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ABSTRACT
Poly(ethylene glycol) (PEG) is a widely used hydrogel for the
fabrication of biomaterials [1–4]. The interest of PEG resides in its
intrinsic properties: PEG avoids the adsorption of proteins on its surface
due to its highly hydrophilic nature. As a result, PEG hydrogels are
non-immunogenic and antifouling [5]. PEG polymers are also nontoxic
[5] and their hydroxyl end groups can easily be functionalized with
chemical groups (e.g., amine, vinyl sulfone, acrylate…) and bioactive
molecules such as peptides [6]; therefore, they are ideal candidates for
their use as biomaterials. One of the main applications of PEG-based
hydrogels is as protein-resistant coating [7].
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Due to its antifouling behaviour, PEG has been used to completely
avoid cellular adhesion as well as to create patterns for selective adhesion
(by the generation of inert exclusion areas) [8]. However, our recent
research has proved that PEG-based as well as pure PEG hydrogels DO
support cell adhesion and subsequent migration when topographical and
mechanical cues are patterned on their surface [9–11].
This observation highlights the fact that it is necessary to understand
the individual effects of the different factors that may influence cell
adhesion; not only the surface chemistry determines the degree of cell
adhesion, but physical and mechanical cues as well. Following this idea,
we have developed the Fill-Molding in Capillaries (FIMIC) method. The
FIMIC method is a novel soft-lithographic patterning technique based on
the capillary filling of empty channels on a patterned polymer mold with
a liquid polymer that subsequently crosslinks inside the mold, producing
elastic or chemical micro-patterns on a topographically smooth surface.
In this way, combining soft-lithographic methods and our newly
developed FIMIC technique, we have been able to prepare unique
biointerfaces to study the effect of the three main migration triggers, i.e.,
chemistry, elasticity and topography, independently. In this chapter, we
present the different approaches for studying cellular adhesion and
subsequent migration using a toolbox of linear and star-shaped
PEG-based materials.
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INTRODUCTION
Cell migration, and its necessary previous adhesion, is a capital process in
life. Already at the early stages of embryonal development, cell migration is
involved in the process of gastrulation, in which the ectoderm, mesoderm and
endoderm are formed [12]. Migration is also part of the daily life; the
migration of cells into wounded areas during wound healing [13], the chase of
pathogens by leukocytes as part of the immune response [14], or the migration
of spermatozoids into the fecundation site [15] are examples of common
processes where active translocation of cells is present. Unfortunately,
migrating cells are also involved in several diseases, such as autoimmune
inflammatory response [16], or the abnormal migration of cancer cells, also
known as metastasis [17].

Cell-Substrate Interaction
Prior to cell migration, cells must be able to interact with their
environment. This interaction is mediated by a group of proteins, e.g.,
fibronectin, collagen and vitronectin, which, in vivo, are present in the
extracellular matrix (ECM). In vitro, proteins contained in the culture medium
adsorb on the surface of the substrate, serving as anchoring points for the cells.
Following, the cell recognizes those proteins and bind with them through
transmembrane proteins called integrins [18]. After binding, integrins form
clusters and interact with other cytoplasmic proteins, such as talin, vinculin, or
focal adhesion kinases forming the so-called focal adhesions (FA). The
function of these proteins is to link the FA anchored on the surface of the
substrate with the cytoskeleton of the cell via actin filaments [19]. A nice
review of the composition and dynamics of focal adhesion has been written by
Di Cio and colleagues [19].
Not only the chemical composition of the surrounding environment plays
a role in the process of cell adhesion. Many interactions are involved in the
process of protein adsorption, e.g., hydrophobic interactions, hydrogen
bonding, electrostatic forces and van der Waals forces [20]. It has been
proved, that proteins such as albumin and fibrinogen undergo a greater degree
of denaturalization on hydrophobic substrates [21]. However, since the
adsorption process is driven by the reduction of the interfacial energy during
replacement of the solvent molecules, usually water, at the surface of the
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substrate, on highly hydrophilic substrates, adsorption of proteins is hindered
because this mechanism is not energetically favourable [22, 23].
The physical conformation of the surface can modify those properties. For
example, the introduction of nanometric structures can increase the degree of
hydrophobicity of the substrate; this is known as lotus effect. At the same
time, the curvature of the substrate can also affect the protein conformation
and, therefore, its activity. Roach and colleagues demonstrated that adsorption
of albumin on substrates with low curvature induced denaturalization of the
protein. On the contrary, fibrinogen denaturalized on substrates with high
surface curvature [24].
Once connected with the extracellular environment, the cell can then exert
protrusive forces via actin polymerization in order to form lamellipodia und
filopodia. At the same time, they can test the mechanical properties of the
substrate and migrate by applying contracting or pulling forces via
myosin-mediated crosslinking of the filaments [25]. The linking proteins
which form the FA act in such cases as mechanosensor molecules; Certain
proteins such as filamin increase their affinity to integrins under tension,
increasing the stability of the integrin clusters. At the same time, proteins such
as talin expose binding sites for other linking molecules under tension [19].
The stabilization and maturation of the FA permit the cell to exert higher
traction forces on the substrate, which is translated into cell displacement.
It is easily understood that the magnitude of the friction influences the
displacement over a certain surface; low-friction surfaces like ice require less
force to move at a certain speed, whereas high-friction surfaces such as
sandpaper hinder the displacement on it. Similarly, the strength of the cellular
adhesions on the substrate has an effect on the migratory behaviour of cells
[26–28]. In order to migrate, cells must form new adhesions in the front part
and detach old ones from the rear. Strong cell-substrate interactions are harder
to break and, therefore, difficult the advance of the cell. At the same time,
when the adhesions are too weak, they are easily broken under the tensile
forces generated by the cells before the FA reached a degree of maturation
adequate to support migration. From these observations, it can be concluded
that there is an optimum adhesion span in which migration will take place and
that the migration speed can be enhanced under weaker adhesion substrates.
However, an important question is: Why do cells migrate in the first
place? What do induce in the cells the necessity to change their location? As
we said, cells are able to sense the surrounding environment and interpret
differences in its properties. These external differences induce inequalities and
gradients inside the cell; a cell migrating along an increasing gradient of

Controlling Cellular Adhesion and Migration …

129

chemicals will recognize a different concentration at the front of the cell than
at the rear. If these anisotropies are strong enough to overcome the internal
gradient and constant enough to allow the cell to react, migration will take
place [29].

Migration Triggers
There are many external signals which can trigger cell migration. One of
the first studied migration triggers were the chemical substances. Migration
following gradients of soluble chemicals is also known as chemotaxis
(haptotaxis in the case of absorbed ones) [29–31]. By way of example, when a
cell dies, releases substances which are recognized by leukocytes. By
following the increasing gradient of chemical substances, leukocytes reach the
necrotic cells and phagocyte them [32]. Nowadays, migration via chemical
signals is not only a passively observed phenomenon but an actively controlled
process; the design of biomaterials with gradients of ligands present promising
results for tissue engineering applications where the control of the direction of
cell growth plays an important role, such as bone regeneration for dental
implants [33] or axon growth [34].
However, directed migration by means of topographical anisotropies was
already know at the beginning of the 20th century [35]. Later, in 1945, Paul
Weiss referred to this phenomenon as “contact guidance” [36]. In the human
body, we can find examples of contact guidance; during nerve regeneration,
Schwann cells form Büngner bands which act as scaffolds, guiding the growth
of axons in the correct direction [37, 38]. Cells respond to many different
types of topographical features such as pits [39], pillars [9], grids [40] or
channels [41] as well as to the dimensions of the pattern [40, 42]. The
geometry of the topographic features can also influence the behaviour of cells;
Park and co-workers found that fibroblasts seeded on samples with
concave-convex geometry, i.e., hills and valleys, tried to escape from the
bottom of the valleys (concave geometry) and climbed to the top of the hills
(convex geometry) [43].
Migratory response to differences in the elastic properties of the substrate,
or mechanotaxis, has been first reported by Lo and colleagues. In his work in
2000, he described the migration of fibroblasts into regions with increasing
compliance, defining this type of migration as durotaxis (Latin durus, hard;
Greek taxis, arrangement) [44]. This discovery opened the door to a large
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amount of research. Some investigators focused on the understanding of the
mechanotransduction process: the process in which mechanical signals, i.e.,
pulling forces exerted by cells, are translated into biochemical ones [45]. At
the same time, other researchers focused on the control of the migration
behaviour by means of using substrates with tailor-made mechanical
properties [46, 47]. Unlike chemical and topographical signals, which must be
in direct contact with the cell membrane, mechanical cues can be transmitted
by the substrate (similar to Andersen’s fairy tale: “The Princess and the pea”).
This leads to the thrilling question: how deep and how far can cells feel? In the
last decades, a lot of effort has been put into solving this question [48, 49]. The
answer to it depends on the substrate properties and nature: for example, some
studies on polyacrylamide show that cells can sense over a few tens of
micrometres, while on fibrous collagen, distances around 200 µm were
reported [49].
Aside from these migration triggers, cell movement can also be induced
by light [50], electric currents [51], and temperature gradients [15] among
others. These migration types are beyond our scope and will not be treated in
this chapter.
Since cell migration is involved in so many life processes, it becomes
especially interesting to fully understand the mechanisms behind it. Once we
know which triggers induce directed movement to the cells and how do them
respond to such cues, we could be able to control and direct cell migration
according to our interest, enhancing or inhibiting it according to the concrete
case, e.g., wound healing or metastasis respectively. However, in vivo
investigation of the migration process is complicated and expensive. For this
reason, substrates which can mimic the conditions in the human body are
required.

Poly(Ethylene Glycol): A Rough Diamond
Biomaterials are defined as “non-viable materials used in a medical
device, intended to interact with biological systems” [52]. They must
accomplish a series of compatibility requisites [53]: Biomaterials must be
mechanically compatible to match the mechanical properties of the tissue
where they are implanted. They must be chemically compatible to resist
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chemical attacks such as corrosion or degradation (despite degradation is
sometimes desirable). Finally, the must be biologically compatible for not
inducing immune reactions in the host tissue. Thanks to their compatibility
with biological systems, biomaterials are perfect candidates to mimic the in
vivo conditions in laboratories.
Hydrogels are a special type of polymeric biomaterials. They are
crosslinked networks which can incorporate large amounts of water into their
volume without being dissolved [54]. Thanks to their water content, hydrogels
present similarities to soft tissues. At the same time, they are permeable to
oxygen, nutrients and cellular wastes [55]. In this way, hydrogels function
more as interactive scaffolds rather than as mere inert containers or barriers.
Poly(ethylene glycol) (PEG), also known as poly(ethylene oxide), is a
type of hydrogel which has been extendedly used in biomaterial sciences. Due
to its chemical composition, PEG presents a high degree of affinity for water
molecules [56]. This affinity results in the formation of a water layer which
hinders the approach of proteins by steric effect [57]. Indeed, PEG is
renowned as an anti-fouling material. Most of the applications of PEG consist
in the functionalization of different surfaces with PEG chains in order to
render them anti-adhesive [3]. However, other authors use bulk PEG hydrogels
for cell studies, taking advantage of the anti-adhesive properties as a
background and functionalizing certain regions with adhesive molecules
(commonly arginine-glycine-aspartic acid, RGD) to induce specific interaction
with cells [58, 59].
Summarizing, the anti-adhesiveness of PEG hydrogels remained as a
generally accepted truth. Nevertheless, the pioneering work of Kim and
colleagues showed that no chemical modification of PEG hydrogels was
necessary to achieve cellular adhesion. They created a pattern of nanopillars
on the hydrogel, which modified its surface properties. This patterning
approach induced on the surface the previously introduced “lotus effect,”
increasing the hydrophobicity of the system and favouring the interaction
between protein and surface [60].
Following this line, in our group, we have shown that the adhesiveness of
PEG-based hydrogels can be also modified by the inclusion of micrometric
structures such as channels or pillars, without the necessity of modifying the
hydrophilicity of the substrate [9, 61, 62]. Fibroblasts adhering on such
hydrogels did not exhibit the expected spread phenotype typical for this type
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of cells. However, they showed viability levels comparable to those of cells
cultured on tissue culture polystyrene (TCPS) [63]. It remains unclear, why
fibroblasts adhered to those micro-patterned PEG substrates; we hypothesised
that the curvature induced by the topography may stabilize adsorbed proteins,
as demonstrated by Roach and colleagues [24]. At the same time, the pattern
created a micro-3D-environment, which presented to the cells more available
surface for adhesion and protected them from shear forces.
Our last findings highlight the fact, that the well-known and widely used
poly(ethylene glycol) still hides an ace up his sleeve; The “new” adhesive
properties of patterned PEG hydrogels opens the door to new applications and
design strategies of substrates for cellular studies. Definitely, the field of
applications of poly(ethylene glycol) deserves to be revised.

CELL ADHESION ON PEG FILMS
For the studies presented in this chapter, we used pure PEG and
PEG-based hydrogels:

Poly(Ethylene Glycol) Gels (PEG)
The precursors of those hydrogels notated as PEG were composed
exclusively of poly(ethylene glycol). We used two different macromonomer
architectures (Figure 1):




Linear poly(ethylene glycol) diacrylate: Short, linear chains of
poly(ethylene glycol) with a molecular weight of 575 Da. Due to its
low molecular weight, the pre-polymer is liquid at room temperature.
The chain ends were functionalized with acrylate groups. Thanks to
these end groups, the units can be photo-polymerized under ultraviolet
(UV) radiation in the presence of a photoinitiator.
Star-shaped 8-arm poly(ethylene glycol) acrylate: It is a multi-arm
PEG architecture with a molecular weight of 15000 Da. It is a solid at
room temperature, but it can be dissolved in water to become fluid.
The ends of the arms were acrylated to permit UV-crosslinking of the
units [64].
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Figure 1. General structure of PEG macromonomers: Poly(ethylene glycol) diacrylate
(PEG DA) and 8-arm PEG octaacrylate (8PEG). The crosses at the end of the chains
represent the crosslinkable acrylate groups.

Triblock-Copolymer PEG-b-PPG-PEG Diacrylate (3BC)
We also employed a triblock-copolymer in which the chain possesses a
middle block of poly(propylene glycol) (PPG) in between PEG blocks
(Figure 2). The PPG blocks in the chain modify the properties of the polymer,
increasing its hydrophobicity. This is translated into an increment in the
affinity of proteins for these substrates and, consequently, an enhancement of
the cellular adhesion. The chains have an average molecular weight of
4400 Da and these macromonomers (3BC) are conveniently liquid at room
temperature. As in the case of the previously presented materials, the chain
ends were functionalized with acrylate groups [65].

Figure 2. General structure of block copolymer diacrylate (3BC) macromonomers. The
crosses at the end of the chains represent crosslinkable acrylate groups.
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PEG-Based Polymer Blends (Blend)
In order to complement our toolbox of PEG-based hydrogels, we prepared
polymer blends mixing 3BC and (linear or star-shaped) PEG macromonomers
[64]. The advantage of these materials is that their properties, e.g.,
adhesiveness, swelling behaviour and stiffness, can be tuned, lying somewhere
between those of the two pure components, by controlling the 3BC:PEG ratio.
We prepared smooth films with these materials in order to study the
behaviour of L929 fibroblasts on them. The pre-polymer was mixed with a
photoinitiator prior to UV-polymerization. A complete description can be
found elsewhere [65]. These experiments served as a control for the study of
the adhesiveness of surface-patterned PEG hydrogels.

Figure 3. Optical and electron micrographs of L929 fibroblasts adhering on smooth
films of PEG, 3BC, Blend and TCPS (control).

Figure 3 shows fibroblasts seeded on PEG, 3BC and Blend smooth
hydrogels, as well as on TCPS for control purposes. Our observations
confirmed the previously reported results on PEG hydrogels, namely, we
observed round-shaped cells on PEG substrates. This morphology is typical
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for non-adhering fibroblasts. The analysis of the cell size (Table 1) showed
that the cells were not spreading at all, as expected for non-adhering cells.
Nevertheless, when seeded on 3BC substrates, L929 fibroblast did adhere and
spread their bodies to an extent comparable to those cells cultured on tissue
culture polystyrene. As previously mentioned, the enhanced adhesiveness of
3BC hydrogels can be easily understood as a consequence of the presence of
PPG in the polymeric network [66]. As expected, the blend substrates showed
intermediate behaviour between the two components: significant cell adhesion
when compared to pure PEG substrates, but not the degree of spreading
observed on pure 3BC.
Table 1. Size of L929 fibroblasts seeded on different smooth substrates.
The value was obtained as the length of its major axis
Material
Protein adsorption
Cell size (µm)

PEG
17 ± 1

3BC
+
57 ± 15

TCPS
+
63 ± 15

CELL ADHESION AND MIGRATION ON
TOPOGRAPHICALLY PATTERNED GELS
Up to this point, our observations confirmed the anti-adhesive properties
of PEG hydrogels. Nevertheless, supported by our findings on topographically
patterned PEG-based hydrogels (~85% PEG) [9], we decided to study the
behaviour of fibroblasts on similar substrates prepared with pure-PEG
polymers.
We prepared PEG substrates by cast molding the liquid pre-polymer on a
silicon wafer containing channel-like topography (Figure 4). The cast molding
method is a common soft-lithographic method in which a liquid elastomer is
poured into a mold containing certain topography. After polymerization, the
removed elastomer presents the negative copy of the topography of the initial
mold [67]. The substrates were classified according to the dimensions of their
pattern, namely width of channel (w), distance between channels (d) and
height of the channels (h) (Figure 5).
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Figure 4. Schematic representation of the cast molding method.

Figure 5. Graphic representation of the cross-section of a topographically patterned
substrate with an indication of the characteristic dimensions: width of the channel (w),
distance between channels (d) and height of the channels (h).

Figure 6. Scanning electron micrographs of L929 fibroblasts adhering on nano- and
micro-patterned 8PEG hydrogels with the following pattern dimensions (w-d-h) in µm:
Nano 1 (0.2-0.2-0.2); Nano 2 (0.4-0.4-0.2); Micro 1 (10-20-10); Micro 2 (20-10-10).
The white lines in Nano 1 represent the direction of the nano-pattern.
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Using this method, we managed to replicate in an easy and inexpensive
way features down to the nanometric scale. We prepared substrates exhibiting
micro- and nano-patterns with different dimensions and cultured L929 murine
fibroblasts on their surfaces (Figure 6).
Supported by our previous findings on quasi-pure PEG substrates [9, 63]
and according to our hypothesis, we observed adhesion of fibroblasts on PEG
substrates topographically patterned with nanometric and micrometric
channels (Figure 6). Fibroblasts adhering on nanometric topographies indeed
spread on the surface of the substrate, aligning to the direction of the pattern.
Meanwhile, on micrometric channels, the cells adhered exclusively to the
internal part of the channel (squeezing their bodies in the case of 10 µm-wide
channels). In this case, the cells remained more round-shaped, despite the
recognizable interaction between the cells and the walls of the channels;
Fibroblasts, as other adhering cells, usually present a spread phenotype,
considering round cells as unhealthy ones. For that reason, we assessed the
viability of these round-shaped fibroblasts (Figure 7). The live/dead staining
assay revealed no cytotoxic effect derived from the incubation on
topographically patterned PEG hydrogels after 24 h. Cells were viable and
reproduced as usually without showing any degree of malfunction.
Sample

Viability (%)

Nano 1

98.1 ± 1.9

Nano 2

98.9 ± 0.8

Micro 1

98.3 ± 1.4

Micro 2

99.1 ± 0.7

Figure 7. Viability of L929 fibroblasts incubated for 24 h on topographically patterned
PEG substrates. The right image (substrate Micro 2) is a representative fluorescence
image of the live/dead staining conducted to calculate the viability.

However, how can cells adhere on the supposedly anti-adhesive PEG? We
investigated the adhesion of proteins on the surface of topographically
patterned PEG substrates. Bovine serum albumin (BSA) is the most abundant
serum protein, while fibronectin (FN) is one of the most important
adhesion-mediating proteins. Both proteins have sizes (~14 x 4 nm BSA and
~15 x 9 nm FN) [68, 69] larger than the mesh size of the crosslinked 8PEG
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polymer (2.85 ± 0.13 nm) and, for this reason, cannot diffuse into the
substrate. These two characteristics make BSA and FN perfect candidates for
the study of surface protein adsorption on our hydrogels. The obtained results
indicated the presence of proteins at the bottom and at the walls of the
channels, with no detectable adsorption on the elevated structures (Figure 8).

Figure 8. Fluorescence micrographs of adsorption of bovine serum albumin (BSA) and
fibronectin (FN) on topographically patterned 8PEG hydrogels.

It is still not clear, which phenomenon is responsible for the observed
protein adsorption. To this respect, we have considered the following possible
factors:

Surface Roughness
As discussed above, the topography was created by cast-molding from a
silicon master. These masters can present irregularities on the walls of their
channels that will be transferred to the hydrogels, resulting in an anisotropic
roughness along the surfaces. Scanning electron microscopy (SEM) analysis of
the gel confirmed the suspected roughness of the walls of the channels
(Figure 9). This roughness can, as already explained, modify the hydrophilic
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behaviour of the PEG surface at that area, favouring the adsorption of proteins
on the walls. However, this analysis did not show remarkable irregularities at
the bottom of the channels, which would explain the protein deposition in
those areas. Despite we cannot completely dismiss the presence of
nano-roughness, we focused on another factor which reasonably explains the
adsorption of proteins inside the channels.

Figure 9. SEM image of a 8PEG hydrogel with channel-like topography (20 µm
channels vs. 10 µm “hills”). The image was taken with an inclination angle of 45°.

Shielding from Hydrodynamic Forces
Anything located on the surface of a submerged substrate is subjected to
hydrodynamic forces. These forces can remove deposited molecules with a
weak interaction with the surface, similar to a river washing down sediments
from the mountains. Proteins deposited on a smooth 2D PEG surface can be
affected by shear forces coming from any direction. The presence of channels
on the surface creates a technically 3D environment, where proteins are
protected from rinsing in almost all directions. At the same time, protein
adsorption is a competitive process occurring on a timescale of hours [70].
During this time, the composition of the adsorbed protein layer varies with
proteins adhering faster being replaced by other with a stronger interaction, a
phenomenon known as “Vroman effect” [71, 72]. For instance, BSA, a
nonadhesive protein, constitutes approximately the 50% of the proteins present
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in serum. Since the initial adsorption is mainly concentration-dependent, at the
early stages of adsorption, the surface may be mainly covered with BSA. Over
time, the affinity protein-surface becomes more important and the initially
adsorbed proteins can be exchanged by adhesive ones such as vitronectin or
fibronectin. We suggest that the hydrodynamic protection provided by the
topographical patterning may prevent protein washing and give adhesive
proteins time enough to settle down and adsorb on the surface.

3D Environment
A third aspect that could explain the cellular adhesion on topographically
patterned PEG substrates relies on the 3-dimensional nature of these
substrates. In opposition to 2D smooth surfaces, the topographically patterned
ones present a larger contact surface for (weakly) adhering cells and, therefore,
a higher number of adhesion points. It can be easily understood, that 100 weak
interactions are stronger than 10, and, consequently, an increase in the
available surface for adhesion will result into a stronger cell-substrate
interaction.
As already discussed, the process of cell-material interaction consists in
several steps: protein adsorption, cell adhesion, spreading and finally
migration. Once we confirmed the protein adsorption on our topographically
patterned PEG hydrogels and the capacity of fibroblasts to adhere on them, we
decided to investigate their migratory behaviour. We seeded the fibroblasts on
substrates with different dimensions which can be classified in these groups:
narrow (5 µm), medium (similar to the size of non-spreading L929 fibroblasts,
i.e., 10-20 µm) and wide (≥ 25 µm). We investigated the effect of the channel
size and the effect of the distance (also referred as “separation” or “spacing”)
between channels.
Figure 10 shows representative migration tracks on the studied substrates.
The migration tracks were obtained with time-lapse microscopy. When the
cells encountered narrow channels (Figure 10a), regarding their adhesion, cells
behaved in either of two ways: Some cells squeezed their bodies inside the
narrow channels and migrated along the channel direction due to the
confinement. This cell-substrate interaction, where the migration was directed
by means of physical barriers was described as “boundary guidance” by
Tonazzini and colleagues in opposition to contact guidance, where the
guidance is effected by features smaller than the cell diameter, such as “rails”
[37]. Other cells did not enter the channels and adhered on top of the substrate.
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These cells migrated with a certain degree of directionality along the channels;
however, they regularly reached adjacent channels and crossed from one to
another in a perpendicular way. In some cases, these jumps resulted in an
overall rather random migration.
If we carefully compare the migratory behaviour of cells seeded on
nanotopography [42] and those on 5 µm grooves, we can recognize some
differences. Cells seeded on nanotopographies are guided by several grooves
underneath their bodies. These channels are responsible for the cell alignment
that will influence their migratory behaviour. On the other hand, cells on 5 µm
channels are only in contact with one or, at maximum, two of them. This is
insufficient to induce cell alignment and, therefore, the cells “feel” rather a flat
surface with occasional grooves. This explains the observed randomness of
some cell tracks.

Figure 10. Representative migration tracks of L929 fibroblasts moving on
topographically
patterned
PEG
samples
with
dimensions
(groove
width-spacing-depth): a) 5-10-5; b) 10-50-15; c) 20-10-10; d) 50-10-10. Reproduced
with permission from [11].

When we used channels with widths similar to the size of our fibroblasts,
i.e., around 10-20 µm, cells fitted comfortably inside them and migrated
following the direction of the pattern (Figure 10b and c). When the size of the
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channel was set largely above the cell size, i.e., 50 µm wide channels, the cells
felt the surface as a homogeneous flat one and their random migration was
only restricted by eventual encounters with the walls of the channels.
Regarding the spacing between channels, we observed that on those
samples, where the channels were close to each other (Figure 10a, c and d), the
cells could easily reach adjacent lines and cross over to them. This was,
however, a rare phenomenon and mainly occurred when the migration inside
the channel was not favourable, as happened on substrates with 5 µm
channels. To completely avoid line-crossing, distances larger that the cell size
should be used between channels. In this way, cells are not able to spread their
bodies enough to reach adjacent grooves and stay in the original one.
Figure 11 shows a graphic summary of the migratory behaviour on
topographically patterned substrates: Parallel migration inside narrow and
medium channels, random migration “on top” of narrow channels and inside
wide ones, and line crossing at narrow spacing.

Figure 11. Schematic representation of the migratory behaviour on topographically
patterned substrates with increasing channel width. Reproduced with permission from
[11].

CELL ADHESION AND MIGRATION ON CHEMICALLY
PATTERNED GELS
Despite our observations, it is undeniable that PEG is much less adhesive
than other more hydrophobic hydrogels. For that reason, we decided to use
PEG as an inert background, opposed to more adhesive polymers patterned on
the surface of the substrates. Our expectation was to selectively control the
adhesion sites of fibroblasts and to control and direct their migration by means
of chemical signals. In order to prepare such patterned substrates, we have
developed a novel surface patterning method [65, 73]. This method, namely
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“Fill-Molding in Capillaries” (FIMIC), combines soft lithography with
capillary force driven filling of micro-channels (Figure 12). Briefly described,
a polymeric stamp is created by cast molding (see the previous section) and
placed pattern-down on a glass surface. The channels of the stamp, from now
on “mold,” are filled by capillary forces with a second liquid polymer
(“filler”). After polymerization of this second component inside the mold
channels, we obtain a flat hybrid substrate (the filled lines are integrated
together with the original mold) with a binary pattern on it. By using different
polymers for mold and filler, we obtain chemical patterns on the surface.

Figure 12. Schematic illustration of the Fill-Molding in Capillaries (FIMIC) method.
Reproduced with permission from [11].

The success of the filling process is dependent, amongst others, on the
adequate sealing of the patterned mold to the underlying substrate (e.g., a glass
slide), the surface tension at the liquid-vapour interface, the capillary radius,
and the contact angle between the polymer substrate and the liquid
pre-polymer (Figure 13). Typical defects in the fabrication of FIMIC
substrates are the delamination of the filled lines (Figure 13b) and the
formation of a “scum layer” (Figure 13c). The delamination is a consequence
of the different swelling behaviour of mold and filler components and can be
avoided by UV-curing the mold for a short period of time, leaving free
acrylate groups to crosslink with the filler material [11]. The formation of
scum layer results from a poor contact between mold and underlying substrate;
the filler material “escapes” from the channels and coats the interface
mold-substrate.
The advantage of our FIMIC method is the ease and rapidity with which
hybrid substrates with tailored geometrical parameters and highly tuneable
mechanical and chemical properties can be created [64]. Moreover, the hybrid
polymer gels with a 2D micro-patterned surface can be used to elucidate the
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cellular behaviour towards chemical, mechanical and physical surface
properties on a single substrate separately and in competition.

Figure 13. Micrographs of FIMIC substrates: a.1) Optical micrograph of a successful
FIMIC sample showing filled and empty micro-channels at the filling edge; a.2)
Scanning electron micrograph of a FIMIC cross-section showing filled
micro-channels; b.1-b.2) Optical micrographs of a FIMIC substrate showing
delamination; c.1) Optical image of a FIMIC substrate showing scum layer at the
filling edge; c.2) Optical image of a substrate with scum layer. The dotted line shows
the topographic profile of the original mold and the surface of the final substrate.

We prepared chemical patterns by using PEG and 3BC for filler and mold
materials alternatively. Due to the composition of 3BC, namely small PEG
chains (30%) and a long PPG chain (70%), this PEG-based material presents a
higher degree of hydrophobicity and cells do adhere to it [74] (Figure 3), while
the PEG lines offer an anti-adhesive background.
In vitro studies with L929 murine fibroblasts were conducted on FIMIC
substrates with such chemical patterns. The different adhesive properties of
both materials directed the cellular adhesion to the 3BC lines, as we expected
(Figure 14). Even when the density of cells increased, the “repellent” PEG
lines forced them to further spread their body in order to fit on the 3BC zones.
We studied the protein adsorption on these patterned gels since protein
adsorption plays a determining role for subsequent cellular responses. Using
fluorescently labelled BSA we observed significant and homogeneous protein
adsorption on the 3BC lines, while no protein adsorption was detected on the
PEG lines (Figure 15).
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Figure 14. Micrographs of L929 fibroblasts adhering on chemically patterned FIMIC
gels with 20 µm wide 3BC lines delimited by inert 10 µm wide PEG lines: a) Optical
image; b) Scanning electron image; c) Merged optical and fluorescence image where
the actin cytoskeleton was stained in red and the nucleus in green (see digital version).
Adapted from [65].

Figure 15. Protein adsorption on a chemically patterned gel prepared using PEG and
3BC. a) Fluorescence micrograph revealing Albumin adsorption on 20 µm wide 3BC
lines delimited by protein repellent 10 µm wide PEG lines. Previously hydrated
chemically patterned polymer gels were incubated with fluorescently labelled BSA (50
µg/mL); b) Fluorescence intensity profile across a chemically patterned gel.
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In line with the cell adhesion experiments, preferential migration of
murine fibroblasts was observed along the 20 µm wide 3BC lines (Figure 16).
As observed in the experiments of migration on topographically patterned
substrates, the dimensions of the pattern determined the migratory behaviour;
cells adhering on narrow stripes migrated parallel to the direction of the
pattern. It may result surprising to observe cases, in which the cells migrated
on top of the anti-adhesive PEG, crossing from one 3BC line to another;
however, this was only a visual artefact: Due to the relatively reduced size of
the PEG lines (below the typical size of a spreading L929 fibroblast), the cells
can spread their bodies over the PEG areas, reaching the adjacent 3BC lines.
In this way, the optical image shows a cell on top of a PEG line, while indeed
it is bridging it by adhering on the 3BC ones.

Figure 16. Representative migration tracks of L929 fibroblasts on chemically patterned
FIMIC gels with 20 µm wide 3BC lines (light blue) and 10 µm wide PEG lines (dark
blue).

By using 3BC and PEG to create chemical patterns, we cannot avoid
creating a mechanical pattern as well (3BC and PEG have Young’s Moduli of
≈200 MPa and ≈0.75 MPa respectively). In all our experiments, fibroblasts
adhered to the softer 3BC stripes; our findings clearly prove that, when using
pure PEG as background, chemical signals overrule mechanical ones.
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CELL ADHESION AND MIGRATION ON ELASTICALLY
PATTERNED GELS
In this chapter, we already showed that the presence of topography is able
to induce fibroblast adhesion on intrinsically anti-adhesive PEG. We also
presented an application in which this anti-adhesiveness is exploited to create
a like/hate pattern for controlled cellular adhesion at specific areas. In this
section we open a new question: Do differences in the mechanical properties
of PEG surfaces induce also cellular adhesion and migration?
Preferential adhesion and migration to stiffer regions has already been
reported and defined as “durotaxis” [44]. This phenomenon has been
traditionally studied on substrates presenting gradients of elasticity [44, 75].
However, some authors approached the problem by using patterns with
defined boundaries [46, 76–78]. This approach may result adequate according
to the findings of Kawano and colleagues. They reported that durotaxis occurs
when the jump in the mechanical properties is high enough (in their case,
40 kPa) and the boundary region is narrow, i.e., similar to the area of an
adherent cell [79]. When using patterns, the boundary size is no longer an
issue and only the elastic shift must be regarded. Previously reported works
used patterns with large sizes (hundreds of µm) [76, 77] or small ones (few
µm) [80]. In order to complement the information delivered by those works,
we used substrates with patterns similar to the area of an adherent cell.
Making use of the previously described FIMIC technique, we prepared
substrates, in which we used the same polymer as mold and as filler but with a
different concentration of cross-linker (CL), namely 0% and 10%; by changing
the concentration of cross-linker, we changed the degree of crosslinking of the
network and, therefore, modified the elasticity of the final gel. In this way, we
created smooth surfaces with clearly defined areas with different mechanical
properties.
L929 fibroblasts were seeded on FIMIC substrates prepared with 3BC and
with PEG (Figure 17). From these experiments, we obtained many interesting
and intriguing results.
Fibroblasts seeded on 3BC substrates adhered and spread as expected, due
to the higher adhesiveness of the material compared to pure PEG. However,
we observed consistent adhesion on the mold lines, regardless of their
stiffness; Figure 17a shows cells adhering to the 10 µm mold lines, prepared
with 3BC without addition of cross-linker (softer) avoiding the filled lines
with 10% cross-linker (stiffer), while Figure 17b shows adhesion on the 10 µm
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mold lines (stiffer) eluding the filler lines (softer). A similar behaviour was
observed on PEG FIMIC substrates; fibroblasts adhered to the 25 µm mold
lines, prepared with softer PEG (0% CL), and not on the lines filled with
stiffer PEG (10% CL) (Figure 17c). These observations contradict the
expected durotactic behaviour of fibroblasts.

Figure 17. SEM and Optical images of L929 fibroblasts adhering on elastically
patterned FIMIC substrates: a) 20-10 3BC 10% in 3BC 0% CL; b) 20-10 3BC 0% in
3BC 10% CL; c) 25-25 PEG 10% in PEG 0% CL. Filler-Mold sizes expressed in µm.
The dashed lines on the SEM image indicate the position of filler and mold lines.

A second interesting observation was the adhesion of L929 fibroblasts on
elastically patterned PEG substrates (Figure 17c). Cells on such substrates did
not spread as much as on 3BC. They remained mainly round-shaped;
nevertheless, they resisted the washing process prior to fixation. The analysis
of the adsorption of proteins, namely BSA, on our elastically patterned FIMIC
gels brought expectable results (Figure 18): Proteins adsorbed on the whole
surface of the samples prepared with 3BC, while we did not recognise
remarkable adsorption or differences in the fluorescence intensity between
filler and mold lines on PEG substrates. We only observed the presence of
BSA inside the unfilled channels of the substrate. This can be explained by the
protective effect of the topography against washing already commented in the
section of adhesion and migration on topographically patterned gels.
The surface roughness was also investigated as the source of such
uncommon behaviour. The fact that the mold lines were polymerized against a
silicon master, while for the filler lines a glass surface was used, could cause a
difference in the roughness of both areas. We prepared FIMIC substrates and
analysed the roughness of both, filler and mold lines, by atomic force
microscopy (AFM). The results showed that the roughness of mold and filler
lines (760 ± 240 pm and 726 ± 355 pm respectively) was statistically similar;
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therefore, the observed adhesion to the mold lines cannot be explained as a
consequence of the roughness of the different lines.
After assessing adhesion of fibroblasts on our materials, we studied their
migratory behaviour on them. We observed that, similar to the migration on
topographic substrates, the width of the adhering lines influenced the
directionality of the migration, with increasing randomness on wider stripes
(Figure 19). When the spacing between lines was similar to the size of a
spreading cell (20-30 µm for L929 fibroblasts), cells could cross to adjacent
adhering areas and, therefore, migrate perpendicularly to the pattern (Figure 19
left). When this spacing was increased, we avoided line crossing, resulting in
the geometrical restriction of the migration to the adhering stripes, without the
presence of physical barriers such as walls (Figure 19 right). In the case of
PEG substrates, 25 µm spacing was already sufficient to hinder perpendicular
migration, since fibroblasts did not spread as much as on adherent materials
such as 3BC.

Figure 18. Fluorescence images of BSA adsorption on elastically patterned FIMIC
gels: Upper row) FIMIC 3BC-3BC substrate; Lower row) FIMIC PEG-PEG substrate.
The dotted lines indicate the positions at which the intensity profiles were obtained,
namely, filled FIMIC area (middle column) and unfilled mold area (right column).

As expected from the observations on the adhesion of fibroblasts, cells
migrated on the mold lines of the substrate, independently of their relative
stiffness; Figure 19 shows adhesion on stiffer mold lines (left image) and on
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softer mold lines (right image). According to these observations, something
must interfere with the expected durotactic behaviour of fibroblasts.
Right after preparation, FIMIC substrates present a slight topography in
the order of hundreds of nanometres. At the same time, due to the different
swelling behaviour of mold and filler materials, this topography can be
enhanced or even reversed under cell culture conditions [11, 65] (Figure 20).
Due to the low height/width ratio (few micrometres height along up to 50 µm
width) and the absence of abrupt topographic changes along the surface, we
considered this topography negligible and assumed that the cells will not
respond to it. However, as already discussed, Park and co-workers reported the
influence of surface curvature on the migration of cells, stating that they
migrate towards convex structures, avoiding concave ones [43]. We observed
that cells seeded on gels where the filler swelled more than the mold, attached
and migrated on stiffer mold lines, according to the durotaxis theory. When
seeded on substrates where the mold swelled more, they adhered on the softer
mold lines, except in one case, namely on 50 µm mold lines, where they
adhered to the stiffer filler lines. A close analysis of the surface of the gels
proved that our cells contradicted the durotaxis theory only in those cases
where the curvature, defined as height/width ratio, was elevated. In those
experiments, where cells migrated in agreement with the durotaxis theory, the
curvature of the convex structures, or “hills” was below 1:30. When the
curvature exceeded that value, cells ignored the mechanical pattern and started
to migrate to the convex areas of the surface.

Figure 19. Representative migration tracks of L929 fibroblasts on elastically patterned
FIMIC substrates: Left) 10-20 3BC 0% in 3BC 10% CL; Right) 25-25 PEG 10% in
PEG 0% CL. Reproduced with permission from [11].

In order to confirm our hypothesis, we decided to use a PEG-based blend
material prepared by mixing pure PEG and 3BC. In this way, we obtained
materials with tailor-made swelling behaviour by controlling the mix ratio
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between the two pure components. The goal of this strategy was to level-out
the initial topography of FIMIC substrates, i.e., in dry state, by controlling the
relative swelling between mold and filler lines [64]. Using these materials, we
managed to create topography-free FIMIC substrates where the only
anisotropy present was in form of mechanical patterns [11] (Figure 21).
Fibroblast seeded on such FIMIC substrates, in the presence of elastic patterns
and absence of chemical and topographical signals, migrated according to the
durotaxis theory [11] (Figure 22).

Figure 20. AFM topographic profile of PEG FIMIC substrates in dry and swollen state.
Mold and Filler were prepared with PEG with and without the addition of cross-linker
(10% and 0% respectively). The stiffer material (10% CL) is represented in dark blue,
while the softer (0% CL) is represented in light blue.

A summary of the observed migratory behaviour regarding the dimensions
of the pattern (line width) is represented in Figure 23. We found, that cell
migrated parallel to the pattern direction when the width of the line was
similar to the cellular size. When the width was increased, the degree of
randomness increased as well as a result of distance that a cell must cover
between it encounters the next boundary; a cell sitting at the centre of a wide
line will feel its immediate environment as homogeneous and, therefore,
migrate in any direction. Similar to our observations on topographically and
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chemically patterned substrates, when the width of the lines where the cells
did not adhere was low, they could bridge over them to reach the adjacent
“adhering” one, resulting in perpendicular migration or zebra crossing. When
we increased that separation, the cells remained in their initial lines and no
line-crossing was observed.

Figure 21. AFM topographic profile of Blend FIMIC substrates in swollen state: Solid
line) Sample where the initial topography was levelled out by the higher swelling
degree of the filler component; Dotted line) Sample where the initial topography was
increased by the higher swelling degree of the mold component.

Figure 22. Representative migration tracks of L929 fibroblasts on elastically patterned
FIMIC substrates prepared with 20 µm Blend 0% filler lines in 10 µm Blend 5% CL
mold lines. Reproduced with permission from [11].
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Figure 23. Schematic representation of the migratory behaviour on elastically patterned
substrates with increasing line width. Reproduced with permission from [11].

CONCLUSION
In this chapter we have presented the adhesive and migratory behaviour of
L929 fibroblasts on patterned substrates using a toolbox of linear and
star-shaped PEG-based materials. We have observed that fibroblasts seeded on
PEG hydrogels with micro- and nano-patterned topographies adhered on them,
despite their intrinsic anti-adhesiveness. Analysis of the protein adsorption on
such samples has shown deposition of proteins at the bottom and the walls of
the channels, allowing subsequent cellular adhesion.
We have presented the FIMIC method as a suitable tool to generate
smooth substrates with binary patterns in form of lines. Chemically patterned
hydrogels have been prepared using the FIMIC method. Fibroblasts confronted
to a chemical pattern of PEG and 3BC lines, exclusively adhered on the later
material. We have confirmed preferential absorption on the 3BC areas, a
situation promoted by the presence of hydrophobic poly(propylene glycol) in
the block copolymer.
We have verified that in the presence of mechanical patterns, PEG
substrates allowed adhesion of fibroblasts. An analysis of the protein
adsorption and surface roughness on such substrates did not elucidate the
underlying cause of such an unexpected behaviour. Surprisingly, it was found
that fibroblasts seeded on our elastically patterned FIMIC samples adhered
mainly on the mold lines of the substrate, ignoring in some cases their relative
stiffness and contradicting the durotaxis theory. We have found out that in
those cases where the cells migrated on softer materials, the substrates
presented a higher curvature on their surfaces than those substrates where the
cells migrated on stiffer lines. Under such conditions, cells migrated to convex
structures, “hills” in the topography, which corresponded to the softer mold
lines. Our experimentation has confirmed that over a certain value of curvature
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the control of the migration shifts from mechanical to topographical cues.
Experiments carried out with mechanically patterned gels, where the
topography was levelled out by using a polymer blend, have demonstrated that
in absence of curvature, fibroblasts migrate on stiffer areas, in line with the
durotaxis theory.
Analysing the effect of the dimensions of the patterns on the directionality
of the cellular migration, we have revealed that the use of narrow lines
enhanced migration parallel to the direction of the pattern. When wider lines
were used, the migration tracks became more and more random. Perpendicular
migration (or “zebra crossing”) was achieved by using narrow spacings
between adhering lines, while when wider separations were used, this
phenomenon lost significance and cells remained on their initial adhering
lines. Additionally, the use of chemical and mechanical patterns has shown to
restrict migration to those adhesive lines and, by means of controlling the
pattern dimensions, directed cell migration parallel to the direction of the
created pattern could be achieved.
These findings can serve as a first step in order to create engineered
substrates for controlled and directed migration, with interesting applications
in regenerative therapies such as nerve or wound regeneration. At the same
time, they highlight the importance of controlling all parameters of design of
the substrate (chemistry, elasticity, topography…) for not getting unexpected
cellular responses, such as undesired adhesion on PEG films due to the
presence of (unintended) topographic features.
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