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Abstract

Bioadhesion and surface wettability are influenced by microscale topography. In the present study, engineered pillars, ridges
and biomimetic topography inspired by the skin of fast moving sharks (Sharklet AF™) were replicated in
polydimethylsiloxane elastomer. Sessile drop contact angle changes on the surfaces correlated well (R =0.89) with Wenzel
and Cassie and Baxter’s relationships for wettability. Two separate biological responses, i.e. settlement of Ulva hnza
zoospores and alignment of porcine cardiovascular endothelial cells, were inversely proportional to the width (between 5 and
20 um) of the engineered channels. Zoospore settlement was reduced by ~85% on the finer (ca 2 um) and more complex
Sharklet AF™ topographies. The response of both cell types suggests their responses are governed by the same underlying

thermodynamic principles as wettability.

Keywords: Biofouling, biomimetic, endothelial, microtopography, wettabiliry, ultrahydrophobic, Ulva

Introduction

Reports on cellular responses to topographical cues
on both nanometer and micrometer scales have
increased in the past few decades (Singhvi et al.
1994; Curtis & Wilkinson, 1997; Walboomers &
Jansen, 2001; Wilkinson et al. 2002). Appropriately
scaled nanotopographies have been shown to prevent
cell attachment by prohibiting formation of focal
contacts (Wilkinson et al. 2002; Arnold et al. 2004).
Alternatively, cells can respond to microscale fea-
tures by altering their shape, such as elongating
along grooves (van Kooten & von Recum, 1999;
Walboomers & Jansen, 2001). In the area of marine
fouling, topography has been shown to deter
colonisation of invertebrate shells (Scardino et al.
2003; Bers & Wahl, 2004) and to alter settlement of
algae (Callow et al. 2002; Hoipkemeier-Wilson et al.
2004), barnacles (Berntsson et al. 2000) and bacteria
(Scheuerman et al. 1998). The change in wettability
of a surface that results from surface roughness, i.e.
topography, is likely to be a contributing factor to
these responses.

Wettability is often characterised in terms of the
three-phase contact angle, which relies on the relative
interfacial tensions according to Young’s equation
(Young, 1805):

VsG = Vst T yrLycost (1)

Young’s equation assumes that the surface is both
chemically and topographically homogeneous and
does not take into account the dynamic nature of
wetting. Many groups have demonstrated the bidir-
ectional nature of surface wetting and therefore,
dewetting must be considered also (Johnson &
Dettre, 1969; Marmur, 1994; Chen et al. 1999).
Numerous groups have studied the wetting char-
acteristics of topographically rough surfaces. The
earliest report that correlates wetting with topogra-
phy was made by Wenzel (1936), who assumed the
contours of the topography become fully wet and the
change in contact angle is due to an increase in
surface area that topography provides. Wenzel
defined a roughness ratio (r) as the surface area
divided by the area of the surface when projected
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onto a two dimensional plane to account for the
change in wetting in terms of contact angle, as
follows:

cos 0" = rcos 0 (2)

A more detailed approach by Cassie and Baxter
(1944) proposed an alternative to the Wenzel
equation. They evaluated the wetting by water of
waxy surfaces which were not only rough, but also
porous. Under this condition, water did not follow
the contours of the topography and instead rested
upon a composite structure of wax and air. The ratios
of the areas of liquid beneath the drop in contact with
solid and air relative to the planar surface area were
termed f; and f, respectively. The resulting contact
angle (0p) for the porous surface was then thermo-
dynamically determined to be the following:

cos Op = ficos 0 — f» (3)

More recently, Quéré and colleagues (Bico et al.
1999, 2001, 2002; Quéré, 2002) demonstrated that,
for a given surface, regimes of both Wenzel and
Cassie-Baxter behaviour exist across a range of liquid
surface tensions. They defined the variable ¢ as the
fraction of liquid beneath the drop in contact with
solid. It is equivalent to the f; term in Cassie and
Baxter’s relationship. Air entrapment, fully wetted,
and wicking occurs for liquids of sufficiently high,
moderate, or low surface tensions, respectively. In
the case of wicking, the liquid is drawn into the
topography at the advancing edge so that the drop
rests on a composite surface of liquid and solid. The
corresponding relationships and criteria for each case
are given below.

Air entrapment: cos 0’ = —1 + fi(cos 0 + 1)

-1
for 6 > cos‘lJ:_—f1 (4)
Fully wetted: cos = rcos 0
for cos™! 1=h <0< cos’lf1 -1 (5)
r—Ah r—h
Wicking: cos 0’ =1+ fi(cos0 — 1)
1 —
for 0 < cos™! Tﬁ (6)

Quéré’s group also indicated that the air entrapment
state would be metastable for the following
condition:

—1 fl -1
P (7)

The hypothesis in the present study was that
topographic patterns that mimic a natural antifoul-
ing surface, viz. the placoid structure of shark skin,
may provide a surface with low settlement proper-

90° < 0 < cos

ties. A series of engineered microtopographies
were replicated in a polydimethylsiloxane elastomer
(PDMSe). The engineered patterns included a
biomimetic-inspired design based upon the config-
uration of placoids of fast moving sharks. Changes in
wettability were measured and compared against the
values predicted by the Wenzel and the Cassie-Baxter
relationships. The hypothesis is based upon the
assumption that wettability influences the contact-
sensing processes of living cells that is part of fouling
processes. Two well-characterized but contrasting
model systems were used to represent both marine
and biomedical fouling, viz. the motile zoospores of
the marine alga Ulva (syn. Enteromorpha), and
porcine vascular endothelial cells (PVECs) which
form the inner lining of arteries.

The green algal genus Ulva (formerly Enteromor-
pha) is the most common macroalga contributing to
‘soft’ fouling of man-made surfaces throughout the
world (Callow, 1986). It is a model system for
experimental studies of biofouling and adhesion
(Callow et al. 1997; Pettitt et al. 2004; Callow
et al. 2005; Chaudhury et al. 2005). Fouling is
initiated by the settlement and subsequent adhesion
of motile spores, a process which is influenced by a
variety of surface-associated cues. Previous labora-
tory reports show that engineered microtopographies
in PDMSe provide specific surface features that
promote spore settlement (Callow et al. 2002;
Hoipkeimer-Wilson et al. 2004).

Endothelial cells are widely used as models in
which to study the influence of substratum morphol-
ogy on adhesion and contact-mediated growth of
animal cells (Riehle et al. 1998; Wilkerson, 2001;
Barbucci et al. 2002; Dalby et al. 2002; Gray et al.
2002; Buttiglieri et al. 2003; Magnani et al. 2003). In
the present study porcine vascular endothelial cells
(PVEC:s) were chosen because of the local availability
of a well-characterised cell line (Zhang et al. 1997).
The pig model is an ideal preclinical model for
vascular research, as i vitro tests have concluded
that the coagulation and fibrinolytic systems of swine
closely resemble those of humans (Karges et al.
1994; Gross, 1997). In the present study, PVECs are
included in the evaluation of the effect of feature
spacing (5-20um) on cellular orientation. This
response is then correlated with the influence of
topography on wettability.

Materials and methods
Material

A platinum-catalysed poly(dimethyl siloxane)
elastomer (PDMSe) (Dow Corning Corporation’s
Silastic T-2™) was used in this study due to its
high transparency and reproducibility. The PDMSe



Downloaded by [University of Michigan] at 06:25 25 May 2016

was filled with micron and sub-micron silica
particles. In the unmodified state, the polymer
is known to promote minimal bioadhesion because
of its combination of low surface energy and low
modulus (Hoipkemeier-Wilson et al. 2004). The
PDMSe was prepared by mixing ten parts by weight
of resin with one part by weight of curing agent. The
PDMSe was typically cured at ~22°C for 24 h.

Pattern designs

The features studied included channels, ridges,
pillars, pits and ribs (Figure 1). Channels, ridges,
pillars, and pits were 5 um wide and spaced 5, 10,
and 20 um apart. The rib designs were a reduction of
the scales of fast moving sharks. This biologically
inspired pattern is referred to as the ‘Sharklet AF™™>
because it is an antifouling topography that was
inspired by, but does not match exactly, the skin of
the shark. The ribs were 2 um wide, spaced 2 um
apart, and had lengths ranging from 4— 16 um. Both
1.5 and 5 um high channel and pillar features were
investigated, whereas the ribs of the Sharklet AF™
were 4 um high.

Figure 1. SEM images of PDMSe microtopographies.
Topographies evaluated for wettability and adhesion. A=5 um
diameter, 5um spaced pillars; B=5pum diameter, 5um spaced
pits; C=5um wide, 20 um spaced channels; D=5 um wide,
20 um spaced ridges; E=Sharklet AF™ topography. Pillars,
pits, channels, and were all 5 um high, while ridges were 1.5 um
high.

Engineered antifouling microtopographies 13

Stilicon wafer processing

Patterns were etched into silicon wafers using
standard photolithography techniques as described
previously (Feinberg et al. 2003). Wafers were
subsequently critically cleaned using a piranha etch
(50:1 H,SO,4 / H,0,) at 120°C for 10 min followed
by subsequent rinsing in acetone and ethanol prior to
each replication with PDMSe. Hexamethyldisilazane
was used to methylate the surfaces in order to
prevent adhesion.

Paztern transfer and die production

Patterns were transferred to PDMSe in either
negative (channels, pits, and Sharklet AF™) or
positive (pillars and ridges) form (Table I). Negatives
were replicated directly from the etched wafer so
that the PDMSe topography was inverted compared
to the silicon wafer. For example, pillars in the
wafer transfer as pits into the PDMSe. Positives
were generated by first solution casting polystyrene
(0.15 g ml~ ' in chloroform) against the wafer
followed by curing the PDMSe against the poly-
styrene. Epoxy dies (Epon 828 with Jeffamine D230,
9.7:2.73 by weight) were then made from both
positively and negatively patterned PDMSe.

Sample production

Samples in this study included both free-standing
PDMSe films and PDMSe coatings adhered to glass
slides. In both cases, the PDMSe was cured in a glass

Table I. Dimensions of topographies used in wettability and
bioadhesion studies.

Height Width Spacing  Replication

Feature (um) (um) (um) type
Pillar 1.5 5 5 Positive
1.5 5 10
1.5 5 20
5 5 5
5 5 10
5 5 20
Pit 5 5 5 Negative
5 5 10
5 5 20
Channel 5 5 5 Negative
5 10 5
5 20 5
Ridge 1.5 5 5 Positive
1.5 5 10
1.5 5 20
5 5 5
5 5 10
5 5 20
Sharklet AF™ 4 2 2 Negative
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mold (Figure 2) as described previously (Callow
et al. 2002). Smooth samples were cast directly off
the glass, while patterned samples were produced by
casting against epoxy or silicon dies. For glass-
backed samples, slides were first pretreated with
0.5% allyltrimethoxysilane (ATS) in a 95% ethanol/
water solution to improve adhesion. Three replicates
of each pattern type were made of each sample
topography. The fidelity of the surface features
was verified with the aid of light microscopy and
SEM.

Contact angle measurements

Wettability was evaluated on free-standing PDMSe
films containing Sharklet AF™, 5 ym high channels
and pits, and 1.5 um high ridges by the sessile drop
method with 2 ul drops. This method looks
at advancing contact angles measured in the first
few seconds of contact. Video capture goniometry,
coupled with ImageTool software, was used to
measure contact angles. Liquids included in the
study were nanopure water (17 MQ*cm resistivity),
methylene iodide, and dimethylformamide. Surfaces
were rinsed with ethanol and dried at 80°C prior
to testing with each liquid. One drop was placed
on three replicates of each pattern. Two angle
measurements, from the left and right sides of each
sample, were taken per drop. In this manner, six
measurements were recorded for each pattern.
Drops on topographies were viewed from one angle
only, which was down the lengths of channels
and ribs.

Comparison with model

Wettability data were compared with values pre-
dicted by Quéré’s combined model of Wenzel and
Cassie-Baxter relations. Predicted contacted angles
were calculated from the model using the roughness
ratios and solid surface fractions of each topography.
For both relations, the contact angles on rough

Glass Slides

/ ; — (Optional)

PDMSe
Glass Plates a’

«

Epoxy/Si Die
(Optional)

Spacer
Figure 2. Diagram of the glass mold used to make PDMSe

samples. The epoxy and silicon dies were used only for patterned
samples.

surfaces were related to the contact angle on the
smooth surface. In order to account for this, data
were normalised by dividing the contact angles for
each liquid on textured surfaces by the angle the
same liquid makes on smooth PDMSe. The normal-
ised values predicted by the models were plotted
against normalised values measured on the surfaces.
Linear regression was performed to test the statistical
validity of the models.

Predicted wetting on novel topographies

Once the model was determined to give a good
approximation of the wetting across engineered
topographies, it was used to predict the effectiveness
of proposed topographies. Topographies considered
were circular pillars, square pillars, star-shaped
pillars, ring-shaped pillars, a combination of trian-
gular and circular pillars, a gradient array of circular
pillars, and hexagonal pillars (Figure 3 and Table II).
Both 1 and 3 um features heights were evaluated.
The Sharklet AF™ topography was also considered
at these heights to determine effectiveness in altering
wettability.

Ulva zoospore assay

PDMSe samples containing 5 um wide ridges and
pillars spaced 5, 10 and 20 yum apart at 1.5 and 5 ym
heights in addition to the 4 um high Sharklet AF™
topography were evaluated for settlement of Ulva
spores. Three replicates of each topography type
were tested as films on glass slides. The settlement

Figure 3. AutoCad sketches of proposed topographies. A=2um
diameter, 2um spaced pillars; B=triangles and 2um pillars;
C=4pum wide, 2 um spaced stars; D=2 um wide, 1 um spaced
square pillars; E=rings with 2 yum inner diameter and 6 um outer
diameter, spaced 2 um apart; F=4 and 2 um wide stars; G=2 um
diameter pillars spaced 1, 2 and 4 um apart in a gradient array (repeat
unit designated by triangle); H = hexagons with 12 um long sides and
spaced 2um apart; I=2um wide, 2um spaced channels. Scale
bars =20 um.
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Table II. Dimensions of novel theoretical topographies.

Feature Height (um) Spacing (um) Width (um)
Circular pillars 1 2 2
3 2 2
Triangle/Circles 1 2 2,10
3 2 2,10
Star pillars 1 2 4
3 2 4
Square pillars 1 1 2
3 1 2
Ring pillars 1 2 2
3 2 2
Mixed star pillars 1 2 2,4
3 2 2,4
Gradient pillars 1 1,2,3,4 2
3 1,2,3,4 2
Hexagon pillars 1 2 20
3 2 20
Channels 1 2 2
3 2 2
Sharklet AF™ 1 2 2
3 2 2

data for the pillars and ridges were selected from
previous publications by the group (Callow et al.
2002; Hoipkemeier-Wilson et al. 2004). The 4 um
Sharklet AF™ topography was evaluated using a
similar protocol with one deviation. Samples in this
study were shipped to the bioassay site in nanopure
water to ensure that air was totally displaced from the
features and that the samples remained fully wetted
during the assay on the ultrahydrophobic Sharklet
AF™ surfaces.

Ulva zoospores were obtained from fertile plants
of Ulva Ilinza harvested from Wembury Beach,
UK (50°18 N; 4°02" W) and prepared for
experiments as previously described (Callow et al.
1997). Briefly, 10 ml of spore suspension (adjusted
to 2 x 10°ml™") were added to each sample and
incubation was carried out for 60 min in the dark
followed by fixation with 2% glutaraldehyde in
artificial seawater (Instant Ocean'™). Settled spore
counts were taken using a x10 objective with a
Zeiss Kontron 3000 image analysis system attached
to a Zeiss epifluorescence microscope and video
camera as described by Callow et al. (2002). Thirty
images of each of the three replicate samples were
photographed to quantify the number of attached
spores. Photographic images were taken at 1 mm
intervals along the axis of the slide of both smooth
and textured areas of the patterned slides. Spore
settlement data are reported as the mean number
of adhered spores (x=90) with 95% confidence
limits.

Engineered antifouling microtopographies 15

Porcine vascular endothelial cell (PVEC) assay

PVEC cell attachment was evaluated on free-
standing PDMSe samples containing 5, 10, and
20 um spaced, 5 um wide ridges at both 1.5 and 5 um
heights. PDMSe was coated with fibronectin (FN)
using the method of Ostuni and Whitesides (Ostuni
et al. 2001) to promote cell attachment by conver-
sion from hydrophobic to a hydrophilic surface.
Briefly, lyophilised bovine plasma FN (Sigma) was
dissolved in 2 ml of 0.22 um filtered water at 37°C for
45 min and diluted to 50 ug ml ™' in Hanks Balanced
Salt Solution (HBSS). Sterilised samples were
placed in individual wells of a 24-well plate, and
FN was added in 0.5ml aliquots to each sample.
During exposure to vacuum (100 kPa) to remove
trapped air (which could cause denaturation of the
FN, which could affect initial cell adhesion (Ward
et al. 1979)), samples were left to incubate for 1 h at
room temperature. The FN solution was aspirated
out and then the samples were washed three times
with HBSS.

PVECs obtained from the main pulmonary artery
of 6 to 7-month-old pigs were supplied by Dr
Edward Block’s lab between passages 2 and 5 (Patel
et al. 1988). Cells were seeded at a density of 2 x
10° cells per sample in 1 ml of serum-free medium.
Serum-free medium was selected because an adhe-
sion protein (FN) was already adsorbed on sample
surfaces. The cells were incubated at 37°C and 5%
CO, for 48 to 72 h.

Samples were fixed with cold 10% n-buffered
formalin for 20 min. The cell bodies were then
stained for 20 min in 1% crystal violet solution.
Hematoxylin (Richard Allan Scientific) was used to
stain cell nuclei so that nuclear elongation could be
used to quantify contact guidance. Cells were stained
in hematoxylin for 2 min.

Cells were imaged on the surface at 200 x
magnification using a Nikon Optiphot microscope
and Matrox image capturing system. Multiple
images were taken at each feature width that
included at least 5 nuclei. A nuclear form factor
(NFF) was determined for each cell by calculating
the log of the ratio of cell nucleus length to width at
its widest point (Figure 4) (Dunn & Heath, 1976). A
5 x 5 grid was superimposed on the images, and 5
nuclei were chosen per image, each from a separate
square of the grid. Using this method, at least 20
nuclei per topography type were quantified.

Statistical methods

Results are reported using mean values and 95%
confidence intervals. One-way analysis of variance
(ANOVA) and multiple comparison tests (Tukey, 95%
confidence interval) were used to compare groups.
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Figure 4. Schematic of the measurements taken to calculate
nuclear form factor where L is the length of the nucleus parallel to
the ridges and W is the width of the nucleus orthogonal to the
ridges.

Results
Contact angle measurements

As expected, topography increased water contact
angles and decreased both methylene iodide and
dimethyl formamide contact angles (Table III). The
most effective topography at altering wettability was
the Sharklet AF™, whereas the 20 um spaced ridges
and pits behaved most like smooth PDMSe. The
water contact angle on PDMSe increased by 20%,
while the contact angles of methylene iodide and
dimethyl formamide reduced by 35% and 33%,
respectively. Droplets on the pits and Sharklet AF™
maintained a circular contact area, whereas droplets
on the channels and ridges elongated along the
features. Because of their cylindrical, rather than
spherical, geometry the contact angles on the
channels and ridges are treated as estimates.

Receding contact angles were not evaluated by the
captive air method because of difficulty in bubble
placement. For example, the channel patterns were
only 0.33 cm wide (Figure 5) and the topographies
became invisible upon wetting. Consequently, it was
not possible to be certain that the air bubble
remained in the desired region. In addition, the
Wilhelmy plate technique was also deemed unsui-
table because of the inability to prepare a proper
sample (same topography on all sides).

The effect of topography height was examined by
comparing the 5um spaced, 5um high channels
against the 5um spaced and 1.5 um high ridges.
Because droplets were placed away from the pattern
boundaries, the feature height was the only difference

Table III. Measured contact angles on microtopographies.

Contact Angles (°)

Features Spacing (um) f; R Water Mel DMF

Smooth - 1.00 1.0 108+4 71+6 55+8
Pits 5 080 1.8 115+2 65+2 50+8
10 091 14 112+2 69+4 52+4
20 097 1.1 110+6 65+6 56+6
Channels 5 050 2.0 133+8 51+2 39+6
10 0.67 1.7 121+6 62+4 49+8
20 080 1.4 116 +6 68+ 12 48+ 6
Ridges 5 050 1.3 116 +8 63+8 46+ 4
10 033 1.2 115+8 63+6 46+8
20 0.20 1.1 111+6 66+4 52+38
Sharklet 2 0.47 4.2 135+3*46+8 35+2
AFTM

*Indicates droplet would not settle on the surface and had to be
captured with video.

S5um

10pm

20um

Figure 5. Layout of channel topographies. Each channel width
(5, 10 and 20 um) was contained within a 1 cm x 0.33 cm area.

sensed by the spreading drops. The water contact
angle was significantly greater on the 5um high
channel compared to the 1.5um high ridge. The
effect of feature spacing was examined by looking at
trends within the pits, channels, and ridge topogra-
phies. Increased feature spacing and decreased
pattern depth resulted in diminished contact angle
changes.

Comparison with model

The sessile drop contact angle data were compared
against the model to determine their viability for use
in prescreening new patterns. The 1.5 um high ridges
have relatively low roughness factors (1.1-1.3) and
solid fractions (0.2—0.5). On these surfaces, water
droplets appeared to follow the situation proposed by
Wenzel (Figure 6) rather than the metastable state
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40
+6

0.5

cos 0*
D
D

+6

cos 0

Figure 6. Change in wettability induced by the 20 um spaced
ridges (@) and Sharklet AF™ (A) topographies compared to
smooth PDMSe. Both measured data and model predictions are
given. - ---=the metastable air pocket state proposed by Quéré.

described by Quéré. The Sharklet AF™™ topography,
on the other hand, has a high roughness factor (4.2)
and moderate solid fraction (0.47), and all three test
liquids exhibited the behaviour described by Cassie
(air pockets or wicking).

Quéré proposed that air entrapment would be
favoured for liquids of sufficiently high surface
tensions (8 > cos ™ '[(f;—1)/(r—f))]) and would be
metastable for liquids satisfying the condition of
90° < 0 < cos” '[(f;—1)/(t—f;)]. The results in
Figure 6, however, suggest that the metastable air
pocket state is not favoured and that, instead, the
Wenzel regime is followed. Consequently, the model
was adapted to eliminate the metastable state. In
order to test the reliability of the adapted model, data
were normalised with respect to the smooth contact
angles. The model fits the data well (y =0.99x) with
a coefficient of determination of 0.89 (Figure 7).

Predicted wertability on novel topographies

The model predicts that the hexagons would be the
least effective at increasing the hydrophobic nature of
PDMSe (Table IV) relative to the various designs,
i.e. circular pillars, square pillars, star-shaped pillars,
combination of triangular and circular pillars, and
gradient array of circular pillars. The results reveal a
minimal increase of only 1° and 3° in the water
contact angle for the 1 and 3 um high hexagonal
features in PDMSe, respectively. These changes are
insignificant when considered against the typical
standard error in contact angle measurements of 3°.
The model predicts that the 3 yum high mixed star
pattern would be the most effective and lead to an
increase in water contact angle of approximately 31°
relative to smooth PDMSe. A maximum height of
3 um was chosen for this investigation because 2 ym
diameter pillars in PDMSe tended to collapse at
higher aspect ratios (Figure 8).

Engineered antifouling microtopographies 17

Model Correlation

1.3 =
i
=4 y =0.99x
< 141 4 R?=0.89
b=
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Normalized Measured Angle
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Figure 7. Graph comparing contact angles predicted by the model
with contact angles measured on the surfaces. Data were
normalised with respect to contact angles on smooth PDMSe.
Linear regression indicates a near 1:1 relationship (slope-0.99)
with high correlation (R?=0.89) to the data.

All pattern types were predicted to be fully wetted
by water when feature heights were held to 1 um.
Increasing the height to 3 um, however, should
promote the trapping of air in all topographies except
the hexagons, circular pillars, and gradient pillars.

Ulva zoospore assay

The ridge topographies enhanced spore settlement
(Figure 9). The most significant effect was observed
on the 5um spaced, 5um high ridges, which
increased settlement by 150% relative to the smooth
surface. This dimension is roughly equivalent to the
diameter of the pear-shaped swimming spore at its
widest point and the diameter of the settled spore
(Figure 10). As spacing increased, the density of
settled spores approached that of smooth PDMSe.
Settlement density decreased on the shorter 1.5 ym
high ridges in comparison to the 5 um high ridges,
but still remained at least as great as the density on
smooth PDMSe. Settlement was limited almost
entirely to valley regions for all ridge topographies.
The Sharklet AF™ topography, which had feature
dimensions smaller than the spore body, significantly
reduced settlement density by ~86% relative to
smooth PDMSe (Figure 9). Spores avoided the 2 um
wide channels and were largely confined to defects
and slightly wider spaces (~3 um) located between
adjacent Sharklet AF™ diamonds (Figure 10).

PVEC assay

PVEC growth on smooth PDMSe was random with
respect to orientation. Consequently, NFFs were
essentially zero (Figure 11). Cells attached to ridge
pattern substrata became aligned with the topogra-
phies. The PVECs settled almost entirely in the
valleys formed by adjacent ridges similar to the Ulva
spores (Figure 12). Cell orientation was most
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Table IV. Predicted water contact angles on theoretical topographies.

Wetting
Feature Height (um)  Spacing (um)  Width (um) r F, o* regime
Circular pillars 1 2 2 1.39 0.06 118 Wenzel
3 2 2 2.18 0.06 138 Wenzel
Triangle/Circles 1 2 2,10 1.65 0.49 121 Wenzel
3 2 2,10 2.94 0.49 132 C&B
Star pillars 1 2 4 1.7 0.57 122 Wenzel
3 2 4 3.09 0.57 127 C&B
Square pillars 1 1 2 1.89 0.44 128 Wenzel
3 1 2 3.67 0.44 134 C&B
Ring pillars 1 2 2 1.45 0.45 117 Wenzel
3 2 2 2.36 0.45 133 C&B
Mixed star pillars 1 2 2,4 1.52 0.36 118 Wenzel
3 2 2,4 2.57 0.36 139 C&B
Gradient pillars 1 1,2,3,4 2 1.35 0.18 115 Wenzel
3 1,2,3,4 2 2.06 0.18 130 Wenzel
Hexagon pillars 1 2 20 1.06 0.91 109 Wenzel
3 2 20 1.17 0.91 111 Wenzel
Channels 1 2 2 1.5 0.5 119 Wenzel
3 2 2 2.5 0.5 132 C&B
Sharklet AF™ 1 2 2 1.79 0.47 124 Wenzel
3 2 2 3.38 0.47 132 C&B

Figure 8. SEM images of 2 um diameter pillars in PDMSe. A=5 um
high and 4 ym spaced; B=3 um high and 2 um spaced. Increased
height caused pillars to bend. Scale bars =15 um.

Ulva Settlement on Topographies
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Figure 10. Images of Ulva settlement on (A) a smooth surface;

(B) 5 um wide, 5 um spaced, and 5 um high channels and (C) 4 yum
high Sharklet AF™ in PDMSe. Images were taken via light
microscopy. Scale bars =25 um.

Figure 9. Ulva settlement on smooth (SM) and textured PDMSe.
Topographies studied included the Sharklet AF™ (Shark) in
addition to 5 ym wide ridges that were 5, 10, and 20 um spaced,
(5R, 10R, and 20R) and 1.5 or 5um high. The Sharklet AF™

topography was evaluated in a separate experiment as indicated by . . . . .
the darker bars. Error bars = + 2 SEs of the mean. For all surfaces, ridges. NFFs varied directly with feature height and

counts are based on the mean of 90 counts, 30 from each of 3 inversely with feature spacing for 5 um high features
replicates. (Figure 11).

strongly directed by the 5um high, 5um spaced
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PVEC Alignment on Topographies
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Figure 11. PVEC alignment on smooth (SM) and textured
PDMSe. Topographies studied were 5, 10, and 20 um spaced,
5 um wide ridges (5R, 10R, and 20R) that were both 1.5 and 5 um
high. Error bars = +2 SEs of the mean.

Figure 12. Endothelial cells grown on (A) a smooth surface,
(B) 5 um wide, 5 um spaced, and 5 um high ridges, and (C) 5 um
wide, 5um spaced, and 1.5 um high ridges. Images have been
processed to improve contrast. Scale bars =50 ym.

The NFFs were significantly different for all
widths at the 5 um depth. NFFs differed significantly
only for cells on channels at the 1.5 um height with
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the 5 um wide ridges. One of the difficulties in the
analysis is the fact that the nuclei were not round, but
rather elongated in random directions on the smooth
FN-treated PDMSe samples. Consequently, the
mean nuclear form factors for smooth areas were
near zero, but with a large standard deviation.

Discussion

Researchers report independently that topography
alters wettability (Wenzel, 1936; Cassie & Baxter,
1944) and surface energy influences bioadhesion
(Dexter, 1976; Kaelble & Moacanin, 1977; Baier,
1982; Baier et al. 1984; Finlay et al. 2002). This study
investigates the interrelationship of all three factors
(topography, wettability and adhesion) simulta-
neously using two different cell types viz. motile
algal spores, which ‘choose’ where to settle and
adhere, and cultured animal cells (PVEC), which are
known to adapt to underlying substratum morphol-
ogy. The wetting response is well-described by the
Wenzel and Cassie-Baxter equations for the topo-
graphies investigated, but ideally it would be desirable
also to predict the effect of topography on bioadhe-
sion. It is interesting to note that both biological
models responded to the channel topographies by
attempting to fill the valleys either through packing of
settled cells (Ulva) or by cell elongation (PVECs).
This suggests that their responses are governed by the
same underlying thermodynamic principles as wett-
ability. Consider a cell settling on a textured surface.
If the cell is too large to rest between or on top of the
features, it must bridge, align, or conform to their
shape. Bridging is similar to the air pocket state and
alignment is similar to the wicking states described by
the Cassie-Baxter relation. Alternatively, conforming
resembles Wenzel behaviour.

Consider a surface that an organism will settle on,
but for which it has a relatively low affinity (e.g.
PDMSe for Ulva spores). If the topography of this
surface is engineered to expand the Cassie-Baxter
regime, then the organism may be induced to bridge
the features. Bridging will increase tension along the
unsupported regions of the organism’s membrane.
Additionally, bridging would be expected to reduce
the area of contact between the organism and
surface, which would reduce the overall adhesion
strength. Thus, bridging reduces the potential for
settlement by creating unfavourable energy barriers.
This would be very useful, particularly in limiting
marine fouling.

Using this hypothesis, the Sharklet AF™ topo-
graphy was engineered to enhance hydrophobicity
with dimensions smaller than the Ulva spore so that
bridging is necessary for settlement. It is important to
note that the Sharklet AF™ design is biomimetically
inspired rather than a true biomimic. Although the


binjie
Highlight


Downloaded by [University of Michigan] at 06:25 25 May 2016

20 M. L. Carman et al.

basic pattern of the placoids is maintained, the
dimensions are reduced and the tips of the ribs are
flattened. As designed, spores avoided the topogra-
phy which reduced settlement density by 86%. This
result provides the first demonstration of an en-
gineered microtopography inhibiting the settlement
of spores of a marine alga.

In addition to preventing settlement, topographies
also can be engineered to promote it. Consider
an organism settling on a surface which it prefers
(e.g. PVECs on fibronectin-coated PDMSe). If the
topography of this surface is engineered to expand
the Cassie regime, then the organism may be
induced to align with the topographic features. This
is evident in the PVEC study presented here. For the
topographies studied, the Cassie-Baxter regime
increased with increased spacing and increased
depth. Similarly, PVEC alignment, i.e. NFFs,
increased in response to increased spacing and depth
of the channels. This is consistent with research by
the von Recum group demonstrating that rat dermal
fibroblasts become increasingly oriented on 0.5 um
high microgrooves as the width is reduced from 10 to
2um (Schmidt & von Recum, 1991; den Braber
et al. 1996, 1998; van Kooten & von Recum, 1999).

Microbubbles on surfaces are reported to denature
surface adsorbed proteins, which increases cell
adhesion (Ward et al. 1979). Fibronectin pre-
treatment of PDMSe was used in the PVEC assay
to convert the surface to a hydrophilic surface needed
for initial cell attachment. To minimise any potential
artefacts in the PVEC assay that could be caused by
differential fibronectin adsorption through the pre-
sence of microbubbles, all PDMSe surfaces were
degassed during fibronectin adsorption to eliminate
surface-adsorbed air bubbles from topographies. It
can therefore be concluded that it is unlikely that the
results on PVEC alignment can be ascribed to
artefacts caused by microbubbles. In the case of
Ulva spore settlement, it can also be reported that
hydrophilic modification of the topographies (which
would eliminate microbubble formation) did not
alter the inhibition of zoospore settlement by the
sharklet topography (Wilson et al. 2005). Thus, it is
concluded that Ulva zoospores were contact sensing
the topography and were not influenced by the
presence of microbubbles.

These results demonstrate the importance of wett-
ability models in predicting cellular contact guidance
for engineered topographies, but do not fully explain
the process. Bioadhesion is a complex and species-
specific process (Qian et al. 2000). The material
modulus and surface elasticity of the cell membrane
are other factors to consider, in addition to the variety
of adhesive proteins, glycoproteins, and polysacchar-
ides that organisms secrete. Wettability models are

limited by the assumption that the liquid droplet is
much larger than the topographical features. This
allows for line tension effects to be neglected.
Measurements with smaller drop sizes are believed to
enable the inclusion of line tension effects. Ultimately,
the goal is to improve the predictive quality of an
energy-driven model for predicting bioadhesion.
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