays,’”
and cell arrays®® play important roles in biological fields such
as genomics and proteomics. Controlling the interaction and
immobilization of functional biomaterials on the surface of a
substrate is crucial to the development of biofunctional
microdevices integrated with proteins, enzymes, and other
components. Additionally, the use of living cells as functional
elements is highly desirable for miniaturized laboratory-on-a-
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adsorption and cell adhesion to the substrate.

Cell adhesion is mediated by extracellular matrix (ECM)
proteins.”™* Hence, if the ECM proteins on a substrate are
immobilized and patterned at a specific position and time
during cell culturing, novel opportunities may be provided for
studying many cellular processes such as cell division,
differentiation, and migration. However, the patterns on a
substrate surface must be dynamically modified to study such
cellular processes.”'' Conversion of surface properties
between cell adhesion and cell release can be achieved by
using electrochemically reactive,”'*** photochemically reac-
tive,"*"” enzymatically reactive,'® and thermally responsive
materials.® Moreover, photochromic substrates have been
tested for their ability to switch between cell adhesion and cell
release.”””® A bifunctional surface combining electroactive
and photochemically active areas has been developed for
stepwise immobilization of living cells and ligands at different
locations to guide cell migration in ligand patterns.*!
Heterotypic cells have been arrayed by sequential activation
of surface areas by ultraviolet (UV) light irradiation'* or redox
reactions."?
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Multiphoton laser ablation is effective for biomaterial
patterning because of its minimal thermal effect on biological
fabrications.>®** Healy’s group showed that a covalently
bonded polyethyleneglycol brush layer on a quartz substrate
was ablated under atmospheric ambient conditions and
patterned for neutravidin and integrin binding peptide to
control the migration of living cells.>® Similarly, a chemi-
sorbed octadecylsiloxane self-assembled monolayer was
ablated by a femtosecond laser, and structures <250 nm
wide were fabricated.>® Other direct patterning methods exist,
such as laser-induced forward transfer (LIFT),>® laser-assisted
bioprinting (LAB),”” or matrix assisted pulsed laser evapora-
tion direct write (MAPLW DW).*® The LIFT, LAB, and MAPLW
DW methods use mechanical force generated by light
absorption of a substrate, matrix, and the materials them-
selves to transfer biomolecules and living cells under ambient
atmosphere. These methods use UV or infrared (IR) pulsed
lasers. Our group developed a novel direct patterning method
that applied a Ti:sapphire femtosecond laser with a matching
biological window (700-900 nm) that limited damage to
proteins and cells.?**® Functional proteins caged in insoluble
particles® and cells®® are released into the liquid by cavitation
bubbles accompanied by mechanical force generated by the
femtosecond laser. The proteins or cells were then transferred
to the substrate, resulting in its patterning. To form tissue-like
structures, three-dimensional arrangements of proteins and
cells are important. One method for patterning ECM proteins
was demonstrated by Gordon et al>' Three-dimensional
engraving on a collagen gel by an intense femtosecond laser
was used to fabricate a tissue scaffold. Holes, lines, and the
grid in a collagen block were formed as scaffolds for cell
culturing. Conversely, the femtosecond laser has been used to
photocrosslink proteins for their patterning, where a photo-
sensitizer (Rose Bengal, benzophenone dimer, or flavin
adenine dinucleotide) was applied to make patterns of
insoluble proteins.**??

Although many studies of surface micropatterning for
protein and cell arrays exist, the arrangement of multiple
proteins and their replacement with other functional proteins
under cell cultivation remains under development. Multiple
patterning of functional proteins is necessary to induce active
cellular networks. Additionally, patterning under physiological
conditions is crucial to fabricate integrated protein devices.
Although some methods achieved dynamic patterning, repla-
cement of functional proteins or cells is still problematic. In
actual organisms, cells divide, migrate, differentiate, and are
replaced with other cells through their interactions. These cell
functions are induced by many proteins, including ECM
proteins. Collagen, laminin, fibronectin, myelin basic protein,
and fibrin are related to both cell adhesion and differentia-
tion. Some cells, such as neurons, require specific proteins to
attach to solid surfaces.'® Further, many proteins on a cell
surface can induce cell-cell interactions and differentiation of
other cells.*® If one could array these functional proteins on a
substrate at specific times, one could control the cell activity
and cell-cell interactions on a device. Due to the complexity of
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protein-mediated cell adhesion and cell differentiation, con-
trolling protein adsorption on a solid surface is essential to
develop cell-based devices fabricated by patterning proteins
and living cells. Functional proteins are easily denatured
under dry conditions, and at the air-water interface. Previous
studies did not always escape protein denaturation and cell
damage. UV and IR irradiation, mechanical stress, chemical
stress, heat, and desiccation affect proteins and living cells.
For instance, fibronectin is sensitive to mechanical stress,
which can cause it to form clots. As the photochemical,
electrochemical, and enzymatic methods are carried out under
aqueous conditions, these methods are attractive. They are
also efficacious for one-time surface modification; however,
more ideas are required for multiple modifications. In the case
of laser direct patterning, the excimer laser is commonly used
for patterning biological materials with a high resolution of
sub micrometers, but this is only carried out in air or under
vacuum pressure, which causes difficulty for in situ patterning
under cell culturing. IR laser-based patterning carried out on a
metal layer achieved in situ patterning in an aqueous
condition. However, heat-sensitive proteins and cells are likely
to be adversely affected by the laser. The effect of ablation on a
metal layer and the produced nanometals remains unknown.

The novel approach in this work is based on surface
modification through femtosecond laser ablation under
aqueous conditions.>> Multiphoton ablation of substrate
materials using intense 800 nm pulses is applied to realize
patterning under physiologically buffered conditions and
under cell culturing. The 800 nm wavelength is located within
the well-known biological window between the absorption
bands of cellular materials and water. Moreover, the average
energy is as low as 200-500 pW because of the short pulses.
Therefore, multiphoton ablation using an intense 800 nm
femtosecond laser is safe for ambient proteins and living cells,
except for at the laser focal point. This is a superior
characteristic to other laser-based patterning methods. This
ablation method, which is applicable to many surface
materials, enables spatiotemporal control of functional pro-
teins on the surface under physiological conditions. In our
previous report, femtosecond laser pulses were focused on a
cytophobic surface coating to form channels several micro-
meters wide between cell adhesion domains.*>*® The cells
then elongated or migrated to connect with each other
through these channels. During and after the laser patterning,
the cells did not detach and die. This indicated that this
method can form additional patterns during cell culturing
because of the minimal damage to living cells. Thus, the
pattern corresponding to cell behavior can be modifying,
resulting in the control of cell division, migration, differentia-
tion, and death. This is a new concept for future biological
patterning.

This work developed a femtosecond laser-based in situ
surface micropatterning method that forms small biofunc-
tional domains covered with functional proteins, and is
carried out fully in an aqueous solution. Patterns of laminin,
collagen, and gelatin are formed on a substrate under aqueous
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conditions. Sequential patterning of the ECM proteins
collagen and laminin is demonstrated. Additionally, a pat-
terned ECM is partially erased and replaced with a different
ECM. The surface micropatterning mechanism is elucidated
through analysis by X-ray photoelectron spectroscopy (XPS)
and scanning electron microscopy (SEM), and experimentally
using quantum dots (Q-dots) with negative and positive charge
surfaces. Additional micropatterning during cell culturing is
performed with normal human astrocytes (NHA) to control
their migration. Plural cells (normal human keratinocytes
(NHK) and cancerous HeLa cells) are arrayed by forming the
cytophilic domains step by step. All processing is completed
under physiologically buffered conditions; that is, during a
culturing series in a medium. Further, in situ replacement of
ECM proteins is demonstrated under aqueous conditions.

Results and discussion

Characterization of a micropatterned surface

First, the effects on the substrate when the femtosecond laser
beam was focused on the substrate in water are elucidated.
The substrate was glass layered with 2-methacryloyloxyethyl-
phosphorylcholine (MPC) polymer®” (MPC polymer-layered
substrate). Fig. 1A and B are optical microscopic images and
SEM images, respectively. The optical microscopic images
were obtained when the laser scanned from right to left at 20
pum s~ " on the substrate. The left, middle, and right images are
the beginning, intermediate, and end stages of laser scanning,
respectively. Finally the 50 x 50 pm domain was irradiated by
the laser beam. When the laser was focused on the water,
continuous bubbles were generated. Therefore, the laser was
focused to the plane where it did not generate bubbles by
probing the focal point from the water phase to inside the
substrate. This no-bubble-generation boundary plane was
defined as the reference plane (Z = 0). Visible lines appeared
on the substrate with 2 um intervals because the laser was
scanned with the same intervals. Visible lines were also
observed when the laser was focused inside the substrate (Z <
0; data not shown). Clearly, the femtosecond laser collapsed
the glass. When the laser was focused on the water phase (Z >
0), bubbles were generated vigorously by multiphoton absorp-
tion of the water. To elucidate the surface condition of the
laser-treated domains, the surface was analyzed by SEM
(Fig. 1B); the left and right substrates were prepared under
different laser treatment conditions. When the femtosecond
laser was focused at Z = —0.5 pm (left image), shadows
(marked a in the SEM images) were observed along the laser
scanned lines, which were clearly differentiated from their
surroundings. We conclude that the surface of the MPC
polymer-layered substrate was modified at the shadow areas.
The width of each shadow line was 0.9 + 0.1 pm (mean +
standard deviation), which was determined by measuring the
cross-sectional profiles of the 19 lines. Since the laser lines ran
at 2 um intervals, an estimated 46% of the domain surface was
modified. The right SEM image shows an entirely different
aspect, where the laser was focused to a position shifted 0.5
pum relative to the water phase (Z = +0.5 um). Many engraved
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Fig. 1 The surface of the laser-irradiated MPC polymer-layered substrate. A)
Optical microscope images of the MPC polymer-layered substrate during laser
scanning at early, intermediate, and complete stages (left, middle, and right
micrographs, respectively). The femtosecond laser (800 nm, 1 kHz, 0.2 mW) was
focused with an objective lens (x 20, N.A. 0.46) on the MPC polymer-layered
substrate immersed in water. B) SEM images of the laser-scanned surfaces of the
MPC polymer-layered substrate. The femtosecond laser was focused at 0.5 pm
inside the substrate (Z= —0.5 um) (left), and at 0.5 um in the liquid (Z = +0.5 um)
(right), where Z = 0 um is defined as the position where bubble generation
stopped when the focal point shifted from the water phase to the substrate
solid phase.

areas existed on the laser-treated domain (marked as b), and
were where the bubbles existed. Shadows were observed
radially along the laser scanned lines (c), such that the
boundary area of the modified domain and that around the
MPC polymer-layered surface was unclear. This lack of
definition and bubble generation will cause difficulty for the
fine patterning of proteins or living cells. In conclusion, the
MPC polymer-layered surface was likely modified at the laser-
treated domain that is distinguished by a clear boundary area
from its surroundings when the laser was focused inside the
substrate near Z = 0. The substrate was roughened and
damaged when the laser was focused near the substrate
surface at Z > 0.

Since the MPC polymer surface was changed by focused
laser irradiation, second, the surface electrostatic potential of
the laser-treated surface was evaluated. The main idea was to
use fluorescent Q-dots with amino-, carboxy-, and non-
dissociation groups, which have positive, negative, and neutral
surface electric potentials under physiological pH, respec-
tively. Fig. 2 shows an evaluation of the results. The laser was
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Fig. 2 Surface electrostatic properties of the laser-irradiated MPC polymer-
layered substrate. Q-dots with A) amino, B) non-dissociation, and C) carboxy
residues were incubated with the substrate for 16 h at 20 °C. The laser with a
power of 0.5 mW was focused at the Z = —0.5 pm layer, where Z = 0 pm is
defined as the position where bubble generation stopped after shifting the
focal point from the water phase to the substrate solid phase. The domains (a)
surrounded by yellow brackets were irradiated by the femtosecond laser.

focused to the plane Z = —0.5 pm and used to irradiate 50 x
50 pym domains on the MPC polymer-layered substrates in
water. Each substrate was covered with each Q-dot solution,
and then incubated for 16 h at 20 °C. The fluorescence images
were acquired after the substrate was replaced with fresh
buffer solution without Q-dots. The intact MPC polymer-
layered surface did not adsorb the Q-dots (outer area of dotted
yellow line a). The laser-irradiated domains adsorbed the
Q-dots with amino residues well (A), while the same surface
only slightly adsorbed the Q-dots with non-dissociation
residues (B), and minimally adsorbed the Q-dots with the
carboxy group (C). The modified surface was now interacting
with Q-dots with amino residues. The distinguishing char-
acteristic of these three Q-dots is their electrostatic surface
charges. The experiment was conducted under the physiolo-
gical pH of 7.4. Because Q-dots with amino residues are
protonated and positively charged under this condition, the
laser-treated surface has negative potential. Conversely, the
zwitterionic MPC polymer-layered surface prevents adsorption
of any Q-dots because such a surface interacts minimally with
particles that have both negative and positive charges.?”
Third, in this work we analyzed the chemical elements by
XPS (Table 1) to define the surface negative potential of the
laser-treated domain. The 1.5 x 1.5 mm domain on the MPC
polymer-layered surface was treated with a focused femtose-
cond laser under the condition of Z = 0 in water for XPS
analysis. Notably, Si was not detected on the MPC polymer-
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Table 1 XPS surface analysis

Surface amount/mol%

Elements  Binding energy/eV ~ Laser (—)*  Laser (+)*  Glass

C1s 284.8 34.8 17.3 6.0
286.2 20.5 12.2 0
288.6 7.1 4.5 0.9
291.0 0 0.4 0
293.4 0 0.4 0

N 1s 402.2 2.7 2.0 0.1

O 1s 529.8 3.3 0 0
532.1 26.4 45.3 61.6

P 2p 133.4 5.2 2.2 0

Si 2p 102.8 0 15.7 31.4

“ Laser (—) and (+) means the MPC polymer surface before and after
laser-treatment, respectively.

layered surface, while Si accounted for 31.4% of the glass
surface (molecular ratio). The Si was recovered to 15.7% on the
laser-treated domain. Carbon content decreased from 62.4 to
34.8% following femtosecond laser irradiation. The experi-
mental data show that 44-50% of the MPC polymer-layered
surface disappeared, which agrees with the SEM result (46% of
the MPC polymer-layered surface was modified). Additionally,
new components that belong to oxidized carbon were detected
at 291.0 and 293.4 eV. This oxidized carbon amounts to 2.2%
of the remaining carbon on the substrate surface. It has been
reported that carboxy or other oxidized residues are produced
when an excimer laser (248 nm) irradiates polymethylmetha-
crylate polymer in air.*® The femtosecond laser used here was
powered at 0.2-0.5 mW (at 1 kHz), which amounted to 200-500
n] per pulse to induce multiphoton adsorption of 266-160 nm
(3-5 photons). The MPC polymer on the substrate may be
oxidized photochemically. All the data indicate that the MPC
polymer was ablated by the femtosecond laser under aqueous
conditions. Consequently, the femtosecond laser exposed the
bare glass surface. The glass surface immersed in neutral pH
solution has negative surface charges, primarily generated
through the dissociation of terminal silanol groups.**°
Hence, the fact that the positively charged Q-dots with amino
residues strongly interacted with the laser-treated surface
(Fig. 2) can be explained by the fact that the MPC polymer-
coated surface was ablated by the femtosecond laser.

The laser focal position was predicted as critical for the
surface ablation because the ablation is due to multiphoton
absorption, where different events were observed near the
water-substrate surface. Hence, the best focal position was
determined using fluorescent collagen (Alexa Fluor 488
collagen). The laser exposed the glass surface, such that
fluorescent collagen was easily adsorbed. The fluorescence
intensity from fluorescent collagen adsorbed on the laser-
treated domains was determined under various focus condi-
tions in the range of —4 ym < Z < 2 pm. If the laser ablated
the MPC polymer efficiently, strong fluorescence would be
clearly observed. Poor efficiency would give weak fluorescence.
Fig. 3 shows the results. Fluorescence was observed from the
domains irradiated by the focused femtosecond laser at ranges
of Z> —3 pum and Z > —2 pm with laser powers of 0.5 mW and

Lab Chip, 2013, 13, 4078-4086 | 4081


http://dx.doi.org/10.1039/c3lc50750e

Published on 25 July 2013. Downloaded by National Chiao Tung University on 28/04/2014 01:52:10.

2

7]

§150[ o o 8

o

= o

§100 e, ¥

§ 0.5 mW Y ¢

(]

: N

ﬁ 50 ° \

> 0.2 mW

g o ©

E 0d—0—b—0—5 ] ] ] 1
-4 -3 -2 -1 0 1 2

Zlpm

Fig. 3 Effect of laser focal point on ablation of the MPC polymer layer on the
substrate. Alexa Fluor 488 collagen was used to treat the laser-irradiated MPC
polymer-layered substrates. The fluorescence intensity obtained from the laser-
irradiated area is plotted against laser focal point (Z), where minus and plus
values may correspond to irradiation inside the glass and in solution,
respectively. Notably, Z = 0 um is defined as the position where bubble
generation stopped after shifting the focal point from plus to minus.
Fluorescence is due to Alexa Fluor 488, which was introduced to the surface.
Open and closed circles represent laser powers of 0.2 and 0.5 mW, respectively.

0.2 mW, respectively, resulting in ablation of the MPC polymer
in these ranges. Fluorescence intensity was as low as the
background level when the laser was focused to the lower
plane of those Z values. Relatively stronger fluorescence was
observed when the laser was focused nearer Z = 0 um, which is
defined as the reference focal plane. At a range of Z > 0 pm,
the substrate surface was devastatingly damaged, as in some
SEM images. Thus, the range of the focal position was
critically narrow for micropatterning of the MPC polymer-
layered surface. The recommended range of the focal position
for laser ablation is as narrow as —0.5 pm > Z > 0 pum.

Micropatterning ECM proteins by femtosecond laser ablation

The MPC polymer layer on the substrate was ablated by the
femtosecond laser in an aqueous solution, on which positively
charged particles and collagen were adsorbed. To assess the
performance of micropatterning of functional proteins by this
femtosecond laser ablation method under physiological
buffered conditions, multiple proteins were patterned on a
substrate. Two fluorescent proteins (Alexa Fluor 488 collagen
and Alexa Fluor 555 laminin) were prepared for multiple
protein patterning. This multiple patterning method has three
steps: A) formation of an Alexa Fluor 488 collagen pattern on
the substrate; B) partial ablation of the attached Alexa Fluor
488 collagen from the substrate; and C) formation of an Alexa
Fluor 555 laminin pattern at the collagen-ablated domains on
that substrate (Fig. 4). The MPC polymer-layered substrate
surface was irradiated with the focused femtosecond laser in
phosphate-buffered saline (PBS) containing Alexa Fluor 488
collagen. The laser was focused to the surface (Z = 0 pm) of the
MPC polymer-layered substrate through the glass phase with
an inverted microscope. After laser irradiation, the substrate
was left in the same solution for 16 h, and washed with PBS
before fluorescence imaging. Fluorescence from the laser-
irradiated domain was clearly distinguishable from the
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Fig. 4 Demonstration of multiple ECM patterning. Domains colored green and
red were ablated and then covered with Alexa Fluor 488 collagen and Alexa
Fluor 555 laminin, respectively. Fluorescence profiles are acquired by probing its
intensity from left to right for the width of x. A) The femtosecond laser was first
drawn at the domain a (50 x 50 pm), and then the substrate was treated with
collagen (0.2 uM, PBS, pH 7.4, 16 h). B) The laser was focused onto the collagen-
adsorbed domain b (15 x 15 um) of the substrate prepared above. C) The
substrate was treated with laminin (0.2 uM, PBS, pH 7.4, 16 h). The femtosecond
laser (0.5 mW) scanned the substrate with a 1 um interval.

remaining surrounding MPC polymer areas (A). Thus, the
Alexa Fluor 488 collagen was preferentially adsorbed on the
laser-irradiated domain. The femtosecond laser was again
used to treat the collagen-adsorbed domain in PBS. The
fluorescence of the laser-treated domains disappeared (B). The
Alexa Fluor 488 collagen was ablated and removed from the
laser-irradiated domain. Next, the substrate was incubated in
PBS containing Alexa Fluor 555 laminin for 16 h and the
solution was then replaced with pure PBS. Fluorescence from
the Alexa Fluor 555 was emitted from the laser-ablated
domain. The Alexa Fluor 555 laminin was adsorbed by the
laser-treated domains. The domains of Alexa Fluor 555
laminin were clearly distinguishable from those of Alexa
Fluor 488 collagen by fluorescence spectroscopic observations
(C). These fluorescence results indicate that the proposed
femtosecond laser-ablation technique can prepare various
domains covered with various proteins under physiological
buffered conditions. Furthermore, a domain once covered
with protein can be erased and converted spatiotemporally
into a surface with a different protein.

Living cell arrangement by femtosecond laser ablation

The femtosecond laser thus modifies the micropattern of ECM
proteins under aqueous conditions, implying that the micro-
pattern can be modified during live cell cultivation. Our interest
is control of cell-cell interactions. This work will show that using
laser ablation to modify a pattern is efficacious in controlling
cell migration and the arrangement of different cells.

The collagen pattern was modified into an array of NHA to
observe the migration behavior of the NHA (Fig. 5). Domains
of a wide rectangle (100 x 2000 pm) and 12 squares (70 x 70
pm) were formed by a femtosecond laser in collagen solution
(0.1 uM), such that the domains were covered with collagen
(A). The NHA adhered well through the collagen layer onto the
domain surface. The same cells adhered only minimally when

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Behavior of NHA on the patterned substrate. A) Schematic illustrations of
patterns. First, the MPC polymer-layered substrate was patterned with
femtosecond laser ablation, and then NHA were seeded (left). The substrate was
then patterned again under the cell culture conditions as illustrated (right).
Laser ablation was carried out in collagen solution. The series of photographs B)
and C) are time-lapse images of NHA on the micropatterned substrate, in which
the NHA remained in the channels and cells passed through gaps, respectively.

surface patterning was done in medium without collagen.
Thus, collagen is necessary to array NHA on the femtosecond
laser-patterned substrate. Cells adhered to the large rectan-
gular domain and on 8 of the 12 small square domains. The
other 4 square domains were empty. After the NHA adhered to
the domains, the substrate surface was again modified by the
femtosecond laser in the same collagen solution. All the
square domains now bordered the rectangular domain with
narrow channels (3 pm wide) with gaps of 22 pm. During this
additional modification, the cells remained in their original
positions. The cells were monitored by time-lapse imaging (B).
The NHA that adhered to the 8 square domains moved into the
channels. The additional modification after cell seeding is
necessary to control migration because cells adhere directly to

This journal is © The Royal Society of Chemistry 2013
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the lines when all patterns are prepared before cell seeding.
The NHA migrated to and invaded the narrow channels from
the wide 70 x 70 pm domains with high probability in the
experiment. A similar experimental result was obtained for
HeLa cells. In real organisms, cells migrate to change their
position to express their functions during histogenesis. For
instance, young neurons change position by migrating
through astrocytic tunnels.*" Similar to this phenomenon in
vivo, control of cell migration on a patterned substrate may be
useful for the study of cell reforming in tissues. The physical
space seems important to cellular migration. The NHA stayed
in 6 of the channels. However at two positions, the NHA
extended filopodia to the cytophobic surface made by the MPC
polymer and passed through the gaps by frequently elongating
and reducing their soma (cell indicated with a in micrograph
C). Attack of the next cell b was incomplete, while the latter cell
c passed through the gap. No cells migrated between the
square domains separated by 100 pm gaps. The front of the
NHA body can likely probe an area of about 25 um.

Finally, the arrangement of different cells by applying the
proposed in situ surface patterning technique is demonstrated.
HeLa cells and NHK were arrayed on a MPC polymer-layered
substrate (Fig. 6). Cell adhesion domains (50 x 50 um) were
formed step by step, as shown in schematic illustration A. The
substrate was placed in a medium containing gelatin (1 mg
ml™") as an ECM-like protein for the entire patterning process.
Thus, we assume the laser-ablated domains are covered with a
gelatin layer, similar to laser-ablated domains with collagen
adsorption (Fig. 4). To reduce the patterning time, the cells
were immediately seeded after the laser-ablation process.
Photograph B shows a resulting arrangement of NHK and
HeLa cells. When NHK were seeded on the substrate and
incubated overnight, the cells adhered to the laser-drawn
domain, but not to the MPC polymer area (B-1). After removing
un-adhered cells, another laser-ablated domain was formed
adjacent to the former domain (B-2). A HeLa cell, which was
cultured in advance on a different culture plate, was detached
and translocated to the newly formed cytophilic domain. The
HeLa cell adhered on the new domain (B-3) and migrated to
the domain of the NHK , finally adhering to the domain of the
NHK (B-4), and lasting there for several days. Since the
medium differed for NHK and HeLa cells, both cells were too
delicate to adhere on the laser-ablated area without gelatin
under co-culturing, inducing cell death. Coating with the ECM
protein (the gelatin) was hence indispensable to enhancing the
adhesion of different cells to laser-ablated domains. HeLa cells
adhered and spread their filopodia on the glass well in
Dulbecco’s Modified Eagle Medium (DMEM) containing fetal
bovine serum (FBS), regardless of whether the ECM was
included. Conversely, HeLa cells spread filopodia weakly in the
culture medium for NHK without an ECM. The HeLa cells
migrated little under the medium condition for NHK.
Meanwhile, the morphology of the NHK changed to round in
DMEM containing FBS. Although the two media were mixed,
the adhesion activity of the cells remained weak without the
ECM. Co-culturing NHK and HeLa cells on the patterned
substrate succeeded in medium containing gelatin as an ECM-
like protein. Thus, the ECM on the patterned domain is
necessary for patterning different cell types on a substrate.
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Fig. 6 Co-culture of a Hela cell close to NHK on a patterned substrate. A)
Schematic illustrations of in situ micropatterning for a co-culture of NHK and a
Hela cell. A small domain of the MPC polymer-layered surface is ablated by a
femtosecond laser in a culture medium containing ECM protein (gelatin). The
ECM molecules are adsorbed on the laser-ablated proteinphilic domain. The
NHK then adhere to the ECM-adsorbed cytophilic domain. A new cytophilic
domain is formed next to the NHK, and a Hela cell is arranged. B) Microscopic
images of the Hela cell and NHK on the substrate. B-1) A square cytophilic
domain was prepared on the MPC polymer-layered substrate by femtosecond
laser ablation. The NHK adhered to the cytophobic domain. B-2) A new
cytophilic domain was formed neighboring the NHK-adhered domain by the
same laser ablation. B-3) A Hela cell was spread on the newly formed domain.
B-4) The Hela cell and NHK were co-cultured for 2 days. The cytophilic domains
(50 x 50 um) were formed by applying the femtosecond laser (0.5 mW) with a
2 um interval.

Conclusions

This work elucidated the mechanism of femtosecond laser-
based surface modification under aqueous conditions. The
physisorbed MPC polymer on glass was oxidized and ablated
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by the femtosecond laser. The ECM proteins (collagen,
laminin, and gelatin) were then adsorbed onto the ablated
domains. The receptors on cells identify the ECM molecules to
complete cell adhesion. The proposed surface modification
technique is applicable to many surfaces. The proteinphobic
(cytophobic) surface of the MPC polymer was successfully
converted to a proteinphilic (cytophilic) surface under physio-
logical aqueous conditions by femtosecond laser ablation. The
most significant benefit of this method is that the protein
layered on a surface can be replaced by another protein
repeatedly under physiological aqueous conditions because
the proposed method is based on in situ laser ablation. This
approach is superior to chemical modification methods that
utilize conventional enzymatic, redox, or photocleaving reac-
tions. By applying surface ablation patterning, various cells
were arrayed successfully. Since it is possible to form a layered
substrate that has different ECM proteins, one can array and
co-culture cells requiring different ECMs. The in situ laser
micropatterning of proteins will uniquely contribute to the
study of many cellular processes related to cell division,
differentiation, and migration. For instance, integrated cell
devices made of neurons, astrocytes, and vascular cells, which
are formed by this in situ micropatterning method, will prove
useful when studying the plasticity of the neuronal circuit,
because the proposed method can switch their circuit
dynamically.

Experimental section

Materials

MPC polymer (Lipidure-CM5206) was kindly provided by NOF
Corporation (Tokyo, Japan). The following proteins and
chemicals were used without further purification: Cellmatrix
type 1C collagen, gelatin (APH-100) (Nitta Gelatin Osaka,
Japan), laminin-1, Alexa Fluor 488 succinimidyl ester and Alexa
Fluor 555 succinimidyl ester, Qdot® 585 ITK™ Carboxyl
Quantum Dots, Qdot®™ 585 ITK™ Amino (PEG) Quantum Dots,
and Qtracker™ 565 non-targeted Quantum Dots (Invitrogen/
Life Technologies). Cells and culture medium were as follows:
HeLa cells (RCB0007, Riken Cell Bank, Tsukuba, Japan), NHK
(KK-4009) and its medium kit with growth supplements
(EpLife-KG2) (Kurabo, Osaka, Japan); NHA (CC-2565) and its
medium kit with growth supplements (CC-3186) (Lonza,
Walkersville, MD, USA); Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), horse serum (HS), and
mixed antibiotic solutions of streptomycin and penicillin
(GIBCO/Life Technologies). Commercially provided materials
were as follows: cell culture plastic wares (Asahi Glass,
Funabashi, Japan); glass substrate (8 x 8 x 0.4 mm,
Matsunami Glass, Kishiwada, Japan); ultrafiltration device
(Cut off Mr mass; 30 kDa, OD030C33, Pall).

Preparation of fluorescent ECM proteins

Alexa Fluor 488 collagen was prepared as follows. Alexa Fluor
488 succinimidyl ester (5 pl, 10 mM, dissolved in DMSO) was
mixed with a collagen solution (100 pl, 10 uM dissolved in 1
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mM HCI). The reaction was initiated by adding 100 pl 0.1 M
sodium phosphate buffer (pH 8.0). After incubation for 2 h,
the Alexa Fluor 488 collagen was recovered by an ultrafiltration
device. The purified Alexa Fluor 488 collagen (4 uM in 1 mM
HCI) was stored at 4 °C.

Alexa Fluor 555 laminin was prepared as follows. Laminin-1
(400 pg, 400 pl) dissolved in 0.1 M sodium phosphate buffer
(pH 8.0) was mixed with 5 pl Alexa Fluor 555 succinimidyl ester
(10 mM, dissolved in DMSO) for 30 min. The Alexa Fluor 555
laminin was purified by ultrafiltration and stored in PBS (pH
7.4) at 4 °C (concentration of 0.6 puM).

Preparation of the MPC polymer-layered substrate

The MPC polymer was dissolved in ethanol to 0.1% and
filtrated through a 0.2 pm membrane. Borosilicate glass plates
(10 x 10 x 0.4 (t) mm) were cleaned with a hot solution of
H,0, (10%) and NH,OH (10%) at 70 °C for 30 min and rinsed
with distilled water. The glass plates were immersed in an
ethanol solution of the MPC polymer (0.1%) for 1 min and
then dried in air. The MPC polymer-layered substrate can be
stored in clean air for over 1 month. The prepared MPC
polymer-layered substrate was immersed in water overnight
before use.

Surface patterning of the MPC polymer-layered substrate by
femtosecond laser ablation

Surface modification and patterning was achieved by femto-
second laser ablation, as previously reported.”® The femtose-
cond laser (800 nm, 1 kHz, 0.2-0.5 mW) from a regenerative
amplified Ti:sapphire laser (Hurricane, Spectra-Physics) was
focused under an inverted microscope (IX71, Olympus, Tokyo,
Japan) with a x 20 objective lens (Olympus, N.A. 0.46) on the
MPC polymer-layered substrate immersed in water, phos-
phate-buffered saline (pH 7.4), or culture medium. The
scanning rate of the femtosecond laser beam was 20 um s~ .
The MPC polymer-layered substrate was scratched at 1 or 2 pm
intervals to form cytophilic domains.

Surface treatment with Q-dots

Surface modification of the MPC polymer-layered substrate
was performed in water. After the layered substrate was blow-
dried by N, gas, Q-dot solutions (100 nM in twice diluted PBS)
were placed on the layered substrates and incubated for 16 h at
25 °C in a moisture chamber.

Surface treatment with fluorescent ECM proteins

The Alexa Fluor 488 collagen (0.2 pM, PBS) was placed on a
layered substrate. Lines and diagrams were drawn on the
layered substrate by the focused femtosecond laser beam. The
patterned substrate was incubated in Alexa Fluor 488 collagen
solution at 20-23 °C for 16 h and then washed with PBS. For
multiple ECM treatment, the femtosecond laser was focused
again on the substrate in PBS. The substrate was incubated
under the same conditions in Alexa Fluor 555 laminin (0.1
uM). Fluorescence images were taken with a laser scanning
microscope (Fluoview FV300; Olympus) at each step. The
excitation wavelength was 488 nm. The fluorescence band was
at 510-540 nm for Alexa Fluor 488 and at 570-695 nm for Alexa
Fluor 555.
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Culture of NHA on a patterned substrate

NHA that were pre-cultured on a culture flask surface were
recovered by trypsinization and re-suspended in Lonza NHA
medium. The patterned cytophilic domains were covered with
collagen (0.1 uM in NHA medium). The NHA were seeded on
the patterned cytophilic substrate with 1.5 x 10" cells cm™>.
After the cells adhered to the cytophilic domains on the laser
patterned domains, the femtosecond laser was focused again
on the MPC layer in medium containing collagen (0.1 pM).
Culturing continued for 44 h after patterning new domains

under conditions of 5% CO, and 95% humidity at 37 °C.

Co-culture of HeLa cells close to NHK on a patterned substrate

The NHK (1.5 x 10* cells cm~?) were spread on an MPC
polymer-layered substrate with several cytophilic domains (50
x 50 um) and cultured for 16 h at 37 °C under 90% humidity
and 5% CO, in a medium (EpLife-KG2 medium diluted with
the same volume of DMEM containing 5% FBS, gelatin (1 mg
ml™"), insulin (5 pg ml™"), human epidermal growth factor
(hEGF) (50 pg ml™"), hydrocortisone (250 ng ml™"), gentamy-
cin (25 pg ml~ "), amphotericin B (25 ng ml~ "), bovine pituitary
extract (0.2% v/v), and FBS (5%)). New cytophilic domains (50
x 50 pm) were formed close to the NHK by femtosecond laser
ablation. The HeLa cells were individually transported to the
newly prepared cytophilic domains by femtosecond laser-
induced impulsive force, a non-contact cell handling
method.*>*® The NHK and HelLa cells were co-cultured in
the same medium. The cell behavior was monitored at 30 min
intervals.

SEM analysis

The SEM images were collected with an SM 7400F (JEOL,
Akishima, Japan) at 1.0 kV accelerated voltage.

XPS analysis

Surface elements of the ablated and non-ablated substrates
were identified with an AXIS Spectrometer (Kratos,
Manchester, UK) using Al radiation (1486.6 eV, pass energy:
40 eV). Signals were resolved by a Gaussian-Lorenzian peak
model, and corrected for binding energy of C 1s (284.8 eV for
hydrogen groups).*> Surface compositions were estimated
using the XPS Database of the National Institute of
Standards and Technology (NIST).*?
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