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silicone rubber using lift-off epoxy-membranes for
biomechanical analyses
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and Rudolf Merkel

Surface patterning with complex molecules has become a valuable tool in cell biology and biotechnology,
as it enables one to control cell shape and function in culture. However, this technique for micro-contact
printing is normally performed on rigid substrates, e.g. Petri dishes or glass. Despite the fact that these
substrates can easily be patterned they are artificially stiff environments for cells affecting their
morphology and function. Those artifacts can be avoided on tissue elasticity resembling substrates,
leading to a nature like cell morphology and behavior. However, reproducible patterning of very soft
elastomeric substrates is challenging. Here, we describe a simple and highly accurate method through
cavities of lift-off membranes for protein patterning of silicone rubber substrates in an elasticity range
down to 1.5 kPa without altering their mechanical properties. Membranes are made of epoxy resin with
feature sizes that can be chosen almost arbitrarily including widths down to 5 um and aspect ratios of
100 and more. Different feature shapes were used to actively manipulate cell adhesion, cell morphology
and the actin cytoskeleton on soft substrates. Manipulation of cytoskeletal organization furthermore
allowed the comparison of myofibril alignment and cellular forces of cardiac myocytes. These data could
show that cell forces are largely unaffected upon active disordering of overall myofibril alignment on a
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Introduction

The technique of micro-contact printing (LCP), used to date for
a wide spectrum of scientific applications including biological
ones, was first introduced by A. Kumar and G. M. Whitesides in
1993." They printed so called self-assembled monolayers (SAMs)
onto gold surfaces using a stamp composed of a silicone elas-
tomer (crosslinked polydimethylsiloxane: PDMS, Sylard 184,
Dow Corning). Over the last two decades this micro-patterning
technique enabled the production of geometrically defined
patterns to investigate different aspects of cell behavior, e.g. cell
spreading and adhesion formation,> apoptosis,® differentiation,
migration,* cell growth and proliferation.>>® In the late 1990s
Chen et al. highlighted the importance of the cell shape for cell
fate. He and his colleagues compared cells on patterned and
non-patterned substrates, showing that cells seeded on non-
patterned substrates would not undergo apoptosis while 20% of
seeded cells underwent programmed cell death on circular
shaped patterned substrates. In a further experiment they
decreased the diameter of the circular features from 20 pm to 10
pum resulting in an increase of apoptotic cells.>* Regarding the
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single cell level while aligned multicellular systems generate cell forces in an additive manner.

differentiation behavior of cells it could be shown that mesen-
chymal stem cells (MSCs) seeded on micropatterned substrates
initially form multicellular aggregates. Subsequently, patterns
are able to direct lineage specification by virtue of the pattern
geometry and of the cell position within the multicellular
aggregates.” pCP has also been exploited to gain a deeper
understanding of the mechanisms of cell migration. In a recent
study nCP was used to print substrate-bound molecular gradi-
ents to investigate neurite outgrowth and axon guidance of
single multipolar neurons.®

Effects on cell shape, intracellular organization and cell
function have been impressively demonstrated on cardiac
myocytes. Here, freshly isolated myocytes usually become
pleomorphic when cultured on fibronectin (FN) coated
unstructured, stiff cell culture substrates. In those cells, sarco-
meres are located primarily in the cell center and artificial stress
fibers connect barely ordered myofibrils at both ends to focal
adhesion like adhesion spots.**** By providing cardiac myo-
cytes with microstructured substrates displaying adhesive
features of various shapes and sizes myofibril organization,
sarcomere localization as well as calcium metabolism and even
contractile behavior could be tuned.*

An alternative strategy for generating protein patterns on the
micron scale is the use of elastomeric lift-off membranes by
spin-coating a silicone rubber prepolymer onto a “master”
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consisting of photoresist features on a silicon wafer and
subsequent prepolymer crosslinking.”** However, in both
cases soft and therefore sticky silicone rubber lift-off
membranes were fabricated that could be used for micro-
structuring of stiff surfaces only.

Another elegant strategy for generating lift-off membranes is
the process of micromolding in capillaries (MIMIC).*>*® In
essence the lift-off membranes are thin (approximately 25 pm)
films of for example cured epoxy resin exhibiting micron-sized
holes. Production of such microstencils starts with suitably
shaped molds fabricated from rigid silicone elastomers by
standard replica molding. Such a mold is then placed on top of
a flat and rigid substrate. Subsequently, the shallow gap
between the mold and the substrate is filled with the epoxy resin
via capillary suction. Finally, the resin is cured to form a
membrane and freed from the support by physical or chemical
treatment.

The most crucial step in this procedure is filling the mold
with the resin without trapping air bubbles or other defects.
This is basically a problem of microfluidic two-phase flow, i.e.
air and resin. The simplest experiment in this field is capillary
filling. Despite its deceiving simplicity in everyday laboratory
work, almost one century of scientific research on capillary
filling"”** has resulted in a surprisingly complex picture
demonstrating that void free filling of a complicated micro-
structure requires a delicate tuning of flows and driving forces
(for details see also Experimental: Theoretical considerations).
In cell biology, microstencils were used to coat the underlying
stiff substrates without the need for an intermediate carrier of
the protein (e.g. silicone rubber stamps) or to pattern cells on
plastic and glass surfaces directly within the physical constrains
provided by the holes of the membranes.*

Beyond cell shape definition substrate elasticity has been
shown to be a potent cue to direct cell morphology, protein
expression and differentiation enabling a closer approach to
nature-like cell behavior in culture.”?* For most cell types
substrate stiffness resembling those in native tissues (e.g. about
10 kPa for myocard) is most favorable. Surprisingly, substrate
patterning for cell biology is often performed on very stiff
substrates such as Petri dishes, glass and gold surfaces or rigid
silicone rubber substrates with an elasticity (E) clearly exceeding
1 MPa.”**?® As a consequence, those substrates still display an
artificial environment for cells affecting their morphology and
behavior. Thus, there is a need for techniques to produce
microstructures on very soft elastomeric substrates without
altering the mechanical properties of the soft elastomer.

Two main and complementary groups of soft, elastomeric
substrates are known for generation of planar cell culture
systems, i.e. hydrogels with clear advantages for generation of
substrate elasticities below 1 kPa and systems based on cross-
linked silicone oils characterized by extraordinary shelf lives
and simple protein coating. Especially for hydrogels various
molecules can be used for fabrication as e.g. alginates, PEG or
cross-linked acrylamide.*»**"*' However, micropatterning with
proteins of those hydrogels typically depends either on complex
chemical surface activation procedures**™* or on p-contact
printing techniques.®® Unfortunately, p-contact printing can go
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along with highly inhomogeneous concentrations of transferred
proteins or peptides and incomplete shape reproduction.
Recent developments reduced the number and complexity of
chemical surface procedures for coating by deep UV-patterning
of polyacrylamide substrates and subsequent simple EDC-NHS
protein coupling (Tseng et al. 2011). Also transfer of activated
proteins that physisorbed to p-contact stamps from solution led
to the formation of defined and relatively homogeneous adhe-
sion areas on polyacrylamide gels (Rape et al. 2011). Both latter
techniques were performed on substrate elasticities in the 6 to
8 kPa range.

On silicone rubber, as a second elastomeric system vitally
necessary for biomechanical applications, surface activation
can be omitted upon protein transfer due to sufficiently high
physicochemical interactions between the substrate and the
transferred molecule. Still, p-contact printing leads to similarly
inhomogeneous protein transfer. Moreover, extremely strong
adhesion between ultrasoft rubber substrates and stamps
renders p-contact printing impossible. Finally, UV-light or
plasma used to reduce surface stickiness or to further elevate
protein adhesion stiffens silicone rubber surfaces in a hardly
controllable manner®***” and therefore needs to be omitted for
most biomechanical analyses.

In this article we introduce a simple patterning technique
able to produce 2-D microtissues of defined shape and size on
very soft elastomeric silicone-rubber substrates using novel lift-
off epoxy membranes. Feature sizes and aspect ratios can be
tuned in a wide range allowing the generation of patterns even
on substrate elasticities as soft as 1.5 kPa. Since patterning
takes place by protein physisorption and not stamping, protein
denaturation is minimized and features are homogeneously
coated. The technique allows the simultaneous analysis of cell/
colony geometry and cell mechanics and facilitated us to char-
acterize the correlation of cytoskeletal order with cell force
generation for cardiac myocytes in detail.

Results
Membrane fabrication and application

Micropatterning of substrates resembling natural elasticities
to eliminate artificial cell behavior and also to allow cell
mechanical analyses on defined cell colonies was hardly
possible with existing techniques. For this reason we adapted
and further developed a technique based on work by White-
sides and coworkers>*>'® to create micro-colonies on even very
soft silicone rubber substrates. The method is based on micro-
structured epoxy lift-off membranes whose fabrication is
stated in detail in the Experimental section and in the sche-
matic outline of Fig. 1. The initial step in membrane fabrica-
tion was the generation of a micro-structured photoresist layer
of 25 pm in height on a silicon dioxide support. A heat-curable
elastomer based on polydimethylsiloxane (Sylgard 184) was
poured over the master and cured, providing a micro-struc-
tured stamp. After placing the stamp onto a glass slide, epoxy
resin was disposed at the stamp boundary to fill up the thin
gap between the stamp and the glass bottom by capillary
suction. After curing of the epoxy resin, the stamp was

This journal is © The Royal Society of Chemistry 2014
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Fig.1 Schematic outline of microstructured epoxy lift-off membrane
fabrication. (1) The initial step for membrane fabrication is the
production of a micro-structured SU-8 photoresist (25 um thickness)
on a silicon support. (2) An elastomer prepared from poly(dimethylsi-
loxane) (PDMS, Sylgard 184, base to curing agent 10 : 1) is poured over
the master and cured at 60 °C for 2 h. (3) The PDMS-stamp is then
peeled off the silicon master. (4) PDMS-stamp and a glass slide
become silanized trichloro(1H,1H,2H,2H-perfluorooctyl)silane. This
step reduces the adhesive forces between the PDMS-stamp as well as
the glass slide and the cured epoxy membrane so that the epoxy film
can easily be peeled off. (5) The silanized PDMS-stamp is placed on the
silanized glass slide. The epoxy resin is then dispensed by capillary
suction between the stamp and the glass slide. (6) After curing of the
epoxy resin, the stamp is removed and the microstructured membrane
is peeled off the glass slide. (7) In the next step the membrane is placed
on soft elastomer substrates and coated with extracellular matrix
proteins e.g. fibronectin (FN). (8) After discarding the FN solution, the
membrane is removed gently from the soft substrate leaving the
microstructured FN coating. (9) By blocking the non-FN coated area
with a Pluronic F-127 solution to prevent cell adhesion, cells can be
seeded (10) and adhered at predefined areas only.

removed from the glass slide and the cross-linked epoxy
membrane could be peeled off. Resulting membranes
comprising different microstructures (membrane A with small
squares and rectangles and membrane B with lines of varying
widths) are shown in Fig. 2A and B as scanning electron (SEM)
micrographs. Micro-structured epoxy membranes were
approximately 25 pm thick and features were well molded as
holes spanning the entire epoxy membrane. Edges were evenly
cast no matter which structure size or aspect ratio was
analyzed (Fig. 2). Furthermore, epoxy-membranes themselves
exhibited smooth surfaces on both sides.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Scanning electron micrographs of epoxy membranes. Two
types of epoxy membranes consisting either of squares and rectangles
of varying size (membrane A) (A) or lines of varying widths (membrane
B) (B) were gold sputtered and imaged. Note that the 2.5 um line could
not be generated by photo-lithography and was therefore not avail-
able as a cavity for lift-off membrane coating. Scale bars, A: 200 pm
and B: 100 um.

Observation of epoxy-elastomer interplay and imbibition

Surface tension of the fluid and its contact angle to the capillary
walls are major determinants of capillary suction and were
therefore measured. For the contact angles of epoxy resin to
silanized glass and the silanized silicone elastomer we obtained
74° and 82°, respectively (Table 1). The standard deviation of
repeated measurements amounted to 3° and 5°. These values
were obtained on small drops deposited on flat substrates.
Moreover, the contact angle of epoxy resin to silanized silicone
could be also observed from microscopic observation of imbi-
bition (Fig. 3A). From such micrographs we obtained a contact
angle of 73° with a standard deviation of repeated measure-
ments of 2°. This value measured on a steadily advancing
meniscus coincides within experimental uncertainty with the
one measured on a sitting drop.

The interface tension between ambient air and epoxy resin
was determined by the Wilhelmy plate method. We obtained a
value of 70 mN m~" with an uncertainty of 11 mN m™" that is
mostly due to the scatter of the contact angle measurement.

During steady advancement of the resin through the
microstructure of membrane A we observed velocities of the
meniscus ranging from 6 to 9 um s~ (Fig. 3A). Moreover, here
the interface underwent marked edge pinning (Fig. 3B). During
pinning the visible curvature of the meniscus changed from
concave to convex with accordingly high changes in angles
between the meniscus and silicone structures. Moreover, the

Table 1 Summary of measured contact angles of epoxy resin on
different substrates

Contact

Epoxy resin to: angle [°] s.d. n

Glass 22 3 6
Glass silanized 74 3 6
Sylgard 10 : 1 silanized 82 5 6
Sylgard 10 : 1 silanized (imbibition) 73 2 40
Sylgard 15 kPa 69 10 6
Sylgard 1.5 kPa 88 7 6

Soft Matter
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Fig. 3 Imbibition analyses: (A) advancement of epoxy resin through
the silicone structure. Left: brlght field micrograph showing the sili-
cone structure (1), resin (2) and air (3). Scale bar, 50 um. Right: overlay
of thresholded micrographs (contrast enhanced) taken at intervals of 4
seconds. The arrow indicates the direction of motion. In this specific
case the meniscus moved at 6.8 pm s~* and exhibited a contact angle
of 75° to silicone. (B) Pinning of the advancing meniscus at edges. Time
series (interval 0.1 s) of bright field micrographs, direction of motion
from left to right. Note the motional blurring in the right two micro-
graphs. Scale bars, 50 pm.

meniscus was barely moving during pinned episodes. In
contrast, very high velocities occurred during snap-off. In the
case of Fig. 3B the maximum speed was estimated to about
400 pum s~

The cured membranes displayed smooth surfaces and fairly
rigid material behavior. The actual Young's modulus was
determined by stepwise bending of a thin plate of cured epoxy
resin. The material responded linearly and reversibly to the
deformation. A slight viscoelastic relaxation was seen. With a
30 s relaxation period after each step and averaging over loading
and unloading curves we found a Young's modulus of 2 GPa,
comparable to familiar plastics listed in ref. 38 like polystyrene,
2.4-3.2 GPa, or polycarbonate, 2.1-2.4 GPa.

Since we wanted to use epoxy membranes to generate
defined p-colonies of mammalian cells on soft silicone rubber
substrates, we tested the adhesiveness between epoxy
membranes and silicone rubbers of varying elasticity. After
attachment, epoxy membranes could be peeled from silicone
rubber substrates of 10 kPa and stiffer without visible surface
damage as analyzed by bright field microscopy.

Cell patterning on soft silicone rubber substrates

In order to generate defined p-colonies of mammalian cells,
membranes were placed on silicone rubber substrates of
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varying elasticities (1.5-100 kPa) to enable elastomer surface
coating with extracellular matrix molecules (ECMs) through
epoxy membrane microholes. Right after coating the membrane
was removed and non-ECM coated surface areas of the elas-
tomer substrates were blocked with Pluronic F-127. A primary
isolated mixture of cardiac myocytes and cardiac fibroblast was
added to the micropatterned substrates and cell adhesion
was analyzed after 6 hours. No matter which substrate elasticity
was analyzed, areas surrounding adhesive islands were always
effectively blocked for cell adhesion (Fig. 4). Few isolated cells
still visible were inefficiently adhered with mainly round cell
shapes. Even after longer incubation periods of two days Plur-
onic-127 coats remained fully active with basically no cell
adhesion around adhesive islands (data not shown). In contrast
to surrounding surface areas, cell recognition of patterned
structures was highly effective on all soft substrate elasticities
down to 15 kPa (Fig. 4A and C, only shown for soft 15 kPa
substrates). Small adhesive squares of 25 x 25 um were formed
and subsequently recognized by cells even in direct contact to
large structures of 400 x 400 um (Fig. 4A). Similar results of
stable cell adhesion and cell shape adaptation were also

Fig.4 Defined cell cluster formation. Squared and rectangular pattern
shaped (A and B: membrane A) as well as line shaped (C and D:
membrane B) 2-D cell clusters of primary myocardial cells were
generated on soft (15 kPa) (A and C) and ultrasoft (1.5 kPa) (B and D)
silicone rubber elastomers. Cells were stained for actin (green) and a-
actinin (red). Magnifications below indicate cell clusters or regions
indicated in the overview images. Scale bars, 400 um.

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c3sm53123f

Published on 14 January 2014. Downloaded by Forschungszentrum Julich Gmbh on 17/02/2014 08:26:05.

Paper

observed for long lines of varying widths with a limit in line
width recognition of 10 um (Fig. 4C, membrane B).

For elastomeric substrates of even lower stiffness (1.5 kPa)
generation of adhesive islands was still possible. While small
squares and rectangles were visibly affected in reproducing
shape accuracy of the epoxy membrane on soft substrates,
larger structures and especially lines were sufficiently well
formed and subsequently recognized by cells (Fig. 4B and D).
However, line widths on 1.5 kPa were larger than expected when
compared to the original lines used for patterning and very
slight elastomer surface damage could be observed under the
light microscope after lift-off membrane removal.

To determine whether the lower limit for cell recognition of
features transferred through epoxy membranes in the range of
25 um for squares and 10 um for lines was due to incomplete
pattern transfer or due to the limited cell adhesion area we
used epoxy membranes (membrane B) and coated soft 1.5 kPa
elastomeric substrates through the features with fluorescently
labeled fibronectin. After membrane removal those substrates
were used to analyze the efficiency of ECM surface coating and
cell adhesion (Fig. 5A). The results prove ECM coating for all
feature sizes used. Also lines with 10 pm and even 5 um
(Fig. 5C) in width were well visible with protein densities
comparable to all other coated structure sizes. However, cell
adhesion was already affected on line widths of 10 pm. Here as

A

D 50 kPa
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well as on 5 pm thin lines only a very low number of cells
bound the coated areas exhibiting a rounded shape and no
detectable cell cycle over time as analyzed also with 3T3
fibroblast cells (Fig. 5C).

The accuracy of adhesive pattern formation and subsequent
cellular edge recognition was analyzed in more detail on various
substrate elasticities. Protein transfer through epoxy
membranes resulted typically in either very accurate borders
(top border, Fig. 5B) or in borders with small semi-circular
defects (lower border, Fig. 5B). Fluorescence micrographs
indicated completely coated areas in between with 200 to 400%
variations in protein density. The softer the elastomeric
substrate was, the more often defects were observed. On elas-
ticities above 15 kPa, defects were basically absent (data not
shown). To verify possible reasons for defect formation on very
soft silicone rubber substrates we analyzed the contact area of
50 kPa and 1.5 kPa silicone rubber with epoxy membranes at
microholes (Fig. 5D). Confocal Z-stacks prove very clearly for
1.5 kPa substrates a bulged silicone rubber within cavities with
local contact to epoxy cavity walls. Bulging and therefore wall
contact could rarely be observed on stiffer 50 kPa substrates.
Therefore we concluded that local wall contacts might be
responsible for the slightly increasing surface area or coating
defects observed on very soft substrates after membrane
removal.

B ECM

T
AL \ |
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Fig. 5 (A) Using epoxy membranes thin lines of fluorescently labeled fibronectin (red) were generated on ultrasoft 1.5 kPa substrates and

subsequently incubated with cells. After growth for two days, cells were fixed, stained for actin (green) and analyzed for cell adhesion depending
on feature widths. (B) Lines of 25 pm in width were formed as in (A) and analyzed for homogeneous and stable fibronectin coating (red) after two
days of cell adhesion (green, actin). Fluorescence intensities were determined along lines (1 and 2) and are given as gray values below. (C) A single
3T3 fibroblast adhered round-shaped to a 5 um coated line. (D) Epoxy membranes were attached to soft (50 kPa) and ultrasoft (1.5 kPa) DiD pre-
stained silicone rubber substrates. Subsequently, confocal Z-stacks were taken at cavity sides visualizing silicone rubber (red) and auto-
fluorescence of epoxy membranes (green). For ultrasoft elastomers note the bulged silicone rubber within cavities with local contact to epoxy
cavity walls while stiffer elastomers barely bend into cavity lumen.

This journal is © The Royal Society of Chemistry 2014 Soft Matter
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Combination of defined cell shapes with traction force
microscopy

The ability to dictate cell shape on soft silicone rubber
substrates let us ask how overall myofibril organization as force
generating units of cardiac myocytes influences total cell forces.
Keeping the adhesion area constant various shapes were
generated (Fig. 6A) on soft 15 kPa elastomeric substrates. No
matter which predefined shape was analyzed, myofibrils were
always formed as indicated by sarcomere formation and well
visible Z-band staining. However, overall myofibril alignment
was largely affected from largely unordered on round structures
to well aligned on rectangular adhesion areas. Cells of trian-
gular or squared shape were characterized by bundles of
myofibrils aligned along area edges, therefore giving a mix of
enhanced alignment on the small spatial scale and low align-
ment on the overall cell level.

Since cardiac myocytes are driven by stable contraction
amplitudes causing continuously elevating force values with
increasing substrate stiffness,*® we analyzed whether the pre-
defined cell shape and therefore overall myofibril organization
within the cells would affect generated force values while
keeping the substrate elasticity constant. Cells, shaped as given
in Fig. 6A, were analyzed for overall contractile force values on 15
kPa substrates (Fig. 6B). Interestingly, no significant correlation
between overall myofibril order and contractile forces could be
identified with average force values in the 75 nN range (Fig. 6C).
Furthermore, these values were comparable to those of cells that
adhered to overall homogeneously coated substrates.*

Keeping the width of cells constant, rectangular shaped
cardiac myocyte single cells were compared to cell clusters

A
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composed of two cells. While single cells were characterized by
an adhesion area of 1040 um? (s.d. 204 um?) on average, clusters
of two cells adhered over an area of 1280 um” (s.d. 148 um?).
Upon cell-cell contact formation myocytes therefore reduced
their adhesion area per cell, resulting in a still incomplete fill-
out of the 1500 pm? adhesion areas in the longitudinal direc-
tion. Spontaneous beat frequencies of rectangular single cells
and cell clusters were comparable with beat frequencies of
about 1 Hz (s.d. 0.66 Hz). Overall contractile forces of two-cell
clusters however clearly indicate an additive contractile cell
behavior. With 119 nN (s.d. 74 nN) two-cell clusters were
significantly stronger than single cells (Fig. 7A and B). As sites of
cell-cell contacts no substrate deformations could be visualized
(Fig. 7A) arguing for stable cell-cell contact formation and
contraction as functional unit as known for natural myocard
tissue.

Discussion

Generation of defined single cell or cell cluster shapes on soft
elastomeric substrates is of urgent need for biotechnological
and medical applications. Hereby mechanical signals i.e. in this
case elasticity and topography can be ideally combined with
chemical factors in order to direct cellular function in direc-
tions of natural in vivo behavior. Separately, elasticity as well as
cell shape or size definition are well known to regulate cellular
processes from simple functional adaptations to complex
differentiation processes.>>>***>

However, combining both mechanical parameters remained
challenging due to severe technical problems with reproducible

sum of contractile
forces [nN]

Fig. 6 (A) Defined adhesion patterns of approximately 1500 um? and round, triangular, square or rectangular shape were formed using epoxy
membranes on silicone rubber substrates (15 kPa) labeled with fluorescent beads (not shown) (for exact dimensions see Experimental). Cells were
fixed and stained for a.-actinin (green) and nuclei (DAPI, blue). (B) Traction force microscopy of shaped cardiac myocytes were performed over at
least 4 spontaneous contractions each. Substrate deformations were visualized by following displacements (second right) of substrate incor-
porated beads (second left) and subsequently back-calculated into forces (right). Following experiment, cells were fixed and stained for a.-actinin
and nuclei (left). Scale bar = 20 um. (C) Average sum of contractile forces including s.d. for cardiac myocytes with shapes as indicated. Number of
analyzed cells: circle = 5, triangle = 14, square = 12, short rectangle = 5, long rectangle = 28.

Soft Matter This journal is © The Royal Society of Chemistry 2014
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Fig. 7 (A) Traction force measurements (right) were performed on
rectangular shaped cell clusters composed of two cells (bottom) and
compared to those of single cells (top) of identical shape. After cell
force calculation cells were fixed and stained for a-actinin (green) and
nuclei (blue) (left). Cell-cell contact zone is indicated by a dotted line
with no detectable force application beneath. (B) Averaged sum of
contractile forces for single rectangular shaped cells (single, n = 28)
and cell clusters (cluster, n = 6). Note that none of the analyzed cells/
cell clusters was impaired by the limited adhesion area in the longi-
tudinal direction.

and fast elastomer functionalization at distinct spots with
defined molecules. When using polyacrylamide hydrogels
surface functionalization with proteins to induce cell adhesion
depends on complex protocols covalently coupling either reac-
tive amines on proteins via sulfo-SANPAH or carbohydrate
groups on proteins via hydrazine hydrate to PAA gels.**** Latest
developments have simplified chemical functionalization to
EDC-NHS coupling after deep UV-illumination** or use of
activated proteins.*® Comparable coupling reactions are used
for PEG-based hydrogels. While those elastomers are often used

This journal is © The Royal Society of Chemistry 2014
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for direct three-dimensional pattern formation,**® surface
functionalization with proteins depends as well on covalent
coupling using chemicals as e.g. 5-azidonitrobenzoyloxy-NHS.*
Those coupling procedures can hamper formation of defined
adhesion areas on flat hydrogel surfaces or might lead to
surface stiffening.**

Instead, defined islands for cell adhesion are often generated
either by micro-contact printing (LCP) using stamps or by lift-off
membranes for structuring stiff surfaces. While stamps are
most often made of silicone rubber able to transfer molecules to
feature sizes down to around 50 nm edge length,*®* lift-off
membranes can be generated by various means as e.g. electron-
beam lithography on PMMA films,*® pattern transfer from
silicon masks to vapor deposited parylene C films,**** spin-
coating of uncrosslinked silicone oils over silicon masks and
subsequent cross-linking*'* or use of epoxy resins filling free
spaces of silicone rubber stamps.” However, using pCP or lift-
off membranes for structuring soft elastomers with cell adhe-
sion inducing molecules is extremely challenging. Examples for
patterning parylene C films by covalent protein coupling®* or
polyacrylamide gels are described.>*** However, major technical
problems of either insufficient sealing after contact between
micro-structured membrane and elastomeric substrates (most
lift-off membranes on hydrogels) or too effective stickiness and
therefore substrate rupture upon stamp/membrane removal
(e.g. silicone rubber lift-off membranes on soft silicone rubber
substrates, here most likely mainly due to identical material
properties) hamper the use of techniques ideal for defined cell
shape generation on soft substrates. The central goal of our
methodology was therefore finding and characterizing a mate-
rial useful for efficient and accurate lift-off membrane forma-
tion with subsequent adhesive membrane properties high
enough for good sealing but low enough for rupture-free sepa-
ration after elastomeric surface structuring.

Lift-off membrane formation of our methodology essentially
depends on filling of the channels and free spaces formed
between the silanized silicone rubber structure and the also
silanized glass substrate without formation of air bubbles or
other defects. Filling this microstructure with epoxy resin is
affected by capillary action and, in essence, a process of
microfluidics.***® For the description of our observations Rey-
nolds number, Re = puh/u, and capillary number, Ca = uu/o,
are the most important characteristics describing the flow and
the meniscus shape. Here, p denotes the fluid density, u the
viscosity, ¢ the surface tension, u the velocity and 7 the channel
height. Extremely small Reynolds numbers of 5 x 10~ in steady
advancing flow and 4 x 10~ during release of pinned interfaces
indicate the irrelevance of inertia forces and strictly laminar
flow. For these estimates we used our measured values of
surface tension, meniscus speed, and structure height as well as
the manufacturer's values for density (1.14 x 10> kg m~>) and
viscosity (0.45 Pa s) of the epoxy resin (Technical data sheet Epo-
Tek UVO-114, Rev. IV 08/2007, Epoxy Technology Inc, Billerica,
MA). In steady advancing flow capillary numbers are very small,
5 x 107>, thus surface tension dominates by far over viscous
forces. Therefore shapes of moving interfaces can be well
approximated by those known for stationary ones. However,
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during sudden release of fluid surfaces pinned at edges
(¢f: Fig. 3B) much higher velocities occur resulting in capillary
numbers of about 5 x 107> In line with these values we
observed almost perfectly circular meniscus shapes during
steady advance (radius of curvature = 300 um in Fig. 3A) and
significant deviations from circularity during pinning and
release of pinning (cf. Fig. 3B).

As surface tension dominates over viscous forces capillary
suction pressure can easily be calculated from the Young-Lap-
lace equation (eqn (3)) combined with geometrical or energetic
considerations. In essence, the meniscus curves in two main
axes oriented along the geometry of the rectangular cross-
section of the gap. Denoting the contact angle of epoxy resin to
silanized glass with ©, and the one to silanized silicone with @,
channel height with 72 and width (at the location of the
meniscus) with w the equations given by ref. 20 can be
expressed as

2 [OR [OR e,
C?j . cos O, Zcos A (1)

Ap=pytpn=0

In our system the contribution due to the channel height, py,
amounts to 1.5 kPa. The second contribution due to the channel
width varies locally within membrane A and, for the case of
Fig. 3 amounts to 0.16 kPa.

Very important for filling of interconnected channels e.g. in
our membrane A is that the overall fluid front stays relatively
flat, i.e. that the fluid in one channel is not much faster than in
others. Based on an approximate expression for channel flow
resistance cited by Tabeling®® we estimate the pressure drop
over a channel as shown in Fig. 3A (200 pm width and 200 pm
length) to only 10% of the overall capillary suction. In other
words, for reasonable geometry interconnections between
different straight channels are frequent enough to relieve
different pressure drops due to different channel widths by
transversal flows before air entrapment due to filling a channel
simultaneously from both sides can occur.

Related considerations have been presented for flow in Hele-
Shaw cells exhibiting random patterns of flow resistance.>”>°
This pattern results in a roughening of the moving fluid front
whereas two effects tend to straighten it. The first effect is that
the further a piece of contact line advances the higher the flow
resistance gets. This acts at long length scales and parallels the
argument given here. The second factor straightening the
interface at small distances is interface tension. The action of
this effect is dramatically demonstrated during breakage of
interface pinning (¢f. Fig. 3B). Indeed, the speed of the meniscus
seen in Fig. 3B corresponds reasonably well to time scales
estimated for surface tension driven relaxation from equations
given in ref. 59.

Pinning of the fluid-air interface at edges opposes filling (cf:
Fig. 4). This process has been carefully characterized by Berthier
and coworkers for interfaces between different fluids.®® Their
results can easily be transferred to the case of air-fluid inter-
faces. They find that rectangular obstacles exhibit the highest
potential for pinning. During pinning the curvature of the
meniscus in height direction remains almost unchanged,
however, in the width direction it even changes its sign. For two
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pillars or rectangles at a distance w, Berthier et al. show that the
maximum counter-pressure corresponds to a fluid front form-
ing a right angle with the pinning surface, i.e., the radius of
curvature along the width is then —w/2. In the case of Fig. 3B the
distance is 200 um and, indeed, circles with radii of 100 pm fit
very well to the meniscus close to the contact point. Thus at
pinning sites the total suction pressure amounts to

2 cos O + cos O,
N e

As contact angles are rather close to 90°, the counter pres-
sure by pinning is severe. For Fig. 3B it is —0.7 kPa, ie., it
reduces the total suction to about 50%. Structure filling will
stop being reliable as soon Ap becomes zero at pinning sites.
That is, as soon as w < 2A/(cos G4 + cos O). In our case, corners
at intersections have to be at least 93 pm apart. Smaller values
require either very rounded shapes (see ref. 60), lower channel
heights or lower contact angles.

Reducing channel heights would increase flow resistance
and filling times whereas slightly lower contact angles are
feasible by careful tuning of the surface properties. However,
this strategy has already been systematically explored by Kim
and Whitesides.' These authors find at high energy interfaces,
corresponding to low contact angles, precursor flows and edge
flows that pose a high risk of air entrapment. Moreover, along a
more practical argument, high energy surfaces between resin
and the substrate are in almost all cases also causing high
energies of adhesion between cured resin and the rigid
substrate. While the high stiffness mismatch between cured
epoxy (2 GPa) and our silicone rubbers (in the 10 to 100 kPa
regime) somewhat facilitates the peeling process by focusing
vertical stresses in small regions, very soft silicone rubbers are
extremely tacky and easily deformed. This is witnessed by the
semi-circular edge defects found on the softest silicone cell
substrates used (c¢f Fig. 5). Therefore the very high contact
angles of more than 70° observed here are a necessity for our
experiment and even allows generation of very small structures
in direct proximity to much larger ones as long as the distance w
is above the 93 pm given above. Their detrimental effect on
capillary suction is partially offset by the very high surface
tension of the epoxy resin. Therefore capillary filling still occurs
rapidly enough to be of practical use.

Attractive forces based on mainly surface tension and
hydrophobic interactions between epoxy lift-off membranes
and soft silicone rubber substrates highly efficiently seal contact
areas in our experiments. This can be seen by an almost perfect
replica formation of adhesive islands through micro-cavities of
epoxy membranes with shape sizes down to 2.5 pm (cf. Fig. 5).
Accurate surface patterning works well down to substrate elas-
ticities of approximately 10 kPa. Only on very soft silicone
rubber substrates (1.5 kPa) surface tension and substrate elas-
ticity lead to elastomer creeping on cavity walls generating
artifacts upon membrane removal especially for small cavity
areas.

When cell adhesion and growth was analyzed along our thin
adhesive lines of widths down to 10, 5 and 2.5 pum on soft
substrates we could identify impaired adhesion and growth on
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10 pm lines and even fully blocked adhesion on 5 and 2.5 pm
thin lines. These data are in very good agreement with former
results obtained on stiff substrates. Here, cells grown on printed
lines of 10 um width stopped growth and underwent apoptosis
over time.” Even neuronal cells, characterized by very thin
extensions, highly depend on line widths at least at nuclear sites
of around 20 um for proper growth and differentiation.® Those
results on artificial stiff substrates are therefore in very good
agreement with our findings of limited (10 um) or even fully
blocked cell growth (5 and 2.5 um) thin adhesion lines on soft
substrates mimicking natural elasticities.

Furthermore, using our technique homogeneity of coating
by physisorption through micro-cavities was similar to
complete surface coating without the use of lift-off membranes.
Small variations in concentration of physisorbed proteins could
be identified (¢f. Fig. 5B) but at no time any correlation of cell
morphology or function with those variations could be seen.
Even cell culturing over several days did not lead to cell
detachment or outgrowth from predefined adhesion areas
arguing once again for homogeneous protein coating within
adhesion areas and efficient blocking only around them by a
dense brush-like Pluronic conformation on top of silicone
rubber.**

Using our lift-off membranes we were able to direct the cell
shape of late embryonic cardiac myocytes thereby regulating
overall myofibril order. While myofibrils were shown to be
equally present on any elasticity from 1 kPa to 500 kPa, cell
forces elevated with increasing substrate stiffness due to an
amplitude driven contractile behavior.** However, it was
unclear whether myofibril alignment might elevate force
generation. We therefore forced myocytes into shapes on 15 kPa
substrates known to represent natural tissue elasticity.®>*® As a
result identical myofibril overall alignment could be identified
as described before® ranging from very low alignment (circle) to
high myofibril order (rectangles). Interestingly, different orga-
nization levels had no significant effect on force generation with
highly comparable sum of contractile forces for all analyzed cell
shapes. These data indicate that the aspect ratio and overall
cytoskeletal organization are just minor regulatory factors for
force generation in cardiac myocytes.

Furthermore, single cell force values of rectangular cells were
compared to those of two-cell clusters on rectangles of identical
width. The reduced covered substrate area per cell in two-cell
clusters indicates stable formation of cell-cell contacts. On the
level of traction forces no substrate deformations were identi-
fied at sites of cell-cell contacts. These data are in very good
agreement with those of McCain and coworkers® showing that
functional cell-cell contacts between myocytes are formed in a
time dependent manner. While shortly after adhesion focal
adhesions are still present at cell-cell contact sites, those matrix
adhesions disappear to form functional cell-spanning units
over time. In our system this led to coordinated contraction
behavior and clearly elevated force values for the two-cell
cluster, therefore mimicking cardiac myocyte behavior in
myocard tissue. Comparable studies measured forces at cell-
cell junctions of 20 to 200 nN for non-muscle cells®**” and up to
1000 nN for cardiac tissue.®® This argues once again for tight
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intercellular interactions between cardiac myocytes and proves
the importance to analyze the cardiac cell function in vitro on
soft substrates with single cells and cell clusters of defined,
nature mimicking shape.

Experimental
Preparation of elastomeric silicone rubber substrates

Elastomeric substrates were made of Sylgard 184 Silicone
Elastomer Kit (Dow Corning GmbH, Wiesbaden, Germany) as
previously described.®® In brief, both components (base and
cross-linker) of the elastomer kit were mixed at various ratios to
generate after cross-linking either stamps from silicon wafers
(10 : 1 (w/w)) or cell culture substrates (70 :1 (1.5 kPa), 50 : 1
(15 kPa), 40 : 1 (50 kPa), and 35 : 1 (100 kPa)). For some exper-
iments 50 : 1 silicone substrates were microstructured with red
fluorescent beads (0.2 pm diameter, FluoSpheres crimson
carboxylate-modified beads, Invitrogen, Darmstadt, Germany)
as described.® The elastomer layer thickness was adjusted to 80
pm using glass slices of defined thickness (Menzel GmbH,
Braunschweig, Germany) as spacers. Cross-linking of silicone
oils was performed at 60 °C for 16 h. After curing, elastomeric
substrates were glued to the bottom of 3.5 cm Petri-dishes to
cover predrilled holes. Mechanical properties of all elastomeric
mixing ratios were characterized as described®® resulting in
elasticities as given above and a Poisson's ratio of 0.5. If
necessary, silicone rubber substrates were stained with the
hydrophobic dye DiD Vybrant cell-labeling solution (Molecular
Probes, Eugene, OR) in a 1:300 dilution. Staining was per-
formed at 37 °C for two days.

Lithographic techniques

Silicon wafers were preheated at 180 °C for 30 min and overlaid
with a 25 um thick layer of SU-8-25 photoresist (Microchem,
Newton, MA). Subsequently the photoresist layers were soft-
baked for 2 min at 65 °C followed by slow ramp heating to 90 °C
within 5 min and additional baking of the photoresist at 90 °C
for 2 min. Using ultraviolet-photolithography at 346 nm with a
source power of 7 mW for 25 s, the structures of photolithog-
raphy masks were transferred into the photoresist layer. The
lithography masks themselves were written using an electron
beam lithograph and consisted either of lines with widths of
2.5, 5, 10, 25, 50 and 75 pum, respectively (membrane B) or
rectangles and squares of varying sizes (membrane A: square
sizes of 400 x 400, 200 x 200, 100 x 100, 50 x 50 and 25 x 25
um and starting from those squares, rectangles with a repeti-
tively bisected width down to 25 um). For traction force
microscopy experiments membrane C was generated exhibiting
various geometries with rectangles (17 x 86 and 15 x 104 x
75 um), squares (lateral length = 39 um), equilateral triangles
(lateral length = 60 pm) and circles (diameter of 22 pm)
resulting in an adhesive area of approximately 1500 um? for all
geometries. Cell clusters composed of two cells were exclusively
analyzed on 15 x 104 um rectangles. Each wafer was post-baked
for 1 min at 65 °C followed by slow ramp heating to 90 °C
within 5 min and additional baking for 1 min at 90 °C. The
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uncross-linked photoresist was removed using an SU-8 devel-
oper (Microchem, Newton, MA, USA) for 6 min. Finally, the
photoresist was hard-baked for 30 min at 180 °C. The SU-8-25
wafers were then silanized by exposure to vapor of tri-
chloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich, St.
Louis, MO, USA) in a vacuum for 30 min at room temperature.

Epoxy membrane preparation

For silicone rubber stamp formation, small cylinders (1.5 cm
height, 0.5 cm diameter) were placed onto microstructured
wafers, filled with uncrosslinked elastomers (10 : 1 ratio, Syl-
gard, Dow Corning, USA) and the contents were cured at 60 °C for
30 min (see Fig. 1). For epoxy membrane fabrication stamps as
well as glass slides were silanized (trichloro(1H,1H,2H,2H-per-
fluorooctyl)silane, Sigma-Aldrich) at room temperature for 30
min in a vacuum. This silanization step minimizes the existing
adhesive forces between the epoxy and the PDMS-stamp as well
as the adhesive forces between the epoxy and the glass slide,
which ensures the easy removal from the glass support after
curing. After silanization stamps were placed onto silanized
glass slides with an additional weight of approximately 30 g on
top. For the preparation of the membrane we used an optically
transparent, UV-curable epoxy resin (EPO-TEK UVO-114, Epoxy
Technology, Billerica, MA, USA). Uncured epoxy resin was placed
at the stamp boundary from where it filled the gap between the
stamp and the glass slide due to capillary forces. Hardening of
the epoxy resin was performed by UV exposure on a trans-
illuminator table (ELX-FI5M; Vilber Lourmant, Marne Le Vallee,
France) for 40 min. After curing, the stamp was removed and the
membrane was peeled off the glass slide.

Epoxy membrane elasticity measurement

The Young's modulus, E, of cured epoxy was determined by
beam bending. To this end we manufactured an epoxy plate
(length, [, 52 mm, width, w, 11.3 mm, and thickness, &, 0.95
mm). The plate was centered over a gap of 36 mm in width.
Force was applied exactly at the center of the gap by a hemi-
spherical punch (4 mm diameter) attached to a force sensor
(KD78 0.5 N; ME-Mepsysteme; Henningdorf, Germany) and
moved by a linear translation stage (PICO Linear Axis LTP 60;
Steinmeyer-FMD, Dresden, Germany). Loading was performed
in 10 successive steps of 40 pm, each followed by a relaxation
period of 30 s. Punch retraction was done identically. Forces
were sampled at 10 Hz. For each step the indentation resistance,
k, was calculated as the ratio of the equilibrium force (mean
over the last 3 s) to the indentation depth (step height corrected
for the stiffness of the force sensor). The material showed a
linear and reversible response to the individual steps. For
this geometry the Young's modulus was calculated according to
E = kP(aw) 'h 3.

Preparation of microstructures from extracellular matrix
protein on silicone rubber

Microstructured epoxy lift-off membranes were positioned on
dry soft silicone rubber substrates and remained in place due to
substrate stickiness (Fig. 1). Elastomer coating was performed
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through the microstructured holes of the epoxy membrane with
human plasma fibronectin (5 ug ml~"; BD Bioscience, San Jose,
CA) diluted in phosphate buffered saline (PBS; 137 mM NaCl,
8 mM Na,HPO,, 2.7 mM KCl; 1.5 mM KH,PO,, pH 7.4) for 60
min at 37 °C. Placing of coating solution on top of the micro-
structured epoxy lift-off membrane can result in the formation
of air bubbles trapped in some corners of the squares and
rectangles or along the lines. Therefore we shortly and gently
degassed the coating solution on top of the “lift-off” membrane,
releasing the trapped air bubbles to ensure a precise fibro-
nectin-coating within the microstructured boundaries. After
discarding the coating solution the sandwich was washed twice
with PBS. Then the membrane was removed from the substrate.
This step was followed by treatment with 1% Pluronic F-127 in
PBS (nontoxic triblock polymers (polyethylene glycol-poly-
propylene glycol-polyethylene glycol), Sigma-Aldrich) for 20
min at 37 °C to overlay uncoated surface areas and to block cell
adhesion at those areas. Finally unbound Pluronic F-127
molecules were removed by repetitive (four times) washing
steps with deionized water.

Cell culture

Cardiac myocytes were isolated from 19 day old Wistar fetal
pups as described before (Hersch et al., 2013). Isolated cells
(65 000-80 000) were seeded over adhesive islands of silicone
rubber substrates. Cells were maintained at 37 °C and 5% CO,
in a humidified incubator and cultured in an F10 Ham's
medium supplemented with 10% fetal bovine serum, a 1 : 100
dilution of an antibiotic solution (10 000 units penicillin and 10
mg ml~ " streptomycin in a 0.9% NaCl, Sigma-Aldrich) and a
1:200 dilution of solution containing insulin (1 mg ml™"),
transferrin (0.55 mg ml™ '), and sodium selenite (0.5 mg ml™*)
in EBSS (Earle's Balanced Salt Solution, Sigma-Aldrich).

Immunocytochemistry

Cells on microstructured silicone rubber substrates were fixed
for 30 min in 3.7% paraformaldehyde (Merck, Darmstadt,
Germany) in cytoskeleton-buffer (CB: 150 mM NaCl, 5 mM
MgCl,, 5 mM EGTA, 5 mM glucose and 10 mM 2-(N-morpho-
lino)ethanesulfonic acid at pH 6.1) and permeabilized for 5 min
at 37 °C with 1% Triton-X-100 in CB. After washing twice with
CB, cells were treated with blocking-solution (5% skim milk
powder in CB) for 45 min at 37 °C. Afterwards cells were incu-
bated with a 1:100 solution of primary monoclonal mouse
antibody against a-actinin, clone EA 53 (Sigma-Aldrich, St.
Louis, USA) for 1 h at 37 °C. Cells were washed three times with
blocking solution and then incubated for an additional hour at
37 °C with a 1:200 solution of a secondary Cy3-labeled anti-
body (Jackson Immuno Research Europe Ltd., Suffolk, UK). For
visualizing the actin cytoskeleton Alexa 488-phalloidin (Invi-
trogen, Darmstadt, Germany) was added in parallel to the
secondary antibody in a 1 : 100 dilution. Cells were washed with
CB and purified water. For microscopic analysis, cells were
embedded in 20 pl Fluoromount/DABCO solution (Sigma-
Aldrich). Stained cells were analyzed with an inverted confocal
laser scanning microscope (LSM 710, Carl Zeiss, Jena, Germany)
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using a Plan-Apochromat 63 x NA 1.4 oil immersion objective, a
Plan-Neofluar 40x NA 1.3 oil immersion objective or a 10x EC
Plan-Neofluar NA 0.3 PH1 lens (all Zeiss). For acquiring Z-stacks
the Plan-Apochromat objective was used.

Traction force microscopy

For traction force microscopy on spontaneously contracting
cardiac myocyte patches differently predefined cell shapes
(membrane C) were generated on fluorescent bead micro-
structured soft (15 kPa) silicone rubber substrates. Cells were
analyzed at 37 °C and 5% CO, using an inverted microscope
(Axiovert Observer Z.1; Zeiss) equipped with a 40x EC Plan-
Neofluar NA 1.3 oil immersion objective (Zeiss). Sequences of
beating cells were captured with 50 frames per second and 2-
fold digital binning using a sCMOS camera (Neo; Andor
technologies, Belfast, Ireland). At least four spontaneous
contractions per cell were captured. Measurement of bead
displacements and subsequent cell force calculations were
performed as described earlier.” For rectangular myocyte two-
cell clusters (membrane C) substrate deformations at sites of
cell-cell contacts were determined. Since no substrate defor-
mation could be detected at those sites, myocyte clusters were
assumed to act as units and analyzed for their overall force
generation only. After traction force measurements all cells
were fixed and stained with a-actinin and DAPI.

Contact angle measurements

Contact angles were measured with an optical contact angle
measuring system (OCA 20; Data Physics Instruments GmbH,
Filderstadt, Germany). Contact angles were determined by
fitting to the both edges of small drops sitting on the respective
substrates and are given as the mean of at least three repeated
measurements on independent samples.

Surface tension measurements

The surface tension, g, of the epoxy resin was determined by the
Wilhelmy plate method. To that end a Petri dish filled with fluid
resin was placed on a balance (Labstyle 204; Mettler-Toledo,
GiePen, Germany) and a silanized coverslip was gently brought
into contact with the fluid by a motorized linear translation
stage (MDrive 23, Steinmeyer, Feinmep Dresden, Germany).
Forces were read out via the scale's serial interface at a rate of 6
Hz. Upon meniscus formation a sudden jump of force, F, was
observed which amounts to F = lo cos ®, where [ denotes the
circumference of the coverslip and @ the contact angle of epoxy
resin on silanized glass as measured above. Four to five
repeated measurements were performed on three separate
coverslips. For validation of the setup the surface tension of
water was measured using a clean glass plate (contact angle 0°).
The result of 72 mN m~" was in full accord with published
values.”

Scanning electron microscopy

Scanning electron microscopy was performed using a Leo 1550
scanning electron microscope (Carl Zeiss, Jena, Germany).
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Before analysis, the microstructured membrane was coated
with a 2-4 nm Pt/Pd layer using a sputter coater (Cressington
208 HR/MTM20, Watford, UK). Scanning electron microscopy
was carried out at 10 kV using the InLens detector and a
working distance of 3 mm. Composite electron micrographs of
the epoxy membrane were assembled using Photoshop CS4
(Adobe, San Jose, CA, USA).

Observation of imbibition

In some cases the advancement of the epoxy fluid within the
microstamp-glass sandwich was recorded. To this end the
sandwich was placed on an inverted microscope (Axiovert 200
equipped with a 10x EC Plan-Neofluar NA 0.3 PH1 lens; both
Zeiss) and images were taken at 10 Hz using a SCMOS camera
(Neo; Andor, Belfast, UK). For better visualization of the
advancing meniscus the find edges tool of Fiji”* was used, the
look-up table was inverted and snapshots taken at suitable time
intervals were overlaid. In some cases the images were
segmented before overlaying to improve visibility. To this end
the threshold algorithm of Otsu” was used as implemented in
Fiji. Contact angles of the moving meniscus to silicone rubber
features and distances were measured by hand. The meniscus
curvature was estimated by overlaying visibly fitting circles in
Photoshop CS4.

Theoretical considerations

Microstencil formation, as performed here, crucially depends
on filling a mold with epoxy resin without trapping air bubbles
or generating other defects. The underlying basic process,
imbibition of a fluid into the capillary, is driven by the surface
tension, ¢, of the fluid and the free energy of interaction
between wall materials and fluid.””"** A convenient measure of
these interactions is the macroscopic contact angle, ©. On flat
substrates, this parameter defines if a substrate is wetted by
fluid.” At a vanishing contact angle a drop of fluid placed on a
flat substrate spreads to form a, theoretically, infinitely thin
film. At all other contact angles a finite sized contact area
between fluid and the substrate is formed. At the three phase
contact line where the free surface of the drop meets the
substrate the macroscopic shape of the fluid surface forms the
contact angle. At molecular length scales a precursor film of
fluid often spreads beyond the drop covered area.”

Suction of a fluid into a capillary occurs if the contact angle
between fluid and the wall material is below 90°. Here, a
meniscus forms whose curvature is set by capillary geometry
and contact angle. The suction pressure of the capillary is given
by the law of Young and Laplace

AP =R, + R (3)

It connects the pressure difference, AP, acting over a fluid
interface with its interface tension, o, and its curvature (principal
radii of curvature R, and R,). In rectangular channels a stable
meniscus forms at contact angles above 45° as given in ref. 75. At
lower values corner flow occurs where threads of fluid filling the
sharp corners of the channel cross-section transport fluid far
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ahead of the proper meniscus.””” This fluid may indeed fill
corners in the microstructure and thus entrap air. Another
feature of the fluid front occurring at even lower contact angles is
a precursor film that may even split (observed e.g. in ref. 19).
Again this precursor is apt to transport fluid ahead of the
meniscus to tight spots in the microstructure where it might seal
exit paths for air. Taken together we arrive at the counterintuitive
conclusion that bubble free filling of microstructures requires
larger contact angles above 45°, i.e., only weak attraction between
fluid and the wall material. Moreover, observations of bubbles
entrapped in microfluidic devices have shown that these tend to
split at higher flow speeds.”®”®
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